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  Pref ace   

 Pituitary adenylate cyclase activating polypeptide (PACAP) was discovered in 
1989 in the US-Japan Biomedical Research Laboratories of Tulane University, led 
by Akira Arimura. Atsuro Miyata and Akira Arimura isolated two peptides from 
ovine hypothalami, with 38 and 27 amino acid residues that could stimulate adenyl-
ate cyclase in pituitary cells, resulting in the name of the peptide (Miyata et al. 
Biochem Biophys Res Commun 1989). In the last 25 years since its discovery, 
research has proved that PACAP has a very widespread occurrence. Its receptors, 
the specifi c PAC1 receptor and the receptors also binding VIP (VPAC1 and 2 recep-
tors), also have widespread distribution in various tissues. The distribution, the 
splice variants of the receptors, and the diverse signaling explain the miscellaneous 
actions of the neuropeptide. PACAP belongs to the vasoactive intestinal peptide/
secretin/glucagon peptide family and is implicated in a large array of physiological 
and also pathological processes. Several review articles published in the last 10 
years provide excellent sources for reviews on occurrence, as well as the different 
effects and therapeutic relations of PACAP (the most comprehensive review so far 
is seen in Vaudry et al. Pharmacol Rev 2009). The present book is a collection of 
reviews from leading PACAP research investigators from all around the world. 

 PACAP is one of the most well-conserved peptides throughout evolution, indi-
cating important roles in basic biological processes. The fi rst section of this volume 
contains reviews on evolutionary aspects of the peptide—from molecular evolution 
to different roles in annelids and molluscs. Soon after its discovery, it became evi-
dent that PACAP plays a role in neuronal cell proliferation, differentiation, and 
migration. Thanks to the vast amount of data in this area, PACAP is now considered 
a trophic factor. Reviews on these developmental aspects of the peptide will com-
prise the next section. The following section is focused on the theme of receptors 
and signaling, with overviews of novel directions in peptide transport and pharma-
cological properties. The sections following these contain reviews on the physiolog-
ical functions in various organs and systems, starting with effects in the endocrine 
system, thermoregulation, circadian rhythm, and cardiac excitability. Afterwards, 
there are discussions about actions in the gastrointestinal and urinary tracts, normal 
and pathological bone and cartilage development, and roles in the reproductive 
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 system. PACAP has been shown also to play a role in various physiological barriers, 
especially the transport of PACAP through the blood brain barrier have been well 
studied. PACAP does not only affect neuronal function directly, but numerous glial 
effects have also been shown, as described in two further reviews. A separate chap-
ter will deal with functions of PACAP in sensory systems, such as the olfactory, 
auditory, and visual system, the last focusing on the protective effects of PACAP in 
the retina. One of the most intensively studied aspects of PACAP is its strong neu-
roprotective effect, so the next section contains three reviews dedicated to these 
protective effects in both the central and peripheral nervous system. Very active 
investigation is currently underway regarding the role of PACAP in pain conditions, 
especially in migraines. A section is dedicated to chapters providing an overview of 
PACAP in pain. As PACAP partially shares receptors with vasoactive intestinal pep-
tide, a neuropeptide closely related to PACAP and the infl ammatory functions of 
which had long been known, the effects of PACAP in the immune system were 
described relatively early after the peptide’s discovery. A vast amount of data have 
been collected since the fi rst descriptions related to the immune functions of PACAP, 
summarized in three reviews of the next section. Another very intensively researched 
area is the role of PACAP in psychological processes and disorders, from depres-
sion to anxiety. A section consisting of six reviews provides an overview of these 
studies. Finally, there are three chapters that describe the clinical aspect of PACAP 
in relation to cancer, human milk and human blood, and the role of PACAP as a 
potential biomarker. 

 In essence, this volume is a detailed yet general reference resource, touching 
upon the different aspects of this interesting neuropeptide that has diverse effects 
and increasing therapeutic consideration.  

  Pécs, Hungary     Dóra     Reglődi    
      Andrea     Tamas     

Preface
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    Chapter 1   
 Molecular Evolution of Pituitary Adenylyl 
Cyclase-Activating Polypeptide Subfamily 
and Cognate Receptor Subfamily                     

     Jason     S.  W.     On     and     Billy     K.  C.     Chow    

    Abstract     The evolution of the secretin/pituitary adenylyl cyclase-activating 
 polypeptide (PACAP) family of peptides in relation to three rounds of genome 
duplication events occurred during vertebrate emergency has been an area of intense 
research focus in the past 10 years. This is possible mostly due to the advance in 
DNA sequencing technology; as a result, genomic DNA sequence data of represen-
tative species of evolutionarily important lineage that cover both vertebrates and 
invertebrates are released. By bioinformatics, data mining, molecular cloning, phy-
logenetic studies, and synteny analysis, we are now beginning to comprehend the 
evolution of various peptide ligands and their receptors from invertebrates to verte-
brates. In summary, these pieces of information support the establishment of current 
vertebrate PACAP and PACAP receptor subfamilies via two whole-genome dupli-
cations. To date, the most ancient forms of PACAP/glucagon identifi ed are from 
cephalochordate and urochordate prior to the 2R. The confi rmation of bfPACAP/
glucagon receptor-ligand pair indicates the origin of PACAP/glucagon peptides and 
receptor before the cephalochordate–vertebrate split. By gene and genome duplica-
tions, the ancestral PACAP/glucagon and receptor evolved to become PACAP and 
glucagon ligand and receptor subfamilies as observed in tetrapods today.  

  Keywords     PACAP   •   Glucagon   •   Evolution   •   2R  

        J.  S.  W.   On    
  School of Biological Sciences, The University of Hong Kong ,   Pokfulam Road , 
 Hong Kong, China     

    B.  K.  C.   Chow      (*) 
  School of Biological Sciences ,  The University of Hong Kong , 
  Pokfulam Road ,  Hong Kong ,  China   
 e-mail: bkcc@hku.hk  

mailto:bkcc@hku.hk


4

      Introduction 

 The peptide hormone pituitary adenylyl cyclase-activating polypeptide (PACAP) 
was coined initially by its effect in stimulating cAMP synthesis in anterior pituitary 
cells [ 1 ,  2 ]. After its discovery, this potent polypeptide has been shown to be pleio-
tropic with wide distribution in the central nervous system (CNS) and many periph-
eral organs. In addition to its action in the CNS, PACAP possesses physiological 
activities also in digestion, cardiovascular function, respiration, immune reaction, 
and cell cycle control [ 3 ,  4 ]. There are two functional isoforms of PACAP, PACAP- 38 
[ 2 ] and PACAP-27 [ 5 ], which are the result of progressive limited proteolysis of the 
same precursor structure and they share the same 27-amino acid N-terminal bioac-
tive core [ 5 ]. PACAP-38 is the predominant form in both brain and peripheral tis-
sues in mammals [ 6 – 10 ]. Since the fi rst isolation of PACAP-38 from ovine 
hypothalamic tissues, much attention was paid to the amino acid sequence similar-
ity between PACAP and vasoactive intestinal peptide (VIP); human PACAP-27 and 
VIP (28 amino acids) share 68 % amino acid sequence identity [ 2 ]. Their remark-
able resemblance in structure has highlighted the plausibility of a close evolutionary 
relationship between PACAP and VIP and thus has prompted comparative analyses 
of these and related peptides in vertebrates. The peptide superfamily includes 
PACAP, PACAP-related peptide (PRP), VIP, VIP-related peptide (VRP) or peptide 
histidine methionine (PHM)/peptide histidine isoleucine (PHI), secretin (SCT), 
growth hormone-releasing hormone (GHRH), glucagon (GLUC), glucagon-like 
peptides (GLP1 and GLP2), gastric inhibitory polypeptide (GIP), parathyroid hor-
mone (PTH), PTH2, PTH-related peptide (PTHrP), calcitonin (CALC), calcitonin 
gene-related peptides (CGRP-I and CGRP-II), adrenomedullin (ADM), ADM2, 
islet amyloid polypeptide (IAPP), corticotropin-releasing hormone (CRH), urocor-
tin (UCN), UCN2, and UCN3 [ 11 ]. Based on structures, some of these peptides are 
further grouped into the secretin/PACAP subfamily (PACAP, VIP, PRP, VRP (PHM/
PHI), GHRH, and secretin) and the glucagon subfamily (glucagon, GLP1, GLP2, 
GIP, and glucagon-related peptide (GCRP)) [ 11 – 13 ]. The emergence of these two 
subfamilies is now widely accepted as a result of gene and exon duplication events 
[ 3 ,  11 ,  14 ,  15 ]. In the past decade, the evolutionary hypothesis of the PACAP sub-
family and their receptors has been proposed and immensely revised. This review 
aims to discuss the most recent discoveries regarding the evolution of PACAP sub-
family peptides and their receptors.  

    Structural Change of PACAP in the Course of Evolution 

 PACAP, like other peptides in the same subfamily, possesses a similar structure with 
an N-terminal random coil region followed by an α-helical structure [ 16 – 19 ]. 
Recently, another N-terminal motif, helix N-capping motif, was additionally 
proposed to be the key element for receptor activation [ 20 ]. To fulfi l the mission of 

J.S.W. On and B.K.C. Chow
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receptor activation, secretin/PACAP peptides adopt a “two-domain model” that 
their C-terminus initially interacts with the N-terminal extracellular domain of cog-
nate receptors and then interaction between N-termini of peptides and transmem-
brane portion of receptors results in intracellular signaling [ 21 – 24 ]. Based on the 
observation of common structural features among evolutionarily distant secretin 
and related peptides with low sequence similarity, it was hypothesized that, instead 
of amino acid sequences, the three-dimensional structures were conserved during 
evolution of this peptide subfamily [ 11 ]. 

 Sharing 100 % amino acid sequence identity between mammalian orthologs, 
PACAP is one of the most conserved members in the subfamily, and this high level 
of sequence conservation of PACAP mature peptide is also observed throughout 
vertebrates from different classes (Fig.  1.1 ) [ 13 ,  25 ]. PACAP mature peptides from 
amphibian, avian, teleost, and lamprey share at least 85 % identity with human 
PACAP-27. Japanese lamprey and sea lamprey PACAP have at most four amino 

  Fig. 1.1    ( a ) Amino acid comparison of human PACAP mature peptide (NM_001117) with ortho-
logs from mouse (NM_009625), chicken (NM_001001291), lizard (XM_003219659), xenopus 
(NM_001102955), zebrafi sh (NM_152885 and NM_214715), takifugu (NM_001113191 and 
NM_001113192), stickleback (ENSGACG00000004163 and ENSGACG00000017084), and lam-
prey [ 15 ] as well as the ( asterisk ) predicted origin of PACAP and glucagon subfamilies [ 25 ] and 
PACAP/GLUCs from amphioxus ( Branchiostoma fl oridae ) [ 12 ,  29 ]. ( b ) Comparison of bfPACAP/
GLUCa with other mature peptides from the same precursor and PACAP/GLUC from urochor-
dates [ 29 ] ( Ciona intestinalis  (ci)  and Ciona savignyi  (cs)). ( c ) Comparison of bfPTH1 mature 
peptides [ 12 ,  29 ]       
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acid substitutions within the bioactive core when compared to their mammalian 
counterparts, indicating the biological importance of this peptide since early verte-
brates [ 15 ]. In agnathan, due to both relatively higher amino acid sequence varia-
tions and the lack of a typical peptide cleavage site (KRR/GKR) beyond the 
27-amino acid bioactive core of PACAP, it is suggested that PACAP-27 is the only 
form of PACAP, while the extended form of PACAP with 38 amino acids may fi rst 
emerge in chondrichthyes as PACAP processing two cleavage sites, “GKR” and 
“GRR,” was isolated from the brain of stingray [ 15 ,  26 ].

   In an ancestral chordate tunicate ( Chelyosoma productum ), two forms of PACAP 
cDNA, PACAP-1 and PACAP-2 encoding just PACAP-27, were identifi ed [ 27 ]. It 
was striking to fi nd that tunicate PACAP-1 shares 96 % identity with human 
PACAP- 27 [ 13 ,  27 ]. Even more unexpectedly, in other invertebrates that were 
chronologically diverged even before urochordate including Hydra, planarian, crab, 
squid, and cockroach, it was reported that the deduced amino acid sequences of 
isolated partial mRNA (sequence deposited in NCBI) exhibit more than 89 % iden-
tity when compared with mammalian PACAP [ 28 ]. However, recent in silico 
approaches to search for PACAP in available invertebrate online genomes or EST 
databases [ 11 ,  15 ] were unsuccessful. The authenticity of the PACAP sequences 
from these previous reports was questioned and it is now generally believed that 
they were cloning artifacts. Recently, to investigate the evolutionary relationship 
between deuterostomian and protostomian peptidergic systems, Mirabeau and Joly 
[ 29 ] predicted large numbers of hormone precursor sequences from a wide spec-
trum of bilateral species by the use of hidden Markov model-based program. In 
cephalochordate,  Branchiostoma fl oridae  (bf), and urochordates,  Ciona intestinalis  
(ci) and  Ciona savignyi  (cs), putative PACAP/glucagon-like peptides (bfPACAP/
GLUCa, bfPACAP/GLUCb, bfPACAP/GLUCc, ciPACAP/GLUC, and csPACAP/
GLUC), and putative PTH-like peptides (bfPTH1a, bfPTH1b, bfPTH1c, bfPTH2, 
and ciPTH) were identifi ed. Between PACAP/GLUCs from the two lineages, only 
low levels of sequence similarity can be observed. Even though tunicates are phylo-
genetically closer to vertebrates [ 30 ,  31 ], amphioxi are thought to be a better repre-
sentative of ancestral chordate due to the relatively lower degree of modifi cations of 
amphioxus genome in evolution [ 32 ,  33 ]. When comparing the newly identifi ed 
bfPACAP/GLUCs with vertebrate orthologs, only restricted amino acid conserva-
tion was found, and this may explain our earlier failure in searching for PACAP-like 
sequences in invertebrate genomes. Nevertheless, in bfPACAP/GLUCs, a few con-
served amino acid residues among members of PACAP/glucagon superfamily can 
still be recognized. Aligned with the predicted PACAP and glucagon peptides 
(HADGTFTSDYS..L.Q..AK.F..WL.) that was artifi cially built by Cardoso et al. 
[ 25 ], bfPACAP/GLUCs possesses some conserved residues (D 3 , T 7 , S 8 , L 14 , A 19 , and 
L 26 ) in the fi rst 27 amino acids (Fig.  1.1 ). To further functionally clarify the identity 
of these PACAP/GLUC peptides from amphioxus, we showed bfPACAP/GLUCs 
and bfPTHs to be bioactive and responsive to two distinctive endogenous receptors. 
We named these GPCRs bfPACAP/GLUCs receptor (bfPACAP/GLUCR) and 
bfPTH-like receptor (bfPTHR-like), respectively [ 12 ]. These two receptors are phy-
logenetically classifi ed with other PTH receptors [ 11 ], and are now thought to be 
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homologs of vertebrate PACAP/GLUC and PTH receptors [ 12 ]. The identifi cation 
of the bfPACAP/GLUC and PTH ligands and receptors in cephalochordate not only 
helps to conclusively affi rm the existence of PACAP/GLUC and PTH peptides 
before vertebrate, but also provides evidence for the presence of an ancestral form 
preceding the emergence of PACAP and glucagon subfamilies in vertebrates.  

    Speculated Evolutionary Trajectory of PACAP Subfamily 

 It is generally believed that the evolution of the PACAP subfamily from a common 
ancestral gene or exon took place in the beginning of vertebrate evolution and was 
facilitated by two rounds of whole-genome duplication (1R and 2R/2R hypothesis) 
and other gene duplication events. Moreover, the third round of genome duplication 
(3R) only in teleost lineage led to additional copies of genes, such as  PACAPa  and 
 PACAPb  in zebrafi sh [ 34 – 36 ]. The similarity in gene and synteny organization 
between members of PACAP subfamily is one of the facts that associate the molecu-
lar evolution of this subfamily with exon and gene duplication events. In human, the 
 PACAP  (PRPR-PACAP) and  VIP  (VRP-VIP) genes encode two mature peptides 
with high similarity, while  GHRH  and  SCT  genes each encodes only a single mature 
peptide together with an inactive C-terminal peptide [ 13 ]. Characterization of 
 PACAP  gene orthologs in several vertebrates reveals the same gene organization 
(Fig.  1.2 ). The open reading frame (ORF) of the gene contains four exons in which 
PACAP is encoded within exon 4 while PRP, which is nonfunctional in mammals 
due to the loss of its receptor PRP-R, is encoded by exon 3 and 4 [ 28 ]. Likewise, in 
tetrapods, the ORF of  VIP  gene contains fi ve exons; it also encodes VIP in exon 4 
after peptide PHM in humans or PHI in other vertebrates [ 28 ]. The physiological 
function of PHM/PHI still remains largely unclear, and a specifi c receptor for this 
peptide was fi rst isolated from goldfi sh [ 37 ]. It was found that regarding sequence 
similarity, PACAP is more similar to VIP, and PRP actually shows higher similarity 
to PHM. This similarity in gene structure and amino acid sequences between the 
two genes were explained with an evolutionary scenario that primordial exon dupli-
cation occurred before the duplication of the ancestral gene [ 38 ].

   Among the peptides from PACAP subfamily, except for VIP, evolution of PACAP 
was also described closely with GHRH due to the stimulatory effect of PACAP and 
PRP on pituitary growth hormone release in fi sh and birds [ 39 – 44 ]. Since in human 
PRP shows higher similarity to GHRH than PACAP, in the past without the identi-
fi cation of authentic GHRH in nonmammalian vertebrates, it had been believed that 
PRPs in nonmammalian vertebrates are functional homologs to mammalian 
GHRH. It was proposed later in mammalian evolution that separation of GHRH and 
PACAP genes occurred together with a transition of physiological niche that GHRH 
replaced PRP as the sole GH-releasing factor [ 45 ]. However, not until the identifi ca-
tion of real GHRH in goldfi sh, zebrafi sh, African clawed frog, and chicken, as well 
as their cognate receptors in goldfi sh, zebrafi sh, and chicken in 2007 [ 46 ,  47 ], it was 
shown that GHRH actually is present as an individual gene in most nonmammalian 
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vertebrates and PRP exists as part of PACAP gene throughout the vertebrate evolu-
tion [ 48 ]. It was also found that nonmammalian PRPs in fact cannot stimulate GH 
release as indicated by earlier studies [ 40 ,  47 ,  49 ,  50 ]. More interestingly, a GPCR 
highly specifi c for PRP was characterized in goldfi sh [ 51 ], zebrafi sh [ 52 ], fugu [ 35 ], 
and chicken [ 53 ] and recent studies have shown the potential of PRP as a reproduc-
tive modulator in fi sh [ 54 ]. 

 As for the  SCT  gene, in chicken an extra exon between exon 3 and exon 5, encod-
ing signal peptide and secretin, respectively, was found to contain a novel SCT-like 
peptide (SCT-LP) sharing 56 % identity with chicken SCT [ 55 ]. The presence of the 
extra exon fi ts into the hypothesis of PACAP subfamily evolution, though it misses 
in mammals. Considering the modest sequence identity between chicken PHI and 
chicken SCT-LP, it was suggested that chicken  SCT  gene could be a result of  VIP  
gene duplication [ 55 ]. Nevertheless, because of the lack of SCT-LP in frog  SCT  
gene and the unsuccessful search of  SCT  gene in lizard and ray-fi nned fi shes prob-
ably due to incomplete genome assembly and/or gene losses, the question of whether 
SCT-LP was originated from VIP gene duplication or avian-specifi c exon duplica-
tion remains unclear [ 11 ,  55 ,  56 ]. Recently, putative  SCT  genes were identifi ed in 
elephant shark and coelacanth genomes, and the coelacanth  SCT  gene was shown to 
share synteny with  SCT  genes from xenopus, chicken, and human [ 57 ]. Answer to 
whether there is presence of SCT-LP in these two putative  SCT  genes may help to 
elucidate the evolution of  SCT  gene. 

SP PRP PACAP

SP PHM VIP

Vertebrate PACAP

Human(tetrapod) VIP
SP PHI VIPa

SP PHI VIPb

Teleost VIPa

Teleost VIPb
SP GHRHMammalian GHRH

GHRHSPZebrafish GHRH

SP GHRHChicken GHRH

SP SCT
Mammalian SCT

SP b+ca

SP b ca

bfPACAP/GLUC peptides (predicted)

bfPTH1 peptides (predicted)

SP GLP1 GLP2GLUCHuman glucagon
SP GIPHuman GIP

SP SCTSCT-LP
Chicken SCT

  Fig. 1.2    Exon organization of  PACAP  and related genes from different vertebrates and 
 Branchiostoma fl oridae . The open reading frame of  PACAP  and related genes are shown in the 
fi gure. Each  box  represents an exon and the  lines  between the  boxes  are the introns. Signal peptide 
and bioactive peptides in the genes are shown in  grey  and  black , respectively. The structure of 
 bfPACAP / GLUCs  and  bfPTH1  genes is predicted from genome of  Branchiostoma fl orida  (  http://
genome.jgi-psf.org/Brafl 1/Brafl 1.home.html    ). The bfPACAP/GLUCb and bfPACAP/GLUCc 
were found in the same exon; hence, the actual gene organizations of  bfPACAP / GLUC  and  bfPTH1  
remain to be confi rmed by molecular cloning. The fi gure is not drawn to scale       
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 With continuous effort on comparative study, the possible evolutionary courses 
of SCT, PACAP, VIP, and GHRH are much better understood now (Fig.  1.3 ). Recent 
genomic analysis concludes that lamprey has diverged after the 2R [ 58 ]. Molecular 
cloning of  PACAP  and  VIP  genes from primitive jawless vertebrates, hagfi sh, and 
Japanese lamprey [ 15 ] and the discovery of a predicted GHRH-like sequence in sea 

  Fig. 1.3    A proposed evolutionary scheme of PACAP subfamily. The question mark indicates the 
unknown evolutionary situation before amphioxus and uncertain evolutionary path of secretin       
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lamprey [ 11 ] suggest that not only the former two genes but also the  GHRH  gene 
could have emerged before the agnathan/gnathostome divergence. However, in- 
depth characterization of the sea lamprey GHRH-like including synteny analysis 
after improvement of the  Petromyzon marinus  genome is necessary to verify the 
existence of GHRH-receptor pair in agnathans. Regarding the origin of the  SCT  
gene, the missing of  SCT  gene in agnathan could be due to either a lineage-specifi c 
loss of the fourth homolog or the emergence of the  SCT  gene only after divergence 
of agnatha by other gene duplication event.

       Evolution of Pituitary Adenylate Cyclase-Activating 
Polypeptide Receptor Subfamily 

 Secretin/PACAP family of GPCRs shares several conserved common signature 
motifs including the seven transmembrane domains, an α-β-β/α fold within the 
N-terminal ectodomain for ligand binding, and disulfi de-bridge-forming cysteine 
residues for stabilizing the ligand-binding pocket [ 21 ,  22 ,  59 ]. Phylogenetic analy-
sis of these receptors results in fi ve clear divisions or receptor subfamilies: they are 
PACAP, glucagon, PTH, CALC, and CRH receptor subfamilies [ 11 ,  12 ]. The iden-
tifi cation of CALC-like, CRH-like, and PTH-like receptors in most bilateral 
genomes indicates that they are more anciently diverged, while PACAP and gluca-
gon receptor subfamilies are relatively younger phylogenetic groups [ 14 ]. PACAP 
receptor subfamily contains PAC1R, VPAC1R, VPAC2R, PRPR, GHRHR, 
GHRHR2, and SCTR. In line with the ligand evolution, members of PACAP recep-
tor subfamily are also suggested to be paralogs that emerge through 2R and teleost- 
specifi c 3R originating from the same common ancestor [ 3 ,  11 ,  12 ,  14 ,  15 ]. Given 
the presence of VPACRs in primitive jawless vertebrate (hagfi sh VPACRa, hagfi sh 
VPACRb, and Japanese lamprey VPACR [ 15 ]; and VPACR and PAC1R predicted 
from Japanese lamprey genome [ 57 ]), PAC1R and VPAC1/2R are believed to be 
phylogenetically closer to the common ancestor than other members in the subfam-
ily. In fact, VPAC1R has been suggested to have diverged earliest, as in phyloge-
netic analyses VPAC1R was shown to cluster with PAC1R and VPAC2R [ 60 ], while 
SCTR, GHRHR, PRPR, and GHRHR2 that show various levels of cross-reactivity 
with PACAP in different species are evolved later chronologically [ 15 ]. 

 PACAP and VIP exert their physiological function through three receptors, 
VPAC1R, VPAC2R, and PAC1R [ 61 ]. PAC1R binds its specifi c ligands, PACAP-27 
and PACAP-38, with higher affi nity than VIP and this preference of ligand binding 
appears to be consistent in most vertebrates [ 28 ,  61 ,  62 ]. On the other hand, ligand 
specifi cities of VPAC1R and VPAC2R vary in different vertebrate species. In tetra-
pods, the two receptors show similar binding affi nities to PACAP and VIP [ 61 ,  63 , 
 64 ]. However, VPAC1R from goldfi sh and dogfi sh [ 65 ,  66 ] and VPAC2R from 
goldfi sh and zebrafi sh [ 37 ,  52 ] bind VIP and PHI, respectively, suggesting that the 
capability of these receptors binding to PACAP may have emerged only after the 
divergence of tetrapod [ 3 ]. Because of the basal phylogenetic position of VPAC1R, 
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it was once proposed that the binding affi nity of ancestral VPACRs may have a 
higher preference for VIP [ 3 ]. However, this hypothesis is not consistent with data 
from the hagfi sh VPACRs [ 15 ]. Of the two hagfi sh VPACRs, hagfi sh VPACRa is 
coupled to both cAMP and PLC pathways whereas activation of hagfi sh VPACRb 
triggers only the PLC pathway. In vitro cAMP and PLC assays of hagfi sh VPACRa- 
transfected CHO-K1 cells show that although mammalian PACAP and VIP are 
equally potent, sea lamprey PACAP is more potent than VIP in stimulating both 
pathways. Therefore, in spite of the considerable similarity of agnathan VPACR in 
terms of amino acid sequence to vertebrate VPAC1R, its pharmacological proper-
ties are in fact similar to vertebrate PAC1R. To verify the ligand preference of the 
ancestral VPACR, characterization of the newly predicted PAC1R and VPACR in 
Japanese lamprey is needed. 

 To investigate the origin of the PACAP receptor subfamily, we have recently char-
acterized two receptors, bfPACAP/GLUCR and bfPTHR-like, as well as their ligands 
from a cephalochordate amphioxus [ 12 ]. The bfPACAP/GLUCR was found to be 
specifi c to bfPACAP/GLUCs but not PACAPs and VIPs from teleost and sea lam-
prey. Likewise, bfPACAP/GLUCs exhibit no agonistic effect on human VPAC2R, 
PAC1R, and glucagon receptor in cAMP activation, indicating the structural differ-
ences between bfPACAP/GLUCs and vertebrate PACAP and VIP, as well as changes 
in the ligand-binding pocket of the receptors. Another interesting fi nding from our 
study was that sea lamprey PACAP, zebrafi sh PACAP, and goldfi sh VIP are all weak 
agonists of bfPTHR-like. Considering the close phylogenetic position of bfPACAP/
GLUCR and bfPTHR-like (Fig.  1.4 ), it is possible that PACAP and glucagon receptor 
subfamilies may have diverged from the PTH receptor subfamily. Such possibilities 
have also been described in an evolutionary model that was built recently by compar-
ing nematode and arthropod genomes with chicken and human genomes [ 14 ].

PRP PACAP

VRP VIP

SCT

GHRH

ancestral peptide PTH/PACAP/GLUC-like
ancestral peptides 

Amphioxus Ancestral vertebrate Jawed vertebrate?

bfPACAP/GLUC peptides

bfPTH-like peptides

PTHrP, PTH and PTH2

GCG, GLP1/2, GIP and GCRP

ancestor of PACAP subfamily

ancestor of glucagon subfamily

2R

Gene duplication

Exon loss 

Exon duplications 

?

  Fig. 1.4    Phylogenetic tree of PACAP receptor subfamily with bfPACAP/GLUCR and bfPTHR- 
like. The sequences used in the maximum likelihood tree are from our previous study [ 12 ] and the 
analysis was performed by using Mega 6.06. The tree was bootstrapped 500 times to test the reli-
ability of branching. Only the bootstrap value >50 % is represented. Species abbreviation: anole 
lizard (an),  Branchiostoma fl oridae  (bf), chicken (ch), coelacanth (co), elephant shark (el), fugu 
(fu), hagfi sh (hg), human (hu), Japanese lamprey (lp), medaka (me), mouse (mo), stickleback (st), 
tetraodon (te), xenopus (xe), and zebrafi sh (ze)       

 

1 Molecular Evolution of Pituitary Adenylyl Cyclase-Activating Polypeptide…



12

       Paleogenomics as a Tool to Study the Evolution of PACAP 
and PACAP Receptor Families 

 Recent advances in bioinformatic tools and increase in the number of sequenced 
genomes have made synteny analysis signifi cantly informative and nearly inevitable 
for clarifying identity of genes in evolutionary study [ 11 ,  12 ,  67 – 69 ]. The capability 
to perform whole-genome comparison between a wide range of species therefore 
facilitates the emergence of a new biological discipline, paleogenomics, which 
investigates evolution by reconstruction of ancestral genome [ 30 ,  70 – 72 ]. The 
reconstruction of hypothetical chordate ancestral genome and vertebrate ancestral 
genomes (vertebrate, gnathostome, teleost, and amniote ancestral genomes) by 
comparing vertebrate genomes with genomes of pre-2R species such as sea urchin, 
tunicate, and amphioxus allows the reconstruction of evolutionary rearrangements 
of gene families revealed at chromosomal level [ 30 ,  71 ]. This scientifi c method was 
recently utilized to trace the evolutionary history of relaxin hormone family and 
their receptors [ 67 ]. Hwang et al. were then inspired to perform a similar study for 
secretin peptide superfamily and their cognate receptors [ 11 ]. Through matching 
the evolutionarily conserved vertebrate chromosomal fragments where secretin 
gene family is located on the reconstructed post-2R gnathostome ancestral chromo-
somes (GAC) with 40 chromosomes, it was found that PACAP, VIP, and GHRH 
separately reside on three different ohnologous GAC, B0, B2, and B1, respectively. 
These three chromosomes are derived from chromosome B of chromosomes A–J in 
pre-2R vertebrate ancestral chromosomes (VAC). This analysis suggests that 
PACAP, VIP, and GHRH are ohnologous genes sharing the same origin. However, 
the fourth gene  SCT  gene is predicted to be located on a different GAC, D1. It is 
possible that the  SCT  gene was translocated from one of ohnologous B chromo-
somes to D1 after 2R. As an alternative explanation, all secretin superfamily genes 
are located on pre-2R VAC B, D, and E, and since most of the genes are distributed 
to post-2R GAC Ds (D0: UCN3, ADM2, IAPP, and PTHrP; D1: SCT, UCN2, 
ADM, CALCa (encode CALC and CGRP1), CALCb (encode CGRP2), and PTH; 
D3: PTH2), it was suggested that the ancestor of secretin gene superfamily may 
diverge via local gene duplications within VAC D and these genes were subse-
quently translocated to the other two VACs. As amphioxi and tunicates possess only 
one  PACAP / GLUC  gene which later on evolved to PACAP and glucagon subfami-
lies [ 12 ,  29 ] that are separately located on GAC Es and Bs, respectively, the translo-
cation event in the hypothesis could have occurred after divergence of urochordate 
and prior to the 2R. Synteny analysis of  bfPACAP / GLUC  gene will be extremely 
useful to confi rm the hypothesis, but unfortunately, due to incomplete amphioxi 
genome information, it is diffi cult to convincingly identify syntenic relationship of 
this gene with other species. To verify the above evolutionary scenario, high- 
resolution invertebrate genome sequences are needed. 

 Regarding the evolution of class B1 GPCRs, syntenic gene environment of bfPA-
CAP/GLUCR and bfPTHR-like in amphioxus genomes ( Branchiostoma belcheri  
and  Branchiostoma fl oridae ) [ 12 ] agree with the hypothesis by Hwang et al. [ 11 ]. It 
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was proposed that vertebrate secretin receptor family may originate from VAC E as 
reported in Nakatani et al. [ 71 ] followed by gene duplications leading to the emer-
gence of pre-2R lineages of different subfamilies. An interesting hypothesis by 
Hwang et al. [ 11 ] was that 2R may only generate SCTR, GHRHR2, and an ancestral 
VPAC receptor with the loss of the fourth receptor on GAC E3, whereas PAC1R, 
VPAC1R, VPAC2R, GHRHR, and PRPR on GAC E1 emerge later via local tandem 
gene duplication of the ancestral VPAC receptor. In the genome of spotted gar that 
has bypassed the teleost-specifi c 3R [ 73 ], the compact arrangement of GHRHR, 
PAC1R, PRPR, VPAC1R, and VPAC2R genes on the same linkage group (LG9) 
and the presence of SCTR and GHRHR2 on two other conserved loci (LG12 and 
LG15) fi t well into the above hypothesis [ 12 ]. This new hypothesis revised the pre-
vious idea that 2R is the main driving force for the establishment of vertebrate 
PACAP receptor subfamily. In the view of the presence of only three VPAC recep-
tors in agnathans [ 57 ] and six receptors belonging to PACAP subfamily in elephant 
shark [ 12 ,  57 ], if the hypothetic local gene duplication did happen, it likely occurred 
after divergence of agnathans and before emergence of chondrichthyes.  

    Conclusion 

 After years of studies, recently, signifi cant progress has been made in understanding 
the evolution of PACAP subfamily and their cognate receptors. To date, the most 
ancient forms of PACAP/GLUC identifi ed are from cephalochordate and urochor-
date prior to the 2R. The confi rmation of bfPACAP/GLUCR-ligand pair indicates 
the origin of PACAP/GLUC peptides and receptor before the cephalochordate–ver-
tebrate split. By gene and genome duplications, the ancestral PACAP/GLUC and 
receptor evolved to become PACAP and glucagon ligand and receptor subfamilies 
as observed in tetrapods today.     
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Function of Pituitary Adenylyl Cyclase- 
Activating Polypeptide in Invertebrate Species                     
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    Abstract     The occurrence and distribution of pituitary adenylate cyclase-activating 
polypeptide (PACAP) are summarized in invertebrate species with special attention 
to annelids, mollusks, and arthropods in this review. Furthermore, the role of PACAP 
is highlighted in physiological and behavioral processes of oligochaete ( Lumbricus ), 
gastropods ( Helix ,  Lymnaea ), insect ( Drosophila ), as well as malacostraca 
( Litopenaeus ). Since its discovery PACAP has become increasingly recognized for 
its important and diversifi ed roles in the central and peripheral nervous system and in 
several peripheral organs of a variety of vertebrate and invertebrate species. Twenty-
six years after its discovery, PACAP is now one of the most extensively studied 
neuropeptides both in invertebrate and vertebrate species. This review surveys the 
importance of PACAP or PACAP-like peptide(s) in invertebrates. The relevance of 
studies on lower vertebrates and invertebrates, which do not have a pituitary gland 
like higher vertebrate, is to contribute to the unraveling of fundamental effects of 
PACAP or PACAP-like peptide(s) and to provide a comparative view.  
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      Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) was isolated fi rst 26 years 
ago from ovine hypothalamic extract on the basis of stimulating cAMP formation in 
anterior pituitary cells [ 1 ,  2 ]. Thereafter, it was also discovered that PACAP has wide 
distribution not only in the hypothalamic nuclei, but also in the whole central (CNS) 
and peripheral nervous system (PNS) as well as in several peripheral organs. These 
include endocrine glands, gonads, respiratory and urogenital tracts, digestive system, 
skin, and muscles suggesting a broader function of PACAP than only the stimulation 
of pituitary gland [ 3 – 9 ]. PACAP has two biologically active isoforms, PACAP-38 [ 1 ] 
and PACAP-27 [ 2 ], which share the same N-terminal amino acids (AA) and are post-
translational modifi cations of a single precursor, the preproPACAP [ 2 ,  10 ,  11 ]. In ver-
tebrates the PACAP-38 form is the predominant isoform both in brain and peripheral 
tissues [ 4 ,  12 ,  13 ]. In contrast, in several invertebrate species the concentration of 
PACAP-27 is signifi cantly higher, suggesting its pronounced role [ 4 ,  12 ,  14 – 18 ]. The 
discovery of PACAP was soon followed by identifi cation of its receptors. Two types 
of receptors were characterized according to their relative affi nities for PACAP: 
PAC1-R as well as VPAC1 and VPAC2 [ 4 ,  19 ]. PAC1-R is specifi c for PACAP and 
VPAC1, and VPAC2 receptors are activated by both PACAP and VIP molecules. 
PACAP receptors are members of G-protein- coupled receptor family and are unique 
in the sense that their complex genes are able to generate receptor splice variants, 
which have been reported for all three receptor types [ 20 ]. The possibility of genes 
being processed differently and thereby generating receptor splice variants could lead 
to alterations in pharmacology and signal transduction mechanisms [ 21 ]. Expression 
and distribution of PACAP and its receptors in the CNS and PNS of mammals have 
been described in detail [ 4 ]. Broad distribution of PACAP and its receptors is also 
observed in nonmammalian vertebrate species such as avians [ 22 – 24 ], reptiles [ 25 , 
 26 ], amphibians [ 27 – 30 ], and fi sh [ 31 – 34 ]. Widespread occurrence and distribution of 
PACAP and its receptors suggest that the polypeptide exerts pleiotropic physiological 
functions [ 3 ,  4 ]. PACAP and its receptors are involved in numerous physiological 
functions, for example, as regulators of metabolism in the nervous, endocrine, cardio-
vascular, muscular, and the immune system. The physiological effects of PACAP in 
vertebrates are discussed by several excellent reviews [ 4 ,  35 ,  36 ]. Soon after the dis-
covery of PACAP in vertebrates, the presence of PACAP-like peptide(s) is described 
in the fruit fl y ( Drosophila melanogaster ) body wall neuromuscular junction and its 
possible role in neuronal plasticity as well as in the memory storage and retrieval [ 37 , 
 38 ]. Thereafter, a number of studies have been published showing the presence and 
physiological role of PACAP or PACAP-like peptide(s) in several invertebrate spe-
cies. In this review we summarize data obtained so far on the occurrence, distribution, 
and physiology of PACAP-like peptide(s) and its receptors in different invertebrates, 
such as oligochaetes, mollusks, insects, as well as malacostraca.  
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    Expression and Localization of PACAP 

    Oligochaetes 

 The distribution of PACAP-like immunoreactivity (PACAP-IR) was studied in the 
CNS and PNS of three oligochaete (Annelida) worms with immunocytochemistry 
(IHC) [ 14 ]. Using PACAP-27 (n° 88121-5 antibody; [ 39 ,  40 ]) or PACAP-38 anti-
bodies (anti-PACAP-38, Peninsula, CA, USA, [ 14 ,  39 ]) immunopositive cells and 
fi bers were observed in cerebral, medial, and lateral parts of the subesophageal and 
ventral cord ganglia. In the peripheral nervous system, PACAP-IR was found in the 
enteric nervous system, epidermal sensory cells, and clitellum (reproductive organ). 
The distribution pattern of PACAP-IR was similar in all three species ( Lumbricus 
terrestris ,  Eisenia fetida ,  Lumbricus polyphemus ), suggesting a common distribu-
tional pattern of PACAP-like peptide(s) in oligochaete. 

 The levels of PACAP-27 (n° 88123-3 antibody) and PACAP-38 (n° 88111-3 
antibody, [ 12 ]) isoforms were also measured in the nervous, intestinal, excretory, 
and reproductive systems of adult  Lumbricus  by RIA [ 15 ]. PACAP-27 and -38 iso-
forms were detected at signifi cant amount in all of the examined tissues; however, 
their distribution was very heterogeneous. For example, the amount of PACAP-27 
and PACAP-38 ranged between 0.31–17.12 and 0.02–1.51 ng/mg total protein, 
respectively. The level of PACAP-27-like immunoreactivity was approximately ten 
times higher than that of PACAP-38. In comparison, the highest PACAP-38 level in 
human is 4.7 ng/mg total protein in the bed nucleus of the stria terminalis [ 41 ]. 
These results suggest that, in contrast to vertebrates, the dominant isoform of the 
peptide is PACAP-27 in Oligochaeta. 

 PACAP immunopositive compounds were also observed in early stages (E1) of 
the embryonic development of the earthworm  Eisenia  using RIA (n° 88111-3 
antibody), dot blot, and IHC (n° 9211-4 antibody, [ 42 ]) methods [ 17 ]. During 
embryonic development, the level of PACAP-like compounds decreased in 
cocoon fl uids, while PACAP-IR cell bodies appeared in the developing body wall, 
prostomium, pharyngeal wall, and CNS. Furthermore, it was found that the clitel-
lum of sexually mature worms contained signifi cantly higher levels of PACAP-IR 
than other regions of the same animals or the clitellar region of a non-reproducing 
animal [ 17 ]. 

 The presence and distribution of PAC1-R were described in the ventral nerve 
cord (VNC) of the adult  Eisenia  using IHC and commercial anti-PAC1-R [ 43 ]. 
Based on light and electron microscopic observations, the exact anatomical posi-
tions of labeled structures were established suggesting that PACAP mediates the 
activity of some interneurons, a few small motoneurons, and certain sensory fi bers. 
High number of PAC1 receptors was found in both pre- and postsynaptic mem-
branes in addition to extrasynaptic sites suggesting that PACAP acts as a neurotrans-
mitter and neuromodulator in the earthworm nervous system. In early embryonic 
stages the fi rst appearance of PAC1-R-like immunoreactivity was revealed by WB 
and Far WB methods as early as the E2 developmental stage. Immunolabeled CNS 
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neurons were seen in the supraesophageal ganglion and distally in the  subesophageal 
and ventral nerve cord ganglia. Ultrastructurally, PAC1-Rs were located mainly on 
plasma membranes and intracellular membranes, especially on cisternae of the 
endoplasmic reticulum [ 43 ,  44 ]. The authors conclude that PACAP-like compounds 
may affect the differentiation of germinal layers (at least that of the ectoderm) and 
of some neurons and they act as signaling molecules during earthworm embryonic 
development. Further details on the occurrence and functions of PACAP in Annelida 
can be found in another chapter of this book (Chap.   3    ).  

    Gastropods 

 IHC, RIA, WB, and mass spectrometric (MS) analysis revealed the presence of both 
the 27 and 38 AA isoforms of PACAP-like IR elements in CNS, PNS, and periph-
eral organs of simple garden snail,  Helix pomatia  [ 9 ,  16 ] and pond snail,  Lymnaea 
stagnalis  [ 45 ]. PACAP-containing neurons were present in each ganglion of the 
CNS but their distribution pattern was not homogenous. The majority of PACAP-IR 
neurons were observed in the areas where different peptide-containing neurons are 
located [ 46 ]. PACAP-like IR was observed in non-neuronal cells of the salivary 
gland, perineurium of the cerebral ganglion located around the blood vessel lacu-
nae, and the wall of anterior aorta suggesting that non-neuronal PACAPs enter the 
circulatory system and thus may have humoral functions [ 8 ,  16 ]. Using IHC, it was 
shown that PACAP was absent in the muscle itself, but present in nerve fi bers inner-
vating the columellar, foot, heart, and tentacle fl exor muscles [ 9 ,  16 ]. 

 The concentration of PACAP-27-like polypeptide was signifi cantly higher than 
that of PACAP-38, in contrast mammals, where PACAP-38 is the dominant isoform. 
However, the data obtained in gastropods correspond well those obtained in an oli-
gochaete species ( Lumbricus ,  Eisenia ). Interestingly, both IHC and RIA studies 
revealed different expression levels of PACAP in active and non-active (hibernated 
or aestivated states) suggesting a dependence on behavioral state of the animal. 

 In a WB study a 14 kDa protein band was detected by PACAP-27 (n° 92112-4 
antibody) and PACAP-38 antibodies (n° 88111-3). In addition, the anti-PACAP-38 
reacted with a protein at 4.5 kDa. It is speculated that data obtained by both antibodies 
at 14 kDa represents an extended PACAP-like molluscan peptide or the precursor 
form of PACAP. In human prostate and prostate cancer cells a 14.6 kDa product was 
described, which is likely a product of the prePACAP protein (19.9 kDa), partially 
processed by convertases [ 47 ]. The assumption that extended PACAP-like molecules 
may exist is not unique. For example, in lower vertebrates, such as the stingray and 
catfi sh, 44- and 64-AA-long PACAP molecules were observed [ 42 ,  48 ]. Using the 
MS/MS fragment ion calculator the molecular weight based on sequence can be pre-
dicted accordingly, and the average mass of protonated quasimolecular ion ([M + H] + ) 
of stingray and catfi sh PACAP would be  m / z  5338.25 (5.3 kDa) and  m / z  7856.25 
(7.8 kDa), respectively. Based on the MALDI TOF/TOF measurement similar 
sequences of PACAP-27 and PACAP-38 can be identifi ed from hemolymph and CNS 
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samples of the snail with a molecular weight of 3147.1 and 4535.2, respectively. In 
addition, fragments of a PACAP-like molecule were found in  Helix  CNS homogenate 
with an identical AA sequence to mammalian PACAP-27 and -38 at positions 1–10 
and 20–27 [ 16 ]. The AA sequence at 27–38 differs by only one AA (an iso-leucine to 
valin substitution) according to the mass calculation. Mass spectra of tryptic digest 
obtained by MALDI-TOF MS from  Lymnaea  CNS homogenate revealed complete 
sequence similarity of fragments between 1 and 32 AAs compared to mammalian 
PACAP-38 [ 45 ]. The average mass of [M + H] +  of synthetic mammalian PACAP-38 is 
 m / z  4535.47 while in the pond snail, squid, planarian, and hydra the hypothetical 
average [M + H] +  of the PACAP- 38- like molecule is  m / z  4656.37. The reason for this 
difference could be the discrepancy in three AAs between synthetic mammalian 
PACAP-38 and isolated invertebrate PACAP-38-like molecule [ 49 ]. 

 The PAC1-like receptor was also identifi ed in the snail by IHC and biochemical 
methods [ 16 ,  45 ]. Similarly to vertebrate, PACAP activates a G-protein-coupled 
receptor and acts through the AC-cAMP pathway [ 45 ,  50 ]. In  Lymnaea  cerebral 
ganglia, the synthetic PACAP-38 incubation increased cAMP level by 82 %. In 
addition, both maxadilan, a specifi c PAC1-R agonist [ 51 ], and VIP, an agonist of 
VPAC1 and VPAC2 receptors also binding PACAP [ 19 ], increased cAMP synthesis 
by 47 % and 79 %, respectively. About 50 % of the cAMP-stimulating effect of 
PACAP-38 could be blocked by co-application of PACAP6-38 or maxadilan antag-
onist (M65). The biochemical results confi rmed that PACAP-like peptides could 
increase cAMP levels through PACAP receptors in CNS or PNS. PAC1-like recep-
tor expressing neuronal elements were observed in the CNS and a number of periph-
eral organs such as columellar muscle, heart, tentacles, and epithelial glandular 
cells. Far-WB experiments revealed three binding sites in snail brain homogenate. 
Two of these corresponded well to the VPAC1 (~45 kDa) and PAC1 (~60 kDa) 
receptors of vertebrates [ 16 ].  

    Insects 

 Using a vertebrate PACAP-38 antiserum (RIN-8920, Peninsula, CA, USA) PACAP- 
38- like IR was found in a subset of larval CNS neurons of  Drosophila  [ 37 ]. 
Furthermore, PACAP38-like IR was also found in nerve terminals innervating 
almost all muscle fi bers in wild-type and NF1 mutant larvae [ 37 ,  52 ]. The staining 
appeared to be concentrated in varicosities where synaptic vesicles are localized. A 
comparison of the patterns of IR with previous anti-horseradish peroxidase staining, 
which reveals all nerve terminals arborized on muscle fi bers, suggests that PACAP38-
like IR is restricted to large-sized-type varicosities typical for neuropeptides. 

 In contrast to oligochaetes and gastropods, only the PACAP-38 isoform was 
present in the CNS of Insects [ 37 ]. In WB experiments an IR band was observed at 
5.4 kDa that compared well with calculated mass of 4.5 kDa of mammalian 
PACAP- 38. In addition a 19 kDa band was detected which may represent a possible 
PACAP precursor polypeptide in  Drosophila . It is concluded that antibodies raised 
against mammalian PACAP38 identify an insect polypeptide with similar size [ 37 ]. 

2 Occurrence, Distribution, and Physiological Function of Pituitary Adenylyl…



24

 In  Drosophila  a neuropeptide gene was identifi ed that has some identity to 
PACAP [ 38 ]. This gene, named amnesiac, encodes a signal peptide followed by 
several possible peptides depending on the cleavage sites. One of the peptides 
deduced from the gene had 10 % identity with human PACAP-38 or 18 % with 
PACAP-27. This identity is too low to claim that amnesiac is homologous to PACAP 
in tunicates or vertebrates. However, the authors showed that an inserted space in 
PACAP after both amino acids 23 and 27 would increase the identity to 21 % for 
PACAP-38 and 30 % for PACAP-27. If amino acid similarity is used for the calcula-
tion, the relationship is higher [ 35 ].  

    Malacostraca 

 In some protostomes, such as the planarian ( Dugesia japonica ), the american cock-
roach ( Periplaneta americana ), and the bigfi n reef squid ( Sepioteuthis lessoniana ) 
partial mRNAs corresponding to the highly conserved PACAP coding exon have 
been deposited in public databases [ 53 ]. Based on this public sequence information, 
Lugo and his coworkers [ 54 ] proposed a degenerative primer pair (F-LvPACAP and 
R-LvPACAP) and isolated for the fi rst time the cDNA encoding the mature PACAP 
molecule from neural eyestalk tissue of a crustacean species, the white shrimp 
( Litopenaeus vannamei ) by RT-PCR. Its high degree of sequence conservation is 
corroborated, when compared with sequences reported from tunicates ( Chelyosoma 
productum ) to mammalian vertebrates.   

    Functions of PACAP 

 The eukaryote  Tetrahymena thermophila  is a free-living ciliate protozoon widely 
used as an animal model in biological and biomedical research and exhibits a behav-
ioral avoidance to PACAP-38. For example, the antagonists PACAP6-27 and 6-38, 
which inhibit PACAP receptors, serve as agonists for  Tetrahymena  [ 55 ]. The pos-
sibility cannot be excluded that PACAP is able to exert its action by directly activat-
ing the AC-cAMP pathways penetrating the cell membrane. 

 The high structural conservation and interphyletic distribution of a PACAP-like 
peptide and its receptor molecules suggest that this peptide is involved in the regula-
tion of several basic physiological functions in invertebrates similar to those 
observed in vertebrates. 

    Effect in Regeneration 

 PACAP is involved in an array of physiological functions; thus, the role of the peptide 
is thought to be essential for cell survival. This is supported by the observation that the 
mortality of PACAP or PACAP receptor knockout mice is much higher than their 

Z. Pirger et al.



25

wild-type mates [ 4 ,  19 ,  35 ,  56 ,  57 ]. Studies in PACAP knockout animals provide fur-
ther evidence for the involvement of endogenous PACAP in regeneration processes. 
Upregulation of PACAP following nervous injuries has been shown in vertebrates by 
numerous previous studies [ 58 ]. It has been shown by RIA and IHC methods that 
the concentration of PACAP-like compounds increases in regenerating CNS and 
peripheral tissues of the earthworm  Eisenia  following injury indicating the possible 
role of PACAP in the regeneration [ 40 ]. Signifi cant increase in the concentration of 
PACAP-like compounds was also observed in coelomocytes of regenerating earth-
worm [ 59 ]. Electron microscopic immunocytochemistry showed that PAC1 receptors 
are located on coelomocytes (mainly on amebocytes and on some granulocytes). 
Authors hypothesize a link between PACAP and coelomocytes, suggesting that PACAP 
modulates the function of amebocytes and certain granulocytes that play a role in regen-
erating earthworms. The data show that PACAP-like peptide(s) accumulate in the regen-
erating tissues of the earthworm suggesting trophic functions of these compounds in 
invertebrate tissues similarly to those observed on vertebrates.  

    Anti-apoptotic Effect 

 The anti-apoptotic effect of PACAP on vertebrate neuronal and non-neuronal cells 
is well documented [ 6 ,  7 ,  60 ,  61 ]. The anti-apoptotic effect of PACAP is mainly 
mediated by PAC1 receptor. The results imply that the anti-apoptotic effect of 
PACAP may be one of the basic functions of the peptide through evolution; both the 
peptide structure and this function have been conserved. PACAP has anti-apoptotic 
effect in the salivary gland cells of the snail [ 8 ]. In several gastropod species saliva 
or mucus release is performed by the holocrine release mechanism leading to cell 
destruction [ 62 ]. It has been suggested that cell death is indeed the physiological 
method of saliva release which takes place through a form of programmed cell death 
that is regulated by transmitters. It has been observed that stimulation of the salivary 
nerve or external application of dopamine elicits a change of mitochondrial mem-
brane potential, and translocation of cytochrome-c from mitochondria to the cyto-
plasm is typical for the intrinsic mitochondrial pathway of programmed cell death. 
It has been observed that PACAP signifi cantly attenuates the dopamine- and 
colchicine- induced apoptosis [ 8 ,  63 ].  

    Effect on Ion Channels 

 In snail ( Helix ) neurons expressing PAC1-like receptors synthetic PACAP-27 and 
-38 elicited membrane potential changes (both hyper- and depolarization) leading to 
signifi cant changes in action potential frequency. PACAP6-38, as a receptor antago-
nist, powerfully antagonized the membrane effect of PACAP [ 16 ]. These results 
may suggest that PACAP is able to modulate the ion channels responsible for mem-
brane and action potential generation. PACAP-like peptide has been found to 
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modulate ionic conductance at the neuromuscular junction [ 37 ,  64 ]: in  Drosophila  
larval muscles synthetic PACAP-38 enhanced L-type Ca 2+ -current via AC-cAMP-
PKA pathway [ 64 ]. Focal application of vertebrate PACAP-38 to the neuromuscular 
junction of  Drosophila  larval muscle triggered two temporally distinct responses: 
an immediate depolarization and a large enhancement of K-current. The enhancement 
occurred 12–14 min after the early depolarization. The effect of external PACAP-38 
could be mimicked by high-frequency stimulation of motor nerve suggesting that 
PACAP or PACAP-like peptide is co-released and is functionally present in nerve 
terminals [ 37 ]. In the tentacle fl exor muscles of the land snail,  Helix , a potentiating 
effect of synthetic PACAP-27 was observed on cholinergic neuromuscular 
transmission. PACAP-27 presynaptically enhanced the release of acetylcholine by 
activating the AC-cAMP-PKA pathway. Postsynaptically, PACAP-27 enhanced 
muscle contractility by PKC-mediated signaling pathway resulting in an increased 
Ca 2+  release from intracellular stores. These fi ndings suggest that regulation of Ca 2+  
release may contribute to the stimulatory effect of PACAP [ 9 ].  

    Role of PACAP in Learning and Memory 

 PACAP activates molecular cascades leading to the execution of many physiologi-
cal processes, including learning and memory [ 50 ,  65 ]. Feany and Quinn [ 38 ], clon-
ing the memory gene in  Drosophila  responsible for the amnesiac mutation, observed 
that one of the “amnesiac” potential neuropeptides (AMN) had homology to the 
gene that encodes mammalian PACAP. The amn gene encodes a homolog of verte-
brate PACAP, the AMN, strongly expressed in dorsal paired medial (DPM) neurons 
which is required for stable memory [ 66 ]. Furthermore, DMP activity is needed for 
middle-term memory, so suggesting that the PACAP-like AMN peptide release 
from the DPM neurons contributes to memory persistence [ 11 ,  66 ,  67 ]. 

 The  Lymnaea  homologue of PACAP was found necessary for the acquisition and 
consolidation of long-term memory in the snail. We showed that systemic application 
of synthetic PACAP-27 or -38 accelerated the formation of transcription- dependent 
memory during single-trial reward chemical or multiple aversive tactile conditioning in 
 Lymnaea . Using the antagonist PACAP6-38 it was also shown that the memory-accel-
erating effect of PACAP depended on G-protein-coupled PAC1- like receptors [ 50 ]. 

 The age-related decline in memory performance could be reversed by adminis-
tration of PACAP. Exogenous PACAP-38 boosted memory formation in aged 
 Lymnaea , where endogenous PACAP-38 levels were signifi cantly lower than in 
young snail based on WB experiments. In aged  Lymnaea , there was a signifi cant 
defi cit of both intermediate- and long-term memory formation after one-trial reward 
conditioning. The defi cit in both of these types of memory, however, was rescued by 
the application of the synthetic PACAP-38 peptide before training. Due to the evo-
lutionarily conserved nature of these polypeptides and their established role in 
memory and synaptic plasticity, there was a very high probability that they could 
also act as “memory-rejuvenating” agents [ 68 ]. 
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 The role of PACAP and/or PACAP-like peptide(s) in acquisition and memory 
consolidation and recall in invertebrate model animals is discussed in detail in 
another chapter (Chap.   4    ).   

    Summary 

 The primary structure of PACAP has proved to be remarkably conserved during 
evolution not only in higher and lower vertebrates but also in invertebrates. In 
Table  2.1  different sequences of invertebrate PACAP molecules are aligned with 
human PACAP using ClustalW2—multiple sequence alignment. Detailed analysis 
revealed a high homology (>89 %) of inferred amino acid sequences: 35 AAs are 
conserved at the N-terminus and 3 AAs are variable at the C-terminus. Unfortunately, 
there is currently no defi nite sequence information about invertebrate PACAP or 
PACAP-like molecule(s) [ 3 ,  4 ,  69 ,  70 ]. Therefore, in IHC experiments different 
types of vertebrate antibodies are used which raises questions about the authenticity 
of the reported data even though antibodies with different epitopes produce the 
same effect. In WB experiments applying the same vertebrate antibodies the masses 
of immunopositive WB bands differ from those of expected. On the contrary, in 
most of the physiological experiments powerful and clear effect of the externally 
applied PACAP is observed suggesting the presence of specifi c receptor able to 
recognize synthetic PACAP. Although partial cDNA encoding PACAP-like 
peptide(s) in protostomes has been reported, no cDNA or gene encoding a PACAP- 
like peptide has been identifi ed so far in species with fully/partially sequenced 
genomes [ 19 ,  53 ]. However, a highly conserved partial sequence corresponding to 
the exon encoding the mature PACAP peptide has been isolated in  Hydra magnipa-
pillata , in the tunicate,  Halocynthia roretzi  and in several protostomes such as 

   Table 2.1    Sequence comparison between in silico AA sequence of invertebrate PACAP peptides 
and human PACAP   

 Identity 
(%) 

  Q8IU39  _  DUGJA    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRY  R  QR  YR  NK    92  
  Q75W94  _  HALRO    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRY  R  QR  YR  N  E    89  
  Q8IU38  _  HYDMA    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRY  R  QR  YR  NK    92  
  Q75W88  _  EUCA    HSDGIFTDSYSRYRE  QMAVKKYLAAVLGKRY  R  QR  YR  NK    89  
  Q8IU37  _  SEPLE    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRY  R  QR  YR  NK    92  
  Q8IU36  _  PERAM    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRY  R  QR  YRS  K    89  
  PACAP_  HUMAN    HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK    100  

  **************:****************:** :.:  

  DUGJA— Dugesia japonica  (AB083649), HALRO— Halocynthia roretzi  (AB121759), 
HYDMA— Hydra magnipapillata  (AB083650), EUCA— Eriocheir japonica  (AB121765), 
SEPLE— Sepioteuthis lessoniana  (AB083651), PERAM— Periplaneta americana  (AB083652) 

  * —amino acid identity;  : —replaceable amino acid  
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planarian ( Dugesia japonica ), crab ( Eriocheir japonica ), squid ( Sepioteuthis lesso-
niana ), and cockroach ( Periplaneta americana ).

   In conclusion, PACAP or PACAP-like peptide(s) are present in invertebrates but 
the existence of a PACAP gene or peptide homologue remains to be convincingly 
demonstrated. However, the reported physiological effects of PACAP further con-
fi rm the presence of PACAP(-like) signaling pathways in invertebrates.     
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    Chapter 3   
 PACAP-Like Compounds of Earthworms: 
Identifi cation and Putative Functions 
from Embryonic Development to Brain 
Regeneration                     

     Laszlo     Molnar     ,     Peter     Engelmann    ,     Anita     Steib    , and     Edit     Pollak   

    Abstract     Presence and pattern of both PACAP38 and PACAP27 have been shown 
by immunocytochemistry, radioimmunoassay and Western blotting in various earth-
worm tissues. However, the identifi cation of peptide coding mRNA of PACAP has 
not yet been carried out, so the exact experimental evidences of PACAP expression 
in this invertebrate group are missing. In spite of this, we have concluded that 
PACAP-like molecules (having recognizable epitopes for antibodies raised against 
PACAP) are expressed in earthworms. There are some strong supports of this 
hypothesis, namely (1) PACAP stimulates the cAMP synthesis of earthworm tissues 
in in vitro experiments, (2) occurrence of the specifi c PACAP receptor (PAC1) has 
been shown by electron microscopic immunocytochemistry in the central nervous 
system and (3) isolated PAC1 immunoreactive compound binds the synthetic 
PACAP molecules. Signifi cant overexpression of PACAP-like molecules have been 
found in the body wall and injured central nervous system (CNS) of worms during 
the posterior segment regeneration. Accumulation of the PACAP-like molecules in 
the suboesophageal ganglion and the cauterized circumpharyngeal connectives has 
been shown in brain extirpated specimens, suggesting that these compounds are 
absolutely necessary for nervous tissue regeneration. Inhibitory effect of PACAP 
antagonists on the nervous tissue regeneration supports the putative morphogenetic 
role of PACAP-like peptides. Expressions of both PACAP-like compounds and 
PAC1 receptor have been characteristic signs of the increased activity of the specifi c 
immune cells (coelomocytes) during the regeneration and embryonic development. 
Similar effects and infl uences have been described in certain invertebrate and 
vertebrate species as well. Marked similarity between the invertebrate (cnidarian, 
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gastropod) chordate (tunicate) and vertebrate, PACAP has been identifi ed by several 
research groups. These fi ndings and our results strongly suggest that PACAP 
belongs to those highly conserved peptides that developed during the phylogeny of 
the metazoans.  

  Keywords     Earthworm central nervous system   •   Regeneration blastema   • 
  Epimorphosis   •   Neoblasts   •   Coelomocyte   •   Radioimmunoassay   •   Western blot   •   Far 
Western blot   •   Morphogenesis   •   PAC1 receptor  

      Introduction 

 PACAP is thought to be a highly conserved peptide characterized by nearly the 
same sequence identity from Cnidarians to Mammals. Although most of the PACAP 
or PACAP-like peptides found in invertebrates were identifi ed by mainly immuno-
cytochemical methods there are some transcriptomic evidence of the occurrence of 
PACAP-like compounds also in lower invertebrates. A partial mRNA (114 bp) cor-
responding to the highly conserved PACAP coding exon has been isolated from a 
Cnidarian ( Hydra magnipapillata ) and deposited in public database [ 1 ]. 

 The forms and multiple functions (e.g. signalling molecule of embryogenesis, 
neuroprotective and trophic effect, anti-apoptotic effect, etc.) of PACAP27 and 38 
were overviewed by other chapters of this book so in this review we will focus on 
the expression and functions of PACAP-like peptides of earthworm that are model 
animals of both evolutionary neurobiology [ 2 ] and regeneration experiments [ 3 ].  

    Expression of PACAP-Like Peptides and PAC1-Receptor 
in Various Tissues of Adult Earthworms 

 In the central nervous system and peripheral tissues of adult earthworms, by means 
of immunohistochemistry, radioimmunoassay (RIA) and bioassay, the expression 
of both PACAP-38 and -27 like compounds was revealed [ 4 ,  5 ] suggesting that the 
latter form was the dominant [ 6 ]. The pattern of immunoreactive structures of the 
ventral nerve cord was identifi ed by the investigation of whole mount preparations 
and it was found that PACAP forms were expressed in distinct neuron sets of earth-
worms [ 5 ]. 

 Earthworms have no distinct endocrine organs, like pituitary or any endocrine 
gland of vertebrates, or corpus allatum and prothoracic gland of insects. Instead, their 
central nervous system contains neurosecretory cells that are not uniformly distrib-
uted among ganglia [ 7 ]. However, immunostaining was found not only in neurose-
cretory cells but also putative inter- and motoneurons (Fig.  3.1 ) [ 5 ]. We showed the 
occurrence of PACAP-like compounds in the body wall and in the albumen of 
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deposited cocoons (eggs surrounded by nourishing albumen and protective protein-
aceous sleeve), and in the developing embryos (see later) of the earthworm  E. fetida  
[ 8 ]. PACAP-like compounds were continuously synthesized in all body wall tissues. 
Characteristic differences have been found between PACAP-like peptide content of 
various body parts of immature and sexually matured specimens. In immature 
worms, the level of PACAP-like peptides in the clitellar and postclitellar regions 
was detectable with no signifi cant differences between these two body parts. Tissue 
extracts of clitellum isolated from sexually mature specimens, in which hypertrophy 
of the gland cells in clitellum appeared, showed extremely strong immune reaction. 
Extracts from the postclitellar segments gave signifi cantly weaker immunoreactiv-
ity. These results indicate that the level of PACAP-like compounds signifi cantly 
increased in the clitellum, while no characteristic changes were observed in the 
postclitellar segments of sexually immature worms [ 8 ].

   According to our recent fi nding, the blood of earthworms contains high concen-
tration of PACAP-like peptide (50 ± 9 fmol/mg) suggesting that certain neurosecre-
tory cells of the earthworm CNS synthesize most of the PACAP-like compounds 
and they are transported to various tissues by the closed circulatory system so these 
compounds act as both transmitters and neurohormones. 

 PACAP can exert its effects through two types of G-protein-coupled receptors. 
VPAC1 and VPAC2 bind vasoactive intestinal peptide (VIP) and PACAP with similar 
affi nities while PAC1 binds PACAP with a much higher affi nity than VIP [ 9 – 11 ]. 

 The presence and pattern of PAC1 receptor were identifi ed by means of pre- and 
post-embedding immunocytochemistry in the ventral nerve cord ganglia. Both light 
and electron microscopic observations suggested that PACAP mediates the activity 

  Fig. 3.1    Whole mount immunocytochemistry ( a ) revealed the distribution pattern of PACAP27 
immunoreactive neurons in the ventral nerve cord ganglia ( b ) of  E. fetida. Arrows  indicate small 
interneurons,  double arrows  label giant motoneurons. Scale bars:  a  50 μm,  b  100 μm       
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of some interneurons, a few small motoneurons and certain sensory fi bres that are 
located in ventrolateral, ventromedial and intermediomedial sensory longitudinal 
axon bundles of the ventral nerve cord ganglia. Occurrence of PAC1 receptor immu-
noreactivity in both pre- and postsynaptic membranes of the central synapses in addi-
tion to extrasynaptic sites suggested that PACAP-like peptides of earthworms act as 
neurotransmitters and neuromodulators in the earthworm nervous system [ 12 ].  

    PACAP-Like Peptides Act as Mediators in Earthworm’s 
Embryogenesis 

 Earthworm embryos develop in cocoons in which protective and nutritive com-
pounds are also located [ 13 ]. Cocoon is a special product of the modifi ed body part 
of mature specimens, named clitellum, that is rich in protein-secreting glands and its 
secretory activity is mediated by neurosecretory cells of the brain [ 7 ,  13 ]. The occur-
rence of PACAP-like peptides and the decrease of their concentrations during the 
embryonic development were shown in the cocoon fl uid by radioimmunoassay [ 8 ]. 

 Immunohistochemical observations revealed that PACAP-like immunoreactivity 
already appeared at E1 developmental stage in the developing body wall epithelium 
and ganglia of the central nervous system. During development, immunoreactivity 
became visible around the forming mouth, followed by the ventral pharyngeal wall. 
The developing stomatogastric ganglia also contained PACAP-like immunoreactive 
elements. Immunolabelled structures with morphological heterogeneity and ran-
dom distribution in the body wall ectoderm were seen in extremely high number in 
E2–E3 embryos (Fig.  3.2 ). In embryos before hatching (E4), PACAP-like immuno-
reactive structures appeared at the entrance of the mouth cavity and in the prosto-
mium. The central nervous system showed PACAP-like immunoreactivity just 
before hatching. Labelled cells were observed primarily in the supraoesophageal 
(so-called brain) and suboesophageal ganglia. Later, a few cells of the ventral nerve 
cord were also stained implying a rostrocaudal gradient during development.

   The existence of a protein capable of synthetic PACAP38 binding in the earth-
worm in vitro and having the same molecular weight as that in Western blots for 
PAC1R was shown by Far Western blot. Expression of the PAC1 receptor was 
detected by Western blot as early as in E2 developmental stage embryos in which 
the extension of the ventral nerve cord ganglia and the differentiation of peripheral 
tissues are propagated. At this stage of the development immunopositive segmented 
body wall consisting of epithelium, muscles, metanephridia, developing alimentary 
canal, blood vessels and several coelomocytes in the body cavity could also be iden-
tifi ed [ 14 ]. 

 The fi rst PAC1-labeled neural structures appeared in the brain at E1 developmen-
tal stage. These cells projected their relatively dense fi bres, via the  circumpharyngeal 
connectives, to the developing suboesophageal ganglion where they enter the dorso-
lateral fi bre tracts of the ventral nerve cord. At this time there were no visible signs 
of PAC1 receptor immunoreactive cell bodies in the suboesophageal ganglion or 
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any of the developing ventral nerve cord ganglia. A pair of PAC1-immunoreactive 
cell bodies was discernible only in the suboesophageal ganglion at later E2 develop-
mental stage. Afterwards parallel with the segment and ganglion formation a pair of 
labelled cells was observed in each ganglion. While the number and pattern of 
labelled perikarya were identical in all ventral nerve cord ganglia, from the subo-
esophageal to the newly formed ganglia, the number of stained neural processes 
increased conspicuously during gangliogenesis. 

 The most extensive pattern of PAC1 receptor labelled neural structures was 
found in the ventral nerve cord of E4 developmental stage embryos, characterized 
by worm-like body form, that are ready for hatching. However, there were certain 
differences between the PAC1 receptor labelled patterns of ventral nerve cord in 
mature and newly hatched earthworms [ 12 ] proposing postembryonic developmen-
tal changes of the PAC1 receptor system. The anatomical position of stained fi bres 
was apparently not changed across the ventral nerve cord. All neural processes were 
ipsilateral and they did not leave the central nervous system through the segmental 
nerves. This suggests that labelled neurons belong to the earthworm’s interneuron 
system. The perikarya were weak while the neural processes strongly stained, we 
propose that latter structures possess signifi cantly more receptor molecules than the 
former ones. 

 Ultrastructurally, PAC1 receptors were located both on plasma membranes and 
intracellular membranes of certain neural processes in the central neuropil. The 
ultrastructural distribution of the PAC1 receptor immunoreactivity was fairly simi-
lar to those found in the mature ventral nerve cord [ 12 ] suggesting that there were 
no conspicuous postembryonic changes in the PAC1 receptor system.  

  Fig. 3.2    Pattern of PACAP27 immunoreactive primary sensory cells ( arrows ) in the body wall of 
developing embryo at E3 developmental stage. Immunostaining was carried out by the same chem-
icals and methods applied by Molnar et al. [ 5 ].  P  prostomium. Scale bar: 10 μm       
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    Effects of PACAP on Postembryonic Development 
from Segment Regeneration to Brain Restoration 

 Several experiments have been focused on the anterior and posterior segment 
 regeneration in earthworms [ 7 ]. The gained information mainly concentrated on the 
histological and/or immunocytochemical observations of the intact and regenerat-
ing body parts. 

 There are detailed experimental evidences that all new tissues forming restored 
segments are derived from the regeneration blastema (epimorphosis). In this struc-
ture dedifferentiating tissue elements (epithelial, mesenchymal, etc.), free-fl oating 
coelomocytes (immune cells) and totipotent stem cells so-called neoblasts can be 
located (for review see [ 7 ]). 

 It is generally accepted that the formation of the regeneration blastema and later 
on the segment restoration is maintained by the central nervous system (the theory 
is called the nerve dependence of regeneration). Until now no direct experimental 
evidence has emerged to support this hypothesis (originally promulgated by Thomas 
Hunt Morgan [ 15 ]) since the possible role of elaborated tissue hormones, growth 
factors, etc. cannot be excluded. 

 Applying a set of experiments on regeneration process of earthworms our 
research group has focused on not only macroscopical and histological investiga-
tions but also the expression of specifi c compounds (for example on the known 
vertebrate neurotrophic factor-analogue PACAP) in the regenerating segments and 
the central nervous system. 

 By means of radioimmunoassay, Varhalmi et al. [ 16 ] revealed signifi cant changes 
of PACAP-like immunoreactivity during the posterior segment regeneration. Both 
PACAP38 and PACAP27 could be detected in distinct tissues of earthworms like 
free-fl oating coelomocytes, ventral nerve cord ganglia, body wall and alimentary 
canal (midgut) tissues, and in the regeneration blastema. Marked differences in the 
expression of PACAP-like compounds isolated from various tissues were revealed. 
Expression of PACAP27-like compound in coelomocytes isolated from the last fi ve 
intact segments increased signifi cantly, while concentration of PACAP38-like com-
pound did not change. In contrast, concentrations of both PACAP27- and PACAP38- 
like compounds in coelomocytes isolated from the rest of the body showed an 
approximately fourfold increase compared to controls. Following injury, concentra-
tions of PACAP-like compounds markedly increased both in the regenerating body 
wall and in the alimentary canal, where the regeneration blastema is found. In con-
trast, no signifi cant changes were shown in the regenerating ventral nerve cord 
 ganglia suggesting that in comparison with body wall and alimentary canal there is 
no chemical gradient in the VNC ganglia during the posterior regeneration. 

 The regeneration blastema attached to the severed ganglion was interwoven with 
fi ne blood capillaries that formed a loose random network within the blastema 
(Fig.  3.3 ). Along with the capillaries, a high number of neoblasts, labelled for 
PACAP antibodies, scattered over the whole regenerating segment. On the 14th 
postoperative day of regeneration a distinct regeneration cone, containing extremely 
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high number of stained cells, appeared on the severed ganglion and attached to the 
peripheral regeneration blastema without sharp border. Most cells were round or 
oval in shape but elongated cells bearing processes were also found. Both round 
undifferentiated neoblasts and several elongated ones with identifi able processes 
were identifi ed in this connective tissue. A few cells had large soma and an easily 
identifi able axon-like process that attached to other cells or fi bres [ 16 ].

   Increase in the concentration of PACAP-like compounds in the regenerating 
body wall and alimentary canal (consisting of regeneration blastema and the neigh-
bouring original tissues) indicated that these compounds could infl uence the regen-
eration of earthworms. Since numerous immunolabelled neoblasts were found in 
the regenerating segments, and especially in the regeneration blastema, it seems that 
PACAP-like substances could have stimulating effects both on cell cycle and dif-
ferentiation of neoblasts and other blastemal cells to various tissues from epithelial 
to nervous tissue. 

 A characteristic anteroposterior gradient was found in the scattered mass of coe-
lomocytes in the regenerating earthworm’s body cavity suggesting that coelomo-
cytes could transport (perhaps also synthesize) PACAP-like compounds to the 
regenerating segments [ 17 ]. Trophic and transporting functions of coelomocytes 
during regeneration have been proposed earlier [ 18 ,  19 ]. A recent study has also 
suggested that coelomocytes play a role in hormone secretion, transport and hormone 
elimination in  E. fetida  [ 20 ]. PACAP-like compounds might act not only as media-
tors of regeneration but they could also modify the activity of certain coelomocytes 
characterized by phagocytic activity and might be potent anti-inflammatory 
peptides in earthworms. 

  Fig. 3.3    Whole mount 
preparation of a regeneration 
cone in a severed ventral 
nerve cord ganglion with 
accumulated neoblasts 
( arrows ) stained for 
PACAP38. Scale bar: 10 μm       
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 Experimental data proved that epimorphic regeneration should really be deter-
mined by certain chemical factors, e.g. PACAP-like peptides that induce cell prolif-
eration and differentiation during the tissue and organ remodelling. To clear whether 
the nervous system mediates only the reorganization of peripheral tissues (epithe-
lial, connective and muscles tissues) or it can have an infl uence on own reorganiza-
tion, we developed a brain regeneration model. 

 The regeneration of the cerebral ganglion (so-called brain) was investigated in 
the earthworm  E. fetida  applying two absolutely different extirpation methods, 
respectively (Fig.  3.4 ). In the fi rst group of animals both of the circumpharyngeal 
connectives (ccs) were transected with sharp steel blade, in the second group the left 
cc was transected and the right one was cauterized by glowing tungsten wire on the 
level of the second segmental nerves. During regeneration, the concentration gradi-
ent of PACAP-like peptides along the central nervous system and the pattern of the 
characteristic GABAergic landmark structures were investigated.

   Following brain extirpation a marked increase of PACAP-like peptide synthesis 
was determined by radioimmunoassay in the ventral nerve cord ganglia. However, 
a decreasing gradient of PACAP from the suboesophageal ganglion to cross-cut 
circumpharyngeal connectives was found in regenerating earthworms. While in 
the cauterized circumpharyngeal connectives the PACAP concentration was 
significantly higher than in the suboesophageal ganglion suggesting that neural 
processes transport PACAP-like peptides (and probably other neuropeptides, trans-
mitters, etc.) to the site of regeneration. The elaboration of PACAP-like peptides 
and other neuroactive substances (transmitters, neurohormones, growth factors) 
from the  central nervous system via the circumpharyngeal connectives could medi-

  Fig. 3.4    The anterior part of the central nervous system of  E. fetida  with the landmark of 
GABAergic neurons in the brain ( a ). The effect of brain extirpation method on the brain regenera-
tion ( b ,  c ). Left cc was cut with a sharp blade, the right one was cauterized. As a result of high 
temperature a denatured protein plug formed on the cc that temporarily blocked outfl ow of chemi-
cal compounds but the plug could be destroyed by phagocytes later so chemicals could outfl ow 
from the CNS. However, the temporary block resulted in distinctive changes in brain regeneration. 
The left hemiganglion was better developed than the right one ( c ) The line drawing shows the real 
( solid line ) and expected ( dotted line ) size and form of regenerated structures.  Abbreviations : 
 Pn  prostomial nerve,  b  brain,  stg  stomatogastric ganglion,  cc  circumpharyngeal connective,  sg  
suboesophageal ganglion       
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ate the migration and attachment of earthworm stem cells (neoblasts) to the cut 
surface of circumpharyngeal connectives and mediate their differentiation to neuro-
nal, glial, muscular and connective tissue cells resulting in the formation of a new 
brain and its capsule. This hypothesis is supported by the results of pharmacological 
experiments, namely injection of PACAP antagonist to the site of regeneration 
strongly inhibited differentiation of neural somata and growing of processes so the 
structure of the regenerated cerebral ganglion was signifi cantly less organized than 
the original brain [ 21 ]. 

 By means of immunocytochemistry, a high number of PAC1-receptor expressing 
cells were found in the regenerating blastema close to the cross-cut surface of the 
circumpharyngeal connectives. Most of them proved to be stem cells (neoblasts) of 
earthworms [ 21 ]. 

 A recent fi nding that immune system of earthworms, in which PACAP-like pep-
tides has an infl uence on the activity of various immune cells, can modify the effec-
tiveness of regeneration, suggests that PACAP-like and other peptides have strong 
regulatory effect on cell differentiation and tissue development during the regenera-
tion [ 22 ]. The importance of the PAC1 receptor expression in earthworm immuno-
cytes was summarized recently [ 23 ].     
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    Chapter 4   
 PACAP and Learning in Invertebrates                     

     Ildiko     Kemenes      and     Gyorgy     Kemenes   

    Abstract     As one of the greatest achievements of medicine in the twentieth century, 
there has been a dramatic increase in life expectancy and this tendency continues 
even more rapidly in the twenty-fi rst century. However, this positive achievement 
also has some negative consequences. The number of patients with clinical memory 
defi cits, including those associated with Alzheimer’s and Parkinson’s diseases, is 
also on the rise and there is an urgent need for novel drugs and treatment methods. 
Neuropeptides are widely distributed in regions of the mammalian brain involved in 
learning and memory and represent targets of memory research. PACAP is one of 
the peptides that has been found to be vital in memory formation both in vertebrates 
and invertebrates and provides a promising avenue for research. The use of geneti-
cally and physiologically tractable invertebrate model systems will likely lead to the 
elucidation of fundamental cellular and molecular processes induced by PACAP, 
due to the numerical simplicity of the brain structures involved. The fruit fl y 
( Drosophila melanogaster ) and the pond snail ( Lymnaea stagnalis ) are two promi-
nent invertebrate model systems that so far have provided valuable insights into the 
role of PACAP in ageing and memory-related processes, therefore this chapter con-
centrates on these species.  

  Keywords     PACAP   •   Adenylate cyclase   •   Invertebrates   •    Lymnaea    •    Drosophila    • 
   Amnesiac    •   Classical conditioning   •   Learning   •   Memory   •   Ageing  

      Introduction 

 Since its discovery in 1989 [ 1 ] PACAP has been implicated in many physiological 
processes and has been demonstrated in several regions of the mammalian brain as 
well as other organs [ 2 ,  3 ]. However, much less is known about the expression and 
function of this peptide in invertebrates. Invertebrate homologues of the mammalian 
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PACAP peptide were fi rst sequenced in the protochordates (tunicate/sea squirts) and 
it showed 96 % identity with the bovine, human, and salmon PACAP(1–27) form 
[ 4 ]. The existence of PACAP peptide in the fruit fl y ( Drosophila melanogaster ) [ 5 ] 
and in the fall armyworm ( Spodoptera frugiperda ) [ 6 ] was also recognised early 
after its discovery, followed by its identifi cation in a number of other invertebrate 
species [ 7 – 11 ]. The fact that the homologue of the peptide is present in invertebrates 
as well as vertebrates indicates the evolutionarily highly conserved nature of 
PACAP. Molecular biological analyses indicate that there is little difference (only 
three or four amino acids) between the amino acid sequences of PACAP in verte-
brate and invertebrate species (reviewed in [ 12 ]). Furthermore, PACAP activates 
similar molecular cascades leading to the execution of many physiological pro-
cesses, including learning [ 10 ,  13 ]. Two invertebrate model systems, the fruit fl y 
 Drosophila melanogaster  and the pond snail  Lymnaea stagnalis  have provided valu-
able insights into the evolutionarily conserved role of PACAP in memory formation 
and retention.  

     Drosophila melanogaster  

  Drosophila  has been a favoured choice in the study of learning and memory due to 
the ease of training large numbers of animals combined with the possibility of genetic 
manipulation. A decade before the discovery of PACAP, Quinn et al. [ 14 ] identifi ed a 
 Drosophila  memory mutant called “amnesiac”, which learns normally but forgets 
rapidly. Experiments with the mutant showed that acquisition was not affected but 
memory retrieval was impaired. In 1995, Feany and Quinn [ 11 ] revisited their earlier 
experiments and investigated the idea that neuropeptides might be involved in mem-
ory storage and retrieval. By cloning the memory gene responsible for the amnesiac 
mutation they revealed a novel neuropeptide (AMN) that proved to be homologous 
to the mammalian PACAP. This was a very important step on the way towards eluci-
dating the functional role of a peptide derived from the phenotype. In mammals there 
are a large number of well-characterised peptides and their receptors have been 
described but their physiological or behavioural role has not been described. 

 The identifi cation of the gene mutation in a PACAP-like neuropeptide and its 
functional role in memory storage in  Drosophila  provided a new approach to dissect 
the functional role of specifi c neuropeptides in the brain. However, the identifi cation 
of other mutations proved to be diffi cult at that time due to lack of effi cient high- 
throughput behavioural testing methods and because the chemically mutated genes 
were not tagged, making cloning tedious. These methodological problems halted 
the progress of  Drosophila  research for several years. 

 In a more recent study, Waddell et al. [ 15 ] generated a specifi c antibody to detect 
the expression of the  amn  gene in the  Drosophila  brain. Surprisingly, they found 
that unlike all other proteins involved in olfactory learning that are preferentially 
expressed in the mushroom bodies (BM), AMN was strongly expressed in two large 
symmetrical neurons (DPM cells) outside these brain structures. These neurons 
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however can strongly infl uence the mushroom bodies through their extensive pro-
jections. Genetically induced blockade of AMN neurosecretion from DPM cells 
shortened memory induced by shock-avoidance learning, similarly to the original 
 amn  mutation. Furthermore, memory in  amn  mutants can be restored by AMN 
expression in DPM neurons [ 15 ,  16 ]. Memory after appetitive conditioning, by pair-
ing an odour with sugar, showed similar dependency on DPM neuron activity [ 17 ]. 

 The original function of AMN is to act directly on the parts of the mushroom 
bodies where the expression of a gene (RUT), related to cyclase activity is abundant. 
Direct secretion of AMN peptide(s) into this region of the MB strengthens and 
potentiates behavioural associations that have been made by persistent activation of 
adenylyl cyclase. Experiments showed that DMP activity is needed for middle-term 
memory (60 min after training), suggesting that the PACAP-like AMN peptide 
release from the DPM neurons contributes to memory persistence. 

 Using the uas-shibirie ts1  transgene as a temperature sensitive blocker of DPM 
neurone function, Dubnau et al. [ 18 ] showed that DPM output is not required for the 
acquisition and storage of memory during the fi rst 30 min after the training. 
Surprisingly, it was only retrieval that was affected indicating that the association of 
odour and shock and the storage of the olfactory memory both occur ‘upstream’ of 
the mushroom body. These experiments further support the notion that AMN is 
important in memory maintenance but not necessary during acquisition and early 
stages of memory formation. Surprisingly, blocking DPM output during another 
type of odour conditioning, pairing benzaldehyde (BA) with electric shock, resulted 
in blockade of BA memory indicating the requirement of DPM output during acqui-
sition. This suggested that DPM neurons and presumably AMN peptides are dif-
ferentially involved in odour memory. However, BA that has a bitter almond smell 
is a unique olfactory stimulant sensed by not just the olfactory system but several 
other sensory organs. This implies that  Drosophila  can use multiple neural path-
ways, similarly to the vertebrate trigeminal system to respond to several chemicals. 
This leads to the suggestion that DPM output is uniquely involved in memory acqui-
sition of odours that require multisensory integration [ 18 ]. 

 Waddell et al. [ 15 ] also showed that restoration of the  amn  gene expression in 
mutant DPM cells is also suffi cient to re-establish wild-type memory throughout 
development but not when it is applied in the adult stage [ 19 ]. This suggests that a 
developmental defect in amnesiac mutants also affects the function of the DMP 
neuron and contributes to the expression of the mutant phenotype. These fi ndings 
also indicate that PACAP is possibly required for normal brain function both during 
development and in adulthood. 

 Tamura et al. [ 16 ] further investigated this possibility and compared memory 
consolidation in fl ies of different ages. When old (more than 20 days) wild-type and 
 amn -mutant animals were compared 3 h after a single training cycle of Pavlovian 
odour avoidance conditioning their memory retention was similarly impaired and 
was signifi cantly lower than that of young (1-day-old) wild-type fl ies. This shows 
that memory retention in aged wild-type fl ies is similarly affected as those of the 
memory mutants, suggesting a link between age-dependent memory impairment 
and  amn -dependent memory.  
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     Lymnaea stagnalis  

 Observations concerning the role of PKA in memory consolidation in  Lymnaea  [ 20 , 
 21 ] indicated that similar to other systems [ 22 ,  23 ], activation of adenylate cyclase 
(AC) is a key step in the formation of long-term memory (LTM). However, there was 
no information available on the molecules involved in the learning-induced activa-
tion of AC. A 2010 study then demonstrated both the presence and biochemical 
activity of a protein homologous to the vertebrate pituitary adenylate cyclase- 
activating polypeptide (PACAP) and the existence of its receptors in the  Lymnaea  
nervous system [ 10 ]. Another study in 2010 showed that application of a PACAP 
receptor antagonist around the time of single-trial food-reward classical condition-
ing with a amyl-acetate as conditioned stimulus (CS) and sucrose as unconditioned 
stimulus (US) blocked associative LTM [ 24 ]. This latter fi nding suggested that in 
this ‘strong’ food-reward conditioning paradigm the activation of AC by PACAP 
was necessary for LTM to form. Interestingly, in a ‘weak’ multi-trial food-reward 
conditioning paradigm, lip touch paired with sucrose [ 25 ], memory formation was 
also dependent on PACAP [ 24 ]. Signifi cantly, systemic application of PACAP at the 
beginning of multi-trial tactile conditioning accelerated the formation of transcription- 
dependent memory [ 24 ]. In PACAP-treated animals, robust LTM formed after just 3 
trials, while control animals required >6 trials to form LTM. This memory-boosting 
effect of exogenously applied PACAP was blocked by the PACAP receptor antago-
nist PACAP6-38. These fi ndings therefore provided the fi rst evidence to show that in 
the same nervous system PACAP is both necessary and instructive for fast and robust 
memory formation after reward classical conditioning. 

 Pre-training application of the PACAP receptor antagonist resulted in a complete 
abolition of memory after both single-trial chemical and multi-trial tactile condition-
ing but not in a loss of the unconditioned feeding response. Based on this fi nding it is 
tempting to speculate that PACAP is released in response to the chemical and tactile 
conditioned stimuli, whereas similar to what was found in  Aplysia , the effect of the 
unconditioned stimulus on AC may be mediated by different peptide or non-peptide 
transmitters, such as SCPs or 5-HT [ 26 – 28 ]. A likely scenario is that in  Lymnaea , the 
PACAP-mediated effect of the chemical or tactile CS and the non- PACAP mediated 
effect of sucrose US converge on AC and this convergence provides the molecular 
basis for coincidence detection, a fundamental requirement for associative learning. 
 Lymnaea  is known to differentiate learning with amyl-acetate [ 29 ] from learning with 
touch [ 30 ] at the neuronal level within the same network (the feeding circuitry in this 
case), but there is no evidence for a similar differentiation at the molecular level 
within the same neuron. Thus, the same molecules (e.g. PACAP) can fulfi l the same 
role (e.g. activation of AC) in different neurons leading to learning-induced changes 
in different pathways (e.g. activated by touch versus activated by amyl-acetate). 

 More recently, it also has been shown that the age-related decline in memory per-
formance observed previously in  Lymnaea  [ 31 ,  32 ] can be reversed by systemic 
administration of PACAP [ 33 ]. Exogenous PACAP38 boosts memory formation in 
aged  Lymnaea , where endogenous PACAP38 levels are low in the brain [ 33 ]. 
Treatment with insulin-like growth factor-1 (IGF-1), which in vertebrates was shown 
to transactivate PACAP type I (PAC1) receptors [ 34 ] also boosts memory formation 
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in aged pond snails [ 33 ]. Due to the evolutionarily conserved nature of these polypep-
tides and their established role in memory and synaptic plasticity there is a very high 
probability that they could also act as ‘memory rejuvenating’ agents in humans.  

    Conclusions 

 Learning occurs in all animal species, from invertebrates to humans, as a result of asso-
ciative or non-associative conditioning. In general, learning involves the activation of 
neural pathways responsible for the transmission of sensory information to sensory- to 
motor-neuron synapses and through modifi cation of these synapses or the intrinsic prop-
erties of neurons results in altered neuronal and behavioural responses to the original 
sensory stimulus. In the case of classical conditioning, the originally neutral conditioned 
stimulus (CS) will elicit a response after it has been associated with the unconditioned 
stimulus (US). However, the mechanisms of this association were not well understood. 
The fi ndings on the role of PACAP in learning and memory in  Drosophila  and  Lymnaea  
now allow us to propose that it plays a key role in the initial steps of information process-
ing during learning. As indicated in the proposed model in Fig.  4.1 . PACAP can activate 

  Fig. 4.1    A general model of how the PACAP-triggered conserved molecular mechanisms under-
lying food-reward learning in invertebrates operate at the neuronal level. The model is based on 
studies in  Lymnaea  (data sources: PACAP, PAC1, [ 10 ,  24 ]; NOS, NO, [ 35 ,  36 ]; Na + , Ca 2+  and K +  
channels, [ 37 ,  38 ]; CREB, [ 39 ,  40 ]; C/EBP, [ 41 ]; RNA and protein synthesis, [ 42 ]; MAPK, [ 43 ]; 
PKA, [ 20 ,  21 ]; cAMP, [ 44 ]; sGC, [ 45 ]; AC, [ 24 ]; CaMKII, NMDA, [ 46 ,  47 ] but similar molecular 
cascades underlie food-reward LTM in  Drosophila  [ 48 ,  49 ]       
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AC via the CS pathway and when this happens coincidentally with the activation of the 
US pathway also acting on AC, the induced molecular cascades can result in modifi ca-
tion of neuronal activity that underlies the formation of long-term memory.
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    Chapter 5   
 PACAP and Neural Progenitor Cells                     

     Dan     Lindholm     ,     Johanna     Mäkelä    , and     Laura     Korhonen   

    Abstract     PACAP is a neuropeptide with a multitude of functions on different cell 
types and organs including brain tissue. PACAP is relatively highly expressed in 
embryonic brain indicating a role in neuronal development. Particularly PACAP is 
expressed in the subventricular zone of lateral ventricles and in the dentate gyrus of 
hippocampus harboring the neural stem/progenitor cells (NPCs) that give rise to 
new neurons and glial cells in the developing brain. PACAP is known to stimulate 
the PACAP-1 receptors (PAC1R) that are expressed by the progenitor and other 
cells in the brain. Here we will shortly discuss the current view about the role of 
PACAP in NPCs and how PACAP affects cell proliferation, differentiation, specifi -
cation, migration and survival of these cells as have been studied mainly in rodent 
brain. Available data suggests that PACAP acts in concert with other peptides, 
growth factors and other signaling molecules in governing the behavior of the NPCs 
both during development and in the adult brain. A better understanding about the 
action of PACAP in stem cells and its interactions with other factors will be helpful 
for the potential use of PACAP in treatment of different brain disorders and for 
understanding of neural repair mechanisms.  

  Keywords     PACAP   •   PACAP receptor   •   cAMP   •   Protein kinase C   •   Progenitor cells   
•   Cell proliferation   •   Cell differentiation   •   Neurogenesis   •   Brain development  
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        PACAP and Neural Progenitor Cells 

 Neural stem/progenitor cells (NPCs) are important constituents of the developing 
and mature brain contributing to neurogenesis, cell specifi cation, neuronal plastic-
ity, as well as glial cell functions and brain repair and regeneration in disease [ 1 – 3 ]. 
In the brain, NPCs are present in distinct neurogenic regions in the ventral neuroepi-
thelium and in the dentate gyrus of the hippocampus [ 1 ]. Neurogenesis is particu-
larly active during embryonic development but the two neurogenic regions are also 
present in the adult brain [ 2 ,  4 ]. The NPCs are part of a local microenvironment that 
forms a self-supporting niche in the brain that regulates stem cell proliferation and 
maintenance by the action of extrinsic and intrinsic factors [ 4 ,  5 ]. It is known that a 
number of trophic and other factor infl uence NPCs with some factors preferentially 
inducing neurogenesis whereas others affect mainly glial cell formation [ 2 ,  4 ,  5 ]. 
These factors have distinct signaling pathway with a complex interplay in the regu-
lation of NPCs that is only partly understood. The elucidation of these pathways and 
their potential roles in different brain diseases represents major objectives of current 
studies on NPCs. PACAP acts via the PAC1-receptor (PAC1R) and may activate 
both cAMP/protein kinase A (PKA) and phospholipase C/protein kinase C (PKC) 
pathways that are major signaling pathways in NPCs and in neurons. Accumulated 
data also show that PACAP and PAC1R are expressed in the neurogenic regions 
indicating that PACAP plays a role in NPCs either alone or in conjunction with 
other factors. In the following, we will review the present literature on the action of 
PACAP in NPCs and in stem cells. Although many aspects of PACAP in stem cells 
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biology have been covered, more experiments are clearly needed, using also 
 gene-deleted mice and animal models, to defi ne the underlying mechanisms by 
which PACAP and PAC1R infl uence NPCs and during development and adulthood 
and in different brain diseases.  

    PACAP and PACR1 Are Expressed in Developing Brain 
and in Neurogenic Regions 

 After its initial discovery in the hypothalamus [ 6 ] it became clear that PACAP is also 
present in other parts of the developing and mature nervous system (reviewed in [ 7 ]). 
In particular, in situ hybridization and other experiments revealed that PACAP is 
expressed in several regions of the adult brain [ 8 ] as well as in developing rat brain 
including the neurogenic regions, the ventral neuroepithelium, and the dentate gyrus 
of the hippocampus [ 9 ]. In addition, the high-affi nity receptor PAC1R that is specifi c 
for PACAP was also expressed in adult [ 10 ] as well as in the developing rodent brain 
and with a distribution that partly overlaps that of PACAP [ 11 ]. The results of these 
studies localizing PACAP expression in brain tissue have recently been largely con-
fi rmed by the GENSAT (Gene Expression Nervous System Atlas) project at the 
Rockefeller University (see   www.gensat.org    ). In this project, BAC- PACAP- EGFP 
mice were analyzed for expression of green fl uorescent protein (GFP) under the 
endogenous PACAP promoter in BAC transgenic mice. Data showed that in these 
mice the neuroepithelium, parts of the hippocampus, as well as several other brain 
regions contain GFP positive cells indicative of PACAP expression. Particularly, 
there was a robust expression of PACAP in the neurogenic regions at early stages 
with the labeling of NPCs (  www.gensat.org    ). Moreover, PACAP is abundant and 
show a more widespread expression in developing brain compared with vasoactive 
intestinal peptide (VIP). BAC-GFP mice for PAC1R are currently not available from 
GENSAT, but ample evidence suggests that different isoforms of PACR1 are 
expressed by NPCs and by other stem cells. Immunostaining experiments further 
revealed that PACR1 is expressed in the rostral migratory stream (RSM) that con-
tains progenitor cells  en route  to the olfactory bulb. More specifi cally, both nestin 
and glial fi brillary acidic protein positive cells as well as differentiated doublecortin 
(DCX) and NeuN-positive neural cells were PACR1 positive in the RSM [ 12 ].  

    PACAP Infl uences NPCs and Neurogenesis 

 In the adult mouse, administration of PACAP stimulated the proliferation of NPCs 
in the subventricular zone of lateral ventricles and in the dentate gyrus of hippocam-
pus shown by BrdU labeling [ 13 ]. Similar results were reported by Ohta et al. after 
intracerebroventricular infusions of PACAP into the adult forebrain [ 14 ]. In neuro-
sphere cultures, the addition of PACAP or maxadilan, an agonist of the PAC1R, 
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stimulated adult mouse NPCs proliferation through PKC-dependent pathway. 
Furthermore, PACAP acted synergistically with epidermal growth factor that is 
used as a mitogen for the NPCs. In addition, PACAP-stimulated NPCs had the 
capacity to generate both neuron or glial cells indicating that there was no clear bias 
to a particular cell fate after treatment with PACAP [ 13 ]. 

 Hippocampal neurogenesis is known to be infl uenced by a variety of intrinsic 
and extrinsic factors. Rearing of mice in an enriched environment showed an 
increase in neurogenesis of both wild-type and PACAP gene-deleted mice with no 
obvious change in the basal rate of proliferation between the groups [ 15 ]. However, 
the survival of newly divided cells in the dentate gyrus of hippocampus was 
decreased in the PACAP knockout mice compared with controls [ 15 ]. This shows 
that endogenous PACAP is involved in the effects of enriched environment on neu-
rogenesis in the hippocampus probably acting together with other factors. 
Collectively these results show that PACAP is able to stimulate proliferation, neuro-
genesis, as well as cell survival of NPCs in the adult brain that is of importance for 
brain repair and neuronal functions. 

 Recent data indicate that PACAP can infl uence NPCs by affecting cell migration 
in the brain. As discussed earlier, PAC1Rs are present in DCX positive cells [ 12 ] 
representing immature neuroblast migrating in the RSM. It was recently shown that 
PACAP induce phosphorylation of DCX via cAMP regulating microtubule and 
actin dynamics leading to increased neuroblast migration [ 16 ]. PACAP also takes 
part in neuronal laminar formation in the developing cortex through the activation 
of cAMP-PKA signaling [ 17 ]. In the postnatal cerebellum (see later), PACAP infl u-
ences the migration of developing granule cells [ 18 ].  

    Effects of PACAP on Gliogenesis 

 PACAP has in several experiments been shown to selectively induce astrocyte dif-
ferentiation of cultured cortical NPCs [ 19 – 21 ]. Elevation of cAMP was found to be 
essential for the PACAP-mediated stimulation of astrogenesis [ 20 ,  21 ]. In contrast, 
it was reported that particularly the β isoform of PKC, not directly cAMP, is cru-
cially involved in differentiation of embryonic NSCs into astrocytes [ 22 ]. The rea-
son behind these seemingly different results regarding the signaling cascades 
elicited by PACAP is not immediately obvious but could be due related to changes 
in cell composition or culture conditions used for the NPCs. Another aspect is that 
PACAP can increase calcium in cells both via a PKA and a PKC signaling pathway. 
PACAP acts also in concert with other signals and factors to regulate NPCs includ-
ing ciliary neurotrophic factor and the bone morphogenetic proteins that are known 
to stimulate astrogenesis [ 4 ,  5 ]. It is not fully understood how PACAP-PAC1R inter-
acts with the other factors and signaling pathways in the NPCs to either inhibit or 
promote astrogenesis and cell proliferation. A simplifi ed scheme of some of these 
interactions for PACAP is given in Fig.  5.1  with regard to control of cell prolifera-
tion in NPCs (Fig.  5.1 ).
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   With regard to potential mechanisms underlying gliogenesis, it has been shown 
that PACAP can activate the small GTPases Rap1 and Ras causing increased cal-
cium and to stimulation of the transcription factor, downstream regulatory element 
antagonist modulator (DREAM) in the NPCs [ 23 ]. DREAM in turn can bind to the 
promoter of the  GFAP  gene increasing its expression in differentiating astrocytes 
[ 24 ]. Regulation of cell differentiation is a complex process and it is likely that 
additional factors and signaling molecules are involved in determining the fi nal out-
come of PACAP signaling in the NPCs and in gliogenesis.  

    Role of PAC1R Isoforms in NPCs 

 Cloning of the PAC1R showed that the receptor is expressed as different isoforms 
arising from differential splicing [ 25 ]. The nature of the PAC1R isoform expressed 
by NPCs plays a crucial role in determining the effects of PACAP on cell prolifera-
tion and differentiation. Thus, sympathetic neuroblasts from the peripheral nervous 
system express mainly the hop subtype of PAC1R and respond to PACAP with an 
increase in cell proliferation subsequent to activation of PKC. In contrast, cultured 
cortical progenitors express mainly the short PAC1R and show a decrease in cell 
proliferation after PACAP that is due to enhanced cAMP/PKA signaling [ 26 ]. The 
antiproliferative effect of PACAP in the cortical progenitor cells was further related 
to increases in the cell cycle regulator, p57Kip2 [ 27 ]. As shown in cerebellar gran-
ule neurons, PACAP also increases the protein Lot1 in progenitor cells that can 
regulate the cell cycle (see later). It would be interesting to know whether there is a 
switch in the expression of the different PAC1R isoforms in vivo and how this may 
be regulated by various factors and under different conditions.  

  Fig. 5.1    Role of PACAP in regulation of NPC proliferation. A general theme for the action of 
PACAP in neurogenesis is that the neuropeptide acts together with other factors (growth factors, 
trophic factors, peptides, transmitters) to regulate cell proliferation and differentiation of NPCs. 
PACAP may inhibit the action of growth factors to inhibit ( left ) or alone stimulate cell proliferation 
( right ). For cell differentiation similar schemes can be envisaged. More examples for these are dis-
cussed in the text. PACAP acts via the PAC1R that can exist in different isoforms in the NPCs and 
then signal either via the cAMP/PKA or PKA pathway in the progenitor cells. The precise signaling 
cascades for PACAP and the crosstalk with other factors in the NPCs are not fully understood       
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    PACAP and Cerebellar Progenitor Cells 

 In contrast to brain cortex, the peak of neurogenesis takes places in cerebellum 
 during the fi rst weeks of postnatal life. During this period, cells that are to become 
granule neurons in the internal granule cell layer undergo an extensive proliferation 
in the external cell layer. Neurotrophic and other growth factors regulate progenitor 
cells by infl uencing cell survival, differentiation, migration, and the cell–cell inter-
actions that govern cerebellar development [ 28 ]. Previous studies showed that 
PACAP and its receptor PAC1R are expressed in developing rodent cerebellum. In 
particular, in situ hybridization showed that PACAP was present in the developing 
Purkinje cells, whereas PAC1R was mainly expressed by the adjacent cells [ 29 ]. 
PACR1 is also expressed in the external cell layer harboring the progenitor cells 
during the peak of neurogenesis [ 29 ]. In adult, the expression of PACR1 and PACAP 
is decreased in the cerebellum [ 9 – 11 ]. 

 Studies performed with cultured granule cells from cerebellum have further 
demonstrated that PACAP interacts with other signals to increase or inhibit cell 
proliferation. Sonic Hedgehog (Shh) is an important growth factor in the cerebel-
lum and mutations in its signaling pathway are associated with occurrence of 
tumors such as medulloblastomas in children. Addition of PACAP to cerebellar 
granule progenitor cells was shown to reduce the Shh-induced cell proliferation in 
a cAMP- dependent manner [ 30 – 32 ]. This shows that there is a functional interac-
tion between signals from PACAP-PAC1R and from the Shh receptor, Patched 
(ptc1) in the regulation of granule cell proliferation in developing cerebellum. 
Interestingly, in the absence of Shh, PACAP was found to modestly increase gran-
ule cell proliferation in a signaling cascade involving PKC [ 30 ]. This situation is 
similar to that observed with PACAP and cortical NPCs and indicates that it is the 
combined effects of different factors that ultimately determine the outcome of 
PACAP signaling in NPCs with regard to cell proliferation (Fig.  5.1 ). In view of its 
antiproliferative effect, PACAP may play a role in suppressing tumor formation in 
cerebellum by controlling Shh signaling. In an elegant study using single copy 
gene deleted  PACAP  mice mated with  ptc1  mutant mice, it was shown that the 
incidence of medulloblastoma tumors increased signifi cantly compared with the 
corresponding control [ 33 ]. 

 In addition to cell proliferation, PACAP can promote the survival of cultured 
granule progenitor cells [ 34 ]. More recent data have shown that PACAP protects 
cerebellar progenitor cells against apoptosis induced by the sphingolipid-derivate, 
ceramide partly by inhibiting Bax and caspase-3 activation [ 35 ]. Regarding poten-
tial mechanisms for increased cell survival, it has been shown that PACAP increases 
c-fos expression [ 34 ] as well as intracellular calcium in the cerebellar granule cells 
via activation of N-type calcium channels and by mobilization of cell calcium stores 
[ 36 ]. In addition, the tumor suppressor gene,  Lot1  was found to be important for the 
antiproliferative and cell survival promoting activities of PACAP in the cerebellar 
progenitor cells [ 37 ]. 

D. Lindholm et al.



59

 Taken together, these results support a role for PACAP and PAC1R in cerebellar 
development with major effects observed on cerebellar progenitor cells [ 38 ]. More 
credence for this view comes from studies of PACAP gene-deleted mice showing a 
reduction in the thickness of the external and internal granule cell layer at postnatal 
ages P4 and P7, respectively [ 39 ]. The activity of caspase-3 was also increased in 
the  PACAP  gene-deleted mice, revealing an enhancement of the naturally occurring 
cell death in the postnatal cerebellum. Subsequent studies have shown that PACAP 
counteracts the effect of the death-factor Fas ligand on caspase-3 and granule neu-
ron cell death during cerebellar morphogenesis [ 40 ].  

    Effects of PACAP on Oligodendrocyte and Retinal 
Progenitor Cells 

 PACAP has been studied in the context of cultured oligodendrocyte progenitor cells 
(OLPs) that are known to express PAC1Rs. Furthermore, PAC1R is present in the 
optic chiasm that is a region rich in OLPs [ 41 ]. Addition of PACAP to OLP cultures 
had a dual effect increasing cell proliferation and decreasing myelination induced 
by differentiated oligodendrocytes [ 41 ]. Subsequent studies showed that PACAP 
acts in conjunction with other factors in infl uencing OLPs by enhancing the stimula-
tory effect of FGF2 on cell proliferation but inhibiting that of PDGF [ 42 ]. PACAP 
also antagonized the effect of Shh in OLPs, suggesting a complex crosstalk between 
PACAP and growth factors in the regulation of OLPs. So far few data on human 
OLP cells are available with regard to the expression or the effects of PACAP. In 
view of its role in OLPs, PACAP could play a role in brain diseases affecting myelin 
and the oligodendrocytes as observed, for example, in multiple sclerosis. 

 PACAP and PC1R are expressed in developing retina and PACAP exhibited a 
neuroprotective effect on retinal cells. It was further shown that PACAP regulates 
the proliferation of retinal progenitor cells through activation of the cAMP/PKA 
pathway [ 43 ]. The possible roles played by PACAP in retina disorders remain to be 
studied further.  

    Effects of PACAP on ES Cells and Human iPS Cells 

 In addition to NPCs, PACAP has been shown to infl uence other types of stem and 
progenitor cells. Using mouse embryonic stem (ES) cells cultured as embryoid bod-
ies, it was shown that PACAP induced neuronal differentiation from cell aggregates 
after 1 week of treatment [ 44 ]. Similar effects were also observed with VIP and 
mouse ES expressing both PAC1 and VPAC2 receptors. A more close analysis 
revealed that PACR1 was upregulated by differentiation of ES cells into neurons 

5 PACAP Infl uences Stem Cells and Neurogenesis



60

and decreased after glial differentiation [ 45 ]. On the functional side it was shown 
that stimulations with PACAP or with VIP enhanced calcium currents in the ES 
cells partly by inducing particular calcium channel proteins [ 46 ]. PACAP also coun-
teracted the Shh-mediated differentiation of mouse ES cells into motor neurons in 
culture, although this was not observed in spinal cord in vivo [ 47 ]. 

 Human induced pluripotent stem (iPS) cells show great promises for modern 
medicine and for cell therapies in different diseases [ 48 ,  49 ]. Recent studies have 
shown the expression of PAC1R in human iPS cells. Stimulation with maxadilan 
activating the PAC1R protected the human iPS cells against cell death induced by 
ultraviolet light [ 50 ]. Moreover, the pluripotent state and the karyotype of the iPS 
cells were not infl uenced by maxadilan, indicating a specifi c effect of PACR1 acti-
vation on cell survival. The precise signaling and physiological roles of PACAP in 
human iPS cells warrant to be studied further.  

    Conclusion and Therapeutic Use of PACAP and Stem Cells 

 As shown earlier PACAP can infl uence NPCs and other stem/progenitor cell types in 
a variety of ways including effects on progenitor cell proliferation, differentiation, 
migration, and survival. Some of these actions of PACAP can be clearly benefi cial 
for treatment of brain disease and for neuronal recovery in different clinical settings. 
Recent data have shown that administration of PACAP indirectly can infl uence brain 
repair by affecting homing of bone marrow-derived cells into the ischemic brain that 
can reduce effects of injury and promote neuronal recovery [ 51 ]. Neuroinfl ammation 
is a characteristic of several brain diseases and PACAP has a strong anti-infl amma-
tory effect partly by infl uencing microglia cells. In this respect it was shown that 
PACAP can counteract the deleterious effects of cytokines on NPCs by interfering 
with proinfl ammatory cytokine interferon-γ [ 52 ]. Similarly PACAP was shown to 
protect NPCs against lipotoxicity by enhancing cell viability through activation of 
PAC1R [ 53 ]. In stroke, transplantation of PACAP-producing stem cells into mouse 
brain 3 days after injury produced functional recovery as shown by behavioral tests 
[ 54 ]. Furthermore, the benefi cial effect of PACAP was associated with reduced brain 
infl ammation and a change in microglia cells toward the neuroprotective M2 pheno-
type [ 54 ]. PACAP also enhanced repair mechanisms in spinal cord trauma in combi-
nation with the transplantation of human mesenchymal stem cells (hMSCs) [ 55 ]. 
Along the same line it was recently shown that transplanted hMSCs suppress infl am-
mation after spinal cord injury in a crosstalk involving PACAP [ 56 ]. 

 An increased understanding about the roles of PACAP and PAC1Rs in NPCs and 
other stem cells may pave the way for better therapies using stem cells and PACAP 
in different brain diseases.     
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    Chapter 6   
 PACAP and Neural Development                     

     Jun     Watanabe     ,     Tamotsu     Seki    , and     Seiji     Shioda   

    Abstract     Brain development is a complex process, controlled in part by locally 
secreted factors that regulate proliferation, differentiation, migration, survival, and 
maturation. Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuro-
peptide that exerts a wide range of effects on different cell types in the brain as early 
as fetal stage. PACAP and its receptors are expressed in germinative neuroepithelia, 
suggesting that PACAP may be involved in neurogenesis. PACAP has recently been 
shown to regulate cell fate in various developmental contexts, in a manner depen-
dent on dose, region, signaling, and receptor subtype. Interestingly, germ cells and 
embryonic stem (ES) cells also express PACAP receptors, and PACAP plays a cru-
cial role in their development. This chapter reviews current knowledge on several 
aspects of PACAP in neural development, including adult neurogenesis and devel-
opmental neural diseases.  

  Keywords     Pituitary adenylate cyclase-activating polypeptide (PACAP)   •   PAC1 
receptor   •   Neural development   •   Neurogenesis   •   Neural disease  
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  EB    Embryoid body   
  ES cell    Embryonic stem cell   
  FF    Follicular fl uid   
  GFAP    Glial fi brillary acidic protein   
  IHC    Immunohistochemistry   
  iPS cell    Induced pluripotent stem cell   
  ISH    In situ hybridization   
  NB    Northern blot   
  NeuN    Neuronal nuclei   
  OB    Olfactory bulb   
  PAC1R-LI    PAC1R-like immunoreactivity   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PACAP-LI    PACAP-like immunoreactivity   
  PDGF    Platelet-derived growth factor   
  PGC    Primordial germ cell   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PTSD    Posttraumatic stress disorder   
  RE    Rostral extension   
  RMS    Rostral migratory stream   
  RT-PCR    Reverse transcription-polymerase chain reaction   
  Shh    Sonic hedgehog   
  SVZ    Subventricular zone   
  VIP    Vasoactive intestinal peptide   
  WB    Western blot   

        Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide, 
found in a wide variety of tissues, including the central nervous system (CNS) 
and peripheral tissues [ 1 ,  2 ]. Physiologically, PACAP has been reported to act 
as a hormone, a neuromodulator, a neurotransmitter, and a trophic factor, and 
has been implicated in a variety of developmental activities [ 3 – 5 ]. PACAP and 
its receptors, PAC1R, VPAC1R, and VPAC2R, are expressed in germ cells and 
embryonic stem (ES) cells and are distributed throughout the embryonic and 
postnatal brain during development (Tables  6.1 ,  6.2 , and  6.3 ). PACAP has been 
shown to regulate neural precursor cell proliferation, differentiation, migration, 
maturation, and survival during neural development [ 6 – 10 ]. Despite current 
knowledge about PACAP, its overall role during neural development is not yet 
fully understood. This chapter describes the expression of PACAP and its 
receptors during neural development, especially on the role of PACAP as a 
regulatory factor.
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         Germ Cells 

 PACAP and PAC1R are detectable in the earliest stages of germ cell development in 
mice, as early as primordial germ cells (PGCs), the embryonic precursors of gametes 
of adult animals [ 11 ]. The gene encoding PAC1R is expressed by both PGCs and 
gonadal somatic cells. Furthermore, PACAP has been observed in gonadal ridges, 
mostly on germ cell surfaces, in E11.5–12.5 mouse embryos and could stimulate 
PGC proliferation in vitro. These fi ndings suggested that PACAP may be an impor-
tant regulator of PGC proliferation and functions in embryonic gonads. 

 During spermatogenesis, PACAP can act as a local regulator of testicular germ 
cell development and function [ 12 ]. PACAP-like immunoreactivity (PACAP-LI) 
has been observed in the spermatogonia and spermatids of rodents [ 13 ] and humans 
[ 14 ], and mRNAs encoding all three PACAP receptors have been detected in human 

   Table 6.1    The expression of PACAP and its receptors in germ cells   

 Cell type  Spices  Origin 
 Ligand/
receptor  Method  Function  Reference 

 Primordial 
germ cell 

 Mouse  Dorsal 
mesentery and 
urogenital 
ridges of 
E10.5 and 
E11.5 mouse 
embryos 

 PACAP, 
PAC1R 

 IHC 
(PACAP), 
RT-PCR 
(PAC1-R) 

 PACAP 
stimulated 
in vitro 
proliferation 
of mouse 
primordial 
germ cells 

 [ 11 ] 

 Spermatogonia  Rat  Rat testes  PACAP  IHC, ISH  –  [ 13 ] 
 Human  Normal 

human testes 
 PACAP  IHC  –  [ 14 ] 

 Primary 
spermatocytes 

 Rat  Rat testes  PACAP  IHC, ISH  –  [ 13 ] 

 Spermatids  Rat  Rat testes  PACAP  IHC, ISH  –  [ 13 ] 
 Rat  Rat testes  PACAP, 

PAC1R 
 IHC 
(PACAP, 
PAC1R), WB 
(PAC1R) 

 –  [ 15 ] 

 Human  Normal 
human testes 

 PACAP  IHC  –  [ 14 ] 

 Sperm  Mouse  Sperm from 
mouse 
epididymis 

 PACAP  IHC  PACAP 
enhanced 
fertilization 
and sperm 
penetration 

 [ 27 ] 

 Mature oocyte  Rat  Rat ovaries  PAC1R  RT-PCR  –  [ 22 ] 

   Abbreviations :  IHC  immunohistochemistry,  ISH  in situ hybridization,  RT-PCR  reverse 
transcription- polymerase chain reaction,  WB  western blot  

6 PACAP and Neural Development



68

spermatogonia and spermatids [ 14 ]. Interestingly, PAC1-R-like immunoreactivity 
(PAC1R-LI) and PACAP-LI in rats were localized to the cytoplasm of round sper-
matids, which aggregated in the acrosome [ 15 ]. This fi nding suggested that endog-
enous PACAP may directly interact with the cytosolic PAC1-R-like protein without 
the ligand being released into the extracellular space. In contrast, VPAC2R was 
strongly expressed within the seminiferous tubuli, whereas the other two receptors 
were not found in germ cells [ 16 ]. Furthermore, VPAC1R was expressed in connec-
tive tissues, whereas PAC1R was not. Sperm head size was found to be smaller in 
PACAP-defi cient mice than in wild-type mice, both in the longitudinal and trans-
verse diameters, and PACAP treatment was shown to enhance human sperm motil-
ity [ 17 ]. These studies indicated that PACAP could infl uence the development and 
functioning of spermatozoa. 

 PACAP and its receptors are also expressed in rodent and human ovaries [ 18 – 20 ]. 
The role of PACAP in female fertility and reproduction has been thoroughly 
reviewed [ 21 ]. Assays of rat ovarian cells showed that both PACAP mRNA and 
PACAP-LI were present in the majority of granulosa and cumulus cells from large 
preovulatory follicles, in the majority of the cells comprising the interstitial glandu-
lar tissue and in solitary theca cells of growing and mature follicles [ 18 ]. PACAP-LI 
was also found in nerve fi bers innervating the ovary. PAC1R and VPAC2R were 

   Table 6.2    The expression of PACAP and its receptors in ES cells and iPS cells   

 Cell 
type  Spices  Origin  Ligand/receptor  Method  Function  References 

 ES 
cell, 
EBs 

 Mouse  Mouse 
blastocysts 

 ES cells: 
PAC1R, 
VPAC1R (week), 
VPAC2R 
 EBs: PAC1R 

 RT-PCR  PACAP and VIP 
induce the 
differentiation of 
ES cells into a 
neuronal 
phenotype 

 [ 29 ] 

 ES 
cell 

 Mouse  Mouse 
blastocysts 

 PACAP, VIP, 
PAC1R, 
VPAC1R, 
VPAC2R 

 RT-PCR  PACAP blocks 
Shh-dependent 
motor neuron 
generation 

 [ 30 ,  31 ] 

 ES 
cell 

 Mouse  Embryonic 
fi broblasts 

 PAC1R, 
VPAC1R, 
VPAC2R 

 RT-PCR  PACAP and VIP 
promote the 
generation of 
calcium currents 
in neuronal 
differentiating 
cells 

 [ 32 ] 

 iPS 
cell 

 Human  Umbilical 
cord matrix 
and amniotic 
membrane 
mesenchymal 
cells 

 PAC1R  RT-PCR, 
WB 

 Maxadilan 
prevents 
ultraviolet 
C-induced 
apoptosis 

 [ 33 ] 

   Abbreviations :  RT-PCR  reverse transcription-polymerase chain reaction,  WB  western blot  
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   Table 6.3    The distribution of PACAP and its receptors during embryonic neural development in 
rodents   

 Developmental 
stage  Spices 

 Ligand/
receptor  Expressed region  Method  Reference 

 Primitive 
streak 

 E9 rat 
embryo 

 PAC1R  Neural fold, neural 
ectoderm, 
neuroepithelium in the 
primitive streak region 
and intraembryonic 
mesoderm 

 RT-PCR, 
IHC, ISH 

 [ 35 ] 

 E8.5 mouse 
embryo 

 PAC1R(−)  Not detected  ISH  [ 36 ] 

 Neural tube 
closure 

 E9.5 mouse 
embryo 

 PACAP, 
PAC1R 

 Floor and roof plates 
of the neural tube and 
rhombencephalon, 
terminating abruptly at 
the boundary with the 
mesencephalon 

 RT-PCR  [ 38 ] 

 E9.5 mouse 
embryo 

 PACAP, 
PAC1R 

 RT-PCR, 
ISH 

 [ 36 ] 

 E10 rat 
embryo 

 PAC1R  RT-PCR  [ 39 ] 

 E11 rat 
embryo 

 PAC1R  RT-PCR, 
IHC, ISH 

 [ 35 ] 

 Form of 
primary brain 
vesicle 

 E10.5 and 
E11.5 mouse 
embryo 

 PACAP, 
PAC1R 

 PACAP: dorsal root 
and trigeminal ganglia, 
rhombencephalon and 
cerebellum 
 PAC1R: neural tube, 
rhombencephalon, 
dorsal root and 
trigeminal ganglia and 
sympathetic chain 

 RT-PCR  [ 37 ] 

 E10.5 mouse 
embryo 

 PACAP, 
PAC1R 

 ISH, NB  [ 41 ] 

 E12 rat 
embryo 

 PACAP, 
PAC1R 

 ISH  [ 40 ] 

 Form of 
Secondary 
brain vesicle 

 E14 and E16 
rat embryo 

 PACAP, 
PAC1-R 

 PACAP: throughout 
the neuraxis 
 PAC1R: 
neuroepithelium 
throughout the neuraxis 
including olfactory 
bulb, neuroepithelium, 
and external germinal 
layer of the cerebellum 
 VPAC1R: similar to 
PAC1R 
 VPAC2R: diencephalic 
nuclei 

 ISH  [ 40 ] 

 E16 rat 
embryo 

 PAC1-R  ISH, IHC, 
RT-PCR 

 [ 35 ] 

 E16/17 rat 
embryo 

 PACAP  ISH  [ 42 ] 

 E14 and E17 
rat embryo 

 PAC1R, 
VPAC1R, 
VPAC2R 

 ISH, 
RT-PCR 

 [ 39 ] 

 Late stage of 
embryonic 
neural 
development 

 E18 and E20 
rat embryo 

 PACAP, 
PAC1R 

 PACAP: neocortex, 
pituitary, discrete 
 PAC1R: ventricular 
zone throughout the 
nervous system; 
thalamic and brainstem 
nuclei and spinal cord 
 VPAC1R: similar to 
PAC1R 
 VPAC2R: diencephalic 
nuclei 

 ISH  [ 40 ] 

 E20 rat 
embryo 

 PAC1R  ISH, IHC, 
RT-PCR 

 [ 35 ] 

 E20 rat 
embryo 

 PACAP  ISH  [ 42 ] 

 E21 rat 
embryo 

 PAC1R, 
VPAC1R, 
VPAC2R 

 ISH, 
RT-PCR 

 [ 39 ] 

   Abbreviations :  IHC  immunohistochemistry,  ISH  in situ hybridization,  RT-PCR  reverse 
transcription- polymerase chain reaction,  NB  northern blot  
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found to be expressed in granulosa cells, whereas VPAC1R and VPAC2R were 
expressed in theca cells [ 22 ]. Fully developed oocytes express PAC1R, and the 
addition of nanomolar concentrations of PACAP induced calcium release. However, 
PAC1R was not detected in the Met-I and -II phases of oocytes matured in vivo 
[ 22 ]. PACAP was reported to accelerate meiotic maturation in follicle- and cumulus- 
enclosed oocytes, while inhibiting meiotic maturation in denuded oocytes [ 23 ,  24 ]. 
PACAP was observed in human follicular fl uid (FF) obtained from women undergo-
ing hyperstimulation treatment [ 25 ,  26 ]. Interestingly, an inverse correlation was 
observed between the concentration of PACAP in FF and the number of recruited 
and retrieved oocytes. Low concentrations of PACAP in FF may correlate with the 
retrieval of a markedly higher number of ova, predicting a higher probability of 
ovarian hyperstimulation. Taken together, these fi ndings indicate that PACAP is an 
important factor in developing oocytes. 

 Recent studies showed that PACAP also promotes fertilization. For example, 
PACAP-RI was detected in the anterior acrosomes of epididymal sperm fi xed under 
mild conditions [ 27 ], and PAC1R mRNA and PAC1R-LI were observed in postovu-
latory cumulus cells. Pretreatment of cumulus–oocyte complexes with PACAP sig-
nifi cantly enhanced the fertilization rate at low sperm concentrations. PACAP also 
enhanced sperm penetration through the oocyte investment, cumulus layer, and 
zona pellucida. Another study showed that PACAP could reverse the hypoxanthine- 
induced inhibition of oocyte meiotic maturation in cumulus cell–oocyte complexes 
and could effi ciently promote male pronuclear formation after fertilization [ 28 ]. 
These fi ndings suggest that PACAP may play a signifi cant role in germ cell develop-
ment and fertilization.  

    Embryonic Stem (ES) Cells, Embryoid Bodies (EBs), 
and Induced Pluripotent Stem (iPS) Cells 

 Mouse ES cells, which are derived from the inner mass of the blastocyst, are plu-
ripotent cells that have the capacity for multilineage differentiation. Understanding 
ES cell differentiation can provide new perspectives on the cellular and molecular 
mechanisms of early development. PAC1R, VPAC1R, and VPAC2R are function-
ally expressed in mouse ES cells and EB-derived cells, and PACAP and vasoactive 
intestinal peptide (VIP) can induce the differentiation of ES cells into a neuronal 
phenotype [ 29 ]. PAC1R mRNA expression was further upregulated after differen-
tiation of ES cells into a neuronal lineage, whereas the levels of PAC1R and PACAP 
mRNA were markedly reduced after glial differentiation [ 30 ]. Furthermore, PACAP 
was shown to completely block Sonic hedgehog (Shh)-dependent motor neuron 
generation from ES cell cultures and to reduce the expression of Gli-1 mRNA, a 
target of Shh [ 31 ]. Both PACAP and VIP were shown to modify the shape of undif-
ferentiated ES cells, forming bipolar cells that express neuronal markers [ 32 ]. 
Electrophysiological recording showed that VIP and PACAP enhanced transient 
calcium current and that VIP generated a sustained calcium current. These fi ndings 
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demonstrate that PACAP and VIP induce morphological and functional differentia-
tion of ES cells into a neuronal phenotype. 

 Induced pluripotent stem (iPS) cells were originally generated by reprogram-
ming murine fi broblasts through the retrovirus-mediated transfection of four tran-
scription factors, Oct4, SOX2, c-Myc, and Klf-4. iPS cells are similar to ES cells in 
morphology, proliferative abilities, gene expression, and differentiation abilities. 
PAC1R protein and mRNA were observed in human iPS cells [ 33 ]. In contrast to ES 
cells, maxadilan, a PAC1R specifi c agonist, effectively protected iPS cells against 
ultraviolet C-induced apoptotic cell death while not affecting the pluripotent state or 
karyotype. Further investigations are needed to understand the effect and molecular 
mechanism of PACAP in iPS cells.  

    Distribution of PACAP and Its Receptors During Neural 
Development in Rodents 

 As shown in our previous review [ 34 ], the PACAP/PAC1R system is expressed 
widely throughout the nervous system during development, and the activities of 
PACAP signaling are complex. For example, this peptide is involved in precursor 
cell proliferation, differentiation, and survival. Expression of the PAC1R gene was 
detected from the primitive streak stage in rat embryos, as early as embryonic day 
(E) 9.5 [ 35 ]. PAC1R mRNA was highly expressed in the neural fold, neural ecto-
derm, and the neuroepithelium in the primitive streak region, as well as in intraem-
bryonic mesoderm adjacent to the headfold. In contrast, PAC1-R mRNA was not 
detected at this stage in E8.5 mouse embryos [ 36 ]. Both PACAP and its receptor 
genes were expressed during the stage of neural tube closure, as early as E9.5 in 
mouse and E10–11 in rat embryos [ 35 – 39 ]. In E9.5 mouse embryos, PAC1-R 
mRNA was strongly expressed in the fl oor and roof plates of the neural tube and the 
rhombencephalon, terminating abruptly at the boundary with the mesencephalon 
[ 36 ]. In E11 rat embryos, PAC1R mRNA was detected in neuroepithelium along the 
neural tube [ 35 ]. At the stage of primary brain vesicle formation, in E10.5 mouse 
and E12–13 rat embryos, PAC1R mRNA was most abundant in the neural tube and 
rhombencephalon and was also present in the dorsal root and trigeminal ganglia and 
in the sympathetic chain [ 35 ,  37 ,  40 ]. The distribution of PACAP mRNA overlapped 
in part with receptor expression, but PACAP mRNA was more extensively distrib-
uted in the rhombencephalon and in the developing hypothalamus [ 37 ,  40 ]. At this 
stage, PACAP down-regulated the expression of the  shh - and protein kinase A 
(PKA)-dependent target gene  gli -1 in cultured neuroepithelial cells, concomitant 
with a decrease in DNA synthesis [ 41 ]. These results suggest that PACAP may act 
in the neural tube during patterning to control cell proliferation and gene expres-
sion. PAC1-R mRNA was detected throughout the neuraxis in E14 rat brains, with 
enriched expression in the mesencephalon and rhombencephalon, with lower 
expression in the telencephalon [ 40 ]. The distribution of radiolabeled-PACAP bind-
ing sites in developing rat brains was found to overlap sites of PAC1R expression 
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site [ 39 ]. Although the distribution of PAC1-R in rat brains did not differ greatly 
from E14 to E16, its expression was elevated in the developing cerebral cortex and 
spinal cord [ 35 ,  40 ]. By E18, most PAC1-R mRNA was localized to the ventricular 
zone throughout the nervous system [ 40 ]. Expression was observed in the develop-
ing olfactory bulb and cerebellar primordium, areas of abundant cellular prolifera-
tion during this stage of development. PAC1-R mRNA expression was observed 
within the neocortical and mesencephalic ventricular zones of E20–E21 rat brains, 
with high levels in the olfactory bulb, hippocampus, and cerebellum [ 35 ,  39 ,  40 ]. In 
contrast to the expression of PAC1-R, enhanced PACAP mRNA expression in E16.5 
mouse embryos (E18 rat embryos) was observed in the pituitary gland, in discrete 
thalamic and brainstem nuclei, and in the spinal cord [ 40 ,  42 ]. By birth, PACAP 
mRNA expression increased in the hippocampus, striatum, hypothalamus, and pon-
tine gray nucleus [ 40 ,  42 ]. 

 After birth, PAC1-R mRNA expression was predominantly limited to the sub-
ventricular zone (SVZ), olfactory bulb (OB), hippocampus, and cerebellum [ 35 ,  39 , 
 40 ]. After birth, PAC1-R mRNA expression in the ventricular zone declined and 
could not be detected after postnatal day (P) 7. Its expression in the SVZ, the rostral 
migratory stream (RMS), and the OB layers peaked from P4 to P14. PAC1-R mRNA 
was expressed in all hippocampal subfi elds and the dentate gyrus during the fi rst 
postnatal week. By P14, PAC1-R mRNA expression was restricted to granule cells 
of the dentate gyrus. In the cerebellum, PAC1-R mRNA was localized to the cere-
bellar granule cell and Purkinje cell layers as development proceeds. Over the 
course of postnatal development, the expression of PACAP was particularly strong 
in the hypothalamus, anterior olfactory nucleus, and subiculum [ 40 ,  42 ]. In the cer-
ebellum, the postnatal expression of PACAP mRNA is very week, in contrast to the 
strong expression of PAC1-R.  

    Neurogenesis in the Rostral Migratory Stream (RMS) 

 Continuous neurogenesis has been observed in two restricted regions of the adult 
mammalian brain, the subventricular zone (SVZ) of the lateral ventricle and the hip-
pocampal dentate gyrus. New neurons generated in the SVZ migrate through the 
rostral migratory stream (RMS) and are integrated into the neuronal circuits of the 
OB throughout life [ 43 ]. Assessment of the RMS of P10 mice showed that PAC1R-LI 
was strongly expressed in nestin-positive cells (neural stem cells) in the apical SVZ, 
and in Neuronal Nuclei (NeuN)-positive cells (mature neurons) in the OB [ 44 ]. 
However, the intensity of PAC1-R-LI in doublecortin (DCX)- and βIII-tubulin 
(Tuj1)-positive cells (immature neural progenitors) was weaker than that for other 
markers in the rostral extension (RE). These distributions of PAC1-R suggest that 
PACAP affects proliferating, but not migrating, cells in the RMS. In addition, DCX- 
positive cells showed strong PAC1R-LI expression in the granular layer of the 
OB. These cells also coexpressed NeuN. As the granular layer of the OB is thought 
to derive from the differentiation of migrated neuroblasts into mature neurons, this 
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fi nding suggests that cells exhibiting PAC1-R-, DCX-, and NeuN-LI are in the 
process of differentiating from neuroblasts into mature neurons. The addition of 
PACAP to olfactory cell cultures was found to increase the number of neurons and 
to stimulate neuronal cell proliferation and survival [ 45 ]. Moreover, neutralization 
of PACAP in primary olfactory cultures resulted in neuron-specifi c losses. These 
results indicated the importance of PACAP in cell proliferation in the olfactory sys-
tem. Cultured neural stem cells isolated from the lateral ventricle walls of adult 
mice were found to express PAC1R and to proliferate in vitro in response to physi-
ologic concentrations of two PAC1 agonists, PACAP and Maxadilan, but not VIP, 
indicating that PAC1 mediates neural stem cell proliferation [ 46 ]. Taken together, 
these fi ndings show that PACAP may participate in the stage-specifi c expression of 
PAC1-R during neurodevelopment, including both the proliferation and differentia-
tion stages.  

    Neurogenesis in the Hippocampus 

 Assessments of the developing hippocampus showed that, at each postnatal stage, 
PAC1R mRNA was highly expressed in the pyramidal cell layer of the CA1–CA4 
fi elds of the hippocampus and in the granule cell layers of the dentate gyrus, and 
was moderately expressed in other layers of the developing hippocampus [ 35 ]. A 
mature expression pattern was fi rst observed at P0, with maximal expression at P60. 
PAC1R expression was also maintained in areas of neurogenesis in the adult CNS, 
whereas its ligand PACAP was expressed in the neighboring parenchyma [ 40 ], sug-
gesting a role for PAC1 in adult neurogenesis. Intracerebroventricular infusion of 
PACAP increased cell proliferation in the ventricular zone of the lateral ventricle 
and in the dentate gyrus of the hippocampus [ 46 ,  47 ]. Interestingly, the proliferation 
of newly divided cells in the subgranular zone of the hippocampus and in the SVZ 
of lateral ventricles did not differ in wild-type and PACAP-defi cient (PACAP −/− ) 
mice [ 48 ]. Rearing in enriched conditions enhanced the survival of newly divided 
wild-type cells, less so for cells in the granule cell layer of PACAP −/−  mice. These 
fi ndings suggest that endogenous PACAP is involved in the survival of cells gener-
ated in an enriched environment, but not basal cells, in the dentate gyrus of the adult 
hippocampus.  

    Cerebellum Development 

 During the development of the cerebellum, PACAP is produced by Purkinje cells 
[ 49 ] in the immature cerebellum and PAC1-R is expressed in the external and inter-
nal granule cell layers [ 39 ], strongly suggesting that PACAP may modulate the 
histogenesis of the cerebellar cortex. PACAP is also involved in the proliferation, 
survival, differentiation, neurite outgrowth, and motility of cerebellar granule cells 
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[ 5 ,  50 – 52 ], as well as markedly inhibiting the Shh-induced proliferation of rat and 
mouse cerebellar granule precursor cells [ 53 ]. PACAP blocks canonical Shh signal-
ing through a mechanism involving the activation of PKA and inhibition of the 
translocation of the Shh-dependent transcription factor Gli2 into the primary cilium 
[ 54 ]. In the absence of Shh, however, PACAP and maxadilan modestly stimulated 
DNA synthesis, an effect reproduced by activating protein kinase C (PKC) [ 53 ]. 
These observations suggest that PAC1R acts as a sensor of environmental cues, 
coordinating diverse neurogenetic signals. Development of the CNS requires an 
equilibrium between cell survival and apoptosis. PACAP has been shown to prevent 
apoptosis induced by ceramides and FasL [ 55 – 57 ]. These data suggest that PACAP 
and apoptosis inducers interact during cerebellar development to control the apop-
tosis of granule cells and that they may affect some motor cerebellar functions. Cell 
migration and synaptogenesis represent pivotal processes in the maturation of the 
CNS. Exposure of granule neurones to PACAP inhibited cell displacement and 
strongly enhanced the number of cells bearing neurites [ 58 ]. Furthermore, endoge-
nous PACAP was found to have short-term, cortical-layer-specifi c effects on gran-
ule cell migration in the early postnatal mouse cerebellum [ 59 ]. In vivo administration 
of PACAP induced a transient increase in the number of granule cells in the molecu-
lar layer and in the internal granule cell layer [ 60 ]. In contrast, PACAP did not affect 
the number of Purkinje cells. Administration of PACAP also induced a signifi cant 
increase in the volume of the cerebellar cortex. These results indicate that PACAP 
increases the proliferation and/or inhibits the programmed death of granule cells, as 
well as stimulating neuronal migration from the external granule to the internal 
granule cell layer.  

    Effect of PACAP on Proliferation of Neural Progenitor Cells 

 As described earlier, PACAP has both pro- and antiproliferative effects on cerebel-
lar granule precursor cells, as well as on corticogenesis [ 61 ]. PACAP acted as an 
antimitogenic signal, beginning from E13.5, both in culture and in vivo, and acti-
vated cAMP signaling through the short isoform of PAC1R. However, the number 
of BrdU-labeled proliferative cells in the E9.5 cortex was lower in PACAP −/−  than in 
wild-type mice, suggesting that PACAP normally promotes proliferation at this 
stage of development. In early cultures of cortical precursors (E9.5 mice and E10.5 
rats), PACAP induced an intracellular calcium fl ux and increased phospho-PKC 
levels, as well as it stimulated the production of G1 cyclin mRNA and protein, 
S-phase entry, and proliferation without affecting cell survival. Interestingly, the 
abundance of the hop receptor isoform was 24-fold greater than that of the short 
isoform at E10.5, whereas, at E14.5, expression of the short isoform was 15-fold 
greater and PACAP inhibited mitogenesis. These fi ndings suggest that PACAP 
induces temporally specifi c effects on cortical proliferation via the developmentally 
regulated expression of specifi c receptor isoforms.  
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    Effect of PACAP on Neuronal and Glial Differentiation 
of Neural Progenitor Cells 

 Inhibition of mitogenesis of neural precursor cells by PACAP may result in the 
generation of neuronal cells. PACAP has been shown to induce the neuronal dif-
ferentiation and/or neurite outgrowth of ES cells [ 29 ,  30 ], cerebral neural progeni-
tors [ 61 ,  62 ], cerebellar neural progenitors [ 58 ,  60 ], and hippocampal neural 
progenitors [ 63 ,  64 ]. PACAP increased the proliferation of adult neural stem cells, 
followed by neurogenesis [ 46 – 48 ]. In contrast, PACAP also enhanced the genera-
tion of astrocytes and oligodendrocytes. Neural progenitor cells derived from E14.5 
mouse and rat telencephalons differentiated into astrocytes in response to PACAP 
[ 65 – 69 ]. Our previous study showed that the PACAP-generated signal in neural 
progenitor cells was mediated via the activation of phospholipase C, followed by 
calcium- and phospholipid-dependent PKC and resulting in the generation of astro-
glia [ 67 ,  68 ]. PACAP has also been reported to stimulate the production of cAMP, 
activating the small GTPases Rap1 and Ras and allowing extracellular calcium into 
the cell [ 70 ]. Calcium, in turn, stimulates the transcription factor downstream regu-
latory element antagonist modulator, which is bound to specifi c sites of the pro-
moter of the gene encoding glial fi brillary acidic protein (GFAP), stimulating its 
expression during astrocyte differentiation. In oligodendrocyte progenitors, PACAP 
showed growth factor-dependent activity [ 71 ]. 

 PACAP alone potently stimulates the proliferation of oligodendrocyte progeni-
tors and enhances bFGF-induced DNA synthesis in these cells. In contrast, PACAP 
strongly antagonizes the mitogenic effects of platelet-derived growth factor (PDGF). 
As PDGF receptor expression is also regulated by cAMP/PKA pathways, PACAP 
may inhibit the mitogenic activities of PDGF via a direct effect of cAMP on prolif-
eration and a reduction of the number of PDGF receptors at the cell surface. PACAP 
was also reported to stimulate proliferation and delay myelinogenesis in cultured 
postnatal rat oligodendrocyte progenitors [ 72 ]. Altogether, PACAP may play an 
important role as a modulator in neurogenesis through the developmentally regu-
lated expression of specifi c receptor isoforms, as well as through developmentally 
regulated signaling and niches.  

    Developmental Abnormalities of PACAP-Defi cient Mice 

 PACAP-defi cient (PACAP −/− ) mice show various morphological, biochemical, and 
behavioral abnormalities [ 73 – 77 ], including a decreased fertility rate [ 78 ,  79 ] and a 
higher mortality rate, with the latter at least partially due to their temperature sensi-
tivity [ 80 ], dysfunctions in lipid and carbohydrate metabolism [ 73 ], and respiratory 
abnormalities [ 81 ,  82 ]. PACAP −/−  mice showed marked behavioral changes com-
pared with wild type, including locomotor hyperactivity, explosive jumping behav-
ior, increased exploratory behavior, and less anxiety and memory dysfunction [ 74 ,  83 ]. 
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Studies investigating morphological alterations in the cerebellum of PACAP −/−  mice 
found signifi cant reductions in the thickness of the external granule cell layer at P4 
and of the internal granule cell layer at P7 [ 84 ]. PACAP −/−  mice are also reported to 
show abnormal axonal arborization in the dentate gyrus [ 85 ] and an earlier onset of 
myelination and dense myelinated fi bers in the developing brain [ 86 ].  

    PACAP in Developmental Neurological Disorders 

 Recent studies suggest that PACAP signaling abnormalities may contribute to 
schizophrenia [ 87 ] and posttraumatic stress disorder (PTSD) [ 88 ] and may possibly 
contribute to attention-defi cit hyperactivity disorder and autism [ 89 ,  90 ]. Associations 
between certain single nucleotide polymorphisms of the  PACAP  gene and schizo-
phrenia have been suggested [ 87 ], and two PACAP-signaling pathways have been 
linked to schizophrenia [ 91 ]. One pathway regulates the association between dis-
rupted-in-schizophrenia 1 (DISC1) and DISC1-binding zinc-fi nger protein via 
PACAP [ 92 ], and the other inhibits stathmin1 expression via PACAP [ 85 ]. 
Schizophrenia-like behavior in PACAP-defi cient mice could be treated with a selec-
tive metabotropic glutamate 2/3 receptor agonist [ 93 ], a selective 5-HT 7  antagonist 
[ 94 ], a mixture of D 2  and serotonin 5-HT 2  antagonist, and a selective serotonin 5-HT 2  
receptor antagonist [ 95 ]. PACAP signaling may therefore contribute to the pathogen-
esis of certain depressive conditions amenable to atypical antipsychotic drugs. 

 PTSD was shown to be associated with PACAP and PAC1R in females [ 88 ,  96 ]. 
Recent studies suggest that PACAP is a master regulator of central and peripheral 
stress responses [ 97 – 99 ]. A single nucleotide polymorphism in PAC1R was associ-
ated with increased reactivity of the amygdala and hippocampus to threat stimuli 
and decreased functional connectivity between the amygdala and hippocampus in 
PTSD patients [ 100 ]. Intriguingly, PACAP also acts on brain structures that mediate 
anxiety- and fear-related behaviors, where it may infl uence both hard-wired (geneti-
cally determined) stress responses and gene–environment interactions in stress- 
related psychopathology [ 99 ].  

    Conclusion 

 PACAP and its receptors are expressed in germinative neuroepithelia involved in neu-
rogenesis. This neuropeptide takes part in the control of neurogenesis at different 
stages and locations and in different cell types during brain development. Furthermore, 
although the effects of PACAP on both proliferation and differentiation may be 
contradictory, these confl icting functions strongly suggest that the actual role of 
PACAP is highly infl uenced by receptor subtypes and other trophic factors or signal 
transduction molecules present. Future studies addressing the molecular basis and 
pathophysiological implications of PACAP-associated responses may contribute to 
the development of treatments for developmental neural disorders.     
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    Chapter 7   
 PACAP Modulates Distinct Neuronal 
Components to Induce Cell-Specifi c Plasticity 
at Central and Autonomic Synapses                     

     Eric     R.     Starr     and     Joseph     F.     Margiotta    

    Abstract     Despite its widespread expression and diverse functional roles, PACAP 
is well suited to mediate and modulate synaptic transmission since it is often local-
ized in presynaptic neuron terminals, with cognate receptors present on postsynap-
tic neurons. Here, we review select cases where PACAP signals via its associated 
receptors and intracellular pathways to induce acute or persistent changes in cellular 
components involved in synaptic transmission, thereby supporting its role as a neu-
rotransmitter and/or neuromodulator. Two themes that emerge are that PACAP can 
rapidly induce synaptic plasticity by altering the function of presynaptic and post-
synaptic components, or change general membrane excitability by altering the bal-
ance of voltage-dependent Ca 2+  and K +  channel contributions to action potential 
fi ring. We discuss the need to determine how these two themes are related, to extend 
studies to endogenous PACAP, and to determine how the synaptic modifi cations 
induced by PACAP contribute to its postulated roles in widespread behaviors and 
stress disorders such as PTSD.  

  Keywords     PACAP   •   PAC 1 R   •   Synapse   •   Synaptic transmission   •   Synaptic plasticity   
•   Neuromodulator  

  Abbreviations 

   AC    Adenylate cyclase   
  ACh    Acetylcholine   
  AChR    ACh receptor   
  AKAP    PKA anchoring protein   
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  AMPAR    α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptor   

  BLA    Basolateral amygdala subnucleus   
  BNST    Bed nucleus of the stria terminalis   
  CA    Catecholamine   
  CA3 or CA1    Cornu ammonis (Ammon’s horn) hippocampus region 3 or 1   
  CAMKII    Ca 2+ /Calmodulin kinase II   
  cAMP    Cyclic adenosine monophosphate   
  CdG    Cardiac ganglion   
  CeA    Central amygdala subnucleus   
  CG    Ciliary ganglion   
  CN    Cranial nerve   
  CREB    cAMP response element binding protein   
  Epac    Exchange protein factor directly activated by cyclic AMP   
  EPSC or EPSP    Excitatory postsynaptic current or potential   
  EW    Edinger–Westphal   
  GluA1    AMPAR subunit 1   
  GPCR    G-protein coupled receptor   
  G-protein    Guanine nucleotide binding protein   
  G q     G-protein PLC-stimulatory α-subunit   
  G s     G-protein AC-stimulatory α-subunit   
  HCN    Hyperpolarization-activated cyclic nucleotide-gated   
  IML    Spinal cord intermediolateral   
  IP    Inositol phosphate   
  IP3    IP triphosphate   
  lCeA    Lateral CeA   
  LTP or LTD    Long-term potentiation or depression   
   m     Quantal content   
  MAPK    Mitogen activated protein kinase   
  mEPSC or mEPSP    Miniature EPSC or EPSP   
  nAChR    Nicotinic AChR   
  NMDAR     N -methyl- D -aspartate receptor   
  NO    Nitric oxide   
  NOS1    Neuronal NO synthase   
   p     Probability of neurotransmitter release   
  PAC 1 R    Type I PACAP receptor   
  PACAP    Pituitary adenylate cyclase activating polypeptide   
  pCREB    Phospho-CREB   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PLC    Phospholipase-C   
  PP1/PP2A    Protein phosphatases 1 and 2A   
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  PTSD    Post-traumatic stress disorder   
  PVN    Paraventricular nucleus   
   q     Quantal size   
  Ras-Raf-MEK-ERK-    MAPK pathway effectors   
  RGC    Retinal ganglion cell   
  SCG    Superior cervical ganglion   
  SCN    Suprachiasmatic nucleus   
  sEPSC or sEPSP    Spontaneous EPSC or EPSP   
  SMG    Submandibular ganglion   
  TTX    Tetrodotoxin   
  VDCC    Voltage dependent Ca 2+  channel   
  VIP    Vasoactive intestinal peptide   
  VPAC 1 R VPAC 2 R    Type II PACAP receptors   
  α3*-nAChR    Heteropentameric α3-nAChR subunit containing nAChR   
  α7-nAChR    Homopentameric α7-containing nAChR   

        Introduction 

 As indicated by work in this volume and elsewhere, PACAP is a widely expressed 
neuropeptide that displays a startling array of functions. While impressive in scope, 
such features challenge attempts to develop hypotheses about the mechanisms and 
signifi cance of endogenous PACAP signaling in health and disease. The challenge is 
apparent in the nervous system where PACAP is expressed in central and autonomic 
neurons and has been implicated in neurotrophic, neuroinfl ammatory, anxiogenic, 
and neuromodulatory functions that utilize an array of context-dependent mecha-
nisms for their cell-specifi c expression. At synapses in particular the very nature of 
PACAP as a neurotransmitter or neuromodulator is still debated, PACAP can alter 
membrane excitability as well as presynaptic and postsynaptic function, and such 
actions can be acute or persistent, and caused by rapidly activated intracellular sig-
nal pathways or long-term transcription-dependent mechanisms, respectively. 
Despite the relevance of synapses to behavior, and the recent highlighting of PACAP 
as a possible biomarker for post-traumatic stress disorder (PTSD), the precise nature 
of the impact of PACAP on synaptic transmission remains an emerging picture. The 
goal of this chapter is to frame the picture by focusing on selected case studies 
where PACAP has been shown to alter synaptic function and components underly-
ing transmission, and to illuminate relevant cellular mechanisms. We anticipate that 
doing so will provide insights into the cell-specifi c role of endogenous PACAP in 
evoking synaptic modifi cations. It may also suggest possible clues about the rele-
vance of such modifi cations to PACAP’s emerging role in social, motor, feeding, and 
anxiogenic behaviors, and in stress disorders including PTSD. The results are sum-
marized in Table  7.1  and a simplifi ed rendition provided in Fig.  7.1 .
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+

  Fig. 7.1    Simplifi ed summary of PACAP actions at synapses where PACAP is detected in presyn-
aptic terminals and its receptor isoforms are found on postsynaptic cells. ( a ) In the adrenal gland, 
PACAP is an endogenous neurotransmitter that acts via chromaffi n cell PAC 1 Rs to stimulate CA 
release. ( b ) Notably in autonomic ganglion neurons, applied PACAP acts via PAC 1 Rs and/or 
VPACRs to alter VDCC function that causes membrane depolarization and in most cases enhances 
excitability (see however  c ). ( c ) Notably in central and parasympathetic neurons, PACAP acts via 
PAC 1 Rs and VPAC 2 Rs to induce synaptic plasticity in a time-dependent fashion. Acute effects are 
mediated largely via PAC 1 Rs and AC and can be postsynaptic, featuring enhanced ionotropic 
receptor currents, and/or presynaptic featuring enhanced transmitter release, mediated as exempli-
fi ed by CG neurons via nAChR dependent activation of NOS1. Persistent synaptic plasticity, 
requiring gene transcription and exemplifi ed by CG neurons, features increases in both conven-
tional presynaptic transmitter (ACh) release and postsynaptic unitary nAChR-mediated mEPSC 
amplitudes. In CG neurons acute PACAP application also  reduces  VDCC currents and  depresses  
membrane excitability. Filled  dark circles  depict PACAP-, conventional transmitter- or 
CA-containing vesicles ( black ,  blue , or  red , respectively) with their respective cargos depicted in 
the same colors. Δ V  m  refers to a change in resting potential. Positive and negative actions are indi-
cated by encircled + and – symbols       
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        Is PACAP a Neurotransmitter, a Neuromodulator or Both? 

 Put briefl y, the answer depends on whether and how you look. The three minimal 
criteria for a neurotransmitter are its presence in and activity-dependent release 
from presynaptic nerve terminals (1, 2) and the expression of cognate receptors on 
adjacent postsynaptic cells (3) [ 1 ]. Neuromodulator criteria in some cases include, 
while in other cases exclude, those of neurotransmitters but the main distinctions 
are that neuromodulators can alter the presynaptic release or postsynaptic effi cacy 
of conventional neurotransmitters, and can have effects that are spatially and tempo-
rally more widespread, impacting extrasynaptic receptors even those on non- 
adjacent cells, and evoking changes that can persist for minutes or, through 
transcription-dependent processes, even days [ 2 – 4 ]. The existence of dual transmis-
sion where peptides such as PACAP and conventional neurotransmitters such as 
acetylcholine (ACh) are released from the same nerve terminal under different stim-
ulus conditions (reviewed by [ 4 ]) complicates a clear neurotransmitter/neuromodu-
lator distinction. At all of the nerve–nerve synapses considered here, including 
those on hypothalamic, hippocampal, amygdala, and autonomic neurons, PACAP 
signals via high-affi nity guanine nucleotide binding protein coupled receptors 
(GPCRs) on postsynaptic neurons (satisfying neurotransmitter criterion 3 above) 
and acts as a neuromodulator because it alters membrane properties or the release or 
effi cacy conventional neurotransmitters. In many of the cases cited PACAP and 
conventional transmitters are also co-expressed in the same presynaptic terminal 
(satisfying criterion 1 above). For most, it is inferred or indirectly determined that 
PACAP is also co-released (criterion 2). In parasympathetic cardiac and ciliary gan-
glia, criterion 2 has been satisfi ed directly by demonstrating activity-dependent 
release of PACAP from ACh containing nerve terminals [ 5 ] qualifying it as a defi ni-
tive neurotransmitter in these systems. 

 In the adrenal gland, PACAP satisfi es the three criteria as a neurotransmitter 
since it is expressed in presynaptic splanchnic nerve terminals [ 6 ] and likely co- 
released with ACh onto postsynaptic chromaffi n cells that express PACAP receptors 
and nicotinic ACh receptors (nAChRs). Splanchnic nerve stimulation as well as 
exogenous ACh and PACAP stimulate catecholamine (CA) secretion from chromaf-
fi n cells but CA secretion occurs even when nAChRs are desensitized or blocked 
suggesting ACh and PACAP operate independently as dual neurotransmitters [ 4 ,  7 ]. 
Acting as a neurotransmitter, PACAP is thought to stimulate its selective high- 
affi nity receptor (PAC 1 R) and associated phospholipase-C (PLC) signaling path-
ways (See Below), leading to voltage dependent Ca 2+  channel (VDCC) activation 
and subsequent CA secretion [ 4 ] (Fig.  7.1a ). The adrenal gland may be a unique case, 
however, since chromaffi n cells unlike neurons are specialized for CA secretion, 
rather than synaptic communication with a postsynaptic target, and may be maxi-
mally increased by PACAP-induced Ca 2+  mobilization, masking any contribution on 
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secretion from accompanying modulatory effects on nAChR mediated transmission. 
Thus, with the possible exception of the specialized adrenal-chromaffi n synapse 
where it apparently acts solely as a neurotransmitter, PACAP fulfi lls criteria as a 
neuromodulator  and  neurotransmitter at nerve–nerve synapses, with the caveat that 
for the latter case the release criterion has been verifi ed in a limited number of cases.  

    General Remarks About PACAP Signaling 

 PACAP rapidly stimulates intracellular signal cascades, and over the long term alters 
gene transcription. PACAP is recognized by specifi c Class B secretin-like GPCRs 
that are classifi ed according to their affi nity for PACAP over its close relative, vaso-
active intestinal peptide (VIP), and by their potencies for linking peptide binding to 
activation of canonical adenylate cyclase (AC) and PLC effectors within seconds 
[ 8 – 14 ]. Type I receptors (PAC 1 Rs) have ≈1000-fold higher affi nity for PACAP over 
VIP, while Type II receptors (VPACRs) have similar affi nities for the two peptides. 
At PAC 1 Rs, PACAP signals via G-protein α-subunit G s  to activate AC, increasing 
cyclic adenosine monophosphate (cAMP) production with ≈1000-fold greater 
potency than VIP; this difference is less dramatic at VPAC 1 Rs and the two peptides 
display similar potencies at VPAC 2 Rs. PAC 1 R signaling via G q  activates PLC causing 
inositol phosphate (IP) turnover, IP triphosphate (IP3) production and increasing 
intracellular Ca 2+  levels with much greater potency than VIP while this ability is less 
apparent at VPAC 1 Rs and disappears at VPAC 2 Rs. By virtue of activating PLC, 
PAC 1 Rs and VPAC 1 Rs also couple via diacylglycerol to stimulate protein kinase C 
(PKC). AC activation and the resultant increase in cAMP levels stimulates protein 
kinase A (PKA) and associated mitogen activated protein kinase- (MAPK-; Ras-Raf-
MEK-ERK-) signaling as well as exchange protein factor directly activated by cyclic 
AMP- (Epac-) mediated signaling [ 9 ]. Given the wide reach of these intracellular 
systems, it is not surprising that PACAP potently regulates synaptic components by 
virtue of its ability to rapidly activate AC, Epac, PKC, and/or PLC effectors as well 
as their downstream targets, but it does introduce a conundrum. Specifi cally, while 
PAC 1 Rs and VPACRs can activate both AC and PLC, mechanisms whereby one 
effector’s actions on downstream targets are specifi ed or predominate remain largely 
unknown. For example, PACAP rapidly activates AC and PLC signaling in ciliary 
ganglion (CG) neurons, but while AC signaling resulting from PAC 1 R activation 
normally predominates and is responsible for increasing the sensitivity of both het-
eropentameric α3β4α5 ± β2-containing and homopentameric α7-containing nAChRs 
(α3*- and α7-nAChRs, respectively), blocking AC to allow PAC 1 R-induced PLC 
signaling to predominate results in rapid α7-nAChR inhibition [ 14 ]. 

 Paralleling its ability to recruit intracellular signaling effectors and cause rapid 
changes in synaptic components, PACAP alters gene transcription as indicated by 
its ability to induce phosphorylation and nuclear translocation of the transcription 
factor cAMP response element binding protein (CREB→pCREB) [ 15 – 17 ]. Gene 
array studies in autonomic neuron cultures indicate PACAP increases the transcrip-
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tion of several genes including those encoding growth and differentiation factors, 
peptides, channels, cytoskeletal proteins, and transporters [ 17 ,  18 ]. In CG neuron 
cultures such increases are observed 48 h after even brief (15 min) exposure to 
PACAP [ 17 ] and correlate with long-term, transcription-dependent alterations in 
synaptic function that occur over the same time course and differ from those seen 
immediately following brief exposure [ 19 ,  20 ]. While these studies are intriguing, 
the requisite signal pathways, and alterations in synaptic gene transcription and 
translation relevant to PACAP inducing long-term synaptic plasticity have yet to be 
determined.  

    PACAP Signaling at Central Synapses 

    Hypothalamus 

 The hypothalamus receives abundant PACAP innervation. In one example photo-
sensitive retinal ganglion cells (RGCs) utilizing melanopsin as photopigment [ 21 ] 
project to hypothalamic suprachiasmatic nucleus (SCN) neurons that function to 
synchronize hypothalamic neuron activity to the circadian daily cycle of light and 
dark [ 22 ]. PACAP is co-expressed with glutamate in the RGC projections [ 23 ] and 
postsynaptic SCN neurons express ionotropic glutamate receptors ( N -methyl- D - 
aspartate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; 
NMDARs and AMPARs), as well as PAC 1 Rs and VPAC 2 Rs (reviewed by [ 24 ]). 
Evidence for PACAP release from RGC axon terminals is indirect [ 25 ] but exoge-
nous PACAP does potently modulate glutamate-mediated transmission in the SCN 
[ 24 ]. Here, both the frequency and amplitude of AMPAR-mediated spontaneous 
miniature excitatory postsynaptic currents (mEPSCs) recorded from SCN neurons 
increased minutes after 10 nM PACAP application. The effects are consistent with 
PACAP enhancing presynaptic glutamate release and postsynaptic AMPAR and 
NMDAR sensitivity, with the latter mediated via PAC 1 R activation of AC and 
PKA. These fi ndings indicate that PACAP is a potent neuromodulator and a possi-
ble neurotransmitter at RGC→SCN hypothalamic synapses. Interestingly, PACAP 
phase shifts the glutamate-induced circadian rhythm in SCN neurons [ 26 ] and the 
circadian system is perturbed in mice defi cient in PAC 1 R or PACAP [ 27 ,  28 ] sug-
gesting that such modulation may actively infl uence synchronization of SCN neu-
rons to the light dark cycle in vivo.  

    Hippocampus 

 The hippocampus regulates cognitive functions including memory formation, storage 
and retrieval. Glutamatergic synapses connecting CA3 to CA1 hippocampal pyra-
midal neurons (CA3→CA1) are important models for synaptic plasticity and 
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memory [ 1 ,  29 – 32 ]. CA3 neuron axons (Schaffer collaterals) produce NMDAR- and 
AMPAR-mediated EPSCs in pyramidal CA1 neurons. Depending on stimulus rate, 
Schaffer-collateral stimulation can produce homosynaptic long-term potentiation or 
depression (LTP or LTD) at the CA3→CA1 synapse. LTP can be induced by a 
10–50 Hz tetanic stimulation of Schaffer collaterals for 5–15 min [ 33 ]. Stimulation 
of Schaffer collaterals at 1 Hz for 10 s to 15 min, however, is suffi cient to induce 
LTD [ 34 ]. Physiologically, LTP is characterized by enhanced postsynaptic NMDAR 
and AMPAR sensitivity, increased AMPAR traffi cking and expression in postsynap-
tic densities, and enhanced glutamate release from presynaptic CA3 terminals [ 32 ]. 
Conversely, LTD features reduced AMPAR sensitivity and expression in postsynap-
tic CA1 terminals and is associated with reduced quantal release of transmitter from 
presynaptic CA3 neuron terminals [ 32 ]. 

 PACAP is synthesized in CA3 Schaffer collateral neurons [ 35 ], and CA1 pyra-
midal neurons express PAC 1 Rs, VPAC 1 Rs, and VPAC 2 Rs [ 36 ] but activity depen-
dent PACAP release has not been demonstrated. Interestingly, exogenous PACAP 
induces synaptic potentiation or depression depending on the concentration applied. 
At low concentrations, (<10 nM) PACAP enhances CA3→CA1 synaptic transmis-
sion, characterized by a prolonged increase NMDAR and AMPAR sensitivity [ 29 , 
 30 ,  37 ]. The PACAP-induced increase in NMDAR sensitivity involved a PAC 1 R- 
induced PLC- and PKC-dependent activation of non-receptor tyrosine kinase, Pyk2, 
and subsequent recruitment and phosphorylation of NMDARs by Src kinase 
(Reviewed in [ 29 ,  38 ]). The PACAP induced increase in AMPAR-sensitivity is acti-
vated through a PAC 1 R induced AC and PKA signal transducing cascade [ 30 ] as is 
increased phosphorylation at S845 on the GluA1 AMPAR subunit, while an accom-
panying decrease in phosphorylation of GluA1 T840 is mediated via protein phos-
phatases 1 and 2A (PP1/PP2A) [ 39 ]. It is still unknown if the PACAP-induced 
enhancements in AMPAR sensitivity or inverse phosphorylation of sites on GluA1 
are correlated with alterations in AMPAR synthesis, traffi cking or changes in chan-
nel properties. Contrasting with the low concentration effects, PACAP applied at 
≥10 nM induces a sustained depression of CA3→CA1 synaptic transmission that is 
associated with an AC, Epac, p38 MAPK-mediated reduction in AMPAR ion cur-
rents [ 30 ,  40 – 42 ]. Surprisingly, the synaptic plasticity induced by high PACAP con-
centrations was independent of PAC 1 R, PKA, PKC, and NMDAR activation but 
mimicked by activation of VPAC 2 Rs concluded using the selective VPAC 2 R agonist 
Bay 55-9837 [ 30 ,  42 ]. It is still unknown whether the reduction of AMPAR currents 
produced by high concentrations of PACAP is associated with changes in the sur-
face expression or channel properties of AMPA receptors or whether there is an 
accompanying reduction in glutamate release from presynaptic Schaffer collateral 
axon terminals. 

 Taken together these studies demonstrate that PACAP signaling exerts potentia-
tion or depression in a concentration-dependent fashion at CA3→CA1 synapses. 
While the outcomes of PACAP signaling appear inversely related to LTP and LTD, 
it will be important to determine how different stimulation rates producing LTP 
versus LTD correlate with actual PACAP levels released by Schaffer collateral ter-
minals. In addition, while the PACAP-induced synaptic potentiation and depression 
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effects are mediated by the activation of PAC 1 Rs and VPAC 2 Rs, respectively, the 
mechanisms whereby PACAP will potentiate or depress synaptic transmission 
remain unknown. Experiments with VIP provide a clue since VIP applied at low 
concentration (1 nM) potentiates CA3→CA1 synaptic transmission to a similar 
extent as low concentrations of PACAP. The effects of VIP were mediated by both 
VPAC 1 Rs and VPAC 2 Rs and by subsequent activation of PKA mediated signal cas-
cades [ 43 ,  44 ]. These fi ndings indicate that VPAC 2 R activation does not necessarily 
result in synaptic depression making it seem unlikely that the PACAP-induced 
potentiation or depression at CA3→CA1 synapses is mediated by the activation of 
distinct PACAP receptor subtypes. Instead, a possible explanation is that the mecha-
nisms regulating the differential effects of PACAP are associated with intracellular 
cAMP-induced signal transducing pathways. Because of the role for PKA signaling 
in the PACAP-induced potentiation and the role for Epac in the PACAP-induced 
depression, it would be useful to examine possible connections between PACAP 
receptor surface localization, and intracellular cAMP dynamics in mediating the 
effects of PACAP on CA3→CA1 terminals. Lastly since both low and high PACAP 
concentrations produced similar AMPAR GluA1 S845 phosphorylation and T840 
dephosphorylation, further study of possible concentration dependent actions on 
AMPAR channel properties or insertion as proposed outcomes [ 39 ] seem warranted. 
Such studies could clarify how PACAP signaling can dynamically alter synaptic 
transmission at CA3→CA1 synapses and help elucidate relevant mechanisms.  

    Amygdala 

 The amygdala is a subcortical nucleus associated with motivational and emotional 
behaviors and processing anxiogenic stimuli, notably those producing innate and 
learned fear [ 45 ,  46 ]. Neurons in the basolateral amygdala (BLA) subnucleus func-
tionally integrate anxiogenic sensory stimuli, and project glutamatergic outputs to 
neurons in the central amygdala (CeA) subnucleus that modify anxiogenic and fear 
associated behaviors [ 46 ]. PACAP is expressed in inputs to the lateral CeA (lCeA) 
[ 47 ] likely arising from PACAP-containing neurons in the vagus nerve (CN X) 
brainstem dorsal complex [ 48 ,  49 ]. In addition CeA neurons express both PAC1Rs 
and VPACRs [ 9 ,  36 ]. Consistent with these observations, exogenous PACAP 
robustly alters activity at BLA→lCeA synapses [ 47 ]. Specifi cally, transient PACAP 
exposure (5 nM, 10 min) increased the number and amplitude of excitatory postsyn-
aptic potentials (EPSPs) in lCeA neurons evoked by stimulating presynaptic BLA 
neurons for up to 1 h. Subsequent whole-cell recordings revealed that PACAP sig-
naling enhanced AMPAR-mediated evoked EPSC amplitudes in lCeA neurons. 
Paired-pulse experiments revealed no signifi cant differences between PACAP- 
treated and control neuronal responses, making it unlikely that PACAP alters the 
probability (p) of glutamate release from presynaptic BLA terminals, and support-
ing a postsynaptic mechanism. The effects of PACAP were dependent on a VPAC1R 
induced, cAMP/PKA and Ca 2+ /Calmodulin kinase II (CAMKII) mediated signal 
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transduction cascade. Interestingly, pretreatment with Pep1-TGL (200 μM), a 
synthetic peptide that inhibits GLU1R traffi cking by disrupting the interaction of 
the C-terminus end of the GluA1 subunit with synapse associated protein SAP97, 
and critical for intracellular AMPAR traffi cking and surface expression [ 50 ] blocked 
the effects of PACAP. Taken together these results suggest that PACAP induces 
plasticity at BLA→lCeA synapses by increasing AMPAR density at postsynaptic 
sites through cAMP/PKA and CAMKII dependent traffi cking of AMPARs [ 47 ]. 
Further experiments will be required to verify whether PACAP increases the num-
ber of AMPARs expressed in postsynaptic densities. It would also be interesting to 
determine if higher PACAP concentrations induce synaptic depression in 
BLA→lCeA synapses as is observed at hippocampal CA3→CA1 synapses. Such 
studies might elucidate common signal transducing mechanisms underlying PACAP 
induced potentiation and depression at glutamatergic synapses throughout the cen-
tral nervous system. Lastly, while the amygdala processes anxiogenic sensory cues 
linked to PTSD, and fear conditioning increases PAC1R mRNA in mouse amygdala 
[ 51 ,  52 ] a direct relationship between amygdaloid synaptic plasticity induced by 
PACAP and fear consolidation has yet to be established. 

 As part of the “extended amygdala” the bed nucleus of the stria terminalis 
(BNST) is a crucial integration center that regulates visceral homeostasis and 
behavioral responses to unpredictable and chronic stress [ 53 ,  54 ]. BNST axons 
project to several nuclei in the hypothalamus and the brainstem that mediate homeo-
stasis and autonomic circuitry. Among hypothalamic targets is the paraventricular 
nucleus, a region believed responsible for activating the hypothalamic–pituitary 
axis during responses to stress [ 54 ]. BNST neurons receive functional GABAergic 
and glutamatergic synaptic inputs. Additionally, presynaptic terminals to BNST 
neurons express several neuropeptides that regulate synaptic transmission [ 53 ,  54 ]. 
While PACAP is present in presynaptic terminals localized to the lateral BNST [ 55 , 
 56 ] it is not known if PACAP is co-released by presynaptic activity with conven-
tional neurotransmitters. Autoradiographic experiments have demonstrated that 
BNST neurons express VPAC 1 Rs and not VPAC 2 Rs [ 57 ]. 

 Several recent studies have supported a neuromodulatory role for PACAP signal-
ing in the BNST. Of particular relevance to PTSD and stress-related disorders, rats 
exposed to chronic unpredictable stress developed concurrent increases in both 
PAC 1 R and PACAP mRNA synthesis in the BNST. Subsequent experiments utiliz-
ing a single bilateral BNST infusion of PACAP identifi ed that PACAP enhanced 
acoustic startle response [ 58 ] and caused signifi cant weight loss in male and female 
rats [ 59 ]. Furthermore single infusions of PACAP to the dorsal lateral BNST ele-
vated blood plasma corticosterone [ 60 ]. Interestingly, these anxiogenic PACAP 
effects were found to be mediated by PAC 1 R activation [ 61 ] since infusions of the 
PAC 1 R agonist maxadilan mimicked the effects while infusion of the PAC 1 R antag-
onist PACAP(6-38) (40 μM) blocked them [ 61 ]. Taken together these fi ndings iden-
tify that PACAP signaling in the BNST can exert an anxiogenic infl uence on 
behavior. Additionally, these studies highlight critical questions regarding whether 
the behavioral effects of PACAP on the BNST are associated with physiological 
alterations in the BNST. Specifi cally, it remains to be seen if PACAP exerts these 
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anxiogenic effects by altering the excitable and/or synaptic properties of BNST 
neurons. Such studies could implicate a potential endogenous role for PACAP 
signaling in regulating BNST neuronal activity underlying behavioral responses to 
stress and illuminate the basis of stress disorders such as PTSD.   

    PACAP Signaling at Autonomic Synapses 

    Ciliary Ganglion 

 The parasympathetic avian CG is a useful model for understanding the development 
and function of fast chemical synapses in the nervous system (reviewed in [ 62 ,  63 ]). 
Presynaptic accessory oculomotor cranial nerve (CN) III (Edinger–Westphal, EW) 
nucleus inputs to postganglionic ciliary and choroid neuron populations within the 
CG release ACh, activating postsynaptic α3*- and perisynaptic α7-nAChR subtypes 
that underlie synaptic transmission through the ganglion [ 64 – 67 ]. At the giant, 
calyx-like presynaptic terminals of EW axons that innervate ciliary neurons, 
PACAP- and synapsin-I-immunolabeling co-localize, and KCl depolarization abol-
ishes PACAP- without affecting synapsin-I-immunolabeling [ 19 ]. These results 
demonstrate that PACAP and ACh are present in the same presynaptic terminals 
within the CG, and that PACAP can be released by depolarizing stimuli. 
Neurotransmission from EW axons to ciliary neurons reliably follows stimuli deliv-
ered at frequencies up to 50 Hz [ 68 ]. Moreover 16–20 Hz stimulation is suffi cient to 
trigger PACAP release from splanchnic nerve terminals and intercardiac nerve 
fi bers [ 69 ] making it likely that PACAP is released from EW nerve terminals in vivo. 
Since CG neurons express abundant PAC 1 Rs [ 10 ,  14 ] PACAP fulfi lls criteria as a 
neurotransmitter in this system, and is also well positioned to modulate fast nAChR 
mediated transmission at CG neuron synapses .  

 Our past and recent fi ndings support a role for PACAP as a potent agent of both 
acute and persistent synaptic plasticity. PAC 1 Rs on CG neurons couple to AC and 
PLC effectors and effi ciently mobilize cAMP and induce IP turnover (EC 50  ≈ 1 nM 
for both) [ 10 ,  14 ]. Consistent with the ability of 8-Bromo-cAMP to increase the 
nAChR sensitivity of CG neurons [ 70 ] PACAP enhanced responses from both α3*- 
and α7-nAChRs in a PAC 1 R-, AC-, and PKA-dependent fashion [ 10 ,  14 ]. As dis-
cussed above for NMDARs and AMPARs on hippocampal CA1 neurons, however, 
the downstream mechanisms and relevant phosphorylation targets responsible for 
the PACAP-induced enhanced sensitivity of α3*- and α7-nAChRs have yet to be 
determined. Since nAChR-mediated synapses form between CG neurons in culture, 
and resemble those seen on the neurons in vivo, particularly with regard to the dif-
ferential expression of α3*- and α7-nAChRs at post- and peri/extra-synaptic sites, 
respectively [ 71 ,  72 ] we have used this accessible system to evaluate the impact of 
PACAP on nAChR-mediated synaptic transmission. Applying 100 nM PACAP for 
5–15 min markedly enhanced synaptic activity in CG cultures, increasing the fre-
quency and amplitude of spontaneous impulse-dependent nAChR-mediated EPSCs 
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(sEPSCs) by 100–200 % and 40–50 %, respectively [ 19 ] and doing so without 
increasing neuronal excitability as with other autonomic neurons (See Below). The 
rapidly induced synaptic plasticity in CG neurons occurred by PAC 1 R activation and 
was AC- and PKA-dependent, and PLC-independent. Despite the ability of similar 
PACAP treatments to enhance α3*- and α7-nAChR sensitivity, analysis of stimulus- 
evoked nAChR-mediated EPSCs revealed that PACAP enhanced synaptic function 
by increasing  pre synaptic ACh release (quantal content,  m ) without affecting the 
unitary  post synaptic response (quantal size,  q ) assessed from the amplitude of mEP-
SCs acquired in the presence of tetrodotoxin (TTX) [ 19 ]. The PACAP-induced pre-
synaptic plasticity resulted from activation of Ca 2+ /Calmodulin- and PKA-dependent 
neuronal nitric oxide synthase (NOS1) [ 73 ,  74 ] and subsequent increased produc-
tion of NO [ 19 ] that was detected in CG neurons using the fl uorescent NO indicator, 
 4-amino-5-methylamino-2′,7′-difl uorofl uorescein  [ 75 ,  76 ]. Applying the NO scav-
enger  2-4-carboxyphenyl-4,4,5,5- tetramethylimidazoline-1-oxyl-3-oxide  blocked 
the ability of PACAP to alter sEPSC frequency or amplitude, consistent with a 
mechanism where NO produced in postsynaptic neurons diffuses to presynaptic 
terminals thereby enhancing ACh release in a retrograde fashion [ 77 – 79 ]. 
Interestingly, co-immunoprecipitation experiments indicated that nAChRs and 
NOS1 associate in a molecular complex, and functional studies revealed that 
α7-nAChR activity was required for PACAP to induce PKA-dependent synaptic 
plasticity by a process localized to the cell membrane by A-kinase anchoring pro-
teins (reviewed by [ 80 ]). These results support a mechanism where PACAP enhances 
presynaptic ACh release via retrograde NO action, and where NO is produced by 
upregulating Ca 2+  permeable NOS1 associated nAChRs, with the largest contribution 
from α7-nAChRs present at perisynaptic and extrasynaptic membranes of postsyn-
aptic neurons [ 75 ]. 

 In accord with its neurotrophic actions, PACAP activates MAPK dependent 
pro- survival pathways [ 81 ] and as mentioned above, induces nuclear pCREB [ 17 ] 
indicating it can potently alter gene transcription, and suggesting it may have long-
term transcription dependent effects on synaptic function and structure. Indeed, 
PACAP enhanced synaptic function in CG cultures >48 h after a transient 15 min 
exposure [ 19 ,  20 ]. The persistent plasticity was not simply a prolonged version of 
that seen immediately after PACAP exposure. While featuring similar increases in 
sEPSC frequency and quantal content, there was a more profound increase in sEPSC 
amplitude compared to similar measurements made immediately after PACAP expo-
sure, and, consistent with a postsynaptic effect, a signifi cant increase in postsynaptic 
quantal size. Moreover, unlike the acute PACAP-induced plasticity, the sustained 
plasticity was NOS1-independent and required gene transcription [ 20 ]. In a gene 
array study we detected a number of transcripts relevant to ACh processing that were 
upregulated 96 h after transient exposure to PACAP including the catalyzing enzyme, 
choline acetyltransferase (1.5-fold after 15 min and 2.2-fold after 24 h PACAP expo-
sure), with nearly identical increases seen for the high-affi nity choline transporter, 
responsible for rate-limiting active transport of choline into the nerve terminal [ 17 ]. 
Relevant to ACh storage, the vesicular acetylcholine transporter transcript increased 
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2.8-fold at 24 h. While the ability of PACAP to upregulate gene transcripts associated 
with ACh release, synthesis, and storage is consistent with its persistent positive 
presynaptic infl uence on nicotinic neurotransmission, the overall picture is still 
incomplete. Further studies are required to explore relevant cellular mechanisms, 
particularly to identify upregulated genes and, since nAChR transcripts were not 
altered by any of the PACAP treatments [ 17 ], to assess whether structural changes in 
synapse morphology or nAChR clustering may account for the postsynaptic changes 
associated with the sustained synaptic plasticity induced by PACAP.  

    Cardiac Ganglion 

 The parasympathetic cardiac ganglion (CdG) controls heart rate and blood fl ow to 
the cardiac muscle. CdG neurons are innervated by CN X axons and supply the 
sinoatrial node, the atrioventricular nodes, and the atrial and ventricular muscula-
ture [ 1 ,  82 – 84 ]. In guinea pig, PACAP is co-expressed with choline acetyltransfer-
ase in CN X input terminals, released in an activity dependent fashion, and activates 
PAC 1 Rs on CdG neurons [ 5 ,  85 – 89 ]. Consistent with these neurotransmitter charac-
teristics, focal PACAP application (50 μM, 500 ms) caused a slow depolarization 
(slow EPSP) in CdG neurons that was reduced by PACAP antagonist and that elic-
ited bursts of action potentials, similar to those seen upon high frequency pregangli-
onic stimulation. The results reveal an additional neuromodulatory action whereby 
the PACAP-induced depolarization refl ects increased CdG neuron excitability [ 5 ]. 
Pharmacological studies indicate that both of these actions are mediated by a 
PAC 1 R-induced AC, PKA, MEK signal transduction pathway [ 5 ,  90 ] requiring 
extracellular Ca 2+  entry [ 91 ]. In accord with the dependence of increased excitability 
on AC activation, PACAP signaling induces a depolarizing shift in the activation of 
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels and contribut-
ing to the development of the PACAP-induced depolarization [ 92 ]. Treatment with 
the cAMP analog, 8-br-cAMP or AC agonist, forskolin only partially mimicked the 
effects of PACAP, however, suggesting that other cellular mechanisms in addition to 
AC signaling contribute to the effects of PACAP on CdG neuron excitability [ 90 ]. 
Other studies have expanded upon these results showing that PACAP- induced 
increases in neuron excitability also depend on Ca 2+  infl ux via T- and R-type voltage 
dependent Ca 2+  channels (VDCC) that are linked to slow depolarization and repeti-
tive fi ring [ 91 ,  93 ] as well as PAC 1 R internalization [ 94 ]. While the increases in 
membrane excitability elicited by the PACAP-induced depolarization would be 
expected to affect nAChR mediated transmission in the CdG, this possibility has not 
been tested. Performing such studies is supported by the fi nding that PACAP 
increases nAChR currents in CdG and submandibular ganglion (SMG) neurons [ 95 ] 
and could elucidate a dual role for PACAP as a transmitter in mediating slow EPSCs 
and as a modulator regulating the excitability of these neurons and nAChR- mediated 
ganglionic transmission.  
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    Submandibular Ganglion 

 The parasympathetic SMG increases salivary secretion from and blood fl ow to the sub-
mandibular gland [ 96 ]. The SMG receives preganglionic cholinergic fi bers originating 
from the superior salivary nucleus of CN VII [ 97 ]. Several neuropeptides are expressed 
in these input terminals to the SMG [ 97 ] but neither the presence of PACAP in nor its 
release from these terminals has been demonstrated. Imaging and electrophysiological 
studies indicate that SMG neurons express nAChRs [ 98 ,  99 ] as well as PAC 1 Rs and 
VPACRs, but it is not known which VPACR subtypes are expressed [ 100 ,  101 ]. 

 PACAP application typically reduces, and in fewer demonstrated cases enhances, 
VDCC currents. In hamster SMG neuronal cultures [ 100 ] 100 nM PACAP inhibited 
P/Q-, N- and L-type VDCCs, with P/Q- and N-type inhibition mediated by PAC 1 Rs- 
via G s -protein βγ subunits, and L-type inhibition dependent on a VPACR-mediated, 
AC/PKA- and PLC/PKC- dependent signal transduction. Taken together, these 
studies indicate that PACAP can potently alter VDCC activation in SMG neurons 
via distinct pathways. Similar to the CdG and the superior cervical ganglion (SCG; 
See below), focal ejection of 10 μM PACAP (10 at 50 ms and 1 Hz) to dissociated 
SMG neurons induces a depolarizing current suffi cient to generate bursts of action 
potentials [ 101 ] indicative of increased neuronal excitability. Inhibition of VDCCs 
in SMG neurons could lead to a depolarization and increased excitability by depress-
ing activation of Ca 2+ -activated K +  channels, particularly those responsible for the 
after-hyperpolarization [ 100 ] but this has yet to be demonstrated. It is not known if 
the PACAP-induced effects on VDCCs or excitability can alter the output of 
nAChR-mediated synapses on SMG neurons. Similar to the modulatory actions of 
PACAP in CG and CdG neurons, however, PACAP also enhances nAChR-mediated 
currents in SMG neurons. Following ectopic exposure to 10 μM PACAP nAChR 
mediated currents induced by focal perfusion of 100 μM ACh were enhanced, 
refl ecting an increase in nAChR affi nity [ 95 ]. Finally, whole animal experiments 
support a role for PACAP as a potent neuromodulator of SMG transmission in vivo. 
Specifi cally, PACAP injections increase salivary secretion from and blood fl ow to the 
submandibular gland [ 102 ], consistent with enhanced parasympathetic innervation 
of the SMG. Additionally, intra-arterial PACAP injections alone did not induce sub-
mandibular salivary secretion in ferret while combined ACh and PACAP injections 
did, and PACAP injections during “parasympathetic nerve evoked fl ow of saliva” 
also increased salivary secretion [ 103 ]. Taken together, these fi ndings indicate 
that PACAP inhibits Ca 2+  channels and increases excitability in SMG neurons. 
They further suggest that PACAP can alter nAChR-mediated synaptic activity in the 
SMG with concomitant regulation of submandibular salivary secretion in vivo.  

    Superior Cervical Ganglion 

 The SCG is a prototypical sympathetic paravertebral ganglion that innervates exten-
sive targets in the head, neck and heart [ 104 ,  105 ]. Composed of multiple CAergic 
neuronal subpopulations SCG neurons express postsynaptic α3*-nAChRs [ 106 ] and 
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α7-nAChRs [ 107 ] and principally receive preganglionic cholinergic inputs from 
neurons in the spinal cord intermediolateral (IML) cell column [ 108 – 111 ]. IML 
neurons synthesize and store PACAP in cholinergic preganglionic terminals within 
the SCG [ 112 ,  113 ]. While PACAP release from IML terminals has not been veri-
fi ed, SCG neurons do express PAC 1 Rs [ 113 – 116 ]. 

 PACAP has a signifi cant neuromodulatory impact on SCG neuron excitability 
similar to that in the CdG. Focal PACAP perfusion (50 μM, 1 s) produced a pro-
longed depolarizing inward current in SCG neurons in culture that was insensitive 
to TTX indicative of activity-independence. Pharmacological studies indicated that 
the PACAP-induced inward current was mediated by a PAC 1 R induced PLC-IP3- 
IP3R signal transduction pathway involving sodium and potassium dependent com-
ponents [ 116 ]. In Na +  defi cient solution, the PACAP induced inward currents were 
reduced by 70 %, while increasing extracellular K +  concentration reduced PACAP- 
induced currents by 35 %. When extracellular Ca 2+  and Na +  were reduced, the 
PACAP-induced reduction in inward current was not signifi cantly different from the 
sodium defi cient condition alone. These fi ndings indicate that the PACAP-induced 
depolarization of SCG neurons is mediated by extracellular Na +  entry and inhibition 
of a K +  outward conductance. However, other possible options are cited such that 
the specifi c ion channels underlying these PACAP-induced effects remain unknown. 

 The ability of PACAP to elicit a sustained depolarization in SCG neurons sug-
gests it can increase SCG neuron excitability and output. Indeed, when total medium 
CA metabolites (DOPAC and HVA) were measured in dissociated SCG neuronal 
cultures, ectopic exposure to concentrations of PACAP (≥10 nM, 48 h) resulted in a 
threefold increase in extracellular CA metabolite concentrations [ 117 ] suggesting 
that PACAP enhanced CA release from SCG neuronal cultures. Although more 
detailed studies remain to be conducted, these fi ndings suggest that PACAP can 
induce changes in postganglionic SCG neuronal output, consistent with enhanced 
SCG neuronal excitability. Alternatively, PACAP could act as a secretagogue in the 
SCG as it does in the closely related sympathetic-like adrenal gland. Unfortunately, 
no experiments have been conducted to determine whether PACAP also alters 
nAChR-mediated synaptic properties of SCG neurons or ACh release from their 
cholinergic IML inputs. Such fi ndings would complement those conducted in para-
sympathetic ganglia and might reveal multiple roles for PACAP in modulating 
excitability, secretion and synaptic transmission in sympathetic ganglia.   

    Conclusions and Future Directions 

 Despite its ubiquitous distribution and diverse functions, PACAP is well positioned 
to mediate and modulate synaptic transmission via its cognate GPCRs and their 
associated intracellular signaling effectors. The above summary indicates that in 
most cases PACAP satisfi es two of the three criteria to qualify it as an endogenous 
neurotransmitter. We predict that future experiments will demonstrate its release 
from PACAP-containing axon terminals as has been shown for presynaptic termi-
nals in the adrenal gland and CG. Our summary further reveals that applied PACAP 
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is also a potent neuromodulator that triggers acute and persistent alterations of 
membrane components underlying neuronal synaptic transmission. While studies 
using knockout mice lacking PACAP support its role as a synaptic neurotransmitter 
and/or neuromodulator in vivo, a critical caveat to this conclusion is that the ability 
of  endogenous  PACAP to modulate synaptic properties has not been demonstrated 
directly. Electrophysiological experiments combining stimulation suffi cient to 
release endogenous PACAP with postsynaptic recording and PACAP receptor 
antagonists would help address this concern. 

 Two themes that emerge from PACAP’s actions are its ability to rapidly alter 
membrane excitability and specifi c synaptic components. The fi rst theme has been 
demonstrated in autonomic neurons and appears entwined with the activation or 
inhibition of VDCCs. Here, the resulting depolarization or indirect action of Ca 2+  
infl ux on K +  or other channels enhances excitability by increasing the capacity for 
repetitive fi ring (Fig.  7.1b ). Interestingly the coupling of increased excitability to 
VDCCs and depolarization exemplifi es the cell-specifi c nature of PACAP signaling 
since, while VDCC modulation is a common outcome, resultant increased excit-
ability is seen in some autonomic neurons but not in CG neurons where PACAP 
induces a sustained ≈5 mV depolarization [ 19 ] and VDCC current inhibition but 
these effects are associated with  reduced  action potential fi ring [ 118 ] (Starr and 
Margiotta, unpublished). In accord with other PACAP-signaling outcomes, the cel-
lular mechanisms integrating its actions on specifi c classes of ion channels to pro-
duce increased excitability in some autonomic neurons but not others remain to be 
determined, as does the possible extension of these effects to central neurons. 

 The second theme involves the ability of applied PACAP to rapidly induce syn-
aptic plasticity in both the central and autonomic nervous system by altering the 
postsynaptic response to conventional neurotransmitters and/or the release of con-
ventional neurotransmitters from presynaptic nerve terminals (Fig.  7.1c ). A com-
mon outcome is the concentration dependent regulation of postsynaptic AMPAR 
and NMDAR responses in all central neurons examined and the upregulation of 
nAChR responses in autonomic CdG, SMG, and CG neurons, possibly driven by 
their differential phosphorylation and/or insertion into postsynaptic sites as has 
been demonstrated for hippocampal neurons. Less common is the ability of PACAP 
to increase the release of conventional neurotransmitter from presynaptic terminals 
as seen in the hypothalamus and CG neurons in culture. The latter case reveals that 
PACAP signaling via PKA integrates AKAP-targeted nAChR upregulation, and 
NOS1 activation to focally release NO and thereby enhance ACh release from jux-
taposed presynaptic terminals in a retrograde fashion. It will be interesting to deter-
mine if this coordinated signaling also applies at other synapses. In addition, while 
it is reasonable to surmise that alterations in membrane excitability would infl uence 
synaptic transmission, studies have not been performed to test how these two themes 
resulting from PACAP signaling may interact. Lastly, our experiments with CG 
neurons indicate that even a brief, transient exposure to PACAP can induce persis-
tent synaptic plasticity indicative of long-term behavioral consequences. Since 
PACAP signaling and stress- and fear-related disorders such as PTSD are interre-
lated, more detailed experiments expanding on those conducted in the amygdala are 
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required to determine if its ability to induce persistent synaptic plasticity is the basis 
for its contribution. Obvious study candidates are other limbic system components 
such as the hippocampus and the BNST where PACAP is well positioned to modu-
late synaptic transmission and where it is believed to be involved in fear memory 
consolidation and responses to chronic stress. 
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    Chapter 8   
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    Abstract     The pituitary adenylate cyclase-activating polypeptide (PACAP) is a 
hormone that belongs to the secretin/glucagon/growth hormone-releasing hormone 
(GHRH)/vasoactive intestinal peptide (VIP) superfamily. It shows a widespread 
distribution and a large array of physiological actions. Accordingly, this peptide is 
linked to various pathological conditions and PACAP-derived drugs are promising 
compounds for the development of potent therapies. The effects of PACAP are mediated 
through three types of class B-G protein-coupled receptors identifi ed as PAC1, 
VPAC1, and VPAC2. PACAP exhibits a larger affi nity for PAC1 than VIP, whereas 
VPAC1 and VPAC2 are equally recognized by both ligands. The three receptors pos-
sess distinct pharmacophoric requirements and in particular, residues His 1 , Asp 3 , 
Phe 6 , Thr 7 , Tyr 22 , and Leu 23 , as well as structural motifs such as a highly stabilized 
α-helix and an N-terminal β-coil abutted to an N-capping-like arrangement, would 
be crucial for receptor selectivity. Moreover, PACAP is vulnerable to proteolysis and 
sites of enzymatic degradation were identifi ed to develop metabolically stable com-
pounds. The present review summarizes structure–activity relationships of PACAP 
and makes an overview of the conformational features of the molecule.  
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  Abbreviations 

   Aad     L -α-aminoadipic acid   
  Aca    Aminocaproic acid   
  BBB    Blood–brain barrier   
  Bip     L -biphenylalanine   
  Bpa     p -benzoyl- L -phenylalanine   
  CT    Calcitonin   
  Disc     L -1,3-dihydro-2 H -isoindole carboxylic acid   
  GLP-1    Glucagon-like peptide-1   
  GPCR(s)    G protein-coupled receptor(s)   
  Hyp    Hydroxyproline   
  Iaa    4-Imidazole acetic acid   
  Iac    4-Imidazole acrylic acid   
   R -IBTM    2( R )-amino-3-oxohexahydroindolizino[8,7- b ]indole-5( R )-carboxylic 

acid   
   S -IBTM    2( S )-amino-3-oxohexahydroindolizino[8,7- b ]indole-5( S )-carboxylic 

acid   
  Ind     L -indoline-2-carboxylic acid   
  Nal     L -naphthylalanine   
  Nle     L -norleucine   
  NOESY    Nuclear Overhauser Effect spectroscopy   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PACAP27    27-amino acid isoform of PACAP   
  PACAP38    38-amino acid isoform of PACAP   
  PAC1    Pituitary adenylate cyclase-activating polypeptide type 1 receptor   
  Phe( p -I)     Para -iodo- L -phenylalanine   
  PTH    Parathyroid hormone   
  PTS-6    Peptide transport system-6   
  SAR    Structure–activity relationships   
  TFE    Trifl uoroethanol   
  Tic     L -1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid   
  Tiq     L -tetrahydroisoquinoline-1-carboxylic acid   
  VIP    Vasoactive intestinal peptide   
  VPAC1    VIP/PACAP type 1 receptor   
  VPAC2    VIP/PACAP type 2 receptor   

        Introduction 

 The pituitary adenylate cyclase-activating polypeptide (PACAP) exhibits multiple 
functions in various physiological systems. In this context, it is associated with 
several pathological conditions, and PACAP receptors appear as promising targets 
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to treat various disorders such as neurodegenerative diseases [ 1 – 4 ], stroke [ 3 ,  5 – 8 ], 
cancers [ 9 – 12 ], and diabetes [ 13 ,  14 ]. The effects of PACAP are observed in the 
central nervous system, as well as in periphery, and they are mediated through three 
types of class B-G protein-coupled receptors identifi ed as PAC1, VPAC1, and 
VPAC2. On the one hand, PAC1, which exhibits a greater affi nity for PACAP than 
for VIP, is abundantly expressed in the central nervous system and is particularly 
associated with neuroprotective and neurotrophic effects. On the other hand, VPAC1 
and VPAC2 are rather related to peripheral actions and are equally recognized by 
both ligands [ 3 ]. Thus, the three receptors possess distinct pharmacophoric require-
ments and accordingly, their peptide ligands contain precise molecular determi-
nants, including key chemical functions at particular positions, and specifi c 
structural motifs. Noteworthy, it is postulated that PACAP activates its receptors 
following a two-step binding model in which the C-terminal segment of the ligand 
binds to the N-extracellular domain, which then positions the amino-terminal por-
tion of the peptide hormone in close proximity to the transmembrane region of the 
receptor to initiate signaling [ 15 ]. This “two-domain” model involves a specifi c 
network of ligand–receptor intermolecular interactions that necessitates a well- 
defi ned spatial positioning of the N-terminal ligand side-chains [ 16 – 21 ]. This struc-
tural motif with a specifi c folded backbone conformation governs the pharmacological 
properties of the class B-GPCR agonists and antagonists, and must be considered to 
design selective and potent ligands. Moreover, PACAP is vulnerable to proteolysis 
and sites of enzymatic degradation must be identifi ed to develop metabolically stable 
compounds. 

    Structure–Activity Relationship Studies Related to the PACAP 
Receptors 

 The initial characterization of PACAP showed that it is a 38-amino acid C-terminally 
α-amidated peptide (PACAP38) [ 22 ]:

                    5                10                15                   20                 25                 30                 35  
  H-S-D-G-I-F-T-D-S-Y-S-R-Y-R-K-Q-M-A-V-K-K-Y-L-A-A-V-L-G-K-R-Y-K-Q- R-V-K-N-K    

 Furthermore, based on the existence of an internal cleavage amidation site 
(Gly 28 –Lys 29 –Arg 30 ), a truncated amidated isoform (PACAP27) was isolated and 
shown to be, like its precursor, a potent activator of adenylyl cyclase in cultured 
pituitary cells [ 23 ]. It has been observed that PACAP27 shares 68 % sequence 
 conservation with vasoactive intestinal polypeptide (VIP), thereby identifying 
PACAP as a member of the secretin/glucagon/growth hormone-releasing hormone/
vasoactive intestinal peptide superfamily. Comparison of the primary structures of 
the peptides belonging to this family [ 3 ,  16 ,  17 ,  24 ] shows that their N-terminal 
domain is largely conserved while the central and C-terminal segments signifi cantly 
diverge. For instance, an aromatic residue (His or Tyr) is usually found at the 
N-terminal end, whereas Phe and Thr frequently occupy positions 6 and 7, respectively. 
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In addition, a negatively charged residue (Asp or Glu) is commonly located at position 
3 and low molecular weight amino acids (Ala, Gly, or Ser) are observed at positions 
2 and 4. Following the discovery of PACAP, two types of binding sites were charac-
terized on the basis of their relative affi nities for VIP and PACAP. Type I shows a 
high affi nity for the 27- and 38-amino acid PACAP isoforms and a much lower 
affi nity for VIP, while type II recognizes both PACAP and VIP with similar high 
affi nity [ 3 ,  16 – 18 ,  20 ,  25 ,  26 ]. However, the latter binding site was subdivided into 
two classes depending on the relative affi nity for secretin and helodermin. 
Subsequently, the three PACAP/VIP binding sites were cloned and named PAC1, 
VPAC1, and VPAC2 [ 27 ]. 

    N- and C-Terminal PACAP Fragments 

 The typical fi rst step used for the identifi cation of key residues that are essential for 
activity and/or affi nity consists in the truncation of the peptide from the amino- or 
carboxy-terminal end. When applied to PACAP, and as anticipated from the phylo-
genetic evolution of PACAP among vertebrates, the N-terminal domain appeared to 
be essential for the biological activity. As a matter of fact, removal of His 1  in both 
PACAP isoforms reduced the potency and affi nity [ 28 – 31 ]. This is well illustrated 
with PACAP(2–27) that showed for PAC1 an affi nity 80 times lower and an activity 
100 times weaker than those of the parent molecule [ 17 ,  29 ]. This effect though was 
less pronounced with the 38-amino acid isoform since the affi nity and activity of 
PACAP(2–38) were decreased by 13- and 30-fold, respectively, as compared to 
those of PACAP38. Additional deletions in the N-terminal domain of PACAP27 and 
PACAP38 led not only to further decreases of potency and affi nity but also to the 
identifi cation of fragments exhibiting antagonistic activity. Indeed, removal in 
PACAP27 of the two fi rst residues (His 1  and Ser 2 ) caused a 2000-fold decrease of 
potency in a PAC1-cAMP production assay using AR4-2J rat pancreatic acinar cells 
[ 29 ,  30 ] and similarly, PACAP(3–27) and PACAP(3–38) were unable to stimulate 
adenylyl cyclase activity in rat brain hippocampal membrane [ 31 ]. Nonetheless, 
some residual affi nity was measured, especially with PACAP(3–38) (100-fold 
decrease), thereby showing that the detrimental effect of the double deletion was 
less marked in PACAP38 than in PACAP27 [ 17 ]. As abovementioned, the further 
progressive deletions of N-terminal residues in both PACAP isoforms led to the 
identifi cation of fragments displaying antagonistic activity [ 28 ,  31 ]. In particular, 
PACAP(6-38) binds signifi cantly to PAC1, with an affi nity only about ten times 
lower than that of PACAP38 [ 17 ]. Consequently, it is used frequently as a PAC1 
receptor antagonist [ 28 ]. Nonetheless, although it is to a weaker extent than 
PACAP38, this fragment also binds to VPAC1 (≈300-fold) and VPAC2 (≈40-fold) 
[ 32 ]. Moreover, biological activities were described for this truncated peptide 
[ 33 – 35 ], thus suggesting that it behaves as a full or partial agonist in some paradigms. 
Additional sequential deletions in PACAP27, from Phe 6  to Tyr 13 , gave fragments still 
able to bind, but very weakly, to human neuroblastoma NB-OK-1 cell membranes 
[ 36 ], indicating that the 14–27 segment of PACAP was suffi cient for recognition by 
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PAC1. When applied to the 38-amino acid isoform, those truncations were much 
less detrimental towards affi nity. Furthermore, some fragments retained the capac-
ity to stimulate the formation of cAMP in the NB-OK-1 cell membranes [ 36 ]. Those 
results strongly suggest that the C-terminal 28–38 stretch facilitates the anchorage 
of PACAP to the PAC1 receptor [ 28 ,  31 ,  36 ], and that this affi nity improvement 
causes residual activity [ 17 ]. Interestingly, a chimeric peptide formed by coupling 
the PACAP(28–38) sequence to the VIP molecule displayed for PAC1 an affi nity 
100-fold higher than VIP [ 37 ], which provided additional evidence that the 
C-terminal 28–38 region of PACAP38 strengthens the binding effi ciency of this 
ligand. It is also worth to mention that in human plasma, ceruloplasmin binds to 
PACAP38 but not to PACAP27 [ 38 ], that the 38-residue PACAP isoform passes 
through the blood–brain barrier (BBB) by means of a transporter identifi ed as PTS-6 
while PACAP27 crosses the BBB by passive diffusion [ 39 ], and that PACAP38 is 
much less resistant to degradation in human plasma than the 27-amino acid counter-
part [ 40 ]. It thus appears that the 28–38 tail of PACAP is important for blood trans-
portation, BBB crossing, and degradation by plasma endopeptidases [ 3 ,  38 – 40 ]. 

 When the truncation strategy was applied at the C-terminal end of PACAP27, it 
was observed that the fragments spanning from 1–26 to 1–23 could discriminate the 
three PACAP receptor subtypes, with the highest affi nity for VPAC1 [ 41 ]. In addi-
tion, all truncated peptides were full agonists of the PAC1 and VPAC1 receptors, 
whereas the 1–25 and 1–26 fragments were partial agonists of VPAC2. Accordingly, 
Bourgault et al. [ 42 ] showed that PACAP(1–23) still displayed a good affi nity for 
PAC1 expressed in transfected CHO cells and a very signifi cant activity in calcium 
mobilization and PC12 cell differentiation assays, as compared to the native ligand. 
However, further deletions of amino acids beyond position 23 produced a drastic 
loss of affi nity and potency. Thus, Leu 23  could play a major role towards PAC1, as 
its exclusion to create the 1–22 fragment gave rise to a large decrease of binding 
(≈23-fold) and biological activity (≈19-fold), when using PACAP(1–23) as the ref-
erence compound. In fact, the hydrophobic residue leucine-23 is highly conserved 
within the structurally related VIP/secretin/glucagon/PACAP peptide superfamily, 
suggesting an essential role for this amino acid in the regulation of the biological 
functions of these peptides [ 42 ,  43 ]. Interestingly, supporting a foremost contribu-
tion of residue 23, [Lys 23 ]PACAP27 was devoid of affi nity towards the PAC1 
receptor [ 44 ], and [Ala 23 ]VIP showed poor affi nities and activities in VPAC1 and 
VPAC2 paradigms [ 45 ].  

    Analogs of PACAP Containing Modifi cations in the N-Terminal Segment 

 The relative importance of some physicochemical properties of each residue in a 
peptide is frequently explored by achieving an  L -alanine scanning, in which each 
amino acid of the primary structure is sequentially replaced with an Ala residue, and 
by performing a  D -amino acid scanning, in which each  L -residue is successively 
substituted with its  D -counterpart. Considering the specifi c role of the N-terminal 
domain for the biological activity of PACAP, Ala- and  D -scans were conducted on 
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the His 1  to Thr 7  segment [ 46 ,  47 ]. This strategy revealed that the imidazole ring of 
His 1 , the carboxylic function of Asp 3  and the phenyl group of Phe 6  are key chemical 
moieties for binding and activation. In contrast, replacement of Gly 4  with Ala had 
no signifi cant effect, and Ala substitution of Ser 2  did not affect the binding proper-
ties of both PACAP isoforms towards PAC1and VPAC1 receptors, but slightly 
decreased the affi nity and potency for VPAC2. For position 2, very similar results 
were reported by Robberecht et al. [ 29 ] and by Hou et al. [ 31 ]. Finally, it is worth to 
point out that the introduction in PACAP27 of an  L -alanine at position 7 generated 
an analog virtually devoid of VPAC2 agonistic activity and acting as a potent VPAC1 
and PAC1 agonist. 

 Some insights concerning the biologically active conformation of the N-terminal 
stretch of PACAP were obtained using the  D -scan approach, which consists in seri-
ally reversing the confi guration of each peptide residue to introduce local structural 
constraints [ 46 ,  47 ]. This methodology not only allows the assessment of the side- 
chain orientation but also provides information regarding the secondary structure 
that is important for the affi nity and agonistic activity. The scanning revealed two 
distinct domains for the N-terminal segment of PACAP27. So, on the one hand, 
 D -substitution of His 1 , Ser 2 , or Asp 3  did not affect much the binding properties and 
the biological activity of the peptide towards the three PACAP receptors, especially 
when PAC1 or VPAC1 were involved [ 46 – 48 ]. Worth to mention, in the context of 
stability improvement, [D-Ser 2 ]PACAP27 was extremely resistant against the pro-
teolytic action of dipeptidyl peptidase IV (DPP IV), an enzyme breaking down 
PACAP by cleaving N-terminal dipeptides [ 40 ]. On the other hand, incorporation of 
a D-amino acid at position Phe 6  or Thr 7  was deeply deleterious. As observed before 
with PACAP fragments, PACAP38 analogs exhibited profi les not always identical 
to those of the PACAP27 equivalents, in particular when the D-substitution was 
applied at position 7. As a matter of fact, [D-Thr 7 ]PACAP38 behaved as a potent 
partial agonist with a potency only 3.5 times lower than that of the parent molecule 
(EC 50  = 7.3 nM for the analog vs. 2.1 nM for PACAP38;  E  max  = 63 %), thus demon-
strating again the particular contribution of the 28–38 portion. Further studies of the 
molecular structure of the His 1  to Thr 7  segment of PACAP were carried out by 
N-methylation of the polypeptide backbone, a scheme that introduces a restriction 
in the amide bond geometry and abolishes the hydrogen bonding ability. The 
N-methyl-scan revealed that the attachment of a methyl group on the nitrogen atom 
of the amide bond connecting His 1  to Ser 2 , or Ser 2  to Asp 3 , decreased by a little to a 
moderate extent the binding affi nity and the activity of both PACAP isoforms [ 46 , 
 47 ]. Moreover, N-methylation of PACAP at positions Ile 5 , Phe 6 , or Thr 7  yielded 
inactive compounds or extremely weak agonists, with very low binding affi nities, 
suggesting that PACAP is sensitive to backbone restrictions in this region. Most 
interestingly, substitution of Gly 4  with sarcosine (Sar), an N-methylated glycine 
residue, inhibited the capacity of PACAP38 and PACAP27 to activate the PAC1 
receptor, and decreased by 15- and 40-fold the affi nity of the 38- and 27-amino acid 
isoforms, respectively [ 46 ]. Because substitution of Gly 4  with  L -alanine was without 
any signifi cant effect, these results suggest an important role for the amide proton of 
the Asp 3 –Gly 4  bond, such as an involvement in hydrogen bonding. Furthermore, the 
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analog [Sar 4 ]PACAP38, appeared as a potent PAC1 receptor antagonist with a pA 2  
value calculated at 8.39 [ 46 ]. 

 Additional residue modifi cations encompassing the N-terminal domain of 
PACAP were performed to further evaluate their importance for biological activity 
and affi nity. For instance, a free N-terminal amino group is not essential for PAC1 
activation since N-acetylation did not alter the affi nity and potency of the native 
peptide [ 29 ,  40 ,  46 ]. Moreover, N-terminal acylations with larger moieties would 
be tolerated, as suggested by the data obtained with N-hexanoyl-derivatives of 
PACAP27 and PACAP38, which showed pharmacological properties similar or 
slightly weaker to those of the parent compounds [ 40 ]. Indeed, the binding affi nity 
remained the same; whilst the activities in calcium mobilization and PC12 cell 
proliferation assays were decreased by 3.5-fold, thereby suggesting that PAC1 is 
sensitive to the steric hindrance and/or hydrophobicity introduced by an N-acylation 
with a 6-carbon aliphatic chain. Moreover, it was reported that a [Nle 17 ]PACAP27 
analog (Nle: norleucine, an isostere of Met; the related Nle-analog is as potent as 
PACAP27 [ 49 ]) to which was coupled at the N-terminus the photoreactive probe, 
 p -benzoyl- phenylalanine (Bpa), exhibited an EC 50  of 135 nM and allowed the pho-
tolabeling of the PAC1 receptor [ 49 ]. Noteworthy, N-terminal acylation produced 
analogs exceptionally resistant towards DPP IV [ 40 ]. Substitution of His 1  with the 
aromatic residue Phe reduced but did not abolish the potency of PACAP27 to stim-
ulate adenylyl cyclase activity in rat hippocampus and pancreatic AR4-2J cell 
membranes [ 29 ,  31 ], while the incorporation at this position of 4-imidazole acetic 
acid (Iaa) or 4- imidazole acrylic acid (Iac) had limited impact on affi nity and bio-
logical activity, on either PACAP receptors [ 48 ]. These results, combined with the 
pharmacological data of [Ala 1 ]PACAP, indicate a participation of the imidazole 
group and a potential contribution of aromaticity. Thus, the implication of the dis-
tal (τ) and proximal (π) nitrogen atoms of the imidazole ring was explored and it 
appeared that π-N-methylation altered much more the affi nity and activity of 
PACAP than τ-N-methylation [ 46 ]. Also, π-N-methylation reduced drastically the 
effi cacy of PACAP27 and PACAP38 to activate PAC1, and the corresponding ana-
logs behaved as weak partial agonists. Robberecht et al. [ 29 ] reported that a 2.4-
fold rise in the affi nity of PACAP27 towards the PAC1 receptor was obtained when 
the pH was raised from 6.0 to 7.5, and this phenomenon was not observed with 
[Phe 1 ]PACAP27 and PACAP(2–27). They postulated that the deprotonation state 
of the imidazole ring of His 1  was a major determinant for optimal binding of 
PACAP27. Chemically, the deprotonated condition is required to maintain the 
aromaticity of histidine. Following τ- or π-N- methylation of His 1 , the aromatic 
attribute of this residue is preserved but  tautomerization of the imidazole ring is 
inhibited and its pKa is increased. However, to explain the signifi cant reduction of 
effi cacy of PACAP, neither the tautomerization nor the increase of pKa would be 
suitable parameters to consider because it is expected that the τ- and π-N-
methylated His-derivatives of PACAP would exhibit very similar properties. Thus, 
the methyl group attached to the π-nitrogen atom of the imidazole ring would not 
interfere much in the binding process of PACAP ligands but would cause suffi cient 
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hindrance to deeply disturb a key molecular interaction involving the His 1  side-chain 
with another residue within the PACAP molecule. 

 Substitutions at position Ser 2  with α-aminoisobutyric acid (Aib) partially 
improved the stability of PACAP towards DPP IV [ 40 ], and had no major effects 
on the potency of the 38- and 27-amino acid peptide ligands [ 40 ,  46 – 48 ]. 
Nonetheless, the binding affi nity, the potency and the effi cacy of PACAP were 
reduced when Ser 2  was replaced with residues bearing bulkier side-chains, such as 
Arg, Phe or substituted with their D-counterparts or Lys [ 29 ,  31 ,  44 ]. These obser-
vations indicated that the hydroxyl group in position 2 was not required for PAC1 
receptor activation whereas an increase of the residue bulkiness, and possibly the 
incorporation of a positive charge were highly unfavorable. In contrast, introduc-
tion at position 2 of a structural constraint by substituting Ser with Pro or Hyp 
(hydroxyproline) did not infl uence much the affi nity and activity of both PACAP 
isoforms for PAC1 and VPAC1, but decreased substantially the binding and virtu-
ally abolished the activity towards VPAC2 [ 46 ,  47 ]. Therefore, it seems that the 
structural restrictions caused by Pro or Hyp at position 2 induced an N-terminal 
conformation that might be closely related to the bioactive one. Interestingly, the 
inversion of chirality of proline- 2 ([D-Pro 2 ]PACAP) yielded analogs of the iso-
forms behaving like antagonists. Accordingly, conformational analysis by NMR 
revealed that the introduction of Pro in position 2 of PACAP27 promoted an 
N-terminal turn structure [ 3 ,  46 ,  47 ], and that this molecular arrangement was even 
more strongly stabilized with the incorporation of D-Pro [ 46 ]. Also, as expected, it 
was determined that the spatial positioning of His 1  in [Pro 2 ]PACAP27 was very 
diverging to that observed in the [D-Pro 2 ]-analog. 

 The presence of a negative charge in position 3 and the distance of this charge 
from the peptide backbone are important features for the biological activity of both 
PACAP isoforms [ 29 ,  31 ,  44 ,  46 – 48 ]. Thus, it was shown that the PACAP27 or 
PACAP38 analogs obtained by substituting Asp 3  with  L -alanine,  L -asparagine, 
 L -lysine,  L -glutamic acid, or  L -α-aminoadipic acid (Aad) displayed much weaker 
binding affi nity and potency in PAC1, VPAC1, and/or VPAC2 assays. In contrast, 
the side-chain orientation was not a key element because [D-Asp 3 ]PACAP27 and 
[D-Asp 3 ]PACAP38 were potent analogs in any of the three receptor paradigms. 
However, the structural arrangement and/or the presence of the amide proton in the 
Ser 2 –Asp 3  bond would be crucial constituents for activity because analogs contain-
ing modifi cations altering either of these two characteristics were poor agonists 
[ 46 – 48 ]. Indeed, compounds such as [Pro 3 ]-, [Sar 3 ]-, [Pip 3 /Pipecolic acid]-, and 
[N-Me-Asp 3 ]PACAP exhibited weak or no biological activities. Nevertheless, 
depending on the receptor type and the nature of the alteration, the impact on the 
recognition process was highly variable, as demonstrated with the very signifi cant 
binding measured with [N-Me-Asp 3 ]PACAP27 and [N-Me-Asp 3 ]PACAP38 [ 46 , 
 47 ], and the large decrease of affi nity of [Pro 3 ]PACAP27 and [Sar 3 ]PACAP27, espe-
cially towards the PAC1 receptor [ 48 ]. 

 Further transformations within the Gly 4  to Thr 7  segment revealed additional 
information [ 44 ,  46 ,  47 ]. Thus, successive replacements of the amino acids of this 
stretch with Lys produced analogs virtually devoid of affi nity towards all three types 
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of PACAP receptor [ 44 ]. In addition, their sequential substitution with  L -alanine or 
inversion of their chirality showed that residues Gly 4  and Ile 5  were rather tolerant 
towards those alterations, but that Phe 6  and Thr 7  were not. As a matter of fact, 
modifi cations at position 6 yielded PACAP27 and PACAP38 analogs with very 
weak affi nity and activity, whereas the introduction of  L -alanine at position 7 of 
PACAP27 gave rise to a potent selective VPAC1/PAC1 agonist. Also, the inversion 
of confi guration of Thr 7  produced a PACAP27 derivative displaying poor affi nity in 
the three PACAP receptor binding assays [ 46 ,  47 ]. The N-methyl-scan of the amide 
bonds of the 4–7 region demonstrated that this segment of PACAP is very sensitive 
to structural changes induced by N-methylation. This chemical modifi cation 
increases the steric hindrance at the peptide backbone, eliminates hydrogen sharing 
at the substituted amide bond and allows the isomerization of the peptide bond (all 
 trans  to a mixture of  cis  and  trans ). Although the precise physicochemical effect(s) 
of the modifi cation is/are not known, all four analogs obtained by successively 
N-methylating the peptide bonds of residues Gly 4  to Thr 7  were found inactive in the 
PAC1, VPAC1, and VPAC2 assays [ 46 ,  47 ]. Ramos-Álvarez et al. [ 48 ] also observed 
the deleterious effect of N-methylation in this portion of the molecule since they 
reported no biological activity for [Sar 4 ]PACAP27 in their paradigms for the three 
PACAP receptors. 

 As aforementioned, position Phe 6  was very sensitive to the Ala or Lys substitu-
tions, and inversion of confi guration. Hence, various additional replacements were 
explored to better defi ne the role of this residue [ 46 ,  47 ]. Substitution of Phe 6  with 
the non-aromatic  L -cyclohexylalanine (Cha) residue did not produce a large decrease 
of biological activity, as observed with  L -alanine. Likewise, as demonstrated with 
[Tyr 6 ]PACAP27 and [Tyr 6 ]PACAP38, both isoforms were tolerant to the presence of 
a hydroxyl group at the  para  position of the aromatic ring of Phe. Furthermore, the 
incorporation at position 6 of the bulky aromatic residues  L -biphenylalanine (Bip) 
or  L -naphthylalanine (Nal) gave analogs at least as potent as the native peptide hor-
mones in a PAC1 assay, but with reduced activity and affi nity towards VPAC1 and 
VPAC2. Also, the photoprobe [Bpa 6 , Nle 17 ]PACAP27, designed to label PAC1, dis-
played potent binding affi nity and activity in PAC1 paradigms [ 49 ]. Overall, these 
results suggest that aromaticity is not essential at position 6 but that the presence of 
a hydrophobic side-chain, still bulky, maintains or even improves the binding affi n-
ity and the potency of PACAP towards the PAC1 receptor. Considering this fi nding 
and the observation that Phe 6  was very sensitive to structural changes, thus suggest-
ing the participation of this residue to a particular molecular arrangement, Bourgault 
et al. [ 46 ] and Doan et al. [ 47 ] introduced at this position a few constrained residues 
containing aromatic/hydrophobic moieties, i.e.,  L -indoline-2-carboxylic acid (Ind), 
 L -tetrahydroisoquinoline-1-carboxylic acid (Tiq),  L -1,2,3,4-tetrahydroisoquinoline- 
3-carboxylic acid (Tic), and  L -1,3-dihydro-2 H -isoindole carboxylic acid (Disc). All 
these analogs containing static “side-chain,” either of the PACAP38 or PACAP27 
isoform, were essentially unable to recognize the PACAP receptors. Therefore, such 
a constraint could not be applied at position 6, where in fact it appeared that the 
freedom and/or the exact positioning of the hydrophobic side-chain would be a key 
feature for the ligand recognition process.  
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    Analogs of PACAP Containing Modifi cations in the Central 
and C-Terminal Segment 

 Although they were utilized less frequently than N-terminal modifi cations, central 
and C-terminal chemical and structural alterations were also performed in 
PACAP. Indeed, SAR analyses including truncations studies [ 41 ,  42 ], as well as an 
Ala-scan applied to PACAP(15–31) [ 50 ], and a Lys-scan carried out on PACAP27 
[ 44 ], revealed that residues Tyr 10 , Arg 14 , Val 19 , Lys 20 , Tyr 22 , and Leu 23  would play 
important roles regarding the chemical and/or structural properties of the central 
and C-terminal segments of PACAP, both forming a region that was shown by con-
formational studies [ 42 ,  46 ,  50 – 55 ] to exhibit an evident propensity to adopt an 
α-helix arrangement. This helical region would be an infl uential feature for the 
binding and activity of PACAP, and therefore modifi cations were introduced at key 
positions. Hence, incorporation of a CH 2 –NH peptide bond surrogate between resi-
dues Lys 21  and Tyr 22 , an alteration destabilizing secondary helical structures, has 
decreased the biological activity of PACAP38, as well as its affi nity for PAC1, 
thereby suggesting that the integrity of the α-helix is essential [ 40 ]. In addition, 
replacement of Val 19  with the helix-breaking amino acid Gly was deleterious for the 
binding of PACAP(6-38) to the isolated extracellular N-terminal domain of the 
PAC1 receptor [ 54 ]. Surprisingly though, swap of Val 19  with the potent helix pro-
moter Ala diminished signifi cantly the ability of PACAP(15–31) to bind to PAC1 
[ 50 ]. As well, exchange in PACAP27 of residue Lys 20 , an α-helix stabilizer, with 
Gly, an α-helix breaker, gave an analog that was still potent, with reduction of affi n-
ity and activity by only eightfold and fi vefold (IC 50  = 4 nM vs. 0.5 nM and  K  act  = 5 nM 
vs. 1 nM), respectively [ 29 ]. These two last data indicate that local alterations could 
be introduced in the helical segment without completely losing the pharmacological 
properties. Nonetheless, the simultaneous switch of Lys 20  and Lys 21  with Gly 
reduced the affi nity by 200-fold and the activity by 80-fold for the PAC1 receptor 
[ 29 ], whereas substitution with Ala at either of these two positions of PACAP38, 
produced peptides that exhibited slightly better binding affi nity and activity than the 
parent molecule [ 40 ]. Moreover, the introduction of Ala 20  in PACAP38 derivatives 
designed to resist to enzyme degradation, did not affect signifi cantly the peptide 
binding and biological characteristics [ 40 ]. Likewise, Yung et al. [ 44 ] as well as Sun 
et al. [ 54 ] explored the successive replacement of Lys 20  and Lys 21  with Glu, an 
anionic residue that is also an α-helix promoter better than Lys. They observed that 
the analog [Glu 21 ]PACAP27 displayed affi nities ranging from 10 to 60 nM, which 
corresponded to reductions of 6- to 20-fold, depending of the receptor subtype [ 44 ], 
whereas [Glu 21 ]PACAP(6-38) was 2.4-fold less potent than PACAP(6–38) to bind 
to PAC1 [ 54 ]. Moreover, the analog [Glu 20 ]PACAP27 appeared as a very weak 
ligand (80-, -200, and 180-fold decrease towards PAC1, VPAC1, and VPAC2, 
respectively) [ 44 ], while [Glu 20 ]PACAP(6-38) exhibited a 18-fold reduction of bind-
ing to PAC1 [ 54 ]. Data from Kumar et al. [ 50 ] brought supplementary insights. 
Indeed, binding experiments carried out with a library that was built using an Ala- scan 
of the PACAP(15–31) fragment showed that [Ala 21 ]PACAP(15–31) was an excellent 
ligand for PAC1, whereas its [Ala 20 ]-equivalent was devoid of binding affi nity. 
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Consequently, the Lys 20  contribution in PACAP appeared to vary in function of the 
size of the peptide ligand and the physicochemical properties of the residue that 
occupies this position. It could be hypothesized that the Lys 20  side-chain would be 
oriented towards the receptor surface and that the introduction of a negative charge 
at position 20 obtained with the substitution with Glu, would inhibit the interaction 
with the PAC1 receptor. Accordingly, Kumar et al. [ 50 ] proposed a salt bridge 
between Lys 20  of PACAP and Glu 104  of PAC1 and this ionic interaction would stabilize 
the ligand–receptor complex. Nevertheless, such an interaction would not be essen-
tial for affi nity and activity, as demonstrated by the pharmacological effects obtained 
with [Gly 20 ]PACAP27 and [Ala 20 ]PACAP38 [ 29 ,  40 ]. 

 Further residue exchanges demonstrated that the switch of residue Tyr 22  to Lys 
produced a PACAP27 analog that was essentially recognized only by VPAC1 [ 44 ]. 
In addition, it was reported that [Ala 22 ]PACAP38 was mostly active at the PAC1 and 
VPAC1 sites, but not at VPAC2, with potencies being 11-fold and 2-fold lower than 
those of PACAP38 for the PAC1 and VPAC1 receptors, respectively [ 48 ]. In contrast, 
[Ala 22 ]PACAP(6–38) was described as a fragment that was not recognized by the 
PAC1 receptor [ 54 ]. Hence, this position seemed to favor VPAC1 selectivity, and this 
was supported by the results of Nicole et al. [ 45 ] who developed [Ala 12, 22, 28 ]VIP, a 
selective VPAC1 agonist. Studies on another tyrosine residue of PACAP demon-
strated that the simultaneous replacement of Tyr 10  and Ser 11  with a type II ( S -IBTM: 
2( S )-amino-3-oxohexahydroindolizino[8,7- b ]indole-5( S )-carboxylic acid) or II' 
( R -IBTM: 2( R )-amino-3-oxohexahydroindolizino[8,7- b ]indole-5( R )-carboxylic 
acid) β-turn dipeptide mimetic almost inhibited the binding affi nity of PACAP27 to 
PAC1 and effectively decreased it towards VPAC1, albeit the analog structure was 
only a little distorted compared to that of the parent molecule [ 51 ]. Also, Sun et al. 
[ 54 ] reported that the switch of Tyr 10  for Ala decreased the affi nity of PACAP(6–38) 
to PAC1 by only twofold, whereas Yung et al. [ 44 ] described [Lys 10 ]PACAP27 as a 
peptide for which bindings to the PAC1, VPAC1, and VPAC2 receptors were abol-
ished. So far, it is diffi cult to precisely determine the role of Tyr 10  in 
PACAP. Nevertheless, the data suggest that the Tyr 10  side-chain participates in an 
intramolecular interaction or to close contacts within the PACAP receptor. Moreover, 
PAC1, and to a lesser extent VPAC1, would not tolerate structural distortions, even 
subtle, in the position-10 region of the peptide molecule. 

 On the one hand, successive substitution of the cationic residues Arg 14  and Lys 15  
with Ala did not affect the potency of PACAP. Indeed, the analogs Ac-[Ala 14 , Ala 20 ]
PACAP38-propylamide and Ac-[Ala 15 , Ala 20 ]PACAP38-propylamide were at least 
as potent as Ac-PACAP38-propylamide, a derivative that showed binding and activity 
properties equal or even slightly better than PACAP38, while being resistant to DPP 
IV action [ 40 ]. In addition, Sun et al. [ 54 ] reported that [Ala 14 ]PACAP(6–38) 
retained a high affi nity for PAC1 while Kumar et al. [ 50 ] described [Ala 15 ]
PACAP(15–31) as a ligand with excellent binding properties for this receptor. 
On the other hand, alike to what was observed with the substitution of Lys 20  with 
Glu in PACAP27, the swap of Arg 14  with Glu practically abolished the binding to all 
three PACAP receptors [ 44 ]. In contrast, the incorporation of Glu at position 15 led 
to a substantial loss of affi nity of the related analog for VPAC1 (120-fold) but only 
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to moderate decreases (fi vefold) of binding towards PAC1 and VPAC2 [ 44 ]. Hence, 
Lys 15  could be a target for improving the selectivity of PACAP analogs. Replacement 
of Arg 30 , another cationic residue that would participate to the VPAC2 selectivity 
[ 44 ], showed that this position is rather tolerant to amino acid substitutions. For 
instance, it was observed that Ala could be introduced at position 30 in PACAP(6–38) 
and PACAP(15–31) without deleterious effects on PAC1 binding [ 50 ,  54 ]. 
Altogether, these results indicate that the helical segment of PACAP can tolerate 
modifi cations, as long as they do not involve a charge swapping at a cationic posi-
tion assumed to participate in an interaction with the receptor. Nonetheless, it seems 
that specifi c domains involved in receptor recognition are present in the helical 
region of PACAP. This is supported by the results of Bourgault et al. [ 42 ] who showed 
that the incorporation of an aminocaproic acid (Aca) spacer, designed to replace six 
amino acid residues at a time in the helical core [for example, PACAP(1–8)-
Aca-(15–27)], was inhibiting the activity and the binding affi nity of the correspond-
ing analogs, albeit the molecules maintained the propensity to adopt a partial α-helix 
structure in a membrane mimicking environment.   

    Molecular Structure of PACAP and Receptor Interaction 

 Structural analyses of PACAP, using biophysical and in silico methodologies such 
as nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopies 
as well as molecular modeling and dynamics, revealed key conformational arrange-
ments for this polypeptide. Thus, CD spectroscopy showed that PACAP is mostly 
disordered in aqueous solution [ 52 ,  55 ]. However, upon addition of structure- 
inducing co-solvents [for instance, methanol (MeOH) or trifl uoroethanol (TFE)] or 
micelles mimicking the membrane environment, the molecule exhibits an evident 
propensity to adopt an α-helix secondary structure [ 42 ,  52 ,  55 ]. This was reinforced 
by NMR data of PACAP isoforms and fragments demonstrating that the peptide 
contains a helical core, which varies in length depending on the medium used for 
the analysis [ 46 ,  51 – 56 ]. For instance, an α-helix spanning from residues 9–26 or 
7–27, with a discontinuity between Lys 20  and Lys 21  was reported when TFE was 
used as a co-solvent [ 51 ,  55 ]. In these studies, the results supported the presence of 
a helix that is preceded by an unstructured N-terminal segment. In an aqueous mix-
ture containing 25 % MeOH, the disordered N-terminal domain of PACAP27 was 
followed by two distinct structural regions, i.e., a β-turn-like bend (residues 9–12) 
and an α-helix encompassing amino acids 12–24 [ 52 ], characterized by a segment 
(residues 15–20) where the conformation was looser. When the NMR analysis of 
PACAP27 was carried out in a biomimetic environment obtained with dodecylphos-
phocholine micelles, the α-helix extended from the C-terminus to residue Ile 5  and 
the N-terminal tetrapeptide was freely moving and disordered [ 46 ,  56 ]. Noteworthy, 
Inooka et al. [ 56 ] reported for fragment PACAP(1-21) when bound to PAC1 that the 
region 8–21 forms an α-helix similar to that observed with micelle-bound PACAP27. 
However, in contrast to what was observed with the 27-amino acid isoform in 
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presence of micelles, residues 3–7 of PACAP(1-21) adopted a unique β-coil 
structure made by adjoining two β-turns, a type II' (Asp 3 –Gly 4 –Ile 5 –Phe 6 ) and a type 
I (Gly 4 –Ile 5 –Phe 6 –Thr 7 ), when the peptide was attached to the PAC1 receptor. This 
compact molecular arrangement would bring together residues Ile 5 , Phe 6 , and Tyr 10  
to form a hydrophobic cluster that could interact with a receptor hydrophobic patch 
or side chain. 

 NMR studies of PACAP38 revealed that the structure of its 1–27 segment over-
lays that of the 27-residue isoform, and that the 28–38 C-terminal extension exhibits 
a short helix (28–34) and is connected to the other part of the molecule through a 
fl exible hinge [ 55 ]. Wray et al. [ 55 ] also observed an absence of NOE connectivities 
between the amino acids of the central segment of human PACAP38 and those of 
the C-terminal tail, thereby suggesting an extended conformation. Interestingly, an 
NMR analysis carried out with the grass carp PACAP38 isoform, which possesses 
89 % sequence identity with the human ortholog, showed that the C-terminal 29–34 
helical stretch is in the vicinity of the central α-helix core, thus leading to a bent 
conformation similar to a “fi shhook” [ 57 ]. Finally, Sun et al. [ 54 ] reported that 
PACAP(6–38) adopts a helical structure when bound to the isolated N-terminal 
domain of PAC1, with a bend at the level of Ala 18 . This molecular organization 
would favor hydrophobic and electrostatic contacts (for instance, Tyr 10 , Arg 14 , and 
Lys 21 ) with residues of the N-terminal domain of PAC1. Such interactions were also 
depicted by Kumar et al. [ 50 ] who postulated the participation of the hydrophobic 
residues Val 19  and Val 26  of PACAP, together with a salt bridge involving Lys 20  of the 
ligand and Glu 104  of the receptor. So far, conformational analyses demonstrated that 
the overall secondary structure of PACAP exhibits a high homology with that 
observed for other members of the secretin/glucagon/GHRH superfamily, which 
display a random architecture for the N-terminal segment and an extended helical 
arrangement covering a large span of the molecule [ 16 ,  17 ,  25 ,  58 ]. 

 Even when performed in structure-inducing or membrane-mimicking environ-
ments, conformational studies suggested that the N-terminal segment of PACAP 
(His 1  to Gly 4 ) is disordered [ 46 ,  52 ,  55 ]. However, considering its essential role in 
biological activity, it most likely adopts a precise molecular arrangement upon bind-
ing to the receptor. Indeed, the Chou and Fasman’s empirical method predicts a 
β-turn for the sequence His 1 –Ser 2 –Asp 3 –Gly 4 . Also, Bourgault et al. [ 46 ] showed 
that the incorporation of turn-promoting residues such as D-amino acids, or Pro, 
Hyp, or Aib at position 2, produced potent agonists. Moreover, the NMR-NOESY 
spectrum of the potent and constraint agonist [Pro 2 ]PACAP27 exhibited the typical 
connectivities of a β-turn involving residues His 1  to Gly 4 . In addition, the group 
demonstrated that π-N-methylation of His 1  reduced drastically the effi cacy of 
PACAP27 and PACAP38 to activate PAC1, and the corresponding analogs behaved 
as weak partial agonists. This nitrogen atom of a His imidazole ring is frequently 
involved in a hydrogen bonding with the backbone amide proton of the third residue 
of a β-turn when His is at position 1 [ 59 ]. In particular, this type of bonding is 
observed in Asx-turns that are characterized by stabilization of the β-turn structure 
by two hydrogen bonds involving amino acids 1 and 3, and 2 and 4, respectively. Such 
a molecular organization was hypothesized for PACAP [ 46 ,  47 ] and is illustrated in 
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Fig.  8.1  (enlargement 3). As a matter of fact, because of the N-terminal sequence 
homology between PACAP and current members of the secretin/glucagon/GHRH 
peptide hormone superfamily, it was suggested that an Asx-turn would be crucial 
for receptor activation, not only for PACAP but also for other family members [ 16 ].

   Peptide ligands of class B-GPCRs would adopt a common helix N-capping motif 
that would constitute a fundamental element for receptor activation [ 21 ,  25 ]. This 
structure is frequently observed at the beginning of an α-helix, where it stabilizes 
the N-helical end through hydrogen bonds and hydrophobic interactions [ 60 ,  61 ]. In 
PACAP, this molecular arrangement (Fig.  8.1 , enlargement 2) would bring closely 
the Ile 5 , Phe 6 , and Tyr 10  side-chains to shape a hydrophobic cluster [ 56 ], and a 
hydrogen bond between the Thr 7  side-chain and the backbone amide proton of Tyr 10  
would strengthen the conformation [ 21 ]. Some results support the presence of an 
N-capping motif in PACAP, postulated to be a type IA because of its confi guration. 
For instance, replacement of Phe 6  with hydrophobic residues such as Tyr, Cha, Bip, 
and Nal did not alter signifi cantly the binding properties of PACAP analogs, whereas 
the introduction of Ala at position 6 reduced considerably the binding to all PACAP 
receptors [ 47 ]. However, as aforementioned, Sun et al. [ 54 ] reported that the switch 
of Tyr 10  for Ala decreased the affi nity of PACAP(6-38) to PAC1 by only twofold, 

  Fig. 8.1    Schematic representation of the “two-domain” model for receptor activation. (1) The 
helical segment of PACAP binds to the N-terminal extracellular domain of the receptor. (2) 
PACAP-receptor interaction favors the formation of a β-coil structure produced by adjoining a type 
II′ β-turn (residues Asp 3  to Phe 6 ) and a type I β-turn (residues Gly 4  to Thr 7 ). This coiled conforma-
tion, similar to a “helix N-capping” motif, creates a hydrophobic cluster. (3) As inferred from SAR 
studies and supported by structural analyses, the N-terminal tetrapeptide of PACAP (residues His 1  
to Gly 4 ) would adopt an Asx-turn-like conformation stabilized by hydrogen bonds       
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whereas Yung et al. [ 44 ] described [Lys 10 ]PACAP27 as a ligand for which bindings 
to the PAC1, VPAC1, and VPAC2 receptors were abolished. So far, it seems that the 
presence at position 10 of the non-bulky, nonpolar residue alanine, which is also a 
much better helix-stabilizer than tyrosine, thereby reinforcing the α-helix 
N-boundary, could preserve the ability of PACAP to adopt an N-capping motif. 
Lysine is also a much better helix-former than Tyr. Nonetheless, this cationic resi-
due would be too hydrophilic to promote a hydrophobic clustering. Noteworthy, it 
has been reported that Thr 7  in VIP represents a specifi c key pharmacophore for 
VPAC2 selectivity [ 62 ,  63 ]. Furthermore, the analog [Ala 7 ]PACAP38 showed affi n-
ity and activity as potent as that of the native molecule in PAC1 assays, while the 
analog [Ala 7 ]PACAP27 bound and activated effi ciently PAC1 and VPAC1, but 
exhibited very poor binding and almost no activation with VPAC2 [ 46 ,  47 ]. Hence, 
a key conformational feature for the PAC1 and VPAC1 receptors would be a hydro-
phobic cluster, for which structure consolidation through a hydrogen bond involv-
ing the hydroxyl group of Thr 7  and the Tyr 10  backbone amide proton would not be 
mandatory. Interestingly, using NMR, data for PACAP(1-21) bound to PAC1 were 
consistent with a hydrophobic clustering of amino acids 5, 6, and 10, while Thr 7  did 
not show the structural parameters expected for a participation in an N-capping 
arrangement [ 21 ,  56 ]. Therefore, taken together, the [Ala 7 ]PACAP27 pharmacologi-
cal results and the NMR spectroscopic data suggest that for PAC1 and VPAC1, an 
“N-capping-like” motif, characterized by the sole presence of a hydrophobic core, 
would be suffi cient for binding and biological activity. 

 Biological and conformational studies led to the identifi cation of three major 
structural domains in PACAP, i.e., a disordered/Asx-turn N-terminal tetrapeptide, 
an “N-capping-like” motif involving residues Ile 5  to Tyr 10 , and an α-helix spanning 
from position 7 or 9 up to the C-terminus. This peptide ligand topography is well 
adapted for the binding process described for the class B-GPCRs, which is known 
as the “two-domain” model [ 15 – 17 ,  20 ,  21 ]. As illustrated in Fig.  8.1 , the central 
and C-terminal segments of the peptide bind to the large extracellular N-terminal 
domain of the receptor and after this initial docking, the N-terminal portion of the 
ligand interacts with the juxtamembrane region of the receptor to initiate activation 
and intracellular signaling [ 15 ]. Accordingly, a study by Bergwitz et al. [ 64 ] demon-
strated that peptide hybrids of parathyroid hormone (PTH) and calcitonin (CT), 
which do not stimulate their wild-type class B receptors, could activate chimeric 
CT-PTH receptors. Moreover, C-terminal truncations of peptide ligands decrease 
the binding affi nity towards class B-GPCRs, whereas deletions of N-terminal 
 portions usually suppress their biological activity [ 29 ,  41 ,  42 ,  65 ,  66 ]. Finally, pho-
toaffi nity labeling studies carried out with various class B receptor ligands (PTH, 
CT, GLP-1, secretin, PACAP, VIP) generally supported the “two-domain” model 
[ 49 ,  67 – 85 ], although some particularities in the physical ligand–receptor interac-
tions were observed, especially with PACAP and VIP, suggesting that the binding 
domains of the PAC1, VPAC1, and VPAC2 receptors could slightly differ from 
those of the other class B-GPCRs [ 16 ].   

8 The Pharmacophoric Determinants of PACAP



126

    Conclusion 

 Biological and pharmacological studies have suggested that PACAP would be of 
therapeutic value for the treatment of several neurodegenerative and acute neuro-
logical disorders. Especially, its ability to prevent neuronal loss and its capacity to 
readily cross the BBB strongly support the potential of this peptide to be applied as 
a neuroprotective drug. Nonetheless, before considering its use, numerous physio-
logical characterizations are essential and in particular, it is crucial to develop selec-
tive pharmacological tools targeting the PACAP receptors. So far, mainly because 
of their two-domain topography, class B-GPCRs remain diffi cult targets for drug 
development, and identifi cation of small molecules that could mimic the biological 
actions of the peptide ligands was virtually unsuccessful. Nonetheless, a few non-
peptide antagonists were described, as reported for instance by Beebe et al. [ 86 ] 
who discovered hydrazide-based antagonists of the PAC1 receptor, and by Chu 
et al. [ 87 ] who identifi ed substituted pentanamide derivatives that exhibited VPAC2 
antagonism. On the one hand, according to Wu et al. [ 88 ], the hydrazide compounds 
would bind PAC1 at the boundary between the N-terminal extracellular domain and 
the receptor core formed by the 7-transmembrane helices (7TM) of the GPCR. On the 
other hand, the pentanamide-derived antagonists would interact with an allosteric 
site of the 7TM region and would act as noncompetitive inhibitors [ 87 ]. Given that 
PACAP agonists rather than antagonists are mostly needed for clinical applications, 
as described for some other class B receptor peptide ligands (CT, PTH, GLP-1) 
[ 15 ], it seems that PACAP- derived drugs would be most likely peptide compounds. 
Thus, the main challenge is to develop stable, potent and selective agonists towards 
the PACAP receptors. Moreover, if CNS actions are required, the molecules should 
be able to cross the BBB. The rational design of such peptide derivatives relies 
on SAR studies that provide information about the signifi cant pharmacophoric 
elements for binding affi nity and activation of the PAC1, VPAC1, and VPAC2 
receptors. Thus far, many reports already described some selective agonists and 
antagonists for the PACAP/VIP receptors [ 3 ,  18 ,  20 ,  26 ], albeit some data, such as 
those about the selectivity of PACAP(6–38) or PG-99–465, an N-myristoylated 
VIP-derived analog, were subsequently revisited following further characterizations 
[ 87 ,  89 ]. The present review described numerous conformational and physicochem-
ical features related to PACAP. Those key fi ndings were obtained using various 
strategies, including single-point substitutions, conformational constraints and 
identifi cation of enzymatic cleavage sites in PACAP. When applied to the design of 
pharmacological tools, agonists showing a clear preference for the PAC1/VPAC1 
receptors, such as [Ala 7 ]PACAP27, [Ala 7 ]PACAP38, [Pro 2 ]PACAP27, and [Ala 22 ]
PACAP38 were produced [ 46 – 48 ]. Moreover, a metabolically stable analog, 
Ac-[Phe( p -I) 6 , Nle 17 ]PACAP27, was shown to protect in vivo, as potently as 
PACAP38, the dopaminergic neurons of the  substantia nigra  against cell death 
induced by a neurotoxic agent, but with a signifi cantly decreased hypotensive side 
effect, compared to the native 38-amino acid isoform [ 90 ]. Interestingly, probably 
through a VPAC1 activation, this PACAP analog also reduced the production of 
pro-infl ammatory cytokines, thereby indicating that a simultaneous action on PAC1 

A. Fournier et al.



127

and VPAC1 could be a better approach to treat neurodegenerative and neurological 
disorders. So far, no complete PAC1 selectivity was still attained. Nevertheless, 
analogs displaying a predominant preference for this receptor were reported in the 
literature [ 47 ,  48 ]. For instance, [Hyp 2 ]PACAP27 exhibited pEC 50  of 8.21 and 7.03 
for PAC1 and VPAC1, respectively, while showing no activity in the VPAC2 assay 
(it binds though VPAC2 with a pIC 50  of 6.89) [ 47 ]. Similarly, [Bip 6 ]PACAP27 dis-
played pEC 50  of 9.23, 7.33, and 7.09 for PAC1, VPAC1, and VPAC2, respectively 
[ 47 ]. Also, the analog [Ala 22 ]PACAP38 showed pEC 50  of 9.49, 8.97, and 6.55, and 
affi nities corresponding to pIC 50  of 8.43, 7.76, and >6 for the three PACAP recep-
tors [ 48 ]. Therefore, current data are promising for developing selective PAC1 ago-
nists. However, particular attention will have to be paid because the PAC1 receptor 
is expressed in a large set of splice variants that exhibit various affi nities for the 
PACAP isoforms and different abilities to activate intracellular signaling cascades 
[ 3 ,  18 ,  48 ]. Hence, depending on the tissues and the PAC1 splice variants that are 
involved, the selectivity of PAC1 agonists might vary signifi cantly.
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    Chapter 9   
 PACAP-Derived Carriers: Mechanisms and 
Applications                     

     David     Chatenet     ,     Alain     Fournier    , and     Steve     Bourgault   

    Abstract     One of the main problems in therapeutic effi ciency lies in the crossing of 
physiological barriers and cellular membranes. Therefore, signifi cant efforts have 
been made to develop agents that cross these barriers and deliver therapeutic agents 
into intracellular compartments. In recent years, a large amount of data on the use 
of peptides as delivery agents has accumulated. Among the known cell-penetrating 
peptides (CPP), sequences derived from the native peptide hormone pituitary ade-
nylate cyclase-activating polypeptide (PACAP) have recently proven to translocate 
different bioactive molecules across cellular membranes. PACAP, a hypophysiotro-
pic neurohormone, participates in the regulation of multiple functions. The recent 
discovery of intracellular PACAP receptors in the brain and the testis as well as the 
physicochemical characteristics of PACAP, i.e., extended α-helix containing basic 
residues, prompted the evaluation of its cell-penetrating properties in a receptor- 
independent manner. In this review, we cover the current knowledge concerning the 
structural requirements, mechanistic assumptions, and metabolic features of these 
peptides as well as experiments demonstrating their unique carrier potential.  

  Keywords     Pituitary adenylate cyclase-activating polypeptide   •   Cell-penetrating 
peptide   •   Glucosaminoglycan   •   Drug delivery   •   Metabolic stability   •   Cell transfection   
•   Endocytosis   •   Non-covalent delivery system   •   Intracrine  
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  Abbreviations 

   BBB    Blood–brain barrier   
  BiFC    Bimolecular fl uorescence complementation   
  cAMP    Cyclic adenosine monophosphate   
  CNS    Central nervous system   
  CPP    Cell-penetrating peptides   
  Disc    1,3-dihydro-2H-isoindole carboxylic acid   
  DPC    Dodecylphosphocholine   
  DPP IV    Dipeptidylpeptidase IV   
  FITC    Fluorescein isothiocyanate   
  GAGs    Glycosaminoglycans   
  GPCR    G protein-coupled receptors   
  hCT    Human calcitonin   
  LDH    Lactate dehydrogenase   
  MTT    3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide   
  NEP    Neutral endopeptidase   
  PAC1    Pituitary adenylate cyclase-activating polypeptide type 1 receptor   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PACAP27    27-amino acid isoform of PACAP   
  PACAP38    38-amino acid isoform of PACAP   
  PTS-6    Peptide transport system-6   
  VIP    Vasoactive intestinal peptide   
  VPAC1    VIP/PACAP type 1 receptor   
  VPAC2    VIP/PACAP type 2 receptor   

        Introduction 

 Advances in genomics, biotechnology, and chemistry have led to an important 
increase in the identifi cation and design of potent therapeutic and diagnostic mole-
cules that interact with intracellular targets [ 1 ,  2 ]. Unfortunately, their inability to 
reach the cytoplasm due to their low cell membrane permeability precludes their 
usage into the clinic. Drug delivery systems are therefore representing a cornerstone 
in biomedical development. Several techniques have been developed to address the 
issue of effi cient drug delivery, including physical methods that mainly consist of 
photo-, magnetic-, thermal-, ultrasound-, and electrical-based modulation systems 
[ 3 ], chemical approaches including liposomes [ 4 ] as well as pathways adopted from 
nature, e.g., receptor-mediated endocytosis [ 5 ] or viral delivery systems [ 6 ]. However, 
these approaches are largely if not exclusively limited to in vitro system due to their 
limited effi ciencies or their severe toxic or immunogenic effects [ 7 ,  8 ]. 
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 Initially originating from transcription factor domain, cell-penetrating peptides 
(CPP) are now widely recognized as prominent drug delivery systems. The term 
CPP represents a collective denomination that comprises a growing number of 
short, generally polycationic peptides (10–30 amino acid residues in length) and/or 
amphipathic water-soluble peptides rich in basic amino acids, which are all able to 
translocate not only themselves but also macromolecular cargoes across biological 
membranes [ 7 ]. 

 CPPs are classifi ed according to their origin. For instance, the fi rst CPPs were 
truncated versions of full-length proteins. Indeed, initial observation that homeodo-
mains and homeodomain-containing proteins enter live cells through a receptor- or 
energy-independent mechanism has paved the way toward the identifi cation of CPP 
with the discovery of penetratin, derived from the third α-helix of the Antennapedia 
homeodomain, VP22, derived from the transduction domain of the herpes simplex 
virus type 1 [ 9 ] and the trans-activating transcriptional activator (TAT), derived 
from the human immunodefi ciency virus 1 (HIV-1) [ 10 ]. More recently, new cell- 
penetrating peptides derived from the N-terminal region of the X-protein of hepati-
tis B virus (Xentry) [ 11 ] and the fl ock house virus [ 12 ] have been described. Later, 
it was observed that the combination of different proteins could lead to chimeric 
peptides that can also have cell-penetrating properties [ 13 ]. For instance, transpor-
tan, a 27-amino acid peptide, contains 12 functional amino acids from the amino 
terminus of the neuropeptide galanin, connected via a lysine residue to mastoparan 
(a peptide derived from the venom of the  Vespula lewisii  wasp) [ 14 ]. Owing to the 
emergence of CPPs from natural or unnatural proteins, as well as from chimeric 
sequences, various research groups have developed, using predictive algorithms and 
rational design strategies, purely synthetic sequences that can translocate within cell 
cytoplasm [ 1 ]. Finally, the last class of CPPs is represented by polyarginine 
peptides, i.e., R9, or amphipathic peptides, i.e., model amphipathic peptide (MAP) 
[ 2 ]. The latter group can be further divided into primary amphipathic CPPs such as 
Pep-1 and pVEC, secondary amphipathic α-helical CPPs such as human calcitonin, 
β-sheet amphipathic CPPs like VT5, and proline-rich CPPs including Bac7 [ 15 ]. 
Interestingly, over the past decades, various endogenous ligands of G protein- 
coupled receptors have also been characterized as potential CPPs. Notably, dynor-
phins, which are endogenous ligands of the k-opioid receptors, are short and highly 
basic peptides that can translocate across plasma membranes of live neurons and 
non-neural cells [ 16 ]. Numerous studies have shown that human calcitonin (hCT), 
a 32-amino acid peptide involved in calcium homeostasis, and selected C-terminal 
sequences translocate in nasal epithelium therefore opening new vistas toward the 
development of hCT-derived CPPs [ 17 ]. In this review, we summarize and discuss 
the current knowledge of a new member of this class of CPPs derived from the 
human pituitary adenylate cyclase-activating polypeptide (PACAP). Furthermore, 
the mechanism of cellular uptake is described, and examples are also provided for 
the applications of these peptides as effi cient cargo transporters.  
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    Origins of PACAP-Derived Cell-Penetrating Peptides 

 The pituitary adenylate cyclase-activating polypeptide was originally isolated from 
ovine hypothalamic extracts on the basis of its ability to stimulate cyclic adenosine 
monophosphate (cAMP) production in cultured rat anterior pituitary cells [ 18 ]. This 
endogenous ligand exists in two isoforms of 38 (PACAP38) and 27 (PACAP27) 
amino acids; the latter originating from the internal cleavage of PACAP38 (Gly 28 –
Lys 29 –Arg 30 ) [ 19 ]. These two biologically active peptides have been almost totally 
conserved during evolution, from fi sh to mammals [ 20 ]. The only exception, the 
positively charged C-terminal extension, i.e., PACAP(28-38), which is not essential 
for the biological activity of the peptide, is more variable [ 20 ]. However, the strong 
preservation of the N-terminal primary sequence (residues 1–27) of PACAP through-
out evolution clearly supports an important role of this region for its biological activ-
ity. Both isoforms are widely distributed in the central nervous system (CNS) and in 
peripheral tissues [ 20 ] but differences between PACAP38 and PACAP27 in terms of 
abundance have been reported [ 20 ]. PACAP isoforms exert a large range of activities, 
including functions as a hypophysiotropic hormone, a neuromodulator, and a neuro-
trophic factor [ 21 – 23 ], and all these actions are mediated by the activation of three B 
family G protein-coupled receptors (GPCR) ubiquitously expressed in the CNS and 
in peripheral tissues [ 20 ]. The PACAP type 1 (PAC1) receptors exhibit a high affi nity 
and specifi city for PACAP whereas the VIP/PACAP type 1 (VPAC1) and type 2 
(VPAC2) receptors have similar affi nity for PACAP and the vasoactive intestinal 
peptide (VIP) [ 20 ]. Over the years, PACAP and its cognate receptors have been abun-
dantly investigated for their potential role as apoptosis and infl ammatory regulators. 
Particularly, PACAP, which can cross the blood–brain barrier (BBB), is well recog-
nized for its neuroprotective action through PAC1 receptor activation and caspase-3 
inhibition [ 20 ,  24 ,  25 ]. Worth to mention, over the past decade, PACAP derivatives 
have been studied for the treatment of brain and spinal cord traumas as well as 
neurodegenerative diseases, including Alzheimer’s and Parkinson’s disorders [ 20 ]. 

 Until recently, GPCRs were only regarded as plasma membrane proteins modulating 
the activity of membrane-associated second messengers. However, the discovery of 
functional intracellular receptors within different cytoplasmic organelles, including 
the nucleus and the mitochondria, has almost become “a classic GPCR paradigm” 
[ 26 ]. These intracellular GPCRs are believed to be involved in the control of several 
processes including regulation of gene transcription, ion homeostasis, as well as 
cellular proliferation and remodeling [ 26 ]. Their mode of activation is still hypo-
thetical but could involve ligands internalized from the extracellular space in a 
receptor-dependent or -independent manner, or synthesized within the cell. Known 
as “intracrine,” these ligands relate to intracellular molecules binding to and activating 
intracellular receptors [ 27 ]. 

 In recent years, various reports revealed the existence of functional nuclear 
PACAP receptors in testicular germ cells [ 28 ,  29 ], human breast cancer cells [ 30 ], 
human colonic adenocarcinoma cells [ 31 ], as well as in various tissue extracts [ 32 ]. 
Notably, higher levels of PACAP binding sites were observed in cytosolic and 
nuclear spermatid-enriched fractions while such binding sites were almost inexistent 
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in membrane extracts [ 29 ]. Interestingly, it was later demonstrated, using bimolecular 
fl uorescence complementation (BiFC) combined with fl uorescence confocal 
microscopy image, that PAC1 receptors present at the nucleus were in fact PAC1 
dimers [ 33 ]. Currently, it is believed that distinct functions of PAC1 dimers present 
on the membranes and the nucleus are the reasons why PACAP often displays “bell 
shape” actions and that a concentration threshold is necessary to activate those 
nuclear receptors [ 33 ]. At low concentration, PACAP triggers the activation of mem-
brane receptors, while at high concentration, its effects are probably also mediated by 
the activation of nuclear PAC1. Altogether, these data strongly suggested the possi-
bility that PACAP could act as an intracrine factor. While receptor- mediated endocy-
tosis followed by endosomal escape could represent a possible way for PACAP to 
enter within the internal cell compartment, the helical amphipathic structure of 
PACAP as well as its high content in cationic amino acids (11 residues in PACAP38) 
motivated our groups to investigate the cell-penetrating properties of this peptide and 
some related fragments [ 32 ,  34 ,  35 ].  

    PACAP and [Arg 17 ]PACAP(11–38): The First PACAP- Related 
Cell-Penetrating Peptides 

 Based on the propensity of PACAP38 to interact with the cellular membrane [ 36 ], 
its amphipathic character, and the numerous basic residues dispersed throughout its 
C-terminal helical domain [ 37 ,  38 ], it was highly conceivable that PACAP38 could 
cross the plasma membrane in a receptor-independent manner, as observed with 
human calcitonin, a peptide belonging to the same family [ 39 ]. The data presented 
herein summarize the current knowledge regarding the mechanistic and structural 
understanding of the action of PACAP38, PACAP27, and related analogs as potent 
cell-penetrating peptides. Furthermore, approaches aimed at improving their meta-
bolic stability are discussed, as well as the potential of such peptides to cross the 
blood–brain barrier. Finally, we present studies using PACAP38 and its inactive 
analog [Arg 17 ]PACAP(11–38) as delivery vectors for cargoes. 

 Studies investigating the cell-penetrating potential of any supposed CPP generally 
rely on fl uorescence microscopy as well as fl ow cytometry with peptides to which a 
fl uorescent probe is covalently attached. To avoid an artefactual redistribution of the 
membrane bound fl uorescent peptides into the cytoplasm and nucleus caused by the 
fi xation step [ 40 ], peptide uptake evaluation should be performed in living cells. 
Finally, to prevent the over-interpretation resulting from the insuffi cient discrimina-
tion between cell membrane-associated fl uorescence and internalized fl uorescence, 
proteolytic digestion or quenching steps should be included in the experimental pro-
tocol before CPP internalization is evaluated by fl ow cytometry and microscopy. 
Consequently, nowadays, all studies investigating the cellular uptake of PACAP or its 
derivatives take under consideration these different problems. 

 First internalization studies with both PACAP isoforms were conducted using 
CHO-K1 cells, a cell line that does not express PACAP receptors, as demonstrated 
by competitive binding assays [ 32 ]. Confocal microscopy experiments initially 
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revealed the ability of both PACAP isoforms to cross the plasma membrane in a 
receptor-independent fashion. This effect was not associated with cell death or pore 
forming since no variation in MTT assay or LDH release was recorded. Subsequent 
experiments involving inactive analogs of PACAP38, i.e., [Disc 6 ]PACAP38 and 
[Arg 17 ]PACAP(11–38) [ 34 ,  37 ], confi rmed the absence of participation of the recep-
tors in the cellular uptake. Indeed, while these derivatives were unable to effi ciently 
bind PACAP receptors, they were still able to massively enter within the cell. The 
fl uorescent signal associated with each PACAP isoform as well as their related ana-
logs was detected in the cytoplasm and the nucleus as a mixed distribution, punctu-
ated (cytoplasm) and homogeneous, that could refl ect the involvement of multiple 
uptake mechanisms [ 32 ,  34 ]. However, the inability of [Disc 6 ]PACAP27 or 
PACAP27 to modify signifi cantly the uptake of PACAP27 demonstrated the non- 
saturable character of this uptake and therefore a PACAP receptor-independent 
endocytotic mechanism of action [ 32 ]. Interestingly, the uptake effi ciency of both 
PACAP isoforms, which increases in a concentration-dependent manner, was gen-
erally 3 times higher for PACAP38 than for PACAP27, as assessed by fl ow cytom-
etry [ 32 ]. Accordingly, using a physiological concentration of radiolabeled 
PACAP27 or PACAP38 (50 pM), it was observed that these neuropeptides quickly 
enter into cells via direct translocation, making these peptides available to interact 
with their intracellular endogenous receptors [ 32 ,  33 ]. Overall, these differences 
between PACAP27 and PACAP38 pointed toward a critical role of the C-terminal 
PACAP(28-38) segment for an effi cient translocation of the peptide across the 
plasma membrane. Hence, previous studies have highlighted the propensity of this 
segment to interact with the phospholipid membrane in order to facilitate the inter-
action of the peptide with its cognate receptors [ 37 ]. Surprisingly, the segment 
PACAP(28-38), which possesses 6 basic residues and a helical secondary structure, 
showed no cell-penetrating properties [ 32 ]. Over the years, differences in CPP 
translocation between “leaky” and “non-leaky” cells were demonstrated. For 
instance, HeLa cells lack the ability to form tight junctions and therefore, they pos-
sess a highly permeable layer compared for instance to MDCK cells [ 41 ,  42 ]. While 
similar results, i.e., cellular uptake and distribution, were observed with PACAP27 
and PACAP38 in HEK-293 and HeLa cells, uptake effi ciency was different based 
on the cellular background [ 32 ,  34 ]. In conclusion, PACAP and its related analogs 
were shown to internalize in different cell lines in a concentration-, temperature-, 
and time-dependent manner following a receptor-independent, endocytotic uptake.  

    PACAP Structural Aspects and Internalization Properties 

 PACAP38 sequence (HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK) 
includes an internal cleavage amidation site (Gly 28 -Lys 29 -Arg 30 ) leading to the forma-
tion of the N-terminal 27-residue sequence of PACAP38 that was named PACAP27 
[ 20 ]. PACAP27 shows a high sequence identity with vasoactive intestinal polypeptide 
(VIP), thus identifying PACAP as a member of the secretin/glucagon/growth 
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hormone- releasing hormone (GHRH) superfamily. Alignment of the amino acid 
sequences of the peptides from the secretin-glucagon-GHRH superfamily shows a 
strong homology at the N-terminal domain [ 37 ]. Analysis of PACAP38 primary 
structure reveals the high cationic nature of the peptide, which displays a net charge 
of +10 at physiological pH. Particularly, the 29-38 C-terminal segment includes 6 
basic residues, conferring an unusually polycationic-rich domain for a natural poly-
peptide. Both PACAP isoforms do not show any specifi c conformation in aqueous 
solution whereas in structure-inducing environments, such as some water-miscible 
organic solvents or lipid micelles, these peptides exhibit a clear propensity to adopt 
an α-helical conformation. Indeed, conformational analyses have indicated that the 
secondary structure of PACAP27 is mainly characterized by an α-helix, for which 
the length varies in function of the milieu used for the spectroscopic analysis. The 
conformation of the 1–27 segment of PACAP38 superimposes that of PACAP27, 
and the C-terminal extension (28-38) exhibits a short helix connected to the 1-27 
region by a fl exible hinge [ 43 ]. The secondary structure of PACAP in a membrane- 
mimicking environment is similar to those described for other members of the 
secretin/glucagon/GHRH superfamily [ 24 ]. Overall, the high polycationic nature of 
PACAP as well as its environment-induced helical conformation constitute key ele-
ments to its unique cell-penetrating properties. 

 According to their physicochemical and structural properties, CPPs can be clas-
sifi ed into three major classes: (1) cationic, (2) amphipathic and (3) hydrophobic 
[ 44 ]. Cationic CPPs are usually short peptides that are rich in arginine and lysine 
residues. Polyarginine CPPs tend to have a better uptake profi le in comparison to 
polylysine peptides. The fi rst CPP discovered more than 25 years ago was a cationic 
peptide derived from the HIV-1 protein TAT [ 45 ]. Amphipathic CPPs, which can be 
further divided into four classes (i.e., primary amphipathic α-helical, secondary 
amphipathic α-helical, β-sheet amphipathic and proline-rich amphipatic), are com-
posed of hydrophobic and hydrophilic domains that are both necessary for peptide 
translocation. 

 Finally, hydrophobic CPPs are mainly composed of apolar amino acids and have 
a low net charge, usually less than 20 % of the peptide sequence [ 44 ]. Over the last 
two decades, numerous studies have been conducted in order to delineate the molec-
ular basis of the cell-penetrating properties of CPPs according to their physico-
chemical and conformational properties, because CPPs usually reach the intracellular 
space by a combination of mechanisms. These processes can be divided into two 
main categories: endocytosis (active transport) and direct translocation across the 
plasma membrane (passive diffusion) [ 2 ]. Direct translocation of CPPs, which is 
still today the matter of controversial debates, involves the destabilization of the 
plasma membrane integrity by the peptide in a temperature- and energy- independent 
manner. This passive mechanism is usually ascribed to the uptake occurring at 4 °C 
and/or in absence of active transport, i.e., in ATP depletion conditions [ 2 ,  46 ]. 
Different models have been suggested to explain the passive translocation of CPPs 
across the lipid bilayer, including pore formation and adaptive translocation, as well 
as the barrel-stave and inverted micelle formations [ 2 ]. Besides, active transport of 
CPPs from the extracellular space to the cytoplasmic environment takes place via a 
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common and naturally occurring process known as endocytosis. Studies have shown 
that CPPs usually use a combination of inter-connected endocytic routes such as 
micropinocytosis and phagocytosis, as well as clathrin-mediated and caveolae- 
mediated endocytosis [ 2 ]. Experimentally, the distinction between the different 
pathways of active uptake is generally performed using chemical inhibitors of 
endocytic routes, although these compounds are known for their somewhat low 
specifi city and cytotoxicity. 

 The mechanism of PACAP cellular entry was initially investigated by evaluat-
ing whether uptake is temperature- and/or energy-dependent. By performing the 
cellular uptake assay at 4 °C or in the presence of sodium azide and 2-deoxy-
 D -glucose as ATP depletors, it was observed that both PACAP isoforms can reach 
the intracellular space, although the uptake was reduced by 80 % [ 32 ]. This indi-
cates that PACAP cellular uptake is mainly mediated by endocytosis while direct 
translocation contributes to a lesser extent. The involvement of different endocytic 
pathways in PACAP uptake was evaluated by studying the extent of peptide inter-
nalization in the presence of classical inhibitors targeting specifi c endocytic mecha-
nisms. It was shown that calveolae-mediated endocytosis does not contribute 
signifi cantly whereas inhibition of clathrin-mediated endocytosis with chlorproma-
zine led to a 40 % decrease of PACAP uptake [ 32 ]. Moreover, pretreatment of cells 
with amiloride, a macropinocytosis inhibitor, caused a marked reduction in cellular 
uptake, indicating that the internalization of both PACAP isoforms is also depen-
dent of the macropinocytosis pathway. Thus, as observed for other cationic CPPs, 
PACAP uptake does not rely on a unique cell entry mechanism but rather depends 
on process involving multiple pathways, including direct translocation, clathrin- 
mediated endocytosis, and micropinocytosis. 

 PACAP38 encompasses 11 basic residues, i.e., 4 arginine and 7 lysine residues, 
conferring a high polycationic nature to this peptide. Moreover, in a membrane- 
mimicking environment such as dodecylphosphocholine (DPC) micelles, this pep-
tide readily adopts a helical structure spanning approximately from residues Thr-7 
to the C-terminus [ 24 ]. Although PACAP38 displays a partial amphipathic charac-
ter, helical wheel representation of this putative helical segment shows that the cat-
ionic residue side-chains are dispersed on both sides of the α-helix [ 35 ]. For cationic 
CPPs, it has been described that membrane-associated glycosaminoglycans (GAGs) 
contribute signifi cantly to their cellular uptake [ 47 ]. GAGs, including heparan sul-
fate and chondroitin sulfate, are long and linear polysaccharides composed of 
repeating disaccharide units and some GAGs can contain up to 150 repeating 
 disaccharide units. They are abundant on the outer leafl et of the plasma membrane 
of every cell type of metazoan organisms where they are O-linked to the protein 
core of proteoglycans. Owing to their high content in carboxyl and sulfate groups, 
GAGs are highly negatively charged biopolymers that constitute a major reservoir 
of polyanions surrounding cells. Accordingly, it was postulated that cationic CPPs 
could bind electrostatically to the sugar domains of proteoglycans allowing the initial 
adsorption to the plasma membrane; thus favoring and/or mediating the endocytosis 
of positively charged peptides. It has been proposed that the roles of GAGs in the 
endocytosis of CPPs could be ascribed to either (1) GAGs clustering upon peptide 
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binding, (2) co-clustering of a receptor and GAGs upon CPP binding, and/or (3) 
GAGs mediating peptide adsorption to the plasma membrane and bringing it in the 
vicinity of a receptor that mediates endocytosis [ 47 ]. In this context, the roles of cell 
surface GAGs in the adsorption of PACAP38 to the plasma membrane and its subse-
quent uptake has been recently investigated. As reported for other cationic CPPs, it 
was observed by means of heparan and chondroitin sulfate defi cient cells (CHO pgs-
A-745) and heparinase treatment, that cell surface GAGs play a key role in the cel-
lular uptake of PACAP38 [ 35 ]. As a matter of fact, CHO pgs-A-745 cells, which 
are defi cient in xylosyltransferase [ 48 ], an enzyme that catalyzes the transfer of a 
 D -xylosyl group to the side-chain of serine residues of proteoglycans, showed a 
two- to threefold lower uptake of PACAP38 compared to their unmuted CHO-K1 
counterpart. It was also observed that plasma membrane adsorption of PACAP38 
(4 °C, 15 min) was higher in wild type (WT) CHO-K1 cells than in CHO pgs-A-745 
[ 35 ]. Interestingly, the binding of PACAP to heparin, employed as a model of the 
sulfated domains of heparan sulfate proteoglycans, induced a conformational tran-
sition of the peptide from a random coil to a α-helical secondary structure [ 35 ]. 
The contribution of this structural change in the cellular uptake of PACAP in the 
context of GAGs-mediated endocytosis was addressed by means of conformation-
ally restricted PACAP derivatives. Thus, PACAP38 analogs in which two or three 
pairs of adjacent residues were substituted with their corresponding D-enantiomers 
were developed and their cellular uptake was measured in CHO-K1 and CHO pgs-
A-745 cells. Double D-substitutions introduced into the putative helical region of 
PACAP resulted in local disturbance of the helical structure, without modifying 
other properties of the peptide such as hydrophobicity and net charge. In CHO-K1 
cells, these helix-perturbed PACAP derivatives were signifi cantly less internalized 
compared to PACAP38, with relative cellular uptakes varying between 10 and 
20 % of that of PACAP38 [ 35 ]. In contrast, in GAGs-defective CHO cells, the 
uptake effi cacies of the doubly D-substituted PACAP analogs were between 60 and 
80 % of that of WT PACAP. Thus, the lower extent of uptake of PACAP D,D-
derivatives in CHO-K1 cells, in contrast to pgs-A-745 cells, indicates that the ran-
dom coil-to-α-helix conformational conversion is critical for GAGs-mediated 
endocytosis whereas GAGs- independent internalization is less affected by the ran-
dom coil structure of PACAP.  

    Cargo Delivery 

 Yet a few studies have demonstrated that PACAP and its related analogs can medi-
ate cargo delivery. First of all, the internalization studies carried out with fl uorescein- 
labeled peptides showed that fl uorophores are small cargoes that are easily 
internalized. Nonetheless, due to the presence of a high number of basic amino 
acids (net charge of +10), PACAP38 and [Arg 17 ]PACAP(11–38) provide the possi-
bility of simple non-covalent complexation of a cargo, as reported for some CPPs 
such as calcitonin [ 17 ]. Thus, PACAP-based cellular delivery vectors would enable 
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the use of covalent or non-covalent strategies for the delivery of a wide range of 
cargoes such as plasmid DNAs, small interfering RNAs, drugs, nanoparticulate 
pharmaceutical carriers, and anticancer medications. 

 Doan et al. initially demonstrated the potential as a carrier peptide of [Arg 17 ]
PACAP(11–38), an inactive analog of PACAP38, by translocating fl uorescein, a 
hydrophilic impermeable dye, and a non-permeable peptide aptamer, i.e., Id1/3-PA7 
[ 49 ], known to induce cell cycle arrest. While the fl uorescent probe was attached at 
the CPP N-terminus through an amide bond, the Id1/3-PA7 and [Arg 17 ]PACAP(11–
38) peptides were fused using a disulfi de bridge [ 34 ]. The use of a Cys–Cys bond 
was ensuring the release of the bioactive molecule within the reducing environment 
of the cytoplasm. Another example for the successful application of this PACAP- 
based CPP was the transfer of Alexa Fluor ®  568-labeled streptavidin using biotinyl-
ated analogs of PACAP38 and [Arg 17 ]PACAP(11–38). Hence, these examples 
highlighted the possibility of using covalent or non-covalent strategies with this 
derivative for the effi cient delivery of cargoes of variable sizes. Current methods of 
gene delivery, including viral and nonviral systems (lipoplexes, polyplexes) as well 
as physical techniques like electroporation, have some limitations that prevent their 
effective use. Since PACAP and its derivatives share some properties similar to 
poly/lipoplexes, like their cationic nature and high cellular association, it was 
postulated that they could serve as good DNA or oligonucleotide delivery agents. 
Also, because nuclear delivery is necessary for biological activity, the nuclear local-
ization property of PACAP and its analogs could be exploited for this purpose. One 
study using [Arg 17 ]PACAP(11–38) to complex with DNA, and more particularly to 
the green fl uorescent protein (GFP) plasmid, showed similar effi ciency in transfec-
tion, as compared to the commonly used LipofectamineTM method. Worth to men-
tion, no cell death was observed with [Arg 17 ]PACAP(11–38) compared to 
Lipofectamine TM (almost 40 %) [ 34 ]. Gene regulation at the RNA level using 
siRNA, ribozymes or antisense oligonucleotide analogs, does not require nuclear 
uptake. Nonetheless, cellular uptake is necessary but it is limited by the negatively 
charged nature of the oligonucleotides. As such, non-covalent strategies often 
appear more suitable for their delivery [ 50 ]. Hence, using a fl uorescently labeled 
ribozyme and [Arg 17 ]PACAP(11–38), Doan et al. also demonstrated a concentration-
dependent increase of the ribozyme cellular uptake. Altogether, those investigations 
have highlighted the cell-penetrating properties of [Arg 17 ]PACAP(11–38) and 
revealed its potency and usability to successfully deliver, via covalent or non-covalent 
strategies, various cargoes including peptides (Id1/3-PA7), proteins (streptavidin), 
and polynucleotides (fl uorescein-labeled ribozyme and GFP plasmid); thereby 
illustrating the cell penetration potency and versatility of PACAP-based CPPs.  

    Transport of PACAP Across Physiological Barriers 

 Among endogenous peptidic (neuro)hormones, PACAP is not only unique for its 
capacity to translocate plasma membrane, but also for its unusually high ability to 
cross physiological barriers, including the blood–testis barrier [ 51 ] and the BBB [ 52 ]. 
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In particular, the BBB is a highly selective barrier composed of endothelial cells and 
astrocytes that separate the CNS from the blood stream. On the one hand, this bar-
rier allows the passive diffusion of small lipidic molecules, salts and water as well 
as the selective transport of metabolically important biomolecules, such as amino 
acids and glucose. On the other hand, this barrier prevents the entry of various 
(macro)molecules and microorganisms into the brain. While the BBB plays vital 
physiological roles to preserve the homeostasis of the CNS and protects the brain 
from neurotoxins, it precludes the delivery of most therapeutic and diagnostic mol-
ecules in the CNS to treat or detect brain-related diseases. Thus, over the last 
decades, several molecules have been identifi ed and/or developed as carriers in 
order to overcome the diffi culty of delivering therapeutic agents to the CNS. Among 
possible molecular shuttles, numerous peptides have received a great deal of atten-
tion for their capacity to cross the BBB through various mechanisms. The majority 
of these peptides displaying a relevant BBB-penetrating capacity are transported from 
the blood circulation to the brain by means of transcytosis initiated by an interaction 
with specifi c receptor located on the endothelial cell surface [ 53 ]. It was reported that 
both PACAP isoforms readily cross the BBB in both directions, although they employ 
different mechanisms. PACAP38 enters the CNS by means of the specifi c peptide 
transporter system-6 (PTS-6) whereas PACAP27 crosses the BBB by passive diffu-
sion [ 52 ]. Particularly, the infl ux of PACAP38 from the blood circulation into the CNS 
is very high. For instance, it is the highest among peptides of the secretin/glucagon/
GHRH superfamily, and it is even higher than the infl ux reported for the small thera-
peutic molecule morphine [ 52 ,  54 ]. This relatively high CNS infl ux of PACAP38 is 
most likely related to the fact that this neuropeptide is the only member of the secretin/
glucagon/GHRH superfamily to enter the brain by means of a specifi c saturable trans-
port system [ 54 ]. Interestingly, PACAP38 crosses the BBB faster at the hippocampus 
and hypothalamus brain region and this characteristic can be related to the strong 
neuroprotective effect of PACAP on hippocampal neurons after i.v. injection [ 55 ,  56 ]. 
Similarly, it was reported that after a neurological insult, such as a stroke, the PACAP 
infl ux in the CNS is increased and this effect is not connected to a disruption of the 
BBB but rather to an increase activity of the PTS-6 transporter [ 57 ,  58 ]. Overall, these 
data indicate that PACAP38 derivatives, inactive towards specifi c GPCRs and with 
enhanced BBB transport, could be ultimately designed as potent molecular shuttles to 
vehicle  therapeutics/diagnostics molecules into the brain. However, it will be impor-
tant to delineate the molecular determinants allowing the interaction of PACAP38 
with PTS-6 and to validate if the covalent linkage of a cargo to PACAP does not affect 
its capacity to cross the BBB.  

    PACAP Metabolic Stability and CPP Properties 

 In order to be used as an effi cient in vivo carrier for the transport of (macro)mole-
cules across membranes and physiological barriers, PACAP derivatives need to 
display appropriate pharmacokinetics parameters. Particularly, as a peptide, PACAP 
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rapidly undergoes enzymatic degradation after its administration into the systemic 
circulation. Several enzymatic cleavage sites within PACAP38 and PACAP27 
sequences have been described so far [ 37 ]. For instance, upon i.v. injection, it was 
reported in mice that PACAP38 is metabolized by dipeptidyl peptidase IV (DPP IV) 
[ 59 ], a ubiquitous amino-terminal dipeptidase that liberates dipeptides from the 
N-terminus of various regulatory peptides. Interestingly, the presence of the 
C-terminal segment hastened the breakdown of PACAP by DPP IV, even if this seg-
ment is distant from the main initial scissile bond [ 60 ]. Alternatively, the endopepti-
dase NEP, an active enzyme in the lung, degrades PACAP27 to generate C-terminally 
truncated fragments whereas this peptidase is inactive against the 38-residue isoform 
[ 61 ]. In isolated human plasma, PACAP38 was readily metabolized by endopeptidase(s) 
that cleave at the dibasic sites Arg 14 –Lys 15  and Lys 20 –Lys 21  [ 62 ]. Interestingly, 
PACAP27 was resistant towards this plasmatic enzyme(s), suggesting a key role for 
the 28–38 fragment in the molecular recognition. Similarly, the blood transporter 
ceruloplasmin is known to bind to the 38-residue isoform of PACAP, while it does 
not interact with the 27-residue native peptide [ 63 ]. In a study involving 12 healthy 
volunteers, the plasmatic half-life of PACAP38 was estimated to be 3.5 min [ 64 ] 
whereas a blood half-life of about 5 to 10 min was reported in patients affl icted with 
multiple myeloma and myeloma kidney [ 65 ]. In mice, a plasmatic half-life of less 
than 2 min was obtained for PACAP38 [ 59 ]. Overall, these studies indicate that 
upon its injection into the blood stream, PACAP is rapidly metabolized by a combi-
nation of peptidases. Thus, this reinforces the necessity to design PACAP deriva-
tives with targeted chemical modifi cations that increase their enzymatic stability 
while maintaining and even enhancing the cell-penetrating properties and/or the 
capacity to cross physiological barriers.  

    Conclusion 

 An effi cient delivery of many promising therapeutics remains a major problem and 
consequently it represents a limitation in their clinical applications. Due to their 
physicochemical properties, these compounds reach their site of action often just to 
a very minor degree. During the last years, cell-penetrating peptides have been 
developed and optimized as tools to shuttle charged or hydrophilic drugs across 
biomembranes. Carrier peptides derived from the native peptide hormone PACAP 
have just started to demonstrate their potential to transport several types of cargoes 
effi ciently into a number of different cell lines. Additionally, all established PACAP-
derived carrier peptides have been shown to be devoid of signifi cant cytotoxicity 
[ 32 ,  34 ]. One of the reasons for this observation might be the proposed endocytotic 
internalization pathway that does not disrupt the cellular membrane. As one of the 
fi rst members of the endogenous CPP family, PACAP and its inactive derivatives 
might help to avoid possible side effects such as immunogenicity and in vivo toxic-
ity that currently limit the usage of CPPs as drug carriers in clinics. Moreover, 
PACAP and its receptors are broadly expressed in the CNS and in most peripheral 
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organs [ 20 ] where they exert multiple activities. Especially, with its potent anti-
apoptotic and anti-infl ammatory properties, as well as its ability to cross the blood–
brain barrier, PACAP is currently a promising candidate to safely reverse or slow 
down the course of disabling neurological illnesses [ 20 ]. Hence, the combination of 
native PACAP isoforms with other intracellular- targeting bioactive compounds act-
ing synergistically or on complementary pathways might provide multifunctional 
drug candidates for the treatment of neurodegenerative diseases. This attracting 
avenue is currently under investigation in our groups.
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    Chapter 10   
 Effects and Development of TAT-Tagged 
PACAP/VIP and Related Peptides                     

     Rongjie     Yu    

    Abstract     This chapter introduces the construction of cell penetrating peptide TAT 
(YGRKKRRQRRR) tagged PACAP/VIP and related peptides, the extra activities 
endowed by TAT sequence, and the potential application of TAT-fused PACAP/
VIP. The theoretical analysis indicated that TAT has a similar structure and similar 
binding site on PAC1 to PACAP(28–38), and TAT actually facilitating the binding 
and activation of VIP on PAC1. Furthermore, the addition of cell penetrating 
peptide TAT to PACAP/VIP and related peptides may help increase the activation 
effi ciency of peptides on their intracellular and intranuclear receptors, which may 
bring extra activities to the peptides. So the TAT-tagged PACAP/VIP and related 
peptides deserve more detailed research and further development.  

  Keywords     Cell penetrating peptide   •   TAT   •   PAC1   •   Bio-barriers   •   Affi nity  

      Construction of TAT-Tagged PACAP/VIP and Related 
Peptides 

 Cell penetrating peptide TAT sequence (YGRKKRRQRRR) rich in basic amino 
acid is the core domain (48–57 aa) of TAT protein from HIV 1 (human immunode-
fi ciency virus type 1) [ 1 ,  2 ] belonging to the protein transduction domain family, 
which is widely used to help the linked macromolecules such as proteins, peptides 
and nucleotides traverse bio-membranes and biological barriers [ 3 ]. In 2012, in 
order to improve the traversing activity of PACAP, especially across blood–brain 
barrier (BBB) for the potential drug development of PACAP in central nervous sys-
tem (CNS), TAT sequence was tagged at the C-terminus of PACAP to construct 
peptide PACAP-TAT [ 4 ,  5 ]. It was found that consistent with the previous design, 
TAT endowed PACAP with nearly 2.5-fold increased effi ciency for traversing 
bio-barriers including BBB, BAB (blood–air barrier) and BTB (blood–testis 
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barrier) after intraperitoneal (i.p.) injection. Although it has been showed that the 
location of TAT at the C- or N-terminal of the protein does not infl uence the trans-
duction function [ 6 ], TAT was designed to be added at the C-terminal of PACAP to 
keep the intact domain PACAP(1–5) responsible for the activation of PAC1 (PACAP 
preferring receptor) [ 7 ]. 

 Following the design principle of PACAP-TAT, VIP-TAT was designed and 
prepared with improved effi ciency to cross the BBB after i.p. injection similarly to 
PACAP-TAT [ 8 ]. We also tried to fuse TAT sequence to N-terminus of the PAC1 
specifi c agonist maxadilan (MAX) to construct the fusion protein PTD-maxadilan 
(PTD-MAX) [ 9 ]. It was shown that the traversing effi ciency across the BBB of 
PTD-MAX increased not more than two-fold of MAX. TAT helps to promote the 
bio-barrier traversing ability of MAX slightly but not signifi cantly and less effectively 
than that of PACAP or VIP. This may be due to the greater molecular weight of 
MAX (73 aa), two-fold of PACAP or VIP. Transferring larger molecules requires 
more TAT sequences. It has been shown that both terminal addition of TAT sequences 
to superoxide dismutase (SOD) increases traversing effi ciency twofold of just one 
terminal fusion with TAT [ 6 ] and approximately 6–7 TAT sequences are essential to 
achieve the successful transferring of magnetic nanoparticles into cells [ 10 ]. So 
maybe fusion with TAT sequences at both terminals of MAX would help to improve 
its traversing activity across bio-membranes or bio-barriers more effectively.  

    Effects of TAT on the Activity of PACAP/VIP and Related 
Peptides 

 Originally, TAT sequence was used as a tool to improve the traversing abilities 
of PACAP and its related peptides. However, subsequent assays showed that the 
addition of TAT infl uenced the activities of PACAP and VIP on the receptor activa-
tion. PACAP-TAT (1 nM) stimulated the cell viability of PAC1-CHO (CHO cells 
with high expression of PAC1) more effectively than PACAP (1 nM) [ 4 ,  5 ] indicat-
ing that TAT increased the activation of peptides on PAC1. Similar phenomena were 
also found in VIP-TAT: TAT endowed VIP with extra activity of promoting prolif-
eration of PAC1-CHO and Neuro2a cells, PAC1 antagonist PACAP (6–38) inhibited 
the anti-apoptotic effects of VIP-TAT signifi cantly, and competition binding assay 
for PAC1 and cAMP assays further confi rmed the affi nity and activation bias of 
VIP-TAT for PAC1 [ 8 ]. All these results showed that TAT sequence promotes the 
activation of peptides on PAC1. 

 Some hypotheses were deduced for the working mechanism of TAT to promote 
the receptor activation:

    1.    The secondary structure analysis of TAT showed that TAT has an alpha-helix 
structure similar to PACAP (27–38) (Fig.  10.1 ). Moreover, our recent unpub-
lished computer molecular docking (LibDock) results showed that TAT binds 
PAC1 at the binding site same as the site where PACAP(28–37) binds (Fig.  10.2a ) 
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by forming hydrogen bond interactions with nine residues in PAC1, such as 
ASP24, ASP111, ASP116, GLU117, GLU119, SER120, GLU121, GLN125, 
and GLU359 (Fig.  10.2b ). And as we known, the presence of the PACAP (28–38) 
extension has been proven not only increase affi nity for PAC1 at least 100-fold 
of VIP or VIP fragments, but it also stabilize the structure of N-terminally trun-
cated VIP [ 11 ]. So TAT theoretically plays similar role to PACAP (28–38) with 
activity of facilitating PAC1 binding.

        2.    As cell penetrating peptide, TAT has been recently shown to penetrate into the 
cells via two pathways, one is the instantaneous direct temperature-independent 
membrane translocation process, and the other way is the longer-term energy- 
dependent process different from macropinocytosis [ 12 ], which is mediated 
mainly by caveolae [ 13 ,  14 ]. The formation of caveolae induced by PACAP/VIP 
is shown to be involved in the long-term activation of their G protein receptor 
coupled receptor (GPCR) and the effective downstream signal transduction [ 15 –
 17 ]. Our recent unpublished data showed that VIP-TAT also had stronger prolif-
erative activities on VPAC1-CHO and VPAC2-CHO cells than VIP, but the 
promoting effect of TAT on VIP to activate PAC1 was much stronger than that 
for VPAC1 and VPAC2 (Fig.  10.3 ). It needs more detailed research to elucidate 
whether the endocytosis of PAC1 induced by TAT is involved in both the ligand- 
dependent and the ligand-independent intrinsic activities of PAC1 [ 18 ].

       3.    The location of PACAP’s receptor on the nuclear membrane or inside the nucleus 
has been observed and accepted. Particularly, PAC1 was found in the nuclei of 
testicular germ cells [ 19 ] and on the nuclear membrane of testis nuclei [ 20 ], 
while VPAC1 and VPAC2 were discovered in nuclei isolated from mouse splenic 
CD4 T cells and HEK293 stable transfectants [ 21 ], glioma cell lines [ 22 ] and 
breast cancer cells [ 23 ]. Furthermore, the nuclear translocation of PACAP/VIP 
receptors from the plasma membrane activated by the extracellular ligands and 

  Fig. 10.1    The secondary structure analysis results by online PredictProtein software of TAT 
sequence ( left ) and PACAP(27-38) show that they have similar alpha-helix structures       
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the further intranuclear translocation induced by intracellular ligands were not 
only hypothesized [ 21 ] but also observed [ 24 ]. TAT facilitates both the cell 
uptake and the nuclear uptake of the peptides [ 25 ,  26 ], thus may promote the 
activation of receptors on/in nucleus and induce corresponding signal pathways 

  Fig. 10.2    The results of the computer molecular docking of TAT with PAC1. ( a ) The predicted 
binding site of TAT in PAC1, with PACAP38 superimposed according to resolved complex 3D 
structure of PACAP38 and extracellular domain of PAC1R (PDB code: 2JOD). PAC1 and 
PACAP38 are shown as cartoon style and TAT is shown as sticks. The binding site is represented 
by surface model. ( b ) The details of predicted binding mode of TAT and PAC1. The contact 
residues are shown and labeled by type and number. The  red dotted line  illustrates the hydrogen 
bond interaction       
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by increasing the intracellular or intranuclear ligands levels (as shown in Fig.  10.4 ). 
The extra activation of receptors inside the cells or on/in nucleus besides the 
activation of receptors on the cytomembrane may contribute to the different 
activities of TAT-tagged PACAP/VIP from that of intact PACAP/VIP.

           Potential Application of TAT-Tagged PACAP/VIP and Related 
Peptides 

 Firstly, TAT sequence helps to amplify the drug application scope of PACAP/VIP 
and related peptides by endowing them with an increased traversing effi ciency 
across bio-barriers. In detail, the enhanced traversing BBB ability and the activation 
bias on PAC1, which mediated the most effects of neuropeptide PACAP in brain as 
neurotransmitter, neuron-regulator, and neuron-protector, make TAT-tagged 
PACAP/VIP and related peptides display much more potential in drug development 
for the diseases in brain, such as neurodegenerative disease, stroke, nerve injury in 
CNS, amnesia, and so on. For example, the downregulation of PACAP was reported 
to be associated with the progress of Alzheimer’s disease (AD) [ 27 ,  28 ], so the 

  Fig. 10.3    The effects of VIP-TAT and VIP on the cell viabilities of PAC1-CHO, VPAC1-CHO and 
VPAC2-CHO show that TAT varies the activity of VIP and infl uences the activation of VIP on all 
three receptors, while TAT promotes the activation on PAC1 more signifi cantly than it dose on 
VPAC1 and VPAC2       
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implement of PACAP or related peptides may help to ameliorate the AD. We have 
shown that the i.p. injection of VIP-TAT helps to protect mice against scopolamine- 
induced amnesia much more signifi cantly than VIP, implying VIP-TAT may be a 
potential drug for prevention or treatment of AD [ 8 ]. The increased traversing activ-
ity of TAT-tagged PACAP/VIP and related peptides also facilitates the medication 
of peptides in the eye. PTD-MAX reached the retina effectively after intravitreous 
injection and inhibited retinal degeneration induced by MSG (monosodium gluta-
mate), while MAX could not traverse to the retina effectively after intravitreous 
injection (Fig.  10.5 ) [ 29 ].

   Secondly, TAT may aid to simplify the administration way of PACAP/VIP and 
related peptides. For example, application of VIP-TAT or PACAP-TAT in brain can be 
achieved by intranasal administration, the medication into the eye behind cornea 
maybe by eye drops and the local subcutaneous medication by plaster, because cell 
penetrating peptides have been proven to make percutaneous and intranasal macromo-
lecular delivery practicable [ 30 ]. The application of TAT-tagged PACAP/VIP and 
related peptides with simpler route of administration deserve further development. 

 Finally, the construction of TAT-tagged PACAP/VIP and related peptides with 
enhanced cell uptake effi ciency may offer novel tools for the study on intracellular 
or nuclear located PACAP/VIP receptors, which have been considered associated 
with new activity profi les of GPCRs. For example, TAT sequence may facilitate 
effi cient imaging of receptors that localize intracellularly or on/in cell nucleus by 
promoting ligands into cells or nucleus.  

  Fig. 10.4    TAT sequence 
facilitates PACAP/VIP and 
related peptides to activate 
their GPCRs inside cells or 
on/in nucleus effi ciently by 
increasing the intracellular 
and intranuclear 
concentration of ligands       
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    Conclusion 

 The combination of TAT with PACAP/VIP and related peptides brings us novel 
peptides with extra bioactivities including increased traversing effi ciency and bias 
for receptor PAC1. Further research and usage of TAT-tagged PACAP/VIP will con-
tribute to more detailed profi les of PACAP/VIP and their GPCRs, and the applica-
tion of TAT-tagged PACAP/VIP will offer novel potential drugs with more effi cient 
and simpler route of administration.
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    Chapter 11   
 Presence and Role of PACAP in Endocrine 
Glands of Mammals                     

     Katalin     Koves     

    Abstract     PACAP is expressed and secreted by pituitary gonadotropes and follicu-
lostellate cells, adrenal chromaffi n cells, α- and β-cells of the Langerhans-islets, and 
some enteroendocrine cells. Low levels of PACAP produced by the abovementioned 
cells imply autocrine and paracrine actions. PACAP is also released into the portal 
circulation from some hypophysiotropic neurons and regulates pituitary functions. 
Because PACAP level is very low in the systemic circulation, other endocrine 
organs may not be under the infl uence of hypothalamic PACAP; however, they are 
innervated by PACAP immunoreactive sensory and the parasympathetic fi bers. This 
means that PACAP is a neuromodulator in both the sensory and autonomic nervous 
systems of endocrine organs. The effect of PACAP is mediated through its specifi c 
receptors. The proliferating and differentiating effects of PACAP on endocrine tis-
sues have also been demonstrated.  

  Keywords     Pituitary   •   Adrenal   •   Endocrine pancreas   •   Thyroid   •   Parathyroid   • 
  Enteroendocrine cells   •   RIA   •   Immunohistochemistry  

      Pituitary 

 Soon after the isolation and characterization of PACAP, it became evident that this 
peptide in rats is released from the hypothalamus via the hypophyseal portal circula-
tion into the sinusoids of the anterior pituitary gland [ 1 ]. PACAP stimulates growth 
hormone (GH), prolactin (PRL), adrenocorticotropic hormone (ACTH), and lutein-
izing hormone (LH) release from superfused rat pituitary cells at a very low dose 
(10 −10  M GH, PRL, ACTH or 10 −9  M LH) [ 2 ]. Radioimmunoassay (RIA) revealed 
that the level of PACAP in the anterior pituitary is very low; however, in the 
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posterior pituitary it was similar to the extrahypothalamic levels [ 3 ]. PACAP in the 
posterior pituitary is derived from the hypothalamic magnocellular neurons. It was 
questionable whether PACAP in the anterior lobe is derived only from the hypophy-
siotropic hypothalamic neurons [ 4 ] or whether it is also produced locally. In the 
human pituitary, it was undetectable [ 5 ]. Oka and his coworkers [ 6 ] demonstrated 
PACAP mRNA in the normal human hypothalamus, but not in the normal human 
anterior pituitary. Another research group, Radleff-Schlimme and his coworkers [ 7 ] 
could demonstrate PACAP mRNA in the rat anterior pituitary and in an immortal-
ized gonadotrope-derived cell line, alphaT3-1, by reverse transcript-polymerase 
chain reaction (RT-PCR). AlphaT3-1 cells release PACAP into the culturing medium 
and it has been measured by RIA. The controversial results may be explained by a 
difference in the technical details or the different physiological conditions of the 
animals from which the pituitary is derived. The different conditions may explain 
the negative result. In our laboratory, we found that PACAP is transiently expressed 
in the anterior pituitary of rats. PACAP containing cells could be found only on the 
day of proestrus of intact female rats using immunohistochemistry [ 8 ], and in situ 
hybridization [ 9 ,  10 ]. In this stage of the estrous cycle, PACAP immunoreactivity 
colocalized with LH and FSH immunoreactivities [ 8 ]. On the contrary, PACAP is 
expressed at a high level in the fetal pituitary and dramatically decreases at birth, as 
it was demonstrated by PCR technique [ 11 ]. 

 With the use of cell immunoblot assay (CIBA) we have shown that PACAP is not 
only present but also released from the gonadotropes in static cell cultures [ 4 ,  12 , 
 13 ]. An enriched population of folliculostellate (FS) cells was obtained using laser 
capture microdissection [ 14 ]. RT-PCR analysis revealed PACAP38 in this cell pop-
ulation. PACAP level has to be very low in FS cells because up to now immunohis-
tochemistry did not confi rm this result. From the abovementioned data it seems that 
the local source of PACAP in the anterior pituitary is the gonadotropes and FS cells 
[ 15 ]. CIBA also showed that the number of PACAP releasing cells depended on the 
gender, the stage of estrous cycle of females and the time of day when the animals 
were sacrifi ced and the pituitaries were removed for culturing [ 12 ]. The number of 
PACAP releasing cells was high in proestrous (37, 43, and 440 when the pituitaries 
were removed at 10, 16, and 20 h, respectively), very low in diestrous (1, 1, and 3) 
and in male rats (6, 5, and 11) in the whole culture (out of about 40,000 cells). These 
data suggested that the PACAP release in vivo had a circadian rhythm and the 
removed cells kept this ability in vitro. The gonadotropes always released LH in cell 
cultures but the responsiveness of LH cells to PACAP was different in the three 
groups. In the cultures removed in the morning, PACAP was stimulatory on LH 
release in females and inhibitory in males. In the afternoon, PACAP did not affect 
LH release. In the evening, PACAP was uneffective in proestrous and inhibitory in 
diestrous and male cultures. In vivo in proestrous rats, the LH releasing effect of 
gonadotropic hormone-releasing hormone (GnRH) and PACAP depends on the rate 
of proportion of the two peptides (see later). It seems possible that there is a high LH 
release (LH surge during the proestrous afternoon) when the level of PACAP is low 
and the level of GnRH is high. When the level of PACAP overrides the dropping 
level of GnRH, PACAP is also ineffective on gonadotropes and the LH surge ceases. 
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 Tsujii and coworkers [ 16 ,  17 ] investigated the effect of GnRH and PACAP on 
gonadotropes in male perifused pituitary cell cultures. Intermittent administration 
of GnRH or PACAP (for 9 h with hourly pulses of 2.5 nM or 10 nM, respectively) 
initiated episodes of LH, FSH, and alpha-subunit secretion. PACAP was much less 
effective than GnRH. PACAP was a slightly more effective stimulator of LH release 
by pituitary cells from castrated than intact rats. This fact well correlates with our 
observation that the removed pituitary cells keep some information what was 
imprinted in vivo. Pulsatile PACAP stimulated alpha-subunit and LHbeta mRNA 
levels, but did not affect FSHbeta mRNA. By contrast, continuous PACAP increased 
alpha-subunit mRNA levels, but suppressed FSHbeta mRNA without affecting 
LHbeta mRNA. It was concluded that pulsatile PACAP is a relatively weak stimula-
tor of gonadotropin secretion when administered alone, and regulates gonadotropin 
subunit gene expression quite differently than continuous PACAP. 

 Vigh and his coworkers [ 18 ] revealed that all cell types of the anterior pituitary 
have PACAP binding sites. Nearly all FS cells bound biot-PACAP38. A consider-
able number of GH and PRL cells and a lesser number of ACTH cells also bound 
biot-PACAP38, whereas only a few LH, FSH, or TSH cells bound biot-PACAP38. 
These results suggest that FS cells are a major target cell type for PACAP. RT-PCR 
found three variants of PAC1 and VPAC2 in lactotrope-enriched cell populations, 
whereas only PAC1-hop was detected in somatotropic-enriched cell populations 
[ 19 ]. PAC1-hopl and VPAC2 was demonstrated in GH3 cells [ 20 ]. Bresson-Bepoldin 
and his coworkers [ 21 ] employed a single cell RT-PCR technique and found that 
individual rat somatotropic cells expressed PAC1-hop or PAC1-short but not PAC1- 
hip. PACAP can release ACTH from corticotrope cell line (AtT-20) [ 22 ]; however, 
the receptor subtypes which mediate its effect are not identifi ed to this day. Rawlings 
and his colleagues [ 23 ] demonstrated that the alpha T3-1 cells expressed mRNA for 
PAC1 and VPAC2, but not VPAC1. The predominant splice variant forms of PAC1 
observed were short and hop variants, although the other forms were also seen at 
much lower levels. Stimulation of short and hop1 variants potently increased adeny-
lyl cyclase (AC) and phospholipase-C (PLC). Hip variants stimulated only 
AC. Radleff-Schlimme and his coworkers [ 7 ] also showed PAC1 variants on alpha 
T3-1 cells. Another research group identifi ed the region of the extracellular 
N-terminal domain of the PACAP receptor which is the major binding sites for 
PACAP [ 24 ]. Three peptide derivatives, containing a photoreactive p-benzoyl- 
phenylalanine residue were used. These photoreactive peptides linked to three frag-
ments of the extracellular domain: the Ser (98)–Met (111) segment, the Ser 
(124)–Glu (125) dipeptide, and the Ser (141)–Met (172) fragment. 

 PACAP in the pituitary gland has a multifunctional role, as it is suggested by the 
presence of its receptors on all pituitary cell types. As it was demonstrated at the 
beginning of PACAP research, PACAP infl uenced the release of several tropic hor-
mones from superfused rat pituitary cells [ 2 ]. Propato-Mussafi ri and his coworkers 
[ 22 ] used AtT-20 rat and GH3 mouse clonal cell lines to investigate the effect of 
PACAP on ACTH, GH, and PRL release. PACAP38 and PACAP27 stimulated GH 
and PRL or ACTH secretion with a similar effi cacy over the 2-h incubation period 
from GH3 and AtT-20 cells, respectively. Addition of PACAP to corticotropic 
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 hormone releasing hormone (CRH-41) resulted in an additive effect on ACTH 
secretion. No synergism was observed when PACAP was added together with thy-
rotropic hormone-releasing hormone (TRH) either on GH or PRL secretion. 
PACAP- stimulated ACTH release from AtT-20 cells was reduced by a somatostatin 
analog. This experiment does not provide evidence of whether hypothalamic or 
pituitary PACAP participates in vivo in the regulation of GH, PRL, or ACTH release. 
Another research group [ 25 ] compared the effect of PACAP in vitro in cell culture 
(where the release of GH and PRL was examined by reverse hemolytic plaque 
assay) and in vivo in medial basal hypothalamic-lesioned rats. In this animal model, 
the dopaminergic neurons are lesioned and as a consequence, PRL level is tonically 
high. In vitro ,  PRL release was inhibited and there was no effect on GH release, and 
in vivo the release of both hormones was stimulated. According to the authors, these 
experiments suggest that PACAP may stimulate the release of a paracrine, yet 
unknown factor, which in the intact pituitary overrides the direct inhibitory action of 
PACAP on the lactotropes. The same or another paracrine factor may also enhance 
GH release in vivo. In cell cultures, the paracrine factor is diluted by the medium. 
Therefore, the factor never reaches effective concentrations which are present 
within the pituitary tissue in vivo. A controversial effect of PACAP on GH release 
in cell culture was published by Góth and his coworkers [ 26 ]. They also used the 
reverse hemolytic plaque assay which allows determination of the number of secret-
ing cells and the amount of hormone secreted by each cell. In their in vitro model 
PACAP stimulated GH secretion in a dose-dependent fashion. PACAP increased 
both the number of secreting cells and the mean amount of hormone secreted per 
cell. Velkeniers and his coworkers [ 27 ] found similar stimulation of GH synthesis 
and release in static cultures, but not in dynamic superfusion systems. PRL was not 
altered in either system. It was found by Yamauchi and his coworkers [ 28 ] that 
PACAP (6–38), a PACAP antagonist, blunted spontaneous pulsatile GH secretion in 
conscious male rats and PACAP exerted its effect through a serotoninergic 
mechanism. 

 PACAP is involved in the regulation of gonadotropin biosynthesis and secretion, 
both alone and in concerted action with GnRH [ 29 ]. PACAP in a high dose (10 
venous bolus of 10 μg PACAP each of 40-min intervals) induced a very high LH 
release in 3-month-old Sprague-Dawley male rats [ 7 ]. The interaction of PACAP 
and GnRH was demonstrated in a gonadotropic cell line (Lβ-T2). Lariviere and his 
coworkers [ 30 ] observed that PACAP38 treatment increased the intracellular cAMP 
120 times above basal level within 30 min while GnRH treatment reached a maxi-
mum of 2.7 times effect within 4 h. On the contrary, GnRH very potently enhanced 
the inositol phospholipid (IP3) turnover and PACAP had a very weak effect in this 
relation. PACAP itself is weakly stimulatory on LH secretion, but it strongly poten-
tiates GnRH-induced LH secretion [ 31 ]. 

 The intracellular mechanism by which PACAP exerts its effect on different pitu-
itary cell types was also investigated in rat anterior pituitary primary culture by 
monitoring changes in cytosolic Ca 2+  concentration ([Ca 2+ ]i) in single fura-2-loaded 
cells [ 32 ]. The cells were identifi ed by immunocytochemistry at the end of the Ca 2+  
measurements. Stimulation of Ca 2+  entry mediated by cAMP was the main 

K. Koves



165

 mechanism in somatotropes. Ca 2+  release from the intracellular Ca 2+  stores medi-
ated by phospholipase-C was the dominant mechanism in gonadotropes. Stimulation 
of Ca 2+  entry not mediated by cAMP was the main mechanism in lactotropes. 
Corticotropes and thyrotropes exhibited weak responses to PACAP and this response 
was mediated by cAMP. 

 PACAP is also able to stimulate its own expression. PACAP in a high dose (10 
venous bolus of 10 μg PACAP each of 40-min intervals) enhanced its expression level 
in the anterior pituitary about six times in 3-month-old Sprague-Dawley male rats [ 7 ].  

    Pineal Body 

 The pineal body in mammals functions as an endocrine tissue. The pinealocytes 
secrete melatonin in a circadian rhythm. The highest melatonin level occurs during 
the night time [ 33 ]. The pineal body also contains neurons in several species includ-
ing humans [ 34 ], cotton rats [ 35 ] and monkeys [ 36 ], but not in albino rats. Recently 
it has been demonstrated that the pineal neurons in hamsters send information 
through a multisynaptic pathway to the retina [ 37 ]. The pineal organ receives sen-
sory and autonomic fi bers [ 38 – 40 ]. PACAP immunoreactive sensory fi bers derive 
from the trigeminal ganglion, sympathetic fi bers from the superior cervical gan-
glion and parasympathetic fi bers from the sphenopalatine ganglion. PACAP immu-
noreactive cell bodies were not described up to now. 

 The presence of PACAP fi bers implies the presence of PACAP receptors. Indeed, 
PACAP receptors were also found in the pineal organ [ 41 ]. Most potent was the 
VPAC1 receptor through which PACAP strongly enhanced melatonin release from 
cultured dissociated pinealocytes [ 42 ]. This stimulation was mediated via the acti-
vation of two enzymes serotonin- N -acetyltransferase [ 43 ] and hydroxyindole-O- 
methyltransferase [ 44 ]. The stimulatory effect of PACAP was accompanied by 
calcium infl ux through L-type channels [ 45 ].  

    Thyroid and Parathyroid Glands 

 In the thyroid gland three populations of PACAP fi bers were observed. These may 
derive from the thyroid ganglion and are parasympathetic in nature. Sympathetic 
fi bers associated with vessels contained NPY. A few fi bers were sensory and also 
showed CGRP immunoreactivity. PAC1 and VPAC1 receptor mRNA occurred in 
follicular cells and blood vessels, whereas the expression of the VPAC2 receptor 
was also found, but it was very low [ 46 ]. The presence of PACAP receptors implies 
that PACAP infl uences the function of the thyroid gland as well. Indeed, it was 
demonstrated that PACAP increased cAMP production in porcine thyroid cells 
in vitro and PACAP also increased T4 production from mouse thyroid in vivo simi-
lar to TSH, but PACAP inhibited the binding of 125I-labeled TSH to thyroid cells. 
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These facts show that PACAP has a thyroid stimulating effect alone; however, it has 
an inhibitory action on the binding of TSH to thyroid receptors [ 47 ]. 

 In the parathyroid gland, PACAP-immunoreactive fi bers were found beneath the 
capsule, around blood vessels and close to glandular cells. These fi bers were mainly 
CGRP immunoreactive and capsaicin sensitive sensory fi bers. The parathyroid 
glandular cells expressed PAC1 and VPAC2 receptors [ 46 ].  

    Adrenal Gland 

 CRH is the main regulator of corticotropes, but its actions are supplemented by 
arginine-vasopressin (AVP). These two peptides control ACTH release in a con-
certed action and in turn, ACTH regulates the glucocorticoid synthesis and release 
(reviewed by [ 48 ,  49 ]) .  Catecholamine secretion from chromaffi n cells of the adre-
nal medulla is also controlled by CRH. CRH fi bers terminate in the locus ceruleus. 
These noradrenergic neurons send fi bers to the intermediolateral cell column (IML) 
where cholinergic neurons provide the origin of the preganglionic splanchnic nerve 
fi bers which innervate the adrenal medulla [ 50 ]. Half a decade after its discovery 
PACAP was demonstrated in rat, human [ 5 ] and pig adrenal gland [ 51 ] using RIA 
and northern blot analysis. The concentration of PACAP was very low compared to 
other nervous tissues. PACAP was also found in the adrenal gland of other species 
such as mouse, hamster and cow [ 52 ]. PACAP was also revealed in rat adrenal gland 
by PCR technique and S-EIA [ 53 ]. Immunohistochemistry revealed that PACAP 
immunoreactive fi bers innervated adrenal chromaffi n cells (often co-localized with 
choline acetyltransferase). Subcapsular fi bers traversed the cortex innervating endo-
crine cells and blood vessels. These fi bers contain CGRP or VIP. PACAP fi bers 
were demonstrated in the splanchnic nerve fi bers which are axons of the pregangli-
onic neurons locating in the lateral horn of the Th9-12 spinal cord segments. These 
preganglionic neurons directly innervate the adrenal gland and co-store acetylcho-
line. Adrenal nerve cell bodies do not contain PACAP [ 51 ]; however, PACAP was 
shown in noradrenaline-containing chromaffi n cells. These cells are the other source 
of PACAP in the adrenal gland [ 52 ]. This observation suggests that PACAP in the 
adrenal medulla, similarly to the pituitary gland, is also an autocrine regulator [ 54 ]. 

 PACAP receptors were also demonstrated in the adrenal medulla. PAC 1  was 
exclusively found in the adrenal medulla, while VPAC1 and VPAC2 are expressed 
in both the adrenal cortex and the medulla. From the abovementioned data it is evi-
dent that PACAP is involved in the regulation of the hypothalamic–pituitary–adre-
nal axis at all the three levels. PACAP [ 55 ] and its receptor PAC1 [ 56 ] are expressed 
in the hypothalamic PVN. Stroth and his coworkers [ 57 ] and Hamelink and his 
coworkers [ 58 ] thoroughly investigated the effect of PACAP in the hypothalamic–
pituitary–adrenal axis. PACAP appears to be an important regulator of CRH secre-
tion from the PVN leading to ACTH secretion from the pituitary and in turn, 
secretion of corticosterone from the adrenal cortex. The abovementioned authors 
summarized the major effects of PACAP in the stress response of the organism. 
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(1) In the adrenal gland PACAP upregulates two enzymes involved in epinephrine 
biosynthesis: tyrosine hydroxylase and phenylethanolamine N-methyltransferase. 
(2) Stress hormone biosynthesis via upregulation of PACAP acts at the level of the 
hypothalamus to control induction of CRH mRNA (feedback mechanism). (3) 
PACAP control of stress hormone biosynthesis appears to be specialized for pro-
longed versus acute stress axis activation. (4) PACAP utilizes a novel ERK-mediated 
cAMP-dependent/PKA-dependent signaling pathway to activate a “stress response 
transcriptome” that includes other neuropeptides, neuroprotective factors, and pro-
hormone convertases. (5) The modulation of stress response by PACAP in the brain 
may extend even beyond the hypothalamic–pituitary–adrenal and hypothalamic–
sympathoadrenal axes. 

 Girard and his coworkers [ 59 ] investigated the effect of a series of neuropeptides 
on the induction of PACAP in cultured post-ganglionic sympathetic neurons. These 
results imply an action of PACAP to mediate stress responses specifi c to the sympa-
thetic nervous system, although these have not yet been investigated in vivo despite 
the critical role of sympathetic activation in acute and chronic homeostatic and allo-
static responses to a wide range of stressful stimuli [ 60 ,  61 ]. Hammack and col-
leagues [ 62 ,  63 ] observed that PACAP expression in the bed nucleus of the stria 
terminalis is greatly enhanced by prolonged stress, and postulated a potential anxio-
genic role for PACAP in the limbic system. PACAP appears to be associated with 
the “fi ght-or-fl ight” response partly through its effect on adrenal production of cor-
tisol and catecholamines. 

 Selenoprotein T is present in differentiating tissues. It is highly expressed in the 
adrenomedullary cells. Tanguy and his coworkers [ 64 ] demonstrated that PACAP 
regulates this protein. This also supports the view that PACAP has an essential role 
in the differentiation of tissues among them in the adrenal medulla as well.  

    Endocrine Pancreas 

 The pancreas is richly innervated by noradrenergic sympathetic nerves originating 
from the celiac and superior mesenteric ganglia [ 65 ]. The parasympathetic fi bers 
derive from the vagus nerve and the postganglionic fi bers from the intramural pan-
creatic ganglia [ 66 ]. Besides the autonomic innervation, the pancreas receives sen-
sory fi bers from the lower lumbar nerves [ 67 ]. In rats, PACAP immunoreactive 
nerve fi bers were identifi ed via immunohistochemistry in both the exocrine and 
endocrine pancreas [ 68 ,  69 ]. These fi bers innervated vessels and ran among the 
exocrine acini and the cells of islets of Langerhans. There are differences among 
species in the density of PACAP innervation of the endocrine pancreas. The mouse 
pancreas is more abundantly innervated by PACAP nerves than the rat pancreas. 
PACAP fi bers are parasympathetic and sensory [ 70 ,  71 ]. Yada and his coworkers 
[ 72 ] revealed PACAP immunoreactivity in the β-cells of the islet of Langerhans as 
well. With the use of an improved immunofl uorescence method (enhancement of 
the signal by catalyzed reporter deposition technique) and electron microscopy 
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PACAP immunoreactivity was observed in all insulin and glucagon cells in human 
and rat islets, but not in somatostatin or pancreatic polypeptide (PP) cells [ 73 ]. 
PACAP immunoreactivity was associated with secretory granules. After the discov-
ery of PACAP in the islets of Langerhans, their receptors were also demonstrated. 
In situ hybridization studies of pancreatic islets demonstrated the presence of both 
PAC1 and VPAC2 expressions in islets, but not VPAC1 [ 74 ]. Later, with the use of 
very sensitive RT-PCR methods PAC1, VPAC1, and VPAC2 expressions were con-
fi rmed in pancreatic β-cells. PACAP activates adenylyl cyclase in these cells [ 75 ]. It 
also causes calcium infl ux through L-type calcium channels [ 76 ]. 

 The effect of PACAP on insulin and glucagon release was demonstrated in 
in vivo and in vitro models. In vivo PACAP38 injected  iv  in mice potentiated plasma 
glucagon response to the cholinergic agonist carbachol. This potentiation was 
reduced by a preceding combined α- and β-adrenergic blockade. PACAP also stimu-
lated basal insulin levels [ 68 ]. It was also shown that administration of glucose 
inhibits PACAP-induced glucagon secretion, proving that the action is glucose sen-
sitive [ 77 ]. The effect of PACAP on pancreatic functions was also investigated in 
dogs. An  iv  bolus injection of 6 pmol/kg PACAP27 or PACAP38 elicited a transient 
increase in plasma insulin, epinephrine, and norepinephrine concentrations, with a 
peak value at 2 min after injection. Injections of 60 and 600 pmol/kg caused greater 
increase in these hormone concentrations in a dose-dependent manner [ 78 ]. 
Filipsson and her coworkers [ 77 ] examined healthy human volunteers. They found 
that the highest tolerable infusion rate of PACAP was 3.5 pmol/kg/min. Higher 
doses cause intense fl ushing of the skin. The results showed that PACAP slightly 
increased serum insulin levels in overnight-fasted healthy volunteers and potenti-
ated the insulin response to an intravenous glucose challenge. Finally, PACAP 
seems to have vasodilatory action in the pancreas, as demonstrated in vivo in rats. 
The vasodilator effect of PACAP was previously demonstrated in the cerebral blood 
fl ow as well [ 79 ]. Carlsson and his coworker [ 80 ] tested the effect of 5 and 10 nmol/
kg PACAP on splanchnic blood fl ow in anesthetized rats. It was found that 5 nmol/
kg induced a transient initial decrease in mean arterial blood pressure; however, 10 
nmol/kg was able to induce an increase in the pancreatic blood fl ow studied by 
radiolabeled microsphere technique. 

 In vitro ,  in the presence of glucose PACAP27 in cultured rat islet cells stimulated 
insulin release in a biphasic manner: an initial sharp rise followed by a moderate 
elevation [ 72 ]. The stimulatory effect of PACAP was also shown in hamster clonal 
β-cell lines [ 81 ], in normal conscious dogs [ 78 ] and pig pancreas [ 82 ]. Depending 
on the above-mentioned experimental models, PACAP was effective in 10 fmol–1 
nmol/l dose in stimulating glucose dependent insulin release. 

 Nakata and his coworkers later demonstrated [ 83 ] that intra-islet PACAP pro-
tects pancreatic β-cells against glucotoxicity and lipotoxicity. In cultured pancreas 
islets glucose increased the cytosolic Ca 2+  concentration. In the islets derived from 
PACAP-null mice, the glucose-induced fi rst phase increase in the cytosolic Ca 2+  
were severely impaired while they were preserved in islets of wild-type mice. 
Treatment with high glucose or palmitate (16-carbon saturated fatty acid) also 
impaired the glucose-induced insulin secretion in islets and increased mRNA 
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expression of uncoupling protein 2 (UCP2) in islets of PACAP-null, but not of 
wild- type mice. Increased uncoupling protein-2 levels in β-cells are associated with 
impaired glucose-stimulated insulin secretion. These data indicate that islet- 
produced PACAP protects β-cells from deteriorating action of high glucose and 
palmitate at least partly by blocking the elevation of UCP2, suggesting an antidia-
betic role for PACAP. When PACAP antibodies were added to freshly isolated islets, 
an inhibition of glucose (11.1 mmol/l)-stimulated insulin secretion was observed. 
This fact supports the view that PACAP is an autocrine and/or paracrine acting islet 
neuropeptide, necessary for optimal glucose induced insulin secretion [ 84 ]. It was 
also shown that in pig pancreatic cell cultures, PACAP improved the survival of 
β-cells. To this day PACAP is accepted as a potent insulinotropic hormone. 

 PAC1 deletion in mice resulted in a 50 % decrease in PACAP-mediated glucose- 
induced insulin secretion but basal insulin or plasma glucose levels were not affected 
[ 85 ]. This means, that the defective insulinotropic action of glucose was associated 
with marked glucose intolerance after both intravenous and gastric glucose admin-
istration. In addition, reduced glucagon response was reported in insulin-mediated 
experimentally induced hypoglycemia in PAC1-null mice [ 86 ]. Thus, PACAP- 
stimulated PAC1 receptor activation mediates glucagon response to insulin-induced 
hypoglycemia. Assessments of VIP receptor knockout mice revealed improved lean 
mass but decreased fat mass associated with a reduction in body weight in VPAC2- 
defi cient mice [ 87 ]. Although glucose-induced insulin secretion was decreased, no 
alteration on glucose tolerance was reported in oral glucose tolerance tests per-
formed in VPAC2-null mice. Moreover, the fact that glucose is cleared faster from 
the blood by insulin injections suggests that the VPAC2 knockout phenotype 
increased insulin sensitivity. These results demonstrate that VPAC2 receptors are 
also needed for optimal insulin release from pancreatic islets as well. VPAC1-null 
mutant mice have recently been generated. This mutation resulted in fetal, neonatal, 
and postnatal death due to growth retardation, intestinal obstructions, and hypogly-
cemia [ 88 ]. Intriguingly, VPAC1 knockout mice manifested lower baseline blood 
glucose levels compared with wild-type littermates and responded to oral glucose 
challenge with normal rise in blood glucose followed by rapid hypoglycemia and 
failure to restore baseline glucose levels. Insulin challenge resulted in profound 
hypoglycemia and an inadequate glucose homeostasis in VPAC1-null mutant ani-
mals. These results demonstrated that VPAC1 is required for both embryonic/neo-
natal development and proper function of endocrine pancreas. 

 Though PACAP has been primarily evaluated as an insulinotropic hormone, 
transgenic expression of PACAP revealed that PACAP also has a proliferative 
effect on islet cells. Transgenic mice overexpressing PACAP in pancreatic β-cells 
showed elevated insulin secretion after oral glucose administration, and there was 
no change in plasma glucose and glucagon levels. In addition, increased β-cell 
mass was found [ 89 ]. In the case of artifi cially induced apoptosis of pancreatic 
islets in transgenic mice, PACAP is extremely upregulated in the islets studied by 
DNA microarray analysis [ 90 ]. These facts suggest that PACAP has an essential 
role in proliferation and differentiation of islet cells and that in the future PACAP 
may be a therapeutic agent to promote islet survival [ 91 ].  
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    PACAP in Enteroendocrine Cells 

 In the chicken proventriculus, many PACAP immunoreactive endocrine cells were 
observed besides the fi bers in the smooth muscle layer. PACAP cells also exhibited 
serotonin and gastrin-releasing peptide immunoreactivity [ 92 ]. The role of PACAP 
in these cells was not investigated. In 18- and 20-week old fetuses, but not earlier, 
PACAP as well as secretin and gastrin appeared in the developing glands of the 
stomach. The presence of these neuropeptides in the developing glands suggests 
their role in the proliferation and differentiation of the epithelial derivates [ 93 ]. 
PACAP immunoreactive cells were also shown in adult human and cat gastric 
glands, but not in intact rats [ 94 ]. CIBA revealed that in human static gastric mucosa 
culture PACAP was released from some cells. Electron microscopic investigation 
clearly showed that PACAP immunoreactivity in the human gastric tissue was found 
in parietal cells. This fi nding is not surprising because it is well known that the 
parietal cells produce the intrinsic factor as well [ 95 ]. This clearly shows that the 
parietal cells are able to produce some peptides besides secreting acid. The role of 
PACAP in acid secretion was thoroughly investigated. PACAP exerts its effect on 
acid secretion via histamine producing enterochromaffi n-like (ECL) and somatosta-
tin producing D cells [ 96 – 99 ]. Autocrine regulation of acid secretion by PACAP is 
not excluded, but it was not investigated.  

     Conclusion 

 Table  11.1  summarizes the occurrence of PACAP in the endocrine glands.
   PACAP has a role in the regulation of all endocrine functions.

    1.    In the pituitary gland PACAP exerts autocrine and paracrine actions on LH, FSH, 
GH, and ACTH synthesis and release (Table  11.2 .). Hypothalamic- born PACAP 

   Table 11.1    Occurrence of PACAP in endocrine organs   

 Organs  PACAP ir specifi c cell types  PACAP ir nerve fi bers  References 

 Anterior lobe of PG  Gonadotropes, FS cells  Not observed  [ 8 ,  14 ] 
 Pineal body  No cells  Sensory and autonomic  [ 38 ] 
 Thyroid gland  No cells  Autonomic fi bers  [ 46 ] 
 Parathyroid gland  No cells  Autonomic fi bers  [ 46 ] 
 Adrenal medulla  Chromaffi n cells  Sympathetic fi bers  [ 51 ,  52 ] 
 Adrenal cortex  No cells  Sensory  [ 100 ] 
 Islets of Langerhans  α- and β-cells  Sensory and 

parasympathetic 
 [ 70 – 73 ] 

 Enteroendocrine cells  Cells in chicken provent. 
Parietal cells in human 
and cat stomach 

 Parasympathetic fi bers  [ 92 – 94 ] 

   FS  folliculostellate cells,  ir  immunoreactive,  PG  pituitary gland,  provent  proventriculus  
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may infl uence pituitary functions directly by being released into the portal circu-
lation or indirectly by acting on the releasing hormone producing cells. The 
effect of PACAP on LH secretion depends on the gender, the time of the day and 
in female on the stage of the estrous cycle.
   Table  11.3  shortly summarizes the major effects of PACAP on endocrine organs 
other than the pituitary.

       2.    In the pineal body PACAP enhances melatonin synthesis via activation of two 
enzymes (hydroxyindole-O-methyl transferase and serotonin  N - acetyltransferase) 
and melatonin release.   

   3.    In the thyroid gland PACAP stimulates T4 production, but inhibits TSH binding 
to thyrocytes.   

   Table 11.2    Effect of PACAP38 on pituitary hormone release or mRNA level in in vivo and 
in vitro models   

 In vivo  In vitro  References 

 LH   iv  LH - f rat  [ 101 ] a  
  icv  LH↓ f rat  [ 101 ] a  
  icv  LH↓ f ewe  [ 102 ] b  
  iv  LH↑ m rat #dose  [ 7 ] 
 ia LH↑ m rat  [ 103 ] 
 icv LH -  m rat  [ 103 ] 

 Balancing effect on LH f rat (depends on 
stage (primary rat cell-culture) of EC) 

 [ 13 ] 

 Lβ-T2 cells LH↑  [ 30 ] 
 LHβ 
mRNA 

 P LHβ mRNA ↑  [ 16 ,  17 ] 
 C LHβ mRNA (perifused rat system) 

 α-subunit 
mRNA 

 P α-subunit mRNA↑  [ 16 ,  17 ] 
 C α-subunit mRNA↑ (perifused rat system) 

 FSHβ 
mRNA 

 P FSHβ mRNA -  [ 16 ,  17 ] 
 C FSHβ mRNA↑ (perifused rat system) 

 PRL   iv  PRL↓ intact m rat  [ 25 ] 
  iv  PRL↑ h lesioned 
m rat 

 PRL ↓ R-HPA rat  [ 25 ] 

 PRL - static rat culture  [ 27 ] 
 PRL↑ GH3 mouse cells  [ 22 ] 

 GH   iv  GH↑ intact m rat  [ 25 ] 
 GH↑ R-HPA rat  [ 26 ] 
 GH↑ GH3 mouse cells  [ 22 ] 

 ACTH  ACTH↑ AtT-20 rat cells  [ 22 ] 
 TSH  Not investigated 

   f  female,  m  male,  C  continuous administration,  P  pulsatile administration 
 ↑ = elevation of plasma level; ↓ = depression of plasma level; - = not changed; # = extremely high 
  EC  estrous cycle,  h  hypothalamus,  R-HPA  reverse hemolytic plaque assay 
  a Given before the critical period of proestrous stage 

  b Given into ovariectomized ewe  
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   4.    In the adrenal medulla PACAP acts in an autocrine manner, upregulating two 
enzymes (tyrosine hydroxylase and phenylethanolamine  N - methyltransferase). 
It also regulates CRH synthesis and release and in this way it is involved in the 
stress response.   

   5.    In the endocrine pancreas PACAP in vivo stimulates basal glucagon and insulin 
release. However, PACAP is inhibitory on glucose induced glucagon and 
stimulatory on glucose induced insulin release. PACAP is an insulinotropic 
and antidiabetic hormone.   

   6.    The role of PACAP in enteroendocrine cells is not clarifi ed.       
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    Chapter 12   
 Distribution of PACAP in the Mammalian 
Nervous System                     

     Katalin     Koves    

    Abstract     PACAP is widely distributed in the central and peripheral nervous sys-
tems of various mammalian species. To demonstrate PACAP or its mRNA several 
methods were used: immunohistochemistry, radioimmunoassay, sandwich-enzyme 
immunoassay, in situ hybridization, and reverse transcription polymerase chain 
reaction. High levels of PACAP measured by radioimmunoassay are due to the great 
number of PACAP containing cell bodies or dense fi ber network. PACAP immuno-
reactive cell bodies were observed in several hypothalamic nuclei and in various 
extrahypothalamic structures, mainly in the limbic system. PACAP is also present 
in the retinohypothalamic tract and in the centrifugal visual system. In the periph-
ery, PACAP was demonstrated in the sensory, motor, and autonomic nervous sys-
tems. Autonomic PACAP immunoreactive fi bers innervate glands and smooth 
muscle layers of viscera and vessels. This chapter summarizes the most important 
data available in the literature up to now.  

  Keywords     Immunohistochemistry   •   In situ hybridization   •   RIA   •   RT-PCR   •   S-EIA  
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  icv    Intracerebroventricular   
  IHC    Immunohistochemistry   
  IML    Intermediolateral cell column   
  ip    Intraperitoneal   
  ISH    In situ hybridization   
  LC    Locus ceruleus   
  ME    Median eminence   
  OVLT    Organon vasculosum laminae terminalis   
  PACAP21-38    Pituitary adenylate cyclase activating polypepide with 18 amino 

acid residues   
  PACAP27    Pituitary adenylate cyclase activating polypepide with 27 amino 

acid residues   
  PACAP38    Pituitary adenylate cyclase activating polypepide with 38 amino 

acid residues   
  PACAP6-16    Pituitary adenylate cyclase activating polypepide with 11 amino 

acid residues   
  PCR    Polymerase chain reaction   
  Pe    Hypothalamic periventricular nucleus   
  Pf    Hypothalamic perifornical region   
  PVN    Hypothalamic paraventricular nucleus   
  RHT    Retinohypothalamic tract   
  RIA    Radioimmunoassay   
  RT-PCR    Reverse transcription polymerase chain reaction   
  SCN    Hypothalamic suprachiasmatic nucleus   
  S-EIA    Sandwich enzyme immunoassay   
  SON    Hypothalamic supraoptic nucleus   
  SP    Substance P   
  VIP    Vasoactive intestinal polypeptide   
  WGA    Wheat germ agglutinin   

        Introduction 

 After the discovery of PACAP [ 1 ,  2 ] several polyclonal antibodies were raised in 
rabbits against PACAP in Arimura’s laboratory. Because the amino acid sequence 
of PACAP is the same in all mammalian species studied (ovine and human: [ 3 ]; rat: [ 4 ]; 
murine: [ 5 ,  6 ]), the antibodies against ovine PACAP were suitable for staining in all 
mammals. The antibodies were characterized using enzyme linked immunosorbent 
assay (ELISA) [ 7 ] and radioimmunoassay (RIA) [ 8 ]. Antibody No. 88121-3 was 
the most potent for immunohistochemistry (IHC). This antibody was raised against 
PACAP27. It did not cross-react with other peptides present in the hypothalamus 
and with those showing similar amino acid sequence [ 7 ]. This antibody was widely 
used by the research community [ 9 – 16 ]. The most potent antibody for RIA was 
antibody No. 88111-3, raised against ovine PACAP38 and directed to the C-terminal 
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portion of the peptide [ 8 ,  17 ,  18 ]. Other researchers raised polyclonal rabbit 
antibodies against PACAP21-38 and PACAP27 for measuring PACAP in human 
central nervous system and rat tissues [ 19 ]. Piggins and his coworkers [ 20 ] purchased 
PACAP antibody from Penninsula (code No. IHC8920 and IHC8922) and used it 
for IHC. Hannibal and his coworkers [ 21 ] raised a monoclonal mouse antibody 
against PACAP6-16 (code MabJHH1) which was also suitable for IHC. A few years 
after its discovery, the presence of PACAP was demonstrated by sandwich enzyme 
immunoassay (S-EIA) [ 22 ,  23 ], by polymerase chain reaction (PCR) [ 22 ,  24 ,  25 ] 
and in situ hybridization (ISH) [ 21 ,  24 ,  26 ,  27 ] as well.  

    PACAP in the Central Nervous System 

    Immunohistochemical and In Situ Hybridization Findings 

    PACAP in the Hypothalamus 

 Because PACAP was fi rst isolated from ovine hypothalami by screening for pituitary 
adenylate cyclase stimulating activity, we decided to collect sheep brain from a 
slaughterhouse. IHC revealed that PACAP containing neurons are present in the 
hypothalamic magnocellular nuclei including the paraventricular nucleus (PVN) 
and the perifornical region (Pf) (Fig.  12.1a ), the supraoptic nucleus (SON), the peri-
ventricular nucleus (Pe) (Fig.  12.1b ), the anterior commissural nucleus, and many 
immunoreactive fi bers were also detected in the median eminence (ME). In adrenal-
ectomized rats, the fi bers were seen in both layers of the ME (Fig.  12.1c ) and pos-
terior pituitary and in intact rats only in the internal zone and posterior pituitary 
(Fig.  12.1d, e ). In intact cats, PACAP immunoreactivity was always present in both 
layers of the ME and also at the periphery of the posterior pituitary (Fig.  12.1f, g ). 
A dense fi ber network was also observed in the suprachiasmatic nucleus (SCN) of 
intact sheep (Fig.  12.1h ) and not of intact, but of colchicine treated rats (Fig.  12.1i ).

   PACAP immunoreactivity in the hypothalamic-hypophyseal magnocellular system 
was also demonstrated in human, spider monkey [ 28 ] and cat brains [ 29 ] without 
any pretreatment. In intact rats the level of PACAP has to be relatively low because 
we could get good quality staining in rats in which the neuronal transport was inhib-
ited by intracerebroventricular ( icv ) colchicine pretreatment or hypophysectomy 
[ 11 ]. Adrenalectomy also enhanced the intensity of immunostaining [ 30 ]. PACAP 
immunoreactive fi bers in the external zone have to be the axons of hypophysiotropic 
neurons. In our experiment we proved this hypothesis [ 31 ] by injecting Fluoro-Gold 
(FG) tracer intraperitoneally ( ip ). This tracer is known to enter the blood stream and 
then the central nervous system where the blood–brain barrier (BBB) is missing; 
that is, through the ME, posterior pituitary, vascular organ of lamina terminalis 
(OVLT), and other circumventricular organs [ 32 ]. In control animals, FG spreading 
in a retrograde manner labeled cell bodies in several hypothalamic regions including 
Pe, arcuate nucleus (ARC), SON, and both parvocellular and magnocellular portions 
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  Fig. 12.1    Microphotographs demonstrating the distribution of PACAP immunoreactivity in fron-
tal sections of the hypothalamus and median eminence of a Sprague-Dawley male rat 3 weeks after 
adrenalectomy ( a – c ), in the median eminence and posterior pituitary of an intact rat ( d ,  e ) and an 
intact cat ( f ,  g ) and in the suprachiasmatic nucleus of an intact sheep and colchicine treated rat ( h ,  i ). 
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of the PVN. In pituitary stalk-sectioned rats (a 2-mm- wide piece of razor blade was 
implanted in the internal lamina of the base of the skull at 5.0 mm in front of the ear 
bar), FG could reach the hypothalamus only through the capillary loops of the ME 
because the blade prevented the tracer from entering the hypothalamus through the 
posterior pituitary. In this latter model, the parvocellular nuclei and the ventral por-
tion of the magnocellular part of PVN were labeled. The SON was completely 
empty. Double labeling revealed that in the Pe and the ventral magnocellular portion 
of the PVN, PACAP immunoreactive cells contained FG. These neurons are hypo-
physiotropic. It was also demonstrated that not only the hypothalamic PACAP regu-
lates the pituitary functions, but PACAP produced by the anterior pituitary itself 
functions as an autocrine and paracrine factor [ 25 ].  

    PACAP in the Extrahypothalamic Regions 

 In colchicine treated rats PACAP immunoreactive neuronal cell bodies and fi bers 
were also observed in many extrahypothalamic regions [ 11 ,  33 ]. In our laboratory 
we have observed a very dense fi ber network in the central medial, central lateral, 
and paraventricular nuclei of the thalamus (Fig.  12.2a ), the lateral habenula 
(Fig.  12.2b ), the central amygdala (Fig.  12.2c ), the lateral septum (Fig.  12.2d, e ), the 
bed nucleus of stria terminalis (BNST) (Fig.  12.2f ), and the dorsal endopiriform 
nucleus (Fig.  12.2g ). Immunoreactive cells were observed in the lateral amygdala 
(Fig.  12.2c ), hippocampus (Fig.  12.2h ), dentate gyrus (Fig.  12.2i ), cingulate and 
entorhinal cortices. In the lateral septum the PACAP immunoreactive fi bers lined 
out neuronal cell bodies (Fig.  12.2e ). With the use of semiquantitative ISH Mikkelsen 
and his colleagues [ 34 ] found PACAP mRNA in the cingulate and frontal cortices. 
The hybridization signal was observed in low concentrations in other cortical areas 
as well. The signal was detected over cell bodies in cortical layers II, III, and IV and 
occasionally over the cell bodies in the outer pyramidal layer.

Fig. 12.1 (continued) ABC technique with nickel intensifi cation. ( a ) PACAP immunoreactive 
cell bodies are seen mainly in the magnocellular subdivision of the PVN. A few immunopositive 
cell bodies are also present in the parvocellular subdivision of PVN and in the lateral hypothala-
mus. ( b ) PACAP cell bodies in the Pe and SON. ( c ) Dense PACAP fi bers in the median eminence. 
( d ,  e ) PACAP fi bers in the internal zone of the median eminence and the posterior pituitary of an 
intact rat. The axons are fi ne and beaded. ( f ) PACAP fi bers in both layers of the median eminence 
of an intact cat and ( g ) PACAP fi bers in the posterior pituitary of the same animal. ( h ) Dense fi ber 
network in the SCN of an intact sheep and ( i ) of a colchicine treated rat. This nucleus is the termi-
nation of the retinohypothalamic tract.  Arrowheads  show immunoreactive cell bodies,  arrows  
show fi bers.  3V  third ventricle,  EZ  external zone,  fx  fornix,  IZ  internal zone,  ME  median eminence, 
 OX  optic chiasm,  Pe  periventricular nucleus,  Pf  perifornical area,  PP  posterior pituitary,  PVN  para-
ventricular nucleus,  SCN  suprachiasmatic nucleus,  SON  supraoptic nucleus. Scale: 800 μm in  a – c ; 
300 μm in  d  and  e ; 900 μm in  f  and  g ; 500 μm in  h  and  i        
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       PACAP in the Retino-hypothalamic Tract (RHT) and the Centrifugal 
Visual System 

 In intact rats, we did not see PACAP immunoreactive cells in the retina; however, 
fi ve days after the interruption of the optic nerve, PACAP immunoreactivity 
appeared in the retinal ganglion cells. To fi nd evidence of whether the axons of these 
PACAP immunoreactive cells form a terminal-like fi ber network in the SCN or not, 
a retrograde tracer was injected into the SCN. Two days later the optic nerve was 
transected. The tracer colocalized with PACAP immunoreactivity. This clearly 
shows that PACAP is present in the RHT [ 35 ]. Later, Hannibal and his coworkers 
[ 36 ] confi rmed our results and elaborated on the role of PACAP in circadian 

  Fig. 12.2    Microphotographs demonstrating the distribution of PACAP immunoreactive cell bodies 
and fi ber networks in the extrahypothalamic structures in frontal sections of the forebrain of a 
Sprague-Dawley male rat ( a – i ). ABC technique with nickel intensifi cation. ( a ) Fiber network is 
seen in the central thalamus and ( b ) in the medial part of the lateral habenula. ( c ) In the central 
amygdala there is a dense fi ber network and in the lateral amygdala scattered cell bodies are seen. 
( d ) In the lateral septum many immunoreactive fi bers are present. ( e ) High power detail of d. 
Immunoreactive fi bers surround perikarya and dendrites of unlabeled cells. ( f ) Dense fi ber network 
in the BNST. ( g ) In the entorhinal cortex many immunoreactive cells are seen and many fi bers form 
a network deep in the endopiriform nucleus. ( h ,  i ) Immunoreactive cells in the hippocampal forma-
tion (CA1 region of the hippocampus and the dentate gyrus).  Arrowheads  show immunoreactive 
cell bodies,  arrows  show immunoreactive fi bers.  3V  third ventricle,  BNST  bed nucleus of stria 
terminalis,  CAmyg  central amygdala,  CC  corpus callosum,  CTh  central thalamus,  DEn  endopiri-
form nucleus,  DG  dentate gyrus,  ERC  entorhinal cortex,  LAmyg  lateral amygdala,  Lh  lateral 
habenula,  LH  lateral hypothalamus,  LS  lateral septum,  LV  lateral ventricle. Scale: 2000 μm in  a  and 
 d ; 1500 μm in  b ; 1000 μm in  c ,  h , and  i ; 100 μm in  e – g        
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rhythms. Furthermore, immunohistochemical studies revealed that PACAP-positive 
nerve fi bers were present in the nerve fi ber layer and positive cell bodies in the gan-
glion cell layer. Positive nerve fi bers were also seen in the inner plexiform layer. 
PACAP-positive neuronal cell bodies were found in amacrine and horizontal cell 
layers and in the inner nuclear layer. No PACAP positivity was seen in the photore-
ceptors or retinal pigmented epithelium [ 13 ,  37 ]. 

 With the use of monoclonal antibody, Hannibal’s group demonstrated wider dis-
tribution of PACAP immunoreactivity [ 21 ,  27 ,  36 ,  38 ]. Their results showed that 
PACAP-containing nerve fi bers were present in the visual system (the ventral part of 
the lateral geniculate nucleus and the nucleus of the optic tract) and in the termina-
tion of the retinohypothalamic tract (right and left sides of the SCN and dominantly 
the contralateral intergeniculate leafl et of the thalamus, the olivary pretectal nucleus, 
the ventrolateral preoptic nucleus, the anterior and lateral hypothalamic area, and the 
subparaventricular zone). Retinal projections, not previously described in rats, also 
contained PACAP (the lateral posterior nucleus of thalamus, the posterior limitans 
nucleus, the dorsal part of the anterior pretectal nucleus and the posterior and medial 
pretectal nuclei, and few in the superior colliculus) [ 39 ]. 

 In our laboratory we demonstrated that PACAP is also present in a reverse 
connection between the central nervous system and the retina (centrifugal visual 
system) [ 40 ]. It was found that BDA injected into the vitreous body of the eye of rats 
was transported in ante- and retrograde manners. A considerable number of retro-
gradely labeled nerve cell bodies were seen in many structures such as the dentate 
gyrus (DG), CA1 and CA3 regions of the hippocampus, the SON and the PVN, the 
habenular complex, the indusium griseum, and the olfactory tubercle. The injection 
of tracer to one eye resulted in cell body labeling at both sides of the forebrain. 
Selected sections showing BDA labeling were stained for PACAP. Some BDA- 
labeled cells also showed PACAP immunoreactivity in the SON and the dentate 
gyrus. It was concluded that PACAP is present not only in the RHT, but in the cen-
trifugal visual system as well.  

    PACAP in the Cerebellum 

 PACAP was also seen in the cerebellar Purkinje cells [ 41 ]. 
 Figure  12.3  schematically illustrates the distribution of PACAP in frontal sec-

tions of the forebrain using a polyclonal rabbit antibody (a–d) and in situ hybridiza-
tion (e–h).

       PACAP in the Brainstem 

 PACAP immunoreactive cell bodies and fi bers were also observed in brainstem 
structures in rats and cats using IHC [ 42 ,  43 ]. The following structures were PACAP 
immunoreactive: the dorsomedial and ventrolateral cell columns of the motor nuclei 
of cranial nerves, the primary somatosensory cells in the mesencephalic nucleus of 
the trigeminal nerve and the central axons of the branchial cranial nerves in the 
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  Fig. 12.3    Schematic illustration of the distribution of PACAP immunoreactive cells and fi bers and 
PACAP mRNA in four representative frontal sections of the forebrain according to Paxinos and 
Watson’s stereotaxic coordinates [ 109 ].  Asterisks  show occurrence of PACAP immunoreactive cell 
bodies or PACAP mRNA and squares show fi bers.  a – d  summarize the immunohistochemical data of 
Köves et al. [ 11 ], Kivipelto et al. [ 10 ] and Tamada et al. [ 15 ],  e – h  summarize the occurrence of 
PACAP mRNA obtained by Mikkelsen et al. [ 34 ], Hannibal [ 27 ], and Moore et al. [ 24 ] using in situ 
hybridization.  3V  third ventricle,  AC  anterior commissure,  AH  anterior hypothalamus,  ARC  arcuate 
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Fig. 12.3 (continued) nucleus,  BNST  bed nucleus of stria terminalis,  CA  central amygdala,  CA1  
hippocampal region,  Cg  cingulate gyrus,  CTh  central thalamus,  Den  dorsal endopiriform nucleus, 
 Dg  dentate gyrus,  DM  dorsomedial nucleus,  ERC  entorhinal cortex,  fx  fornix,  IA  interaural line,  LA  
lateral amygdala,  Lh  lateral habenula,  LH  lateral hypothalamus,  LS  lateral septum,  ME  median 
eminence,  mt  mammillothalamic tract,  OT  optic tract,  OVLT  organon vasculosum laminae termina-
lis,  OX  optic chiasm,  PA  preoptic area,  Pe  periventricular nucleus,  Pf  perifornical region,  PVN  para-
ventricular nucleus,  RHT  retinohypothalamic tract,  SFg  superior frontal gyrus,  SON  supraoptic 
nucleus,  SOR  retrochiasmatic portion of supraoptic nucleus,  VM  ventromedial nucleus,  ZI  zona 
incerta       

spinal trigeminal tract, visceral afferent fi bers in the solitary tract and cell bodies in 
the dorsal motor nucleus of the vagus, second and third order sensory neurons of the 
cochlear and vestibular systems, scattered fi bers in various regions of the brainstem 
and well-defi ned fi ber bundles in the interpeduncular area, scattered cell bodies in 
the red nucleus, the substantia nigra, in some cell groups of the reticular formation 
and in the raphe nuclei, as well as in the pontine dorsolateral tegmentum and the 
locus ceruleus (LC). Figure  12.4  demonstrates PACAP immunoreactive cell bodies 
and fi ber networks in some representative areas of the brainstem. Figure  12.5  sche-
matically illustrates the distribution of PACAP in cross sections of the brainstem.

         Results Obtained by RIA and S-EIA 

 A heterologous RIA method for PACAP38 and a homologous RIA method for a 
shorter form of PACAP27 revealed that in rat the highest concentration of radioim-
munoassayable PACAP38 was found in the hypothalamus, but other brain regions 
also contained considerable amounts of PACAP38 (extrahypothalamic structures 
and brainstem). The PACAP38 concentration found in the posterior pituitary was 
comparable with that in the extrahypothalamic brain [ 8 ]. Ghatei and his coworkers 
[ 19 ], using an antibody to PACAP21–38, examined several extrahypothalamic 
regions of human brains. The highest level of PACAP immunoreactivity (similar to 
the hypothalamus) was found in the accumbens nucleus, septum, amygdala, stria-
tum, and the globus pallidus. Moderate levels were found in many other regions 
(frontal cortex, cerebellum, hippocampus, brainstem, sacral spinal cord). In this 
study the authors could not detect PACAP in the pituitary gland and in several 
peripheral tissues such as pancreas, lung, heart, kidney, and spleen. 

 A Japanese research group measured PACAP level by S-EIA in 62 brain regions 
of rats [ 23 ]. Two antibodies were used in the assay: PA-6N (directed to the N termi-
nal portion) and PA-2C (directed to the C terminal portion). In the forebrain, the 
highest level of PACAP was found in the hypothalamus (SON, PVN, Pe, ARC, and 
SCN), septum, BNST, and the amygdala. In the brainstem, a considerable amount 
was measured in the central gray matter, interfascicular, interpeduncular and dorsal 
raphe nuclei. During ontogenesis PACAP levels were quite low at postnatal day 2, 
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peaked at 30–60 days, and then remained constant in most regions during adulthood 
[ 44 ]. Palkovits and his coworkers [ 45 ] mapped PACAP content in 79 regions of the 
adult human brain in samples taken by microdissection [ 46 ]. PACAP was measured 
by RIA. The highest concentrations were found in the hypothalamus (PVN, ME, 

  Fig. 12.4    Microphotographs demonstrating PACAP immunoreactive cell bodies and fi bers in the 
cross sections of rat brainstem. ( a ) A dense fi ber network is seen at both sides of the interpeduncu-
lar nucleus. ( b ) Immunoreactive cell bodies in the locus ceruleus and ( c ) in the dorsal nucleus 
of vagus. ( d ) In the pons two areas in the rectangles are seen with high magnifi cation in e and f. 
( e ) Immunoreactive cells in the raphe dorsalis and ( f ) in the raphe pontis. ( g ) Immunoreactive 
fi bers in the spinal trigeminal tract formed by the central axons of the primary sensory neurons 
located in the trigeminal ganglion.  D10  dorsal motor nucleus of vagus,  IP  interpeduncular nucleus, 
 LC  locus ceruleus,  SolT  solitary tract,  SP5  spinal trigeminal tract,  RD  raphe dorsalis,  RPn  raphe 
pontis. Scale: 1000 μm in  a ,  d , and  g ; 120 μm in  b  and  c ; 75 μm in  e  and  f        
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pituitary stalk, Pe, and BNST) and in the vagal complex of the brainstem, although 
PACAP was also measurable in other regions such as the septum pellucidum, SON, 
ventromedial nucleus, periaqueductal and spinal gray matters, the motor nucleus of 
facial nerve, and in the spinal nucleus of the trigeminal nerve. 

  Fig. 12.5    Schematic 
illustration of the 
distribution of PACAP 
immunoreactive cells and 
fi bers in the frontal 
sections of the brainstem 
according to Paxinos and 
Watson’s stereotaxic 
coordinates [ 109 ]. 
 Asterisks  show occurrence 
of PACAP immunoreactive 
cell bodies and squares 
show fi bers. ( a – d ) 
summarize the 
immunohistochemical data 
obtained by Kausz et al. 
[ 42 ] and Légrádi et al. 
[ 43 ]. Three motor nucleus 
of oculomotorius; 6 motor 
nucleus of abducens; 7 
motor nucleus of facialis; 
10 dorsal vagus nucleus; 
12 motor nucleus of 
hypoglossus;  Amb  
ambiguus nucleus,  DC  
dorsal cochlear nucleus,  IP  
interpeduncular nucleus, 
 LC  locus ceruleus,  Me5  
mesencephalic nucleus of 
vagus,  R  red nucleus,  RPn  
raphe pontis,  SN  substantia 
nigra,  SolT  solitary tract, 
 Sp5  spinal trigeminal tract, 
 Ve  vestibular nuclei,  VLM  
ventrolateral medulla       
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 Dow and his coworkers [ 47 ] demonstrated for the fi rst time, that PACAP is 
released into the portal circulation. The amount of PACAP38 in hypophysial portal 
blood was two times higher in female than in male rats (107 vs. 54 pM) and four 
times higher than in the general circulation (24 pM) measured by RIA. As assessed 
by high-performance liquid chromatography (HPLC), PACAP38 is the major form 
found in the portal blood. This indicated that PACAP38 might be a hypothalamic 
regulatory factor. This would also explain why PACAP accumulated in fi bers after 
hypophysectomy and reached high enough levels to be detected by immunostaining 
in the external zone of the ME. RIA, nuclear run-on, and RNase protection assays 
[ 48 ] demonstrated that 1–2 weeks after hypophysectomy, the level of PACAP, the 
transcriptional rate of the PACAP gene and PACAP mRNA content decreased in the 
hypothalamus. These fi ndings suggest that the reduced rate of PACAP gene tran-
scription after hypophysectomy is responsible for the decrease of mRNA and pep-
tide levels in the hypothalamus. A replacement with growth hormone (GH), prolactin 
(PRL), thyroxin (T4), corticosterone, and testosterone signifi cantly restored PACAP 
mRNA levels in hypophysectomized rats similar to those in control animals.  

    PACAP mRNA Demonstrated by PCR 

 Only a few data are available in the literature concerning PACAP mRNA in the 
nervous system, measured by PCR. Oka and his coworkers [ 49 ] demonstrated 
PACAP mRNA in normal human hypothalamus, but not in normal anterior pituitary. 
Aubert and his coworkers [ 50 ] found PACAP in cerebellar Purkinje cells of 
monkeys. 

 When we compare IHC with RIA or S-EIA results, it becomes evident that the 
high levels of PACAP are due to the great number of PACAP cell bodies or the dense 
fi ber network. For example, the high level of PACAP in the SCN (Fig.  12.1h, i ) is 
explained by the presence of a dense fi ber network [ 23 ]. This is the major termina-
tion of the RHT which is formed by the axons of the PACAP immunoreactive gan-
glion cells [ 35 ,  36 ]. The high PACAP level in the septum, the BNST, the central 
amygdala and the interpeduncular nucleus is also due to a dense fi ber network 
(Fig.  12.2c, d, f  and Fig.  12.4a ). The origin of these PACAP fi bers is not well docu-
mented. Only a few experiments have been done which directly certify the origin of 
these fi bers. The PACAP fi bers in the BNST are derived from the hypothalamic 
PVN and dorsal nucleus of vagus. After microinjecting cholera toxin B subunit in 
the BNST as a retrograde tracer, Kozicz and his coworkers [ 51 ] found double 
labeled neurons for cholera toxin B and PACAP in the PVN and the dorsal vagal 
complex. We can only speculate what the origin of PACAP fi bers is in areas such as 
the septum, central amygdala, the interpeduncular nucleus, lateral habenula, and cen-
tral thalamus. Our hypothesis is based on previous tract tracing studies. The lateral 
septum is very heavily innervated. These fi bers may come from different sources 
[ 52 ]. After the transection of the fornix, many degenerated terminals were observed 
in the lateral septum. These fi bers were connected to GABAergic neurons [ 53 ]. 
These hippocampo- septal fi bers may contain PACAP since many PACAP immuno-
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reactive cells were demonstrated in the hippocampus [ 11 ]. Iontophoretic applica-
tion of horseradish peroxidase in the lateral septum revealed retrogradely labeled 
perikarya in the PVN, LC, and raphe nuclei [ 54 ]. All these regions contain PACAP 
immunoreactive cell bodies. The origin of PACAP fi bers in the central amygdala 
may be the PACAP neurons located in the basolateral nucleus of the amygdala, 
since some efferents from this nucleus project to the central amygdala [ 55 ]. PACAP 
fi bers present in the interpeduncular nucleus may originate from the dorsal tegmen-
tal nucleus (nucleus incertus in cat), the raphe nuclei and the LC because FG injected 
into the interpeduncular nucleus resulted in retrogradely labeled neurons in the 
abovementioned regions [ 56 ], where PACAP cell bodies were also described. 
Gruber and his colleagues [ 57 ] revealed that the origin of a dopaminergic fi ber net-
work in the lateral habenula (showing similar localization to the PACAP fi ber net-
work) is the ventral tegmental area of the mesencephalon where labeled cell bodies 
were seen. The study was done by a retrograde tracing approach. Gold-coupled 
wheat germ agglutinin (WGA) was injected in the medial portion of the lateral 
habenula. Labeling was also observed in the incertohypothalamic and Pe nuclei. 
The presence of PACAP cell bodies in the hypothalamic Pe is well documented. 
These cells may also send fi bers to the lateral habenula. By utilization of antero-
grade transport of cholera toxin subunit B, direct retinal projections to midline and 
intralaminar thalamic nuclei were demonstrated in marmoset brains. As mentioned 
above, PACAP immunoreactive retinal ganglionic cells send fi bers to many regions 
of the forebrain [ 58 ,  59 ].   

    PACAP in the Peripheral Nervous System 

    Immunohistochemical and In Situ Hybridization Findings 

 The presence of PACAP in the peripheral nervous system was also demonstrated by 
IHC [ 12 ,  14 ,  16 ,  60 – 68 ] and ISH [ 69 ]. 

    PACAP in the Sensory Nervous System 

 In the sensory ganglia of the cranial nerves and in the spinal ganglia, small size pseu-
dounipolar neurons were PACAP immunoreactive [ 60 ,  70 – 72 ]. The central axons of 
these sensory neurons enter the brainstem and the dorsal horn of the spinal cord 
where they form a dense network. Figure  12.6  shows PACAP immunoreactive cell 
bodies in cat trigeminal ganglion and immunoreactive fi bers in the spinal trigeminal 
tract. Similarly, a dense fi ber network was demonstrated in the dorsal horn of the 
spinal cord [ 71 – 73 ]. The mesencephalic nucleus of the trigeminal nerve also con-
tained PACAP immunoreactive cell bodies as mentioned above [ 42 ,  74 ]. This nucleus 
is composed of pseudounipolar cells analog to primary sensory neurons. With the use 
of ISH, PACAP mRNA was also demonstrated in the primary sensory ganglia [ 63 ]. 
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After nerve injury mRNA level is upregulated and appears in the superfi cial layer of 
the dorsal horn and in some motor neurons in the ventral horn [ 75 ].

   PACAP immunoreactive fi bers were described in many regions of the head 
which are innervated by the trigeminal nerve. Elsås and his coworkers [ 9 ] described 
numerous PACAP-immunoreactive nerve fi bers in the lacrimal gland and choroid 
which are partially sensory. They found a sparse supply of PACAP-containing nerve 
fi bers in the iris, ciliary body, and conjunctiva as well. Baeres and Møller [ 76 ] 
described PACAP immunoreactive fi bers in the pineal organ. These fi bers originate 
from the trigeminal ganglion. Kausz and her coworkers [ 60 ] using a retrograde 
tracing technique and immunohistochemistry in cats and colchicine treated rats 
demonstrated that small and middle sized PACAP immunoreactive neurons located 
in the trigeminal ganglion innervate various regions of the forehead, eye, chin, 
mucosa of tongue, and muscles of mastication and whiskers. PACAP immunoreac-
tive fi bers were described in oral structures including the gingiva, tooth pulp [ 77 ], 
tongue [ 71 ] and palate [ 78 ]. It is well established that the nodose ganglion of the vagus 
provides sensory fi bers for the respiratory, cardiac and digestive systems. In this 
ganglion, PACAP is present and colocalizes with CGRP, SP and VIP. This suggests 
that PACAP is involved in nociceptive vagal transduction [ 79 ]. 

 PACAP-positive nerve fi bers are present in the hairy skin of rats, forming a sub-
epithelial plexus from which delicate varicose nerve fi bers enter the overlying epi-
thelium [ 66 ]. PACAP-immunoreactive sensory fi bers were also observed in the 
human skin close to the dermal–epidermal border and around the hair follicles [ 80 ]. 
Capsaicin induced infl ammation enhanced the level of PACAP (measured by RIA) 
in mouse plantar skin [ 81 ]. Papka and his coworkers [ 82 ] determined the expression 
pattern of PACAP in the cervix and its nerves during pregnancy and the infl uence of 
estrogen on this expression using IHC, RIA, and RT-PCR. PACAP immunoreactivity 
was detected in nerves of the cervix, lumbosacral (L6-S1) dorsal root ganglia and in 
the spinal cord of rats. PACAP immunoreactivity was highest on day 15 of preg-
nancy in the cervix and dorsal spinal cord, but then decreased over the last trimester 
of pregnancy. However, levels of PACAP mRNA increased in the L6-S1 dorsal root 
ganglia during late pregnancy compared to early pregnancy. Dorsal root ganglia 

  Fig. 12.6    Microphotographs showing PACAP immunoreactive cell bodies in the trigeminal gan-
glion ( a ) and immunoreactive fi bers in the spinal trigeminal tract (Sp5) of a domestic cat ( b ). 
 Arrowheads  indicate cell bodies,  arrows  indicate fi bers. Scale: 300 μm       

 

K. Koves



193

of ovariectomized rats treated with estrogen showed increased PACAP mRNA 
synthesis in a dose-related manner, an effect partially blocked by the estrogen 
receptor antagonist. 

 PACAP was demonstrated not only in pseudounipolar sensory neurons, but also 
in the bipolar sensory neurons in the spiral and vestibular ganglia [ 83 ]. PACAP was 
found in the spiral bundle and beneath the inner and outer hair cells within the organ 
of Corti. Furthermore, evidence was obtained that PACAP is present in type I afferent 
axons leaving the spiral ganglion en route to the auditory nerve.  

    PACAP in the Autonomic Nervous System 

 PACAP is also present in the autonomic nervous system. PACAP mRNA in adult rat 
spinal cord is limited to the preganglionic sympathetic neurons of the intermedio- 
lateral cell column (IML) [ 12 ]. PACAP immunoreactive cell bodies were also observed 
in the para- and prevertebral sympathetic ganglia. Wojtkiewicz and his colleagues [ 84 ] 
injected fast blue in the parotid gland. Fast blue labeled neurons in the superior cervical 
sympathetic ganglion showed PACAP immunoreactivity as well. PACAP was shown 
in IML of the Th9-12 spinal cord segment. These preganglionic neurons directly inner-
vate the adrenal gland [ 85 ]. PACAP immunoreactive nerve fi bers innervating blood 
vessels were found in the cartilage canals [ 86 ] and around blood vessels and sweat 
glands in human skin [ 80 ]. These latter fi bers may originate from the paravertebral 
sympathetic ganglia. Baeres and her coworkers [ 87 ] investigated the innervation of 
subarachnoidal vessels using FG tracer and immunohistochemical identifi cation of 
the labeled neurons. It was found that the PACAP immunoreactive sensory fi bers 
derive from the trigeminal ganglion and very scarce PACAP immunoreactive parasym-
pathetic fi bers from the otic and sphenopalatine ganglia. 

 Many neuronal cell bodies in craniosacral preganglionic parasympathetic nuclei 
and neurons in intramural parasympathetic ganglia also store PACAP [ 67 ]. Mulder 
and his coworkers [ 12 ] demonstrated a considerable number of PACAP immunore-
active cell bodies in the otic and sphenopalatine ganglia; it was later confi rmed by 
Uddman and his coworkers [ 68 ]. Elsås and his coworkers [ 9 ] found a few PACAP 
positive cells in the ciliary ganglion. It was also shown that PACAP fi bers innervate 
salivary glands [ 84 ,  88 ]. All the three parasympathetic ganglia providing the inner-
vation of the salivary glands contain PACAP immunoreactive cell bodies [ 12 ,  67 , 
 68 ,  88 ]. Milfendereski and his coworkers [ 89 ] measured PACAP38 and 27 level in 
the parotid gland using RIA. The concentration of the former was about twice that 
of the latter. Parasympathetic denervation reduced the total contents of PACAP38 
and PACAP27 of parotid gland by 23 % and 44 %, respectively. These observations 
clearly show that PACAP is present in the parasympathetic fi bers. 

 The cardiac ganglia are distributed in different regions of the atria of a number of 
mammalian species, surrounding the sinoatrial node, around the roots of the venae 
cavae and pulmonary veins, in the interatrial septum, in the proximity of the atrio-
ventricular node and in the auricular appendages. These ganglia receive PACAP 
immunoreactive preganglionic fi bers from the dorsal nucleus of vagus [ 90 ]. RT-PCR 
revealed that cardiac ganglia expressed proPACAP transcripts and that these ganglia 
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  Fig. 12.7    PACAP immunoreactivity in ovine gastrointestinal tract. ( a ) Esophageal mucosa with 
muscularis mucosae. ( b ) Inner layer of external muscularis of stomach. ( c ) Duodenal mucosa. ( d ) 
Duodenal submucosa with the Brunner’s glands. ( e ) Duodenal external muscularis. ( f ) Myenteric 
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have PACAP peptide biosynthetic capabilities. The in vivo sources of PACAP were 
localized immunocytochemically to neuronal fi bers and a subpopulation of intrinsic 
postganglionic cardiac neurons [ 91 ]. 

 During the last three decades it became evident that it is a general rule that 
PACAP immunoreactive nerve fi bers innervate smooth muscle layers and glands in 
many organs. First PACAP fi bers were demonstrated in the smooth muscle layers of 
the gastrointestinal tract [ 14 ,  62 ]. Later, PACAP immunoreactive nerve fi bers were 
found in the respiratory tract [ 16 ], in the female [ 92 ] and male reproductive [ 93 ] and 
the urinary system [ 94 ] and in the smooth muscle layer of arteries [ 95 ]. In the 
abovementioned experiments the source of PACAP fi bers innervating the smooth 
muscle layers was also investigated. It was previously demonstrated that capsaicin 
treatment of newborn rats resulted in the degeneration of primary sensory neurons 
involved in the mediation of pain. Capsaicin induced degeneration of unmyelinated 
primary afferent fi bers, terminating in Rexed’s laminae I and II of the spinal cord, 
left the parasympathetic fi bers to further exist [ 96 ]. These fi bers are the axons of 
intramural ganglia in the viscera [ 14 ] or the cranial ganglia in the head regions [ 67 ]. 

 Sundler and his coworkers [ 14 ] mapped PACAP immunoreactivity in chicken, 
mouse, rat, hamster, guinea pig, ferret, cat, pig, sheep, and human stomach, small 
and large intestines. It was generally found that the number of PACAP immunoreac-
tive nerve cell bodies in the myenteric ganglia is greater than in the submucosal 
ganglia, and the number of PACAP immunoreactive fi bers is greater in the smooth 
muscle layers than in the mucosa. Portbury and his colleagues [ 65 ] determined the 
projections of PACAP-immunoreactive neurons in guinea pig small and large intes-
tines. PACAP fi bers were seen in the myenteric and submucous plexus, in the lon-
gitudinal and circular muscle layers and around blood vessels of the submucosa 
throughout the gut. In both, the small and large intestines, PACAP cell bodies were 
seen in the myenteric ganglia following colchicine treatment. Myotomy (cutting 
through the muscle layer) and myectomy (removal a piece of muscle layer) revealed 
that PACAP interneurons projected caudally in the ileum and colon. Myectomy 
resulted in a loss of PACAP fi bers in the circular muscle below the surgery, whereas 
PACAP fi bers remained in the submucosa and around blood vessels. Following 
extrinsic denervation of the ileum, the number of PACAP fi bers in the submucosal 
ganglia and around blood vessels decreased. This suggests that a portion of PACAP 
fi bers supplying the submucosal ganglia and blood vessels have an extrinsic source. 
These fi bers may be parasympathetic from the vagus and sensory from the spinal 
nerves. Ny and coworkers [ 97 ] revealed PACAP innervation of the lower esophageal 
sphincter where PACAP has a relaxing effect. 

 Figure  12.7  shows representative photos from the ovine digestive system, 
demonstrating PACAP immunoreactivity in the esophagus, stomach, small and 

Fig. 12.7 (continued) ganglion in the duodenum. ( g ) A PACAP innervated artery in the subperitoneal 
layer of the duodenum. ( h ) Specifi city test. ( i ) mucosa of the colon. ( j ) external muscle layer of the 
colon. For specifi city test PACAP antibody was removed with solid phase adsorption method [ 110 ]. 
 A  artery,  BG  Brunner’s gland, CL Crypt of Lieberkühn,  cSM  circular smooth muscle layer,  MG  
myenteric ganglion,  MM  muscularis mucosae,  lSM  longitudinal smooth muscle,  SM  smooth mus-
cle.  Arrowheads  indicate PACAP immunoreactive cell bodies,  arrows  indicate immunoreactive 
fi bers. Scale: 150 μm       
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large intestines. We found PACAP immunoreactive fi bers in all layers, and PACAP 
immunoreactive neuronal cell bodies in the intramural ganglia of the submucosal 
and myenteric plexus.

   A moderate number of PACAP immunoreactive nerve fi bers were seen in the 
smooth muscle layer of bronchi, vessels and around seromucous glands of the 
respiratory tract [ 16 ,  61 ]. With the use of RIA, both PACAP27 and PACAP38 
were found throughout the genital tract and the ovaries of human females. The 
predominant form was PACAP38 [ 98 ]. Immunocytochemistry revealed that 
PACAP was located in delicate varicose nerve fi bers that were most abundant in 
the internal cervical os, where they mainly seemed to innervate blood vessels and 
smooth muscle cells. PACAP induced concentration-dependent smooth muscle 
relaxation [ 92 ]. Fahrenkrug and his coworkers [ 99 ] further investigated the human 
genital tract. They examined samples of cervix, uterine body, fallopian tube (isth-
mus, ampulla, infundibulum), vagina, and ovary. With the use of RIA the highest 
PACAP level was found in the ovary and considerable level was present in the 
uterus and the tube. Immunohistochemistry confi rmed the previous observations 
that PACAP immunoreactive fi bers are found in the smooth muscle layers and in 
the wall of vessels, not only in the wall of the uterus, but in the parametrium as 
well. In the ovary, immunoreactive fi bers were associated with the wall of vessels 
in the hilum. Skakkebaek and his coworkers [ 66 ] described PACAP fi bers sur-
rounding the lactiferous duct of the nipple and blood vessels of the mammary 
gland. A few delicate varicose fi bers were observed between secretory alveoli. 
Immunohistochemical analysis revealed that besides PACAP-immunoreactive 
fi bers in the dermis close to the dermal–epidermal border, hair follicles, blood 
vessels and sweat glands are also innervated by PACAP fi bers [ 80 ]. In the male 
genital organ, RIA revealed that the level of PACAP38 is much higher than that of 
PACAP27. With the use of IHC in the human penil erectile tissue (corpus caver-
nosum), gracile PACAP fi bers were found in moderate numbers along bundles of 
smooth muscle cells, and dispersed in the adventitia; and along the borders of the 
adventitia and media in arteries of various sizes. In vitro PACAP induced relaxation 
of the smooth muscle bundles [ 93 ].  

    PACAP in Motor Neurons 

 PACAP immunoreactivity was shown in the motoneurons of the cranial nerves. 
In colchicine treated rats the dorsomedial (III, IV, VI, and XII cranial nerve 
motor nuclei) and ventrolateral (V, VII and ambiguus nucleus) cell columns 
exhibited PACAP immunoreactivity using IHC [ 42 ]. PACAP mRNA expression 
was demonstrated by ISH in adult rat motor and sensory neurons after L4–6 lum-
bar nerve injury. The incidence and level of PACAP mRNA expression were 
dramatically reduced in response to intrathecal anti-brain derived nerve growth 
factor (BDNF) administration, indicating that this factor is able to induce PACAP 
expression [ 100 ].   
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    Results Obtained by RIA 

 PACAP levels measured by RIA in the mouse stomach, small and large intestines 
are much higher than in the rat, hamster, and guinea pig. PACAP level is higher in 
the smooth muscle layer than in the mucosa [ 14 ].  

    Results Obtained by PCR 

 Boeshore and his coworkers [ 101 ] used DNA microarray technology to study the 
changes in gene expression in superior cervical ganglia within 48 h of transecting 
the postganglionic trunks of the adult rat. The expression of more than 200 known 
genes changed in the ganglion, and most of these genes were not previously associated 
with a response to injury. In contrast, only 10 genes changed following transection 
of the preganglionic cervical sympathetic trunk. Real-time RT-PCR analysis veri-
fi ed the upregulation of a number of the axotomy-induced genes, including 
PACAP. PACAP mRNA was found in the otic and sphenopalatine ganglia using 
RT-PCR method [ 68 ]. With the use of RT-PCR, Pettersson and her coworkers [ 100 ] 
found an elevated PACAP level after L4–L6 spinal nerve injury in the related sen-
sory and motor neurons. 

    PACAP in Fluids Studied by RIA 

 PACAP was also found in the blood plasma and milk [ 102 ], in kidney [ 103 ] and 
lung and colon cancer homogenates [ 104 ]. In these fl uids and tissues the source of 
PACAP was not identifi ed. It may originate from the innervating nerve fi bers or it 
may be due to the release of PACAP from endocrine cells. 

 The data concerning the distribution of PACAP in mammals were surveyed in 
previous reviews and book chapters [ 30 ,  105 – 108 ]. During the last decade several new 
morphological data were added to the previous ones. It seems that some techniques 
became more sensitive and some new ones are introduced in this research work.       
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    Chapter 13   
 Multiple Mechanisms Contribute to the PAC 1  
Modulation of Parasympathetic Cardiac 
Neuron Excitability                     

     Rodney     L.     Parsons     ,     John     D.     Tompkins    ,     Jean     C.     Hardwick    , 
    Laura     A.     Merriam    ,     Beatrice     M.     Girard    , and     Victor     May   

    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) is a potent 
intercellular signaling molecule that regulates a variety of central and peripheral 
neuronal circuits important for behavior and physiological homeostasis. Although 
central neurons are not readily accessible for mechanistic studies, the ability for 
PACAP/PAC 1  receptor signaling to increase neuronal excitability in guinea pig 
parasympathetic cardiac ganglia provides a unique means to establish intracellular 
PACAP mechanisms in neuronal function. The guinea pig cardiac neurons predomi-
nantly express a very short null PAC 1  receptor isoform which is coupled to the 
adenylyl cyclase and MEK/ERK signaling cascades. PACAP/PAC 1  receptor activa-
tion of adenylyl cyclase and the resulting rise in intracellular cAMP enhances the 
nonselective cationic current  I  h ; treatment with  I  h  inhibitors diminishes the PACAP- 
induced increase in excitability. Thus, a shift in the voltage-dependence of  I  h  activa-
tion is one ionic mechanism contributing to the PACAP-induced increase in cardiac 
neuron excitability. Low concentrations of nickel also blunt the peptide-induced 
increase in excitability, suggesting that a PACAP enhanced calcium infl ux through 
T-type voltage-dependent calcium channels contributes to the modulation of excit-
ability. Reducing ambient temperature and treatments with endocytosis inhibitors 
Pitstop2 or dynasore effi caciously block PACAP modulation of excitability suggest-
ing PACAP/PAC 1  receptor internalization for endosomal MEK/ERK activation is 
requisite for the PACAP responses. In sum, the results presented in this review 
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demonstrate that the PACAP/PAC 1  receptor interactions can activate multiple 
 intracellular signaling cascades to selectively modulate ionic conductances that gate 
neuronal excitability.  

  Keywords     PACAP   •   PAC 1  receptor   •   Parasympathetic cardiac neurons   •   Neuronal 
excitability   •   Adenylyl cyclase   •   cAMP   •   Hyperpolarization-activated nonselective 
cationic currents   •   Hyperpolarization-induced rebound depolarization   •   T-type low 
voltage-dependent calcium currents   •   Receptor internalization   •   MEK kinase   • 
  Signaling endosome  

      Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) peptides, members of 
the VIP/secretin/glucagon family of neuropeptides, are potent trophic and intercel-
lular signaling molecules that are widely distributed within neural and endocrine 
tissues across species [ 1 ,  2 ]. PACAP effects have been shown to be critically impor-
tant in central stress responses, peripheral sensory and autonomic function, and 
maintenance of multiple physiological systems critical for homeostasis [ 2 – 9 ]. The 
PACAP ( Adcyap1 ) peptide amino acid sequence is highly conserved and the action 
of PACAP is tissue specifi c dependent on the activation of the different isoforms of 
the seven transmembrane G-protein-coupled PACAP-selective PAC 1  receptor 
( Adcyap1r1 ) and/or the VPAC 1 - and VPAC 2 -nonselective receptors [ 1 ,  2 ,  10 – 12 ]. 

 PACAP has been identifi ed within neural elements innervating both vascular tis-
sues and the heart and PACAP peptides exert multiple and potent species-specifi c 
effects on cardiovascular regulation [ 2 ,  13 ]. PACAP is a potent vasodilator in most 
vascular beds [ 2 ]. Direct exogenous application of PACAP peptides on cardiac mus-
cle can have negative inotropic or positive inotropic/chronotropic actions. In the dog 
and guinea pig, PACAP peptides can both increase the threshold for acetylcholine- 
induced atrial fi brillations as well as initiate spontaneous fi brillations [ 14 – 19 ]. 
PACAP peptides stimulate cAMP synthesis by cardiac myocytes and modulate 
L-type calcium channels in vascular smooth muscle [ 13 ,  20 ]. 

 In addition to its direct effects on cardiac or smooth muscle cells, PACAP modulates 
cardiovascular function via potent excitatory effects on parasympathetic postgangli-
onic neurons within the intrinsic cardiac nervous system (cardiac neurons); thus, they 
modulate cardiac output by regulating cardiac neuron activity [ 18 ,  19 ,  21 ,  22 ]. Studies 
of isolated canine and guinea pig hearts demonstrate that PACAP causes a biphasic 
change in heart rate, initially tachycardia followed by bradycardia [ 14 – 16 ,  18 ,  19 ,  21 ]. 
In contrast, PACAP initiates only tachycardia in rats and mice [ 18 ,  23 ]. The tachycar-
dia common across species is due to a PACAP activation of VPAC receptors on atrial 
pacemaker tissues, an effect also produced by vasoactive intestinal polypeptide (VIP) 
[ 24 ]. The PACAP-induced bradycardia in guinea pig and canine hearts was blocked 
by atropine, an observation suggesting that the peptide- induced decrease in heart rate 
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was due to the stimulation of cardiac neurons, leading to release of acetylcholine from 
parasympathetic postganglionic terminals and activation of atrial muscarinic recep-
tors [ 14 – 16 ,  18 ,  19 ,  21 ]. Direct evidence for this hypothesis was derived from the 
observations of Braas et al. [ 22 ] that showed exogenous application of PACAP27 
depolarized cardiac neurons leading in turn to multiple action potential generation. 
Note that in all of our studies on guinea pig cardiac neurons described in this chapter, 
PACAP27 was used and is referred to as PACAP throughout the text. In addition, 
it was determined that guinea pig cardiac neurons express PAC 1  selective receptors 
and that PACAP was co- localized with choline acetyltransferase in the cholinergic 
parasympathetic preganglionic terminals innervating virtually all guinea pig cardiac 
neurons [ 22 ,  25 ]. Subsequently, Tompkins et al. [ 26 ] demonstrated that both neurally 
released and exogenously applied PACAP could depolarize guinea pig cardiac 
neurons suffi ciently to initiate a burst of action potentials.  

    PACAP Modulates Neuronal Excitability 

 In addition to initiating membrane depolarization, both endogenously released and 
exogenously applied PACAP signifi cantly increases cardiac neuron excitability 
through PAC 1  receptor activation [ 19 ,  22 ,  26 ,  27 ]. The change in excitability is evident 
from the PACAP-induced increase in action potential generation in response to long 
suprathreshold, depolarizing steps [ 19 ,  22 ,  26 ,  27 ] (Fig.  13.1A  1 –C 1 ). The increase in 
excitability can occur within minutes of bath application of nanomolar concentra-
tions of PACAP (1–20 nM) in some cells whereas in other cells the shift in excit-
ability occurs only after a few minute delay. In both cases, the effect of PACAP on 
excitability often can require 10–12 min to develop fully. Also, following a brief, 
local puffer application of PACAP, the increase in excitability can last for tens of 
minutes. Both the time course and long duration suggest possible involvement of 
intracellular signaling cascades. In the example shown in Fig.  13.1A  1 –C 1 , prior to 
PACAP, this neuron produced 1 action potential during a 1 s long 0.4 nA current pulse, 
whereas after 5 min of bath application of 20 nM PACAP, the same depolarizing 
current step elicited 12 action potentials. The magnitude of the shift in excitability 
is evident when excitability curves are constructed by plotting the number of action 
potentials generated by a series of long depolarizing pulses of increasing current 
intensities (Fig.  13.1d ).

   The PACAP enhanced excitability of guinea pig cardiac neurons is mediated solely 
through activation of PAC 1  receptors as maxadilan, a specifi c PAC 1  receptor agonist 
mimics the PACAP effect, but VIP does not [ 19 ,  22 ]. Figure  13.2  illustrates the change 
in excitability following local puffer application of PACAP (A, B) or maxadilan (C, D) 
whereas local application of VIP does not cause a shift in excitability (E, F). Tompkins 
et al. [ 26 ] also found that the PAC 1  receptor antagonist M65 blunted the PACAP-
induced depolarization and increase in excitability providing further evidence that 
both actions of PACAP are mediated through the PAC 1  receptor.
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  Fig. 13.1    PACAP enhances excitability, rectifi cation and a hyperpolarization-induced rebound 
depolarization in guinea pig cardiac neurons. Panels  A   1  – C   1   show the 20 nM PACAP-induced, 
time-dependent shift from phasic to multiple action potential generation. Prior to PACAP applica-
tion, a 1 s, 0.4 nA depolarizing constant current pulse elicited 1 action potential. After 5 min in 
PACAP, the number of action potentials generated by this same depolarizing current pulse 
increased to 12. Panels  A   2  – C   2   show that over this same time period the rectifi cation in the hyper-
polarization elicited by a 500 s constant current pulse increased progressively as well. Likewise, 
PACAP progressively enhanced the hyperpolarization-induced rebound depolarization. ( D ) An 
excitability curve showing the PACAP (at 5 min) enhancement of action potentials generated by 
1 s depolarizing current steps of increasing intensity       
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   PACAP/PAC 1  receptor signaling occurs within peripheral and central sensory 
and autonomic circuits that not only regulate cardiac function, but also support the 
function of other organ systems that maintain homeostasis normally and that are 
involved in the development of the stress response [ 2 – 5 ,  7 – 9 ]. However, establish-
ing PACAP neuronal signaling events within central nervous system circuits has 
been diffi cult because of the morphological complexity. Accordingly, these cardiac 
neurons have provided an excellent neuronal system to establish PACAP/PAC 1  
receptor signaling cascades activated and ionic conductances modulated that con-
tribute to the regulation of neuronal function.  

  Fig. 13.2    PAC 1  receptors mediate the PACAP-induced increase in cardiac neuron excitability. 
Panels  a ,  c , and  e : Neuronal excitability is markedly increased following puffer application of 
PACAP or maxadilan, but not VIP. Prior to drug application the cardiac neurons fi red only one or 
two action potentials in response to injection of a 1 s, 0.4 nA depolarizing current. After applica-
tion of PACAP or maxadilan, but not VIP, the number of action potentials evoked by the same 
depolarizing current is increased signifi cantly. Panels  b ,  d  and  f : Show linear regression lines and 
demonstrate the increase in the excitability curves for PACAP and maxadilan, but not VIP. Used 
with permission from the Journal of Pharmacology and Experimental Therapeutics [ 19 ]       
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    The PACAP/PAC 1  Receptor Interaction Activates Multiple 
Signaling Cascades 

 Depending on the isoform, the PAC 1  selective receptor can activate adenylyl cyclase, 
phospholipase C (PLC), and/or the Ras/mitogen activated protein kinase (MAPK) 
pathway, whereas the VPAC 1 - and VPAC 2 -nonselective receptors commonly are 
coupled to adenylyl cyclase [ 1 ,  2 ]. The guinea pig cardiac neurons predominantly 
express the very short PAC 1  null receptor isoform (neither Hip nor Hop cassette 
inserts), which is coupled to adenylyl cyclase, but not phospholipase C [ 22 ,  28 – 30 ]. 
Consistent with the latter conclusion is the observation that application of PACAP 
to dissociated guinea pig cardiac neurons did not elicit a global rise in intracellular 
calcium whereas under the same conditions, caffeine elicited a signifi cant elevation 
of intracellular calcium [ 29 ]. 

 From a pharmacological analysis using kinase inhibitors, PACAP/PAC 1  receptor 
activation of adenylyl cyclase/cAMP and MEK kinase signaling, but not the PLC/
IP3/DAG/PKC pathway, appear to contribute to the PACAP-induced increase in 
guinea pig cardiac neuron excitability [ 29 ,  30 ]. In particular, pretreatment with SQ 
22536 to block adenylyl cyclase, H89 to inhibit PKA or PD 98059 to inhibit MEK 
1 signifi cantly blunted the PACAP-induced increase in cardiac neuron excitability, 
whereas pretreatment with U 73112 to suppress PLC had no effect [ 30 ].  

    A PACAP Enhancement of the Hyperpolarization-Activated 
Nonselective Cationic Current  I  h  Contributes to the Peptide- 
Induced Increase in Excitability 

 It is well established that cardiac neurons exhibit the hyperpolarization-activated 
nonselective cationic current  I  h  [ 31 – 34 ]. Consequently when hyperpolarizing con-
stant current pulses are applied to mammalian cardiac neurons, often the hyperpo-
lariziation reaches a peak value and then declines (Fig.  13.1A  2 –C 2 ). This rectifi cation 
or “sag” in the hyperpolarization is due to the activation of  I  h , an inward current that 
opposes the hyperpolarization caused by the constant current pulse. There are four 
hyperpolarization cyclic nucleotide-gated channel (HCN) subunits that can form  I  h  
channels [ 35 ]. However, it is not known whether all or just some of the subunits are 
expressed by cardiac neurons. Using semi-quantitative PCR, we determined that 
transcripts for all four HCN subunits were present in extracts from laser captured 
cardiac neurons (Fig.  13.3 ). Laser captured neurons from cardiac ganglia whole 
mounts was used in order to minimize inclusion of cardiac muscle, which also 
expresses HCN channels.

   The PACAP/PAC 1  receptor interaction activates adenylyl cyclase leading to the 
generation of cAMP and the rise in cytosolic cAMP can enhance  I  h  [ 35 ]. 
Consequently, one mechanism that was postulated to contribute to the PACAP- 
induced increase in excitability was a cAMP-mediated enhancement of  I  h . Evidence 
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for activation of  I  h  by PACAP is evident in the change in the profi le of the hyperpo-
larizations noted in Fig.  13.1A  2 –C 2 . In this example, hyperpolarizing current steps 
(500 ms) were used to test for rectifi cation in the current-induced hyperpolarization 
before and during exposure to 20 nM PACAP. Note that over time in PACAP, the 
rectifi cation progressively increased along with the increase in action potential gen-
eration (Fig.  13.1A  2 –C 2 ). 

 Direct evidence that PACAP enhanced  I  h  was obtained using hyperpolarizing 
voltage step protocols on whole cell clamped dissociated cardiac neurons [ 34 ]. As 
seen in Fig.  13.4 , from analysis of tail currents, PACAP caused a positive shift in the 
voltage-dependence of  I  h  activation. This effect of PACAP was mimicked by the 
adenylyl cyclase activator forskolin and blocked by  I  h  inhibitors [ 34 ]. In addition, 

  Fig. 13.3    Laser captured cardiac neurons express multiple HCN channel transcripts. ( a ) PCR 
products viewed on an ethidium bromide gel after amplifi cation of cDNA from laser captured 
cardiac neurons (LCN). LMMP: extract of small intestine longitudinal muscle myenteric plexus as 
a positive control. (+) RT LCN: cDNA from laser captured neurons. (−) RT LCN: the mRNA from 
LCN neurons subjected to RT with omission of the enzyme therefore checking for genomic con-
tamination of the LCN sample. NTC: no template control assessing the absence of primer dimers 
or other contaminations. ( b ) Melting point profi les for the different HCN isoforms. The amplifi ed 
product for each gene was subjected to SYBR Green I melting point analysis by ramping the tem-
perature of the reaction samples from 60 to 95 °C. A single DNA melting profi le was observed 
under these conditions, demonstrating an amplifi cation of a single unique product, free of primer 
dimmers or other anomalous products. The following primers were used to test for the presence of 
HCN subunit transcripts: HCN1 upper (5′-CATGAATTTTAGGACTGGGACT-3′), lower 
(5′-CTGCACTGGCGAGATCATAA-3′); HCN2 upper (5′-GATTCACCAAGATCCTCAGC-3′), 
lower (5′-GTAGAGCTCGCTCCACGAGT-3′); HCN3 upper (5′-CTGCGCATTGTTCGA
TTCACCAAG-3′), lower (5′-TGTGAAAGATCTCCTCCCACTGGT-3′); HCN4 upper 
(5′-TGCGGGAGGCGATCATTAAC-3′), lower (5′-CCAAAATAGGAGCCATCAGC-3′)       
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the PACAP-induced increase in excitability in neurons within whole mount cardiac 
ganglia preparations was signifi cantly suppressed by pretreatment with  I  h  blockers 
[ 36 ]. Results from intracellular recordings that demonstrate the suppression of the 
PACAP-induced increase in excitability by pretreatment with the  I  h  blocker cesium 
chloride are shown in Fig.  13.5 ).

        Enhancement of a Nickel-Sensitive Current by PACAP 
Contributes to the Increase in Cardiac Neuron Excitability 

 The results described above provided strong evidence that one mechanism contrib-
uting to the PACAP-induced increase in cardiac neuron excitability is an adenylyl 
cyclase/cAMP-mediated enhancement of  I  h  [ 34 ,  36 ]. In direct measurements of  I  h  in 
dissociated neurons, application of the potent adenylyl cyclase activator forskolin 
produced a shift in the voltage-dependence of activation comparable to that pro-
duced by PACAP [ 34 ]. However, application of forskolin or exposure to 8-bromo- 
cAMP, the cell permeable analogue of cAMP, only partially recapitulated the effect 
of PACAP on excitability of neurons in the whole mount preparation [ 30 ]. For 
instance, with bath application of PACAP (10–20 nM), excitability is increased in 
80–90 % of the cardiac neurons, whereas exposure to forskolin (5 μM) or treatment 
with 8-bromo-cAMP (1 mM) only enhances excitability in ~35 % of the guinea pig 

  Fig. 13.4    PACAP enhances  I  h  by shifting the voltage dependence of activation. Panel  a : 
Hyperpolarization activated currents were recorded before (control) and during the application of 
100 nM PACAP. The voltage protocol is indicated above the current traces. Panel  b : Tail currents 
recorded at −70 mV after prestep potentials between −60 and −130 mV. The symbols indicate the 
point at which tail current amplitudes were measured. ( c ) The resultant tail currents were normal-
ized to the peak tail current and were fi tted to a Boltzmann function of the form:  I / I max = {1 + exp
[( V  m  –  V  1/2 )/ k ]} −1  where  V  m  is the membrane potential during the initial voltage step,  V  1/2  is the 
membrane potential at which  I  h  is half-activated, and k is the slope factor. The curves represent 
averaged results from 9 cells. PACAP signifi cantly shifts the half activation voltage 6.6 mV. Data 
presented in ( c)  are mean ± SEM, but the error bars are smaller than the symbols in some cases. 
Used with permission from Regulatory Peptides [ 34 ]       
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cardiac neurons in whole mount preparations [ 30 ]. These observations suggest that 
PACAP enhancement of other membrane conductances, in addition to  I  h , also con-
tributes to the peptide-induced modulation of excitability. 

 In 2006, Tompkins et al. [ 29 ] determined that the PACAP-induced increase in 
cardiac neuron excitability is dependent on calcium infl ux, but not calcium release 
from intracellular stores. For example, when cardiac ganglia whole mounts were 
maintained in a calcium-defi cient solution, PACAP did not increase cardiac neuron 
excitability (Fig.  13.6c, d ). In contrast, depletion of intracellular stores by pretreat-
ment with caffeine and ryanodine did not eliminate the ability of PACAP to increase 
cardiac neuron excitability [ 29 ]. A voltage dependent calcium channel (VDCC) was 
suggested not to be the calcium infl ux pathway as PACAP decreased whole cell 
barium currents. Subsequently, it was suggested that the calcium infl ux might occur 
through receptor-activated nonselective cationic channels based on the observation 
that different putative nonselective cationic channel inhibitors could blunt the 
PACAP-induced increase in cardiac neuron excitability [ 37 ]. Unfortunately, many 
of these putative nonselective cationic channel inhibitors also can block voltage 
dependent calcium channels. Consequently, identifi cation of the calcium infl ux 
pathway required further study. While most of the macroscopic calcium current in 
cardiac neurons is carried by N-type calcium channels, other VDCC types contrib-
ute to the total calcium current [ 38 ]. Thus, a possibility considered was that while 
decreasing N-type calcium currents, a PACAP potentiation of another smaller 
VDCC component may have been obscured. L-type calcium currents contribute a 

  Fig. 13.5    Cesium (Cs + ) suppresses the PACAP-induced increase in excitability.  A   1   In a control 
cell, the response to a 1 s, 0.3 nA depolarizing current pulse was enhanced during exposure to 
10 nM PACAP as evidenced by the increased number of action potentials elicited.  A   2   In a second 
cell bathed in a solution containing 2.5 mM Cs + , only 2 action potentials were elicited by the depo-
larizing current pulse during exposure to 10 nM PACAP. ( B)  Excitability curves summarizing the 
effect of 10 nM PACAP on excitability for 14 cells kept in control solution and 14 cells bathed in 
a solution containing 2.5 mM Cs + . Data are plotted as the mean number of action potentials gener-
ated by a 1 s depolarizing current pulse at multiple stimulus intensities with the lines fi t with a 
linear regression. The slopes were signifi cantly different (PACAP alone = 16.50 ± 0.92; PACAP in 
Cs + -containing solution = 5.35 ± 0.92,  P  = 0.001). Used with permission from the American Journal 
of Physiology Integrative Comparative Physiology [ 36 ]       
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small component to the total calcium current recorded in cardiac neurons [ 38 ] and 
PACAP can enhance L-type calcium channel currents in some cells [ 39 ,  40 ]. 
However, pretreatment with the L-type calcium channel blocker nifedipine failed to 
blunt the PACAP-induced modulation of excitability [ 29 ], eliminating L-type currents 
as a means of PACAP modulation of excitability.

   Tompkins et al. [ 29 ] also demonstrated that pretreatment with 200 μM cadmium 
potently blocked the PACAP effect on excitability (Fig.  13.6e, f ). At this concentra-
tion, cadmium effectively blocks all classes of VDCCs whereas low concentrations 

  Fig. 13.6    The PACAP-induced increase in excitability was suppressed by substitution of Mg 2+  for 
Ca 2+  or addition of Cd 2+  to the bath solution. ( a ) Membrane potential recording from a phasic 
intracardiac neuron in response to a long duration depolarizing current pulse (0.3 nA, 1 s) before 
( left panel ) and after PACAP ( right panel ). The PACAP-induced increase in neuronal excitability 
is evident by the increased spike number in response to the depolarizing stimulus. ( b ) Excitability 
curve obtained prior to and following puffer application of PACAP under control conditions ( aster-
isk  indicates  P  < 0.05,  n  = 9 cells). ( c ) In a Ca 2+ -defi cient solution in which Mg 2+  was substituted for 
Ca 2+ , neuronal excitability was similar before ( left panel ; record illustrates response to a 1 s, 0.2 nA 
depolarizing step) and following PACAP application ( right panel ). ( d ) Averaged results for 6 cells. 
( e ) Membrane potential recorded in response to a 1 s, 0.2 nA depolarizing current step in the same 
cell immediately before and after PACAP application in the presence of 200 μM Cd 2+ . ( f ) The 
excitability curve summarized for data from 5 cells. Scale bar is the same for all records. Used with 
permission from the Journal of Neurophysiology [ 29 ]       
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of nickel (Ni 2+ ) preferentially inhibits R- and T-type calcium channels [ 41 – 43 ]. 
R-type calcium currents are expressed in rat cardiac neurons, although there was no 
evidence of T-type calcium channel currents [ 38 ]. However, using QPCR analysis, 
Tompkins et al. [ 44 ] determined that transcripts for both T-type calcium channel and 
R-type channel isoforms were present in the guinea pig cardiac neurons. 

 Evidence from recent intracellular recordings also indicated that functional low 
voltage-activated T-type calcium channels were expressed in the guinea pig cardiac 
neurons [ 44 ]. As shown in Fig.  13.1A  2 –C 2 , following termination of the hyperpolar-
ization initiated by a constant current pulse, a hyperpolarization-induced rebound 
depolarization was evident. The hyperpolarization-induced rebound depolarization, 
which is present in many guinea pig cardiac neurons, could potentially be produced 
by inward current continuing to fl ow through  I  h  channels immediately after the hyper-
polarizing pulse is terminated. However, Tompkins et al. [ 44 ] noted that the hyperpo-
larization-induced rebound depolarization was present in cells pretreated with cesium 
chloride to block  I  h  (Fig.  13.7b ). Consequently, some other conductance, in addition 
to  I  h , must also contribute to the hyperpolarization-induced rebound depolarization in 
guinea pig cardiac neurons. A hyperpolarization-induced rebound depolarization is 
also a signature feature of T-type calcium channels [ 41 ,  45 ,  46 ]. Indeed, the rebound 
depolarization was sensitive to Ni 2+  and mibefradil (Fig.  13.7c, d ), two well-estab-
lished blockers of T-type calcium channels [ 47 ,  48 ]; an observation consistent with 
the presence of these channels in guinea pig cardiac neurons. Following application 
of either Ni 2+  or mibefradil, cells were hyperpolarized by 2–4 mV, which suggested 
that these blockers reduced an inward current fl owing under resting conditions with 
the membrane potential ranging from −55 to −65 mV. This range of membrane poten-
tials is similar to the window current for T-type calcium channels, providing further 
support for T-type calcium channel expression in the cardiac neurons.

   Consequently, to test whether an inward current fl owing through T-type calcium 
channels, or potentially also through R-type calcium channels (both T-type and 
R-type calcium channels can be blocked by low concentrations of Ni 2+ ), might con-
tribute to the PACAP-induced increase in excitability, the ability of low concentra-
tions of Ni 2+  to blunt the PACAP effect was investigated. PACAP increased action 
potential generation produced by a suprathreshold depolarizing pulse (Fig.  13.8 A1a, 
2a). In contrast, after pretreatment with 50 μM Ni 2+ , the 20 nM PACAP-induced 
increase in excitability was signifi cantly blunted (Fig.  13.8 B1a, 2a). In addition to 
increasing excitability, PACAP often potentiated the hyperpolarization-induced 
rebound depolarization and in many cells, this resulted in multiple action potentials 
being elicited by the rebound depolarization (Fig.  13.8 A1b, 2b). Ni 2+  also blunted 
the PACAP enhancement of the rebound depolarization (Fig.  13.8 B1b, 2b). 
Averaged excitability curves that show the extent of the Ni 2+ -induced suppression of 
the PACAP effect on excitability are presented in Fig.  13.8c .

   Tompkins et al. [ 44 ] also showed in initial whole cell voltage clamp recordings 
on dissociated cardiac neurons that PACAP enhanced a low voltage-activated cur-
rent. It was suggested that this low voltage-activated inward current is a calcium 
current, possibly through T-type calcium channels or perhaps also R-type calcium 
currents. However, a more extensive analysis of VDCCs in the guinea pig cardiac 
neurons is required to establish unequivocally the identifi cation of the PACAP- 
enhanced low voltage-activated current. 
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 In sum, these observations suggest that a PACAP enhancement of a Ni 2+ -sensitive 
current, possibly a T-type calcium current (or perhaps also R-type calcium currents) 
is a second current component that contributes to the PACAP modulation of cardiac 
neuron excitability.  

  Fig. 13.7    Guinea pig cardiac neurons exhibit hyperpolarization-induced rebound depolarizations. 
( a ) An example of the transient rebound depolarization recorded after termination of a 500 ms 
hyperpolarizing step. Rectifi cation (sag) was evident in the hyperpolarization indicating the pres-
ence of  I  h . ( b ) The hyperpolarization-induced rebound depolarization was also seen in preparations 
pretreated with 2 mM CsCl to block HCN channels. Note the lack of rectifi cation in the hyperpo-
larizing trace. In this example the rebound depolarization was suffi cient to elicit an action poten-
tial. ( c ) An example in which the rebound depolarization before nickel ( C   1  ) was blocked after 
addition of 50 μM nickel ( C   2  ). ( d ) An example in which the rebound depolarization before mibe-
fradil ( D   1  ) was blocked after addition of 5 μM mibefradil ( D   2  ). Used with permission from the 
American Journal of Physiology Cell Physiology [ 44 ]       

Fig. 13.8 (continued) * From comparison of the solid circles and solid triangles, nickel signifi -
cantly decreased the PACAP enhanced excitability at all current steps ( P  < 0.05).  Hyperpolarization-
induced rebound depolarization . ( a ) Prior to PACAP, a hyperpolarizing step to ~−100 mV evoked 
a rebound depolarization suffi ciently large to evoke an action potential ( A   1b  ) whereas in 20 nM 
PACAP the rebound depolarization elicited a train of action potentials ( A   2b  ). Note also that in 
PACAP, the rectifi cation in the hyperpolarization was noticeably enhanced. ( b ) Pretreatment with 
50 μM nickel blunted the ability of PACAP to enhance the rebound depolarization  (B   1b   ,   2b  ). Used 
with permission from the American Journal of Physiology Cell Physiology [ 44 ]       
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  Fig. 13.8    Nickel suppresses the PACAP-induced increase in excitability and the PACAP-enhanced 
hyperpolarization-induced rebound depolarization.  Excitability . ( a ) Prior to PACAP, a 1 s, 0.3 nA 
depolarizing step elicited two action potentials ( A   1a  ), whereas during application of 20 nM PACAP, 
multiple action potentials were generated ( A   2a  ). ( b ) Following pretreatment with 50 μM nickel, the 
ability of PACAP to increase excitability was suppressed ( B   1a,2a  ). ( c ) Averaged excitability curves 
showing that 50 μM nickel depressed the PACAP-induced increase in excitability.  Open circles : 
excitability curve for eight control cells before PACAP exposure.  Open inverted triangles : excit-
ability curve for seven nickel-pretreated cells before PACAP exposure. Note that the excitability 
curves for the naive cells and nickel-pretreated cells (both prior to PACAP) overlap.  Solid inverted 
triangles : excitability curve for seven cells pretreated with 50 μM nickel and exposed to 20 nM 
PACAP.  Solid circles : excitability curve for eight control cells during exposure to 20 nM PACAP. 
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    PAC1 Receptor Internalization Is a Critical Mechanism 
Supporting the PACAP-Induced Increase in Cardiac Neuron 
Excitability 

 Merriam et al. [ 27 ] determined that the PACAP-induced increase in excitability was 
very temperature dependent; occurring consistently near physiological tempera-
tures, but essentially absent at room temperature (Fig.  13.9 ). This rather unexpected 
observation suggested that PAC 1  receptor internalization might be a critical mecha-
nism mediating the effect of PACAP on excitability. To determine if a PACAP- 
induced PAC 1  internalization was effected by lowing ambient temperature, the 
extent of PAC 1  internalization at 37 °C was compared to that occurring at 24 °C 
using HEK293 cells that stably express a GFP-tagged PAC 1  receptor [ 27 ]. It is 
apparent from Fig.  13.10b, c , that with the HEK-PAC1GFP cells maintained at 
37 °C PACAP induced marked PAC 1  internalization, whereas this effect was blunted 
when the PACAP treatment occurred with the cells kept at 22–24 °C. It was also 
found that the PACAP-induced PAC 1  receptor internalization was blunted equally 
well by pretreatment with two inhibitors of endocytosis, Pitstop2 or dynasore. 
The suppression by Pitstop2 pretreatment is shown in Fig.  13.10d .

    Having confi rmed that reducing temperature and pretreatment with Pitstop2 and 
dynasore blunted PAC 1  internalization, subsequent experiments tested whether 
these two inhibitors could suppress the ability of PACAP to increase cardiac neuron 
excitability as occurred when the ambient temperature was reduced. Pretreatment 
with either Pitstop2 or dynasore blunted the PACAP-induced increase in excitability 
[ 27 ]. Figure  13.11  summarizes results illustrating the suppression of the PACAP- 
induced increase in excitability by pretreatment with the clathrin inhibitor Pitstop2. 
In additional experiments, it was determined that Pitstop2 also could reverse a 
PACAP-induced increase in excitability if the drug was added after the PACAP- 
induced increase in excitability had reached its maximum effect [ 27 ].

       PAC 1  Receptor Internalization Recruits MEK/ERK Activation 

 Collectively, the suppression of the PACAP effect on excitability by either reducing 
ambient temperature or by pretreatment with Pitstop2 and dynasore indicated that a 
PACAP-induced PAC1 internalization and formation of a signaling endosome 
appeared to be a key mechanism mediating the PACAP modulation of excitability. 
Thus, it was considered important to identify what intracellular cascade(s) might be 
recruited following PAC 1  receptor internalization and formation of a signaling 
endosome. In earlier studies, Tompkins and Parsons [ 30 ] had reported that the MEK 
kinase inhibitor PD98059 signifi cantly blunted the PACAP-induced increase in car-
diac neuron excitability; a result implicating involvement of the MEK kinase intra-
cellular cascade in the PACAP modulation of excitability. However, how the MEK 
kinase cascade was activated in the cardiac neurons was not established. To explore 
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  Fig. 13.9    The PACAP-induced increase in excitability was temperature-sensitive. ( a ) Recordings 
from different cells showed that 20 nM PACAP increased excitability when the bath solution was 
33 °C ( A   1  ), but not when the bath temperature was 22 °C ( A   2  ). The recording in A 3  demonstrated 
that the addition of 1 mM BaCl 2  (Ba 2+ ) increased excitability at 22 °C. In all three recordings, the 
cells exhibited a phasic fi ring pattern prior to the addition of PACAP ( A   1  ,  A   2  ) or barium ( A   3  ). The 
fi ring pattern shifted to multiple fi ring in  A   1   and  A   3  , but not in  A   2  . The amplitude of the 1 s depolar-
izing current pulse was 0.3 nA in each experiment. ( b ) The percentage of cells exhibiting multiple 
fi ring in 20 nM PACAP was signifi cantly greater when the temperature was 32–34 °C ( n  = 13 cells) 
than when the bath temperature was 21–25 °C ( n  = 23 cells; Fisher’s exact test,  P  < 0.0001; Also, at 
32–34 °C: control ( n  = 28) vs. PACAP ( n  = 13), signifi cantly different,  P  < 0.0001; at 21–25 °C: 
control ( n  = 10) vs. PACAP ( n  = 23), not signifi cant,  P  = 0.5363). ( c ) Averaged excitability curves 
generated in the cells maintained at either 33–34 °C or 21–25 °C prior to and during exposure to 
20 nM PACAP. The number of action potentials generated at each current step was signifi cantly 
greater (indicated by  asterisks ) at the warmer temperature in the presence of PACAP ( n  = 13) when 
compared to control at warm temperature ( n  = 28; unpaired  t -test,  P  = 0.0011 at 0.1 nA;  P  = 0.0002 
at 0.2 nA;  P  = 0.0004 at 0.3 nA;  P  = 0.0002 at 0.4 nA;  P  = 0.0005 at 0.5 nA), and to PACAP at room 
temperature ( n  = 23; unpaired  t -test,  P  = 0.0029 at 0.1 nA;  P  = 0.0003 at 0.2 nA;  P  = 0.0005 at 
0.3 nA;  P  = 0.0003 at 0.4 nA;  P  = 0.0005 at 0.5 nA). The number of action potentials generated at 
each current step was not different when compared between control ( n  = 10) and PACAP ( n  = 23) 
at room temperature ( P  = 0.3502 at 0.1 nA;  P  = 0.4040 at 0.2 nA;  P  = 0.7132 at 0.3 nA;  P  = 0.4495 
at 0.4 nA;  P  = 0.6642 at 0.5 nA). Used with permission from the Journal of Neuroscience [ 27 ]       
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possible mechanisms, May et al. [ 49 ] used the HEK-PAC1GFP cells to show that 
cooling and pretreatment with Pistop2 suppressed the PACAP-induced increase in 
ERK activation. More recent, preliminary immunostaining studies on whole mount 
preparations indicate that PACAP also activates ERK in the cardiac neurons; an 
effect blunted both at room temperature and by pretreatment with Pitstop2 (Clason 
and Parsons, unpublished observations). Thus, PAC 1  internalization appears to be 
one mechanism used by PACAP to recruit the MEK kinase signaling cascade in 
guinea pig cardiac neurons. Studies now need to establish what ionic conductances 
are regulated by MEK kinase signaling that contribute to the PACAP-induced 
increase in excitability.  

  Fig. 13.10    Pitstop 2 and room temperature (RT) blocked PAC1 receptor endocytosis.  A , GFP- 
PAC1 receptors were expressed predominantly on the cell surface of transfected untreated control 
HEK 293 cells; few intracellular GFP-PAC1 receptor containing vesicles were evident at 37 °C or 
room temperature (not shown).  C , The rapid internalization of GFP-PAC1 receptors from the cell 
surface into numerous endocytic vesicles was evident after 25 nM PACAP addition (20 min). By 
contrast, maintaining the cultures at ambient room temperature (22 °C; panel  b ) or pretreatment of 
cells with 20 μM Pitstop 2 (10 min; panel  d ) followed by 25 nM PACAP addition (20 min) blocked 
GFP-PAC1 receptor endocytosis. In both instances, the GFP-PAC1 receptor fl uorescence largely 
remained on the plasma membrane. Calibration bar in  d  equals 20 μm. Used with permission from 
the Journal of Neuroscience [ 27 ]       
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    Summary: Multiple Mechanisms Contribute to the PACAP- 
Induced Increase in Cardiac Neuron Excitability 

 From studies on the guinea pig cardiac neurons, it is apparent that the PACAP/PAC 1  
receptor interaction activates multiple intracellular signaling cascades that could 
regulate neuronal excitability through selective modulation of different membrane 
ion channels. A schematic that summarizes potential mechanisms contributing 
to the PACAP modulation of cardiac neuron excitability is presented in Fig.  13.12 . 
To date our results indicate that PACAP activation of at least two ionic currents, 
the hyperpolarization-activated nonselective cationic current  I  h  and a Ni 2+ -sensitive 

  Fig. 13.11    Pretreatment with Pitstop 2 suppressed the PACAP-induced increase in excitability. ( a ) 
Recordings from two different cells.  A   1   illustrates the increase in excitability induced by 20 nM 
PACAP.  A   2   shows that pretreatment with 15 μM Pitstop 2 blocks the increase in excitability 
induced by 20 nM PACAP. For all recordings, a 1 s, 0.4 nA depolarizing current step was used to 
initiate action potential activity. ( b ) The percentage of cells exhibiting multiple fi ring when 
exposed to PACAP alone ( n  = 16) was signifi cantly greater than when exposed to PACAP after 
pretreatment with 15 μM Pitstop 2 ( n  = 8; Fisher’s exact test,  P  < 0.0001). ( c ) Averaged excitability 
curves show that Pitstop 2 greatly suppressed the PACAP-induced increase in excitability.  Asterisks  
indicate the number of action potentials generated at each current step was signifi cantly greater in 
PACAP ( n  = 16) than in PACAP and Pitstop 2 ( n  = 8; unpaired  t -test,  P  < 0.0001 for steps 0.2–
0.5 nA). Used with permission from the Journal of Neuroscience [ 27 ]       
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low voltage-activated calcium current, contribute to the PACAP-induced increase in 
cardiac neuron excitability. We tentatively postulate that this low voltage-activated 
current is a T-type calcium current because of its established role in mediating pace-
maker activity and repetitive fi ring in many neurons. Both of these currents can 
be modulated by the intracellular signaling cascades activated by PACAP/PAC 1  
receptor interaction [ 44 ]. A rise in intracellular cAMP can directly enhance  I  h  and a 
subsequent activation of PKA can modulate T-type calcium channel function 
through phosphorylation. Also, it is very likely that additional ionic conductances, 
likely those modulated by the MEK kinase cascade following recruitment through 
PAC 1  receptor internalization, contribute to the PACAP-induced increase in excit-
ability. Identifi cation of other ionic conductances that potentially contribute to the 
PACAP modulation of neuronal excitability will be the focus of future studies.

        Acknowledgements   The authors thank Ms. Sandra Bossick for her assistance in preparation of 
this chapter for publication. Studies from the Parsons’ laboratory described in this chapter were 
supported in part by NIH grants NS 23978, HL 65481, P20 RR16435, and P30 GM103498/P30 
RR032135.  

  Fig. 13.12    A schematic showing the potential coupling of PAC 1  receptor activation to the recruit-
ment of intracellular cascades that could modulate function of different ion channels, which regu-
late cardiac neuron excitability. In this scheme the PACAP/PAC 1  receptor interaction (1) activates 
adenylyl cyclase (AC) leading to an increase in intracellular cAMP (2), which in turn shifts the 
voltage-dependence of  I  h  activation (3). The rise in cAMP also activates PKA (4), enhancing 
T-type calcium currents through protein phosphorylation (5). The PACAP/PAC 1  receptor interac-
tion also stimulates receptor internalization and formation of a signaling endosome (6), which 
recruits MEK kinase signaling (7). Activation of the MEK kinase signaling cascade (8) could 
modulate T-type calcium channel traffi cking or alter the gating properties of an unidentifi ed chan-
nel (?) through protein phosphorylation       

 

R.L. Parsons et al.



223

   References 

      1.    Arimura A. Perspectives on pituitary adenylate cyclase activating polypeptide (PACAP) in the 
neuroendocrine, endocrine, and nervous systems. Jpn J Physiol. 1998;48:301–31.  

          2.    Vaudry D, Falluel-Morel A, Bourgault S, Basille M, Burel D, Wurtz O, et al. Pituitary adenyl-
ate cyclase-activating polypeptide and its receptors: 20 years after the discovery. Pharmacol 
Rev. 2009;61:283–357.  

   3.    Cho J-H, Zushida K, Shumyatsky GP, Carlezon WA, Meloni EG, Bolshakov VY. Pituitary 
adenylate cyclase-activating polypeptide induces postsynaptically expressed potentiation in the 
intra-amygdala circuit. J Neurosci. 2012;32:14165–77.  

   4.    Hammack SE, Chung J, Rhoades KM, Schutz KC, Falls WA, Braas KM, et al. Chronic stress 
increases pituitary adenylate cyclase-activating polypeptide (PACAP) and brain-derived neu-
rotrophic factor (BDNF) mRNA expression in the bed nucleus of the stria terminalis(BNST); 
roles for PACAP in anxiety-like behavior. Psychoneuroendocrinology. 2009;34:833–43.  

    5.   Hammack SE, May V. Pituitary adenylate cyclase activating polypeptide in stress-related disor-
ders: data convergence from animal and human studies. Biol Psychiatry. 2014;S0006- 3223:00962-7.  

   6.    Hill J, Chan S-A, Kuri B, Smith C. Pituitary adenylate cyclase-activating peptide (PACAP) 
recruits low voltage-activated T-type calcium infl ux under acute sympathetic stimulation in 
mouse adrenal chromaffi n cells. J Biol Chem. 2011;286:42459–69.  

    7.    Legradi G, Das M, Giunta B, Hirani K, Mitchell EA, Diamond DM. Microinfusion of pituitary 
adenylate cyclase-activating polypeptide into the central nucleus of amygdale of the rat pro-
duces a shift from an active to passive mode of coping in the shock-probe fear/defensive bury-
ing test. Neural Plast. 2007;2007:79102.  

   8.    Ressler KJ, Mercer KB, Bradley B, Javovanovic T, Mahan A, Kerley K, et al. Post-traumatic 
stress disorder is associated with PACAP and the PAC1 receptor. Nature. 2011;470:492–7.  

     9.    Stroth N, Kuri BA, Mustafa T, Chan SA, Smith CB, Eiden LE. PACAP controls adrenomedul-
lary catecholamine secretion and expression of catecholamine biosynthetic enzymes at high 
splanchnic nerve fi ring rates characteristic of stress transduction in male mice. Endocrinology. 
2013;154:330–9.  

    10.    Braas KM, May V. Pituitary adenylate cyclase-activating polypeptides directly stimulate sym-
pathetic neuron neuropeptide Y release through PAC 1  receptor isoform activation of specifi c 
intracellular signaling pathways. J Biol Chem. 1999;274:27702–10.  

   11.    Harmar T, Lutz E. Multiple receptors for PACAP and VIP. Trends Pharmacol Sci. 
1994;15:97–9.  

    12.    Spengler D, Waeber C, Pantaloni C, Holsboer F, Bockaert J, Seeburg PH, et al. Differential 
signal transduction by fi ve splice variants of the PACAP receptor. Nature. 1993;365:170–5.  

     13.    Ishizuka Y, Kashimoto K, Mochizuki T, Sato K, Ohshima K, Yanihara N. Cardiovascular and 
respiratory actions of pituitary adenylate cyclase activating polypeptides. Regul Pept. 
1992;40:29–39.  

      14.    Hirose M, Furukawa Y, Nagashima Y, Yamazaki K, Hoyano Y, Chiba S. Effects of PACAP-38 
on the SA nodal pacemaker activity in autonomically decentralized hearts of anesthetized 
dogs. J Cardiovasc Pharmacol. 1997;29:216–21.  

   15.    Hirose M, Furukawa Y, Nagashima Y, Lakhe M, Chiba S. Pituitary adenylate cyclase- activating 
polypeptide-27 causes a biphasic chronotropic effect and atrial fi brillation in autonomically 
decentralized, anesthetized dogs. J Pharmavol Exp Ther. 1997;283:478–87.  

     16.    Hirose M, Furukawa Y, Lakhe M, Chiba SJ. Regional differences in cardiac effects of pituitary 
adenylate cyclase-activating polypeptide-27 in the isolated dog heart. Eur J Pharmacol. 
1998;349:269–76.  

   17.    Yonezawa T, Furukawa Y, Lakhe M, Nagashima Y, Hirose M, Chiba S. PACAP-38 activates 
parasympathetic nerves in isolated, blood-perfused dog atria. Eur J Pharmacol. 
1996;315:289–96.  

13 Multiple Mechanisms Contribute to the PAC1 Modulation…



224

       18.    Chang Y, Lawson LJ, Hancock JC, Hoover DB. Pituitary adenylate cyclase-activating poly-
peptide localization and differential infl uence on isolated hearts from rats and guinea pigs. 
Regul Pept. 2005;129:139–46.  

           19.    Hoover DB, Tompkins JD, Parsons RL. Differential activation of guinea pig intrinsic cardiac 
neurons by the PAC1 agonists maxadilan and pituitary adenylate cyclase-activating polypep-
tide 27 (PACAP27). J Pharmacol Exp Ther. 2009;331:197–203.  

    20.    Chik CL, Li B, Ogiwara T, Ho AK, Karpinski E. PACAP modulates L-type Ca 2+  channel cur-
rents in vascular smooth muscle cells: involvement of PKC and PKA. FASEB 
J. 1996;10:1310–7.  

      21.    Seebeck J, Schmidt WE, Kilbinger H, Neumann J, Zimmermann N, Herzig S. PACAP induces 
bradycardia in guinea-pig heart by stimulation of atrial cholinergic neurons. Arch Pharmacol. 
1996;354:424–30.  

          22.    Braas KM, May V, Harakall SA, Hardwick JC, Parsons RL. Pituitary adenylate cyclase- 
activating polypeptide expression and modulation of neuronal excitability in guinea pig car-
diac ganglia. J Neurosci. 1998;18:9766–79.  

    23.    Hoover DB, Girard BM, Hoover JL, Parsons RL. PAC1 receptors mediate positive chronotro-
phic responses to PACAP-27 and VIP in isolated mouse atria. Eur J Pharmacol. 
2013;713:25–30.  

    24.    Hoover DB. Effects of guinea pig vasoactive intestinal peptide on the isolated perfused guinea 
pig heart. Peptides. 1989;10:343–7.  

    25.    Calupca MA, Vizzard MA, Parsons RL. Origin of pituitary adenylate cyclase-activating poly-
peptide (PACAP)- immunoreactive fi bers innervating guinea pig parasympathetic cardiac gan-
glia. J Comp Neurol. 2000;423:26–39.  

       26.    Tompkins JD, Ardell JL, Hoover DB, Parsons RL. Neurally released pituitary adenylate 
cyclase-activating polypeptide enhances guinea pig intrinsic cardiac neurone excitability. 
J Physiol. 2007;582:87–93.  

            27.    Merriam LA, Baran CN, Girard BM, Hardwick JC, May V, Parsons RL. Pituitary adenylate 
cyclase 1 receptor internalization and endosomal signaling mediate the pituitary adenylate 
cyclase activating polypeptide-induced increase in guinea pig cardiac neuron excitability. 
J Neurosci. 2013;33:4614–22.  

    28.    Braas KM, Rossignol TM, Girard BM, May V, Parsons RL. Pituitary adenylate cyclase activat-
ing polypeptide (PACAP) decreases neuronal somatostatin immunoreactivity in cultured 
guinea-pig parasympathetic cardiac ganglia. Neuroscience. 2004;126:335–46.  

          29.    Tompkins JD, Hardwick JC, Locknar SA, Merriam LA, Parsons RL. Ca 2+  infl ux, but not Ca 2+  
release from internal stores, is required for the PACAP-induced increase in excitability in 
guinea pig intracardiac neurons. J Neurophysiol. 2006;95:2134–42.  

         30.    Tompkins JD, Parsons RL. Identifi cation of intracellular signaling cascades mediating the 
PACAP-induced increase in guinea pig cardiac neuron excitability. J Mol Neurosci. 
2008;36:292–8.  

    31.    Edwards FR, Hirst GDS, Klemm MF, Steele PA. Different types of ganglion cell in the cardiac 
plexus of guinea pigs. J Physiol. 1995;486:453–71.  

   32.    Xi-Moy SX, Dun NJ. Potassium currents in adult rat intracardiac neurones. J Physiol. 
1995;486:15–31.  

   33.    Cuevas J, Harper AA, Trequattrini C, Adams DJ. Passive and active membrane properties of 
isolated rat intracardiac neurons: regulation by H- and M-currents. J Neurophysiol. 
1997;78:1890–902.  

         34.    Merriam LA, Barstow KL, Parsons RL. Pituitary adenylate cyclase-activating polypeptide 
enhances the hyperpolarization-activated nonselective cationic conductance,  I  h , in dissociated 
guinea pig intracardiac neurons. Regul Pept. 2004;123:123–33.  

     35.    Robinson RB, Sigelbaum SA. Hyperpolarization-activated cation currents: from molecules to 
physiological function. Annu Rev Physiol. 2003;65:453–80.  

      36.    Tompkins JD, Lawrence YT, Parsons RL. Enhancement of  I  h , but not inhibition of  I  M , is a key 
mechanism underlying the PACAP-induced increase in excitability of guinea pig intrinsic car-
diac neurons. Am J Physiol Regul Integr Comp Physiol. 2009;297:R52–9.  

R.L. Parsons et al.



225

    37.    Merriam LA, Roman CW, Baran CN, Girard BM, May V, Parsons RL. Pretreatment with non-
selective cationic channel inhibitors blunts the PACAP-induced increase in guinea pig cardiac 
neuron excitability. J Mol Neurosci. 2012;48:721–9.  

      38.    Jeong S-W, Wurster RD. Calcium channel currents in acutely dissociated intracardiac neurons 
from adult rats. J Neurophysiol. 1997;77:1769–78.  

    39.    Bhattacharya A, Lakhman SS, Singh S. Modulation of L-type calcium channels in Drosophila 
via a pituitary adenylyl cyclise activating polypeptide (PACAP) -mediated pathway. J Biol 
Chem. 2004;279:37291–7.  

    40.    Dziema H, Obrietan K. PACAP potentiates L-type calcium channel conductance in suprachias-
matic nucleus neurons by activating the MAPK pathway. J Neurophysiol. 2002;88:1374–86.  

     41.    Iftinca MC, Zamponi GW. Regulation of neuronal T-type calcium channels. Trends Pharmacol 
Sci. 2009;30:32–40.  

   42.    Soong TW, Stea A, Hodson CD, Dubel SJ, Vincent SR, Snutch TP. Structure and functional 
expression of a member of the low voltage-activated calcium channel family. Science. 
1993;260:1133–6.  

    43.    Zhang J-F, Randall AD, Ellinor PT, Horne WA, Sather WA, Tanabe T, et al. Distinctive phar-
macology and kinetics of cloned neuronal Ca 2+  channels and their possible counterparts in 
mammalian CNS neurons. Neuropharmacology. 1993;32:1075–88.  

          44.   Tompkins JD, Merriam LA, Girard BM, May V, Parsons RL. Nickel suppresses the PACAP- 
induced increase in guinea pig cardiac neuron excitability. Am J Physiol Cell Physiol. 
2015:ajpcell.00403.2014.  

    45.    Simms BA, Zamponi GW. Neuronal voltage-gated calcium channels: Structure, function and 
dysfunction. Neuron. 2014;82:24–45.  

    46.    Talavera K, Nilius B. Biophysics and structure-function relationships of T-type Ca 2+  channels. 
Cell Calcium. 2006;40:97–114.  

    47.    Lacinova L. T-type calcium channel blockers-new and notable. Gen Physiol Biophys. 
2011;30:403–9.  

    48.    Lee J-H, Gomora JC, Cribbs LL, Perez-Reyes E. Nickel block of three cloned T-type calcium 
channels: low concentrations selectively block α1H. Biophys J. 1999;77:3034–42.  

    49.    May V, Buttolph TR, Girard BM, Clason TA, Parsons RL. PACAP-induced ERK activation in 
HEK cells expressing PAC1 receptors involves both receptor internalization and PKC signaling. 
Am J Physiol Cell Physiol. 2014;306:C1068–79.    

13 Multiple Mechanisms Contribute to the PAC1 Modulation…



227© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_14

    Chapter 14   
 PACAP in the Circadian Timing System: 
Learning from Knockout Models                     

     Jens     Hannibal    

    Abstract     Glutamate and PACAP are neurotransmitters of the retinohypothalamic 
tract (RHT). This retinofugal pathway originates from melanopsin expressing 
intrinsically photosensitive retinal ganglion cells (ipRGCs) innervating areas in the 
brain which regulate the circadian timing system and areas involved in non-image 
forming photoperception (e.g., negative masking, pupillary light refl ex). The major 
target is the suprachiasmatic nucleus (SCN), which generates circadian rhythms in 
behavior and physiology. The SCN is daily entrained to the light–dark cycle due to 
the release of glutamate and PACAP and activation of NMDA and the PACAP spe-
cifi c (PAC1) receptor on SCN neurons. The chapter briefl y reviews in vitro  and  
in vivo experiments and compares these data with physiology and gene expression 
data obtained from mice lacking PACAP, PAC1 receptor or glutamate signaling 
(VGLUT2-defi cient mice). Together, the data provides evidence for PACAP being 
a neurotransmitter in the RHT acting together with glutamate regulating light 
entrainment, masking behavior, and the pupillary light refl ex.  

  Keywords     PACAP   •   Glutamate   •   VGLUT2   •   Circadian rhythms   •   Entrainment   •   PAC1 
receptor   •   Running wheels   •   RHT  

      Introduction 

 Temporal organization of behavior and physiology in order to prepare the individual 
for upcoming events is necessary to ensure optimal conditions for survival and 
reproduction. Circadian timing is a basic property of nearly all cells of the mam-
malian body and drives temporal organization of physiology and behavior with a 
cycle of approximately 24 h. In mammals, the main director controlling circadian 
rhythms is located in neurons of the hypothalamic suprachiasmatic nucleus (SCN) [ 1 ]. 
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These neurons considered as the master clock of the brain act in a synchronized 
harmony in which gene expression, metabolism, and fi ring rhythms of the neurons 
oscillate with a period length close to 24 h (circa diem = 1 day). The signals gener-
ated by the SCN neurons control the inter-SCN synchronization of the nearly 10,000 
neurons of the SCN [ 2 ]. In additions, the SCN synchronizes other areas of the brain 
via neuronal projections and by hormonal signals and core body temperature con-
ducting phase of peripheral cellular clocks regulating physiology of every organ of 
the body [ 3 ]. The molecular machinery of the biological clock has been known for 
more than a decade and consists of a group of clock genes, which by complex feed-
back interactions between the encoded clock proteins drive circadian rhythmicity 
within each neuron of the SCN [ 2 ,  3 ]. The endogenous period length of the clock 
deviates slightly from 24 h and neurons of the SCN are daily synchronized 
(entrained) to the astronomical day by light, which is the most important “Zeitgeber” 
for entrainment [ 4 ]. In mammals, light information for entrainment is transmitted 
from intrinsically photosensitive retinal ganglion cells (ipRGCs) containing the 
photoreceptor melanopsin rendering these cells photosensitive, and by signals from 
the classical photoreceptors, the rods and cones [ 5 ]. The ipRGCs project as the reti-
nohypothalamic tract (RHT) to the brain including the SCN and provide light infor-
mation for the entrainment process, negative masking, and the pupillary light refl ex [ 6 ]. 
Two neurotransmitters, glutamate and PACAP, several subtypes of glutamate recep-
tors and the PACAP specifi c receptor, the PAC1 receptor, convey the light signals to 
the SCN neurons [ 7 ]. In the present chapter, the role of PACAP as neurotransmitter 
in the circadian timing system and in regulation of other non-image forming func-
tions (negative masking, pupillary light refl ex) is reviewed with focus on the 
knowledge obtained from genetically modifi ed mice lacking PACAP, PAC1 receptor, 
or glutamate signaling (VGLUT2 knockout mice).  

    PACAP in the Retinohypothalamic Tract (RHT) 

 Retinal projection reaching the SCN of ventral hypothalamus forebrain was identi-
fi ed in 1970 [ 8 ], and in 1972 this observation led to the discovery of the circadian 
brain clock of the SCN [ 9 ,  10 ]. By various tracer methods a distinct neuronal path-
way was identifi ed and a subpopulation of retinal ganglion cells was identifi ed [ 11 ]. 
The pathway was intensely studied by electron microscopy, functional neuroanat-
omy, in vivo and in vitro studies and evidence was provided that the main neu-
rotransmitter of the RHT was glutamate [ 12 ]. Glutamate application in vitro and 
in vivo mimics the effects of light on the circadian phase [ 13 ] and by inducing 
immediate early genes such as  Fos  [ 14 ]. Glutamate signaling in the SCN occurs by 
activation of several subtypes of glutamate receptors including both ionotrope and 
metabotropic receptors (reviewed in ref. [ 15 ]), which seem to target the light induc-
ible clock genes  Per1  and  Per2  [ 16 ]. 
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 Many central—and peripheral neuronal systems can be characterized by their 
content of neurotransmitters, and often the classical amino acid derived neurotrans-
mitters are found together with peptide neurotransmitters. In many cases, the neuro-
peptide transmitters seem to be able to modulate the effects of the primary classical 
transmitter [ 17 ]. In 1997, we showed that PACAP was located in a subset of retinal 
ganglion cells (RGCs) of the rat retina, and that these cells project to the SCN and 
the intergeniculate leafl et (IGL) of the lateral geniculate nucleus. Furthermore, it 
was shown that application of PACAP in vitro was able to phase shift the circadian 
rhythm in SCN neurons [ 18 ]. The PACAP containing RGCs which co-stored gluta-
mate [ 19 ,  20 ] were light responsive as evaluated by their expression of FOS, and it 
was suggested that the PACAP RGCs could be light responsive, independent of the 
classical photoreceptors [ 21 ]. Light-responsive RGCs could explain observations in 
mice and humans with retinal degeneration of the outer retina who were able to 
entrain to light, had intact pupil refl ex and were able to light suppress nocturnal 
melatonin secretion [ 22 ,  23 ]. The light responsiveness was confi rmed by showing 
that only PACAP containing RGCs co-expressed a new photoreceptor, melanopsin 
[ 24 ]. Melanopsin expressing RGCs constitute the RHT in mice. This was elegantly 
demonstrated in genetically modifi ed mice carrying a tau-LacZ promotor construct 
inserted into melanopsin expressing cells and β-GAL staining, which identifi ed 
axonal melanopsin projections to the SCN [ 25 ]. Furthermore, another elegant 
study showed that the melanopsin containing RGCs were intrinsically photosensi-
tive (ipRGCs) [ 26 ]. Several studies in different species have confi rmed that PACAP 
is found exclusively in the ipRGCs [ 27 – 30 ] and that these cells project to many 
light- responsive areas in the brain involved in non-image forming photoperception 
[ 30 ,  31 ]. 

 Indirect evidence supports that PACAP is released from RHT nerve terminals 
in the SCN upon light stimulation. This has been done in vitro by applying PACAP 
and glutamate and glutamate and the PAC1 receptor antagonist PACAP6-38 on 
in vitro brain slice models containing the SCN. By using this model, PACAP in 
micromolar concentrations was shown to play a modulatory role on glutamate 
induced phase shift at night [ 32 ] while in nanomolar concentrations PACAP had 
a light like effect on clock phasing [ 33 ]. The light like effect of PACAP on the 
circadian phase was also demonstrated in vivo by intracerebroventricular (icv) 
injections of either PACAP, the PACAP antagonist PACAP6-38, or specifi c 
PACAP antibodies, which modulate the effect of light on circadian phase [ 27 ,  32 , 
 34 ,  35 ]. The molecular mechanisms leading to light-induced phase shift after the 
release of glutamate and PACAP involve several signaling transduction pathways 
initiated by NMDA—and PAC1 receptor activation, Homer-1A, cAMP, Ca 2+ , and 
CREB [ 7 ]. The targets seem to be the clock genes  Per1  and  Per2 . The expression 
level of both genes was studied in in vitro brain slice models and the modulator 
role of PACAP on glutamate induced  Per  gene expression, corresponding to the 
effect on phase shifts of the circadian rhythm was confi rmed in these studies [ 16 ].  
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    Circadian Rhythms, Negative Masking, and Pupillary 
Light Refl ex (PLR) in Mice Lacking PACAP, PAC1 Receptor, 
or Glutamate Signaling 

 In vivo studies of behavior and gene expression in gene modifi ed animals have been 
shown useful for the understanding of the role of PACAP and the PAC1 receptor in 
the circadian timing system and of PACAP as neurotransmitter in other non-image 
forming light regulated systems controlling negative masking behavior (ie. inhibi-
tion of night activity in nocturnal animals by light) and the pupillary light refl ex. 
Circadian rhythms in mice are typically examined by keeping the mice in cages 
carrying a running wheel, and running wheel (RW) activity is used as a parameter 
for circadian activity rhythms. Results obtained from the various knockout mice 
(KO) models have been compared with data from electrophysiological studies on 
circadian phase shifts measured after application of PACAP and/or glutamate, and 
from studies in which PACAP, glutamate antagonists or PACAP antibodies have 
been injected icv. These in vitro and in vivo studies have indicated that PACAP can 
potentiate glutamate induced phase delay during early night while decrease gluta-
mate induced phase advance at late night. Application of glutamate together with 
PACAP6-38, a PAC1 receptor antagonist, decreases glutamate induced phase delays 
at early night and potentiates glutamate induced phase advances at late night 
(reviewed in ref. [ 7 ]). 

 Two independent groups have generated mice lacking the PACAP gene, one group 
mice lacking the PAC1 receptor gene, and two independent groups mice lacking 
glutamate signaling by removing the gene encoding the vesicular glutamate trans-
porter2 (VGLUT2).  

    PACAP-Defi cient Mice 

    Circadian Regulation by Light 

 PACAP-defi cient mice raised on a C57 background and backcrossed into an ICR 
background were used in circadian studies on PACAP-deficient mice [ 36 – 38 ]. 
In their fi rst study, Kawaguchi et al. [ 38 ] showed that PACAP KO mice had signifi -
cant reduced phase advance when exposed to light at late subjective night while no 
difference was found in light response with light stimulation at early night. In both 
situations, light intensity was 20 lux, which may explain the unexpected results (see 
below). In contrast to the RW experiments, light-induced FOS in the SCN was sig-
nifi cantly reduced at early night while no difference was found at late night in 
PACAP KO mice compared to wild type mice. At both time points light of 20 lux 
induced FOS expression in SCN neurons of both wild type and KO mice compared 
to no light stimulation [ 38 ]. In a follow up study using the same mouse model, it was 
taken into consideration that light intensity may be of importance for PACAP 

J. Hannibal



231

signaling to the clock. Reexamination of light-induced phase delays at early night 
during light intensities between 10 and 100 lux showed that while no difference in 
phase delay occurs at 20 lux, the phase delay at 100 lux was signifi cantly smaller in 
PACAP KO compared to wild type mice [ 37 ]. Similar fi ndings were observed at 
the end of the night, where the phase advance was signifi cantly reduced by 30 min 
illumination at 100 lux.  

    Negative Masking Behavior 

 Another signifi cant change in behavior has been observed in PACAP KO mice. 
When kept in 12:12 LD cycles, wild type mice start RW activity when light is turned 
off while PACAP KO mice have a positive phase angle with activity onset advanced 
by 2–3 h starting night activity signifi cantly before the subjective night. This abnor-
mal phase onset in PACAP KO mice of the ICR strain of mice is most likely 
explained by reduced negative masking found in the PACAP KO mice [ 37 ].  

    The Pupillary Light Refl ex 

 The pupillary light refl ex is dependent of the melanopsin ipRGCs and input from 
the classical photoreceptors, the rods and cones [ 39 ]. The PLR is driven by neurons 
located in the olivary pretectal nucleus (OPN) which is densely innervated by retinal 
PACAP fi bers in rats, mice, and monkeys [ 28 ,  30 ,  31 ]. However, examination of the 
PLR in PACAP KO mice did not reveal any role of PACAP in the PLR [ 37 ] (but see 
discussion below). 

 When investigating circadian behavior in another strain of PACAP-defi cient mice 
on a C57BL/6 background [ 40 ] similar observations were found, the light- induced 
phase shifts was found to be compromised at both early and late subjective night 
[ 40 ]. Despite the reduced light sensitivity in PACAP KO mice they were able to 
re-entrain when the external LD cycle was shifted by either by 8 h advance or delay 
(jetlag experiments) [ 40 ]. The PACAP KO mice used by Colwell et al. had no defi cit 
in masking response and PLR was not studied [ 40 ].   

    PACAP Receptor 1 (PAC1)-Defi cient Mice 

    Circadian Regulation by Light 

 Like the PACAP-defi cient mice, PAC1 KO mice entrain to the LD cycle and keep a 
stable predictable RW activity during constant darkness [ 41 ,  42 ]. This indicates that 
both genotypes have a stable biological clock also indicated by the stable expression 
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of clock genes found in PACAP KO mice [ 37 ]. Although PAC1 KO mice can entrain 
to LD cycles similarly to wild type animals they show, like PACAP KO mice, a sig-
nifi cantly reduced response to light stimulation at early subjective night [ 41 ]. When 
placed in T-cycles (25–27 h) at different light intensities (10–300 lux) limit of 
entrainment was demonstrated in the PAC1 KO mice [ 41 ]. The reduced light sensi-
tivity in PAC1 KO mice resulted in a decreased ability to re-entrain to an 8 h phase 
shift of the external LD cycle (jetlag experiment), which was more pronounced at 
low light intensities [ 41 ]. As indicated by in vitro and in vivo studies, examination of 
molecular expression in PAC1 mice supports that light signaling mediated by the 
PACAP release is targeting the light sensitive clock genes,  Per1  and  Per2  [ 42 ].  

    Negative Masking Behavior 

 As the PACAP KO mice [ 37 ], PAC1 KO mice had an impaired negative masking 
being more affected at low light intensity [ 41 ]. Together, the studies of mice lacking 
either PACAP or the PAC1 receptor support the results obtained from in vitro and 
in vivo studies and show that PACAP plays an important role during light regulation 
of the SCN activity at early night and being most essential at low light intensities. 
At late night, PACAP signaling seems to be less important or more variable at least 
in studies of mice. In mice, light produces large phase delays of the circadian rhythm 
in the early night and small phase advances at late night. Other rodent species like 
hamsters respond with large phase advances at late night and small phase delays at 
early night [ 15 ]. This difference is a property of the clock and the endogenous 
period (tau). Mice have a fast running clock (tau shorter than 24 h) and therefore 
need to slow down the speed of the clock (phase delay) to keep entrained. Hamsters, 
on the contrary, have a slow running clock (tau longer than 24 h) and therefore need 
to speed up their clock (phase advance) to keep entrained to the LD cycle [ 4 ,  15 ]. It is 
possible that it is due to the less sensitivity of the clock in mice that the phase shift 
differences at late night in both PACAP KO—and PAC1 KO compared to wild type 
mice are too small to demonstrate any signifi cance [ 4 ,  15 ].  

    The Pupillary Light Refl ex 

 The OPN which control the PLR receives retinal PACAP input and expresses the 
PAC1 receptor [ 28 ]. In contrast to the observation in PACAP KO mice which show 
normal PLR, the PLR in PAC1 KO was signifi cantly attenuated compared to wild 
type mice and the difference became more pronounced by increasing light intensi-
ties [ 28 ] suggesting that PAC1 receptor signaling is involved in the PLR. The dis-
crepancy in PLR found between PACAP KO—and PAC1 KO mice could be due to 
the different experiment paradigms used. It is important to note that although mela-
nopsin in ipRGCs are necessary for an intact PLR, ipRGCs receive input from the 
classical photoreceptors [ 39 ]. PACAP KO mice were exposed to blue light (( λ ) 
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460–490 nm) which selectively stimulate the melanopsin photoreceptor [ 6 ]. PAC1 
KO mice were stimulated by white light which also activates rods and cones. It is 
not known which subtypes of melanopsin cells that control the PLR [ 43 ], but these 
ipRGCs may be dependent of input signals from the deep retina (rods and cones) 
and being more sensitive to white light. It is likely that the melanopsin/PACAP 
ipRGCs involved in the regulation of the PLR are different from the ipRGCs that 
regulate light entrainment and masking. The PAC1 KO PLR phenotype was more 
pronounced when exposed to light at higher intensity [ 28 ] while the PAC1 KO phe-
notype of entrainment and negative masking was displayed primary at low light 
intensity [ 41 ].   

    Vesicular Glutamate Transporter2 (VGLUT2)-Defi cient Mice 

 The VGLUT2 transporter is a member of a family of vesicular glutamate transporters 
that pack glutamate into synaptic vesicles [ 44 ]. The different transporters show dis-
tinct expression within the CNS and retina [ 45 ]. VGLUT2 is expressed in ipRGCs 
[ 46 ] and are co-stored with PACAP in melanopsin containing ipRGCs [ 19 ]. Mating 
gene modifi ed mice in which Cre recombinase is expressed exclusively in ipRGCs 
with mice carrying two loxP elements fl anking exon 2 of  Vglut2,  result in mice with 
cell specifi c loss of VGLUT2 in ipRGCs which were examined for circadian behavior 
[ 47 ,  48 ,  49 ]. 

    Circadian Regulation by Light 

 Circadian behavior in VGLUT2-defi cient mice was investigated using RW at differ-
ent light intensities, a factor which may explain some discrepancies in behavior 
found between the two stains of mice [ 47 ,  49 ]. Purrier et. al. performed their study at 
900 lux (approx. 3.15 W/m 2 ) while Gompf et al. used two different light intensities 
of 130 lux (0.35 W/m 2 ) and 2000 lux (6.53 W/m 2 ), respectively. Most of the VGLUT2 
KO mice entrained to the LD cycle at 900 lux although a subpopulation of the KO 
mice showed a more irregular circadian locomotor activity displaying RW activity 
also during the subjective day [ 47 ]. All VGLUT2 KO mice showed normal free-
running activity when exposed to constant darkness indicating an intact circadian 
clock [ 47 ]. The altered sensitivity to light stimulation displayed during LD cycles 
also led to a decreased ability to re-entrain after an 8 h shift in the external LD cycle 
(jetlag experiment) which caused VGLUT2 KO mice to use signifi cantly more LD 
cycles for re-entrainment [ 47 ]. VGLUT2 KO mice also fail to entrain to a skeleton 
photoperiod ((SPP) consisting of 1 h light in the morning and 1 h in the evening sepa-
rated by 10 h of darkness simulating dawn and dusk) suggesting that the VGLUT2 
KO mice had a disturbed settings for dusk and dawn signals [ 47 ]. 

 The other strain of VGLUT2 KO mice [ 49 ] demonstrated a more severe pheno-
type. When placed in 12:12 LD conditions at 130 lux most of the VGLUT2 KO 
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mice failed to entrain to the LD cycle and exhibited free-running periods as nor-
mally seen only in constant darkness [ 49 ]. When exposed to light at early night wild 
type mice phase delayed the circadian rhythm and induction of FOS was found in 
the SCN while the VGLUT2 KO mice showed no shift in the circadian phase and no 
induction of FOS in the SCN, an indication for a strongly compromised light sensi-
tivity in these mice [ 49 ]. The decreased light sensitivity in these animals was sub-
stantiated by placing them in constant light (LL). During LL, wild type mice alter 
their free running endogenous rhythm (tau) which becomes longer than 25 h. The 
tau of VGLUT2 KO mice remained unchanged as during constant darkness [ 49 ]. 
However, although seemingly relatively less sensitive to light, a subpopulation of 
the VGLUT2 mice was able to re-entrain to a new LD cycle (8 h phase shift, jetlag 
experiment) indicating a remaining light sensitivity most likely due to PACAP sig-
naling in these mice [ 49 ]. When exposing the population of VGLUT2 KO mice not 
responding to 130 lux light to constant light at 2000 lux, the tau was increased thus 
indicating light sensitivity remains also with a higher threshold in this subpopula-
tion of VGLUT2 KO mice.  

    Negative Masking Behavior 

 In both strains of VGLUT2 KO mice negative masking was impaired despite the 
light intensities used [ 47 ,  49 ]. This was examined by placing the animals in an ultra-
short LD cycle (Gompf; 2:2 LD, Purrier; 3.5:3.5 LD). Mice with normal masking 
behavior display activity only during the dark period, while disturbed masking as 
seen in the VGLUT2 KO mice, is displayed by activity in both the light and dark 
phase [ 47 ,  49 ].  

    The Pupillary Light Refl ex 

 The PLR was also examined in VGLUT2 KO mice by Purrier et al. and since this 
strain of VGLUT2 KO mice displayed impaired light sensitivity when entrained to 
LD cycle and negative masking behavior, it would be expected that they also had 
impaired PLR at both high and low light intensity. Indeed, a signifi cantly attenuated 
PLR was found in the VGLUT2 KO mice [ 47 ].   

    Summary and Conclusions 

 By using gene-modifi ed mice lacking PACAP signaling (i.e., PACAP or PAC1 KO 
mice) and glutamate signaling (VGLUT2 KO mice), behavior, physiological, and 
gene expression studies extend and confi rm previous in vitro and in vivo studies 
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showing that PACAP is a neurotransmitter in the RHT, which mediates non-image 
forming light information to the circadian timing system, regulates negative masking 
and the pupillary light refl ex. PACAP is a co- transmitter in the RHT acting together 
with glutamate, the primary neurotransmitter of the RHT. This notion was supported 
by the recent studies of VGLUT2 KO mice. These mice have a severe reduced light 
sensitivity regarding non-image forming photoperception (photoentrainment, nega-
tive masking, PLR) and the most affected animals were unable to entrain to LD 
cycles. These observations are in agreement with in vitro observations that PACAP 
acts as a co-neurotransmitter modulating light signals mediated by glutamate signal-
ing. Future studies are needed to clarify under which stimulus conditions PACAP is 
released from RHT nerve terminals. Low light intensity seems to be one condition 
in which PACAP signaling is of importance. However, not only light intensity but 
also wavelength (color) seem to be of major importance in regulation of circadian 
timing [ 50 ].       
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    Chapter 15   
 The Role of PACAP in the Regulation of Body 
Temperature                     

     Andras     Garami     ,     Eszter     Pakai    ,     Zoltan     Rumbus    , and     Margit     Solymar   

    Abstract     Studies aiming at the investigation of the thermal effects of the pituitary 
adenylate cyclase-activating polypeptide (PACAP) revealed that PACAP plays an 
important role in the regulation of body temperature. We review literature data on 
the effects of pharmacological modulation of PACAP signaling on deep body tem-
perature as well as on the infl uence of PACAP-signaling defi ciency on thermoregu-
lation in animals and humans. We describe the contribution of behavioral and 
autonomic thermoeffectors to the hyperthermic effect of PACAP and the thermo-
regulatory phenotype of mice genetically lacking the peptide. We propose that 
behavioral (hyperactivity, wet-dog shakes) and autonomic (non-shivering thermo-
genesis and cutaneous vasoconstriction) cold-defense responses are recruited in 
PACAP-induced hyperthermia. The absence of PACAP results in hypometabolism 
and as a compensatory mechanism in increased locomotor activity. We hypothesize 
that the thermal effects of PACAP are evoked through modulation of the cold- 
activated pathway in the preoptic area of the hypothalamus. Hyperthermia in 
response to exogenous PACAP administration develops through activation of 
γ-aminobutyric acid-ergic neurons located in the median preoptic nucleus, while the 
hypometabolism in PACAP defi ciency is caused by the absent suppression of toni-
cally activated γ-aminobutyric acid-ergic neurons in the medial preoptic area, which 
leads to enhanced inhibition of non-shivering thermogenesis. The contribution of 
other central nervous system regions to the thermoregulatory effects of PACAP is 
also discussed.  
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  Abbreviations 

   BAT    Brown adipose tissue   
  CNS    Central nervous system   
  GABA    γ-aminobutyric acid   
  i.c.v.    Intracerebroventricular(ly)   
  i.v.    Intravenous(ly)   
  KO    Knockout   
  LPB    Lateral parabrachial nucleus   
  MnPO    Median preoptic nucleus   
  MPO    Medial preoptic area   
  PAC1R    PAC1 receptor   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
   Pacap  −/− ,  Pacap   +/+      Mice with the  Pacap  gene homozygously missing or present, 

respectively   
  POA    Preoptic area   
   T  b     Body temperature   
  TRP    Transient receptor potential (channel)   
  TRPV1    TRP vanilloid-1   
  VIP    Vasoactive intestinal polypeptide   
  VMN    Ventromedial nuclei   
  VO 2     Oxygen consumption   
  VPAC1R, VPAC2R    VIP/PACAP receptor 1 and 2, respectively   

        Introduction 

 Temperature is life! Endothermic organisms like humans maintain a relatively sta-
ble deep body temperature ( T  b ) under even extreme environmental conditions with 
the help of behavioral and autonomic thermoeffectors [ 1 ]. The activity level of most 
thermoeffectors can be infl uenced by a variety of neuropeptides located both within 
and outside of the central nervous system (CNS) [ 2 ]. The effects of a number of 
these substances have been studied on thermoregulation [ 3 ], which can be also 
regarded as part of complex energy balance [ 4 ]. Underlying the complexity of 
energy balance regulation, how the activity of the effector(s) is affected by the dif-
ferent neuropeptides shows a great variability. As part of their thermoregulatory 
actions, some substances such as endothelin-1 activate mainly a single mechanism 
like constriction in cutaneous vessels to increase  T  b  [ 5 ], others recruit more effectors 
with synergistic effects, e.g., hypermetabolism and skin vasonconstriction in the 
hyperthermia induced by alarin [ 6 ], yet others induce the activation of disparate 
mechanisms like the increased heat loss with simultaneously elevated thermogene-
sis in response to α-melanocyte-stimulating hormone administration [ 7 ]. Further 
complicating the picture, some substances (e.g., leptin) can be important mediators 
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in disease states such as systemic infl ammation, in addition to their key role in 
energy balance homeostasis [ 8 ]. 

 Since the identifi cation of the two isoforms of the pituitary adenylate cyclase- 
activating polypeptide (PACAP) over 2 decades ago [ 9 ,  10 ], its involvement in the 
regulation of energy balance has been supported with multiple lines of evidence 
ranging from tissue distribution [ 11 ,  12 ], through thermoregulatory characterization 
in animal experiments (see Sects.  15.3.1.1  and  15.3.2.1 ), to thermal effects in human 
subjects (see Sects.  15.3.1.2  and  15.3.2.2 ). In addition to the maintenance of bodily 
homeostasis, the contribution of PACAP to systemic infl ammation, which can be 
accompanied by hypothermia or fever or both in rats [ 13 ] and mice [ 14 ], has been 
also established [ 15 ,  16 ]. Although two major forms of the peptide, namely 
PACAP38 and PACAP27, have been identifi ed (for a review, see ref. [ 17 ]), in most 
tissues PACAP38 is the predominant form [ 17 ,  18 ] and a variety of physiological 
effects of PACAP38 and PACAP27 are similar [ 19 – 21 ], therefore and for simplicity, 
PACAP in this chapter refers to PACAP38, unless specifi ed otherwise. 

 This chapter focuses on the role of PACAP in the regulation of deep  T  b  under 
physiological conditions. First, we provide a short overview of the modern concepts 
in thermoregulation, and then we describe in detail what is known about the thermo-
regulatory role of PACAP from animal experiments and human studies. For that, we 
fi rst review the data obtained from the modulation of PACAP signaling with the 
administration of agonists and antagonists. Second, we analyze how genetic modu-
lation of PACAP signaling affects the maintenance of deep  T  b . Last, we summarize 
the most important fi ndings in discussion and propose a concept of how PACAP 
signaling contributes to thermoregulation.  

    Overview of the Architecture of the Thermoregulation System 

 The regulation of complex energy balance consists of a short-term and a long-term 
regulatory circle, which are in close interaction with each other through the com-
mon effector, metabolic rate [ 4 ]. As part of the short-term regulatory circle, deep  T  b  
is maintained with the use of autonomic (thermogenesis and heat loss) and behav-
ioral thermoeffectors (e.g., cold/warmth seeking). 

 According to the modern theory of thermoregulation,  T  b  is maintained with the 
help of relatively independent thermoeffector loops [ 22 ]. Each loop consists of a 
thermosensor, an afferent and efferent neural pathway, and a thermoeffector [ 23 ]. 
Thermosensors can be located in the core or on the periphery of the body. Central 
thermosensors are mostly warmth-sensitive, thus participate typically in warmth- 
defense responses and contribute more to the activation of autonomic effectors, 
while peripheral thermosensors are mainly cold-sensitive activating cold-defense 
mechanisms and trigger rather behavioral responses [ 1 ]. Accordingly, the activation 
of each thermoeffector loop is achieved by a combination of superfi cial and deep 
 T  b s, which determines the actual stimulation pattern of central and peripheral ther-
mosensors [ 24 – 26 ]. 
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 In a thermal response, the activation of behavioral effectors is preferred over that 
of autonomic ones, because behavioral effectors have less impact on the energy and 
water resources of the body than autonomic ones [ 23 ]. Thermoregulatory behaviors, 
which range from simple (e.g., warmth seeking) to complex mechanisms such as 
turning on a heating unit, are activated mainly from peripheral thermosensors, i.e., 
before any change in deep  T  b  occurs, therefore they can be used effi ciently to main-
tain deep  T  b  by escaping a forthcoming thermal stimulus. Importantly, gross loco-
motor activity can also contribute to the regulation of  T  b  [ 27 – 29 ], thus it can be 
regarded as a behavioral thermoeffector in small rodents [ 30 – 32 ]. Autonomic ther-
moeffectors become activated mostly from central thermosensors, i.e., by changes 
of deep  T  b . As part of cold defense, thermogenesis increases, while due to cutaneous 
vasoconstriction heat loss decreases [ 1 ]. Non-shivering thermogenesis in brown 
adipose tissue (BAT) is the prominent source of heat in infants, small rodents, and 
to a lesser extent in adult humans, while shivering in skeletal muscle is the major 
form of heat production in adult humans [ 33 ]. In warmth defense, heat dissipating 
mechanisms are activated involving skin vasodilation and elevated evaporative heat 
loss (e.g., sweating, panting) [ 1 ,  34 ]. 

 The afferent and efferent pathways involved in the regulation of  T  b  have been 
recently reviewed elsewhere [ 1 ,  23 ,  35 – 37 ], their detailed description is beyond 
the scope of this chapter. In short, thermoeffector pathways begin with either 
cold- or warmth-sensitive primary afferent pseudounipolar neurons. Their cell 
bodies are located in the dorsal-root ganglia and they transmit signals from their 
thermosensory endings to secondary monopolar neurons in lamina-I of the spinal 
dorsal horn. Lamina-I neurons carry signals to neurons in the lateral parabrachial 
nucleus (LPB), which is situated in the rostral portion of the pons. The glutamin-
ergic neurons of the LPB, which receive signals originating from cold-sensitive 
primary neurons, excite γ-aminobutyric acid (GABA)-ergic neurons in the median 
preoptic nucleus (MnPO) of the preoptic hypothalamic area (POA). These neu-
rons then inhibit warmth- sensitive GABA-ergic neurons in the medial preoptic 
area (MPO), which is also located in the POA (Fig.  15.1 ). The glutaminergic neu-
rons of the LPB, which receive signals originating from the warmth-sensitive 
primary neurons, excite glutaminergic neurons in the MnPO. These neurons then 
excite, rather than inhibit, the warmth-sensitive GABA-ergic neurons in the MPO 
(Fig.  15.1 ).

   The warmth-sensitive neurons of the MPO tonically suppress BAT thermogene-
sis and skin vasoconstriction [ 38 ], which are cold-defense thermoeffectors. A differ-
ent population of MPO neurons inhibits each thermoeffector. The BAT-specifi c 
population sends tonic inhibitory signals to neurons in the dorsomedial hypothala-
mus, whereas the skin-vasoconstriction-specifi c population inhibits neurons in the 
rostral raphe pallidus nucleus. Neurons of the dorsomedial hypothalamus and the 
rostral raphe pallidus nucleus both excite neurons in the intermediolateral column 
of the spinal cord, which then stimulate the sympathetic ganglia, controlling the 
thermoeffectors.  
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    PACAP in the Regulation of Normal Body Temperature 

 PACAP belongs to the secretin/glucagon/vasoactive intestinal polypeptide (VIP) 
family [ 17 ,  18 ]. Its biological effects are attributed mainly to three different G 
protein- coupled receptors: the PAC1 receptor (PAC1R), and the VIP/PACAP 

MnPO MPO

POA of the hypothalamus

Warmth Cold
Cutaneous

vasoconstriction

Glutaminergic
neuron

GABA-ergic
neuron

PACAP

Excitation Inhibitionand and

Sensory nerve 
ending

Thermogenesis
in BAT

Neurons in other CNS regions 
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  Fig. 15.1    Schematic representation of the proposed actions of the pituitary adenylate cyclase- 
activating polypeptide (PACAP) on the thermoregulation system. Exogenous PACAP administra-
tion induces the activation of the inhibitory γ-aminobutyric acid (GABA)-ergic neurons in the 
median preoptic nucleus (MnPO) of the preoptic area (POA) of the hypothalamus, which leads to 
cutaneous vasoconstriction and brown adipose tissue (BAT) thermogenesis and results in hyper-
thermia. Endogenous PACAP continuously suppresses the activation level of GABA-ergic neu-
rons in the medial preoptic area (MPO), which inhibit BAT thermogenesis. When PACAP is 
absent, the result is hypometabolism. Neurons in other areas of the central nervous system (CNS), 
e.g., hippocampus, ventromedial nuclei (VMN), arcuate nucleus, and spinal cord, can also contrib-
ute to the thermoregulatory actions of PACAP. Schematic of neural pathways adapted and simpli-
fi ed by authors from Romanovsky et al. [ 35 ] with permission       
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receptor 1 (VPAC1R) and VPAC2R [ 17 ,  39 ]. Of interest for this chapter is the 
PAC1R, because from the PACAP protein family, mostly PACAP acts on it, while 
VIP has more than 1000-fold lower affi nity to PAC1R [ 17 ]. Maxadilan, a pharma-
cological agonist of PACAP signaling, has been also characterized as a potent selec-
tive agonist of the PAC1R [ 40 ]. In contrast with PAC1R, the VPAC1R and VPAC2R 
show equal affi nity to PACAP and VIP and they can be also activated with further 
substances such as peptide histidine-isoleucine amide, secretin, and helodermin [ 41 , 
 42 ]. Because of the above, while discussing the thermoregulatory effects of PACAP 
signaling, we will focus mainly on effects mediated by the PAC1R. 

 The effects of PACAP administration on deep  T  b  have been investigated in a 
variety of species, including chicken [ 43 ], mice [ 44 ,  45 ], rats [ 46 – 48 ], and humans 
[ 21 ]. In most studies, exogenous PACAP injection caused a rise in deep  T  b  [ 21 ,  43 , 
 44 ,  46 – 48 ], suggesting a thermoregulatory role for the peptide. The importance of 
PACAP signaling in thermoregulation was also supported with genetically modifi ed 
(knockout, KO) mice lacking PACAP or its receptors [ 48 – 53 ], although some 
authors found no meaningful difference in the thermoregulatory phenotype between 
KO mice and controls [ 50 ]. In the following sections of this chapter we review and 
discuss literature data aimed at the characterization of the thermoregulatory role of 
PACAP in animal models and human subjects. 

     Studies with Pharmacological Modulation of PACAP Signaling 
(Agonists and Antagonists) 

      Animal Experiments 

 The effect of exogenously administered PACAP on deep  T  b  has been studied in dif-
ferent animal models (chicks, mice, rats) and in most of the cases a hyperthermic 
effect was reported after intrahypothalamic [ 46 ,  54 ], intracerebroventricular ( I.C.V .) 
[ 43 ,  44 ,  47 ,  48 ,  55 ], and intrathecal [ 56 ] injection of peptide, although the thermal 
effects of central versus peripheral PACAP administration have been directly com-
pared only recently [ 48 ]. In that study, the authors showed that  I.C.V . administration 
of PACAP (~7 nmol) to rats caused markedly more pronounced hyperthermia than 
intravenous ( I.V. ) infusion of the same dose of the peptide [ 48 ], which results clearly 
indicate a central rather than peripheral site of action. Such centrally mediated ther-
moregulatory effect of PACAP is also in accordance with several other studies 
showing that PACAP exerts its neurotrophic [ 57 ], anti-infl ammatory [ 15 ], and neu-
roprotective effects [ 58 ] within the CNS. 

 How the activation of behavioral and autonomic thermoeffectors contributes to 
PACAP-induced hyperthermia has been investigated in different studies (see below). 
A behavioral mechanism, which has been commonly studied in the hyperthermic 
response to PACAP in small rodents is locomotor activity [ 45 ,  46 ,  54 ,  59 ]. In rats, 
an increased locomotor activity has been shown to take part in the hyperthermic 
response to the injection of PACAP into the lateral ventricle (1–2 nmol) [ 45 ] or into 
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the ventromedial nuclei (VMN, 0.05 nmol) [ 46 ,  54 ]. Interestingly, no signifi cant 
change in the locomotor activity of rats was recently reported by an independent 
group after microinfusion of PACAP (0.2 nmol) into the central nucleus of the 
amygdala [ 59 ], but the motor activity of the PACAP-treated rats was nearly 44 % 
higher (2973.6 ± 228.4) than that of the vehicle-treated rats (2070.8 ± 173.4) at 1 h 
after the infusion. It has to be also noted that microinfusion of PACAP (0.03 nmol) 
into the paraventricular nuclei of rats suppressed exploratory activity and elevated 
self-grooming behavior, suggesting complex behavioral effects of PACAP [ 60 ]. The 
differences in the applied administration routes and doses may also account for the 
discrepancy of the obtained results. In addition to changes in locomotor activity, an 
increased wet-dog shake behavior of rats in response to  I.C.V . PACAP administra-
tion has been also reported [ 61 ]. The wet-dog shake behavior can be elicited in rats 
by cold and chemical agents such as the super-cooling substance, icilin [ 62 ]. It 
shows similarities with shivering in certain aspects [ 63 ] and recently it has been 
reported that icilin-induced wet-dog shakes are mediated by the transient receptor 
potential (TRP) melastatin-8 channel [ 64 ], which is a universal cold receptor in the 
thermoregulation system [ 65 ]. Although warmth seeking could be also assumed to 
play a part in a hyperthermic response, to our knowledge no studies have been per-
formed in which the thermopreferendum of the animals was determined after 
PACAP administration. 

 The most studied thermoeffector in the development of PACAP-induced hyper-
thermia is non-shivering thermogenesis. Exogenous PACAP administration was 
reported to result in elevated oxygen consumption (VO 2 ) in chicks [ 43 ], rats [ 48 ], 
and mice [ 44 ]. A higher end-tidal CO 2  was also found in rats [ 56 ]. While VO 2  can 
refl ect both shivering and non-shivering thermogenesis [ 33 ], the elevated BAT sym-
pathetic nerve activity [ 66 ], increased uncoupling protein 1 mRNA expression in 
BAT [ 46 ], and decreased triglyceride stores in BAT [ 54 ], which were measured after 
PACAP injection indicate that in rats the elevation of non-shivering thermogenesis 
is responsible for the higher PACAP-induced VO 2 . Several different sites within the 
CNS have been proposed to mediate the elevation of thermogenesis in response to 
PACAP. Inglott et al. [ 56 ,  67 ] suggested that PACAP acts through the excitation of 
sympathetic neurons in the spinal cord, because the increased BAT sympathetic 
nerve activity after intrathecal PACAP administration could be observed even after 
cervical transection of the spinal cord. Resch et al. [ 46 ,  54 ] concluded that the 
hyperthermic and hypermetabolic effect of PACAP is evoked from the VMN of the 
hypothalamus as microinfusion of the peptide into that region was effective, but 
when PACAP was infused into the closely located paraventricular nuclei it had no 
effect. As an approach to resolve the controversies, Banki et al. [ 48 ] proposed that 
PACAP acts on GABA-ergic neurons of the MnPO, which are situated in the com-
mon part of the cold-activated pathways for the two principal autonomic thermoef-
fectors [ 68 ]. These neurons receive inputs from peripheral sensory afferents through 
the LPB and connect to tonically activated GABA-ergic neurons in the MPO, which, 
in turn, are the fi rst efferent neurons innervating the BAT and skin vessels [ 35 ]. 
When the activation level of GABA-ergic MPO neurons is reduced, for example 
because of PACAP-induced activation of the inhibitory GABA-ergic neurons in the 
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MnPO, BAT thermogenesis and cutaneous vasoconstriction are activated, resulting 
in hyperthermia. Spinal sympathetic neurons are more downstream part of the same 
pathway, which could explain why their activation could lead to the same hyperther-
mic effect as described by Inglott et al. [ 56 ]. In harmony with the fi ndings of Resch 
et al. [ 54 ], besides the LPB, MnPO neurons also receive signals from other brain 
nuclei such as the VMN [ 69 ,  70 ], the activation of which could then also cause the 
same effect as activation of the MnPO neurons. While the distribution of PACAP 
and PAC1R (i.e., the most specifi c receptor of PACAP) in the CNS is in accordance 
with such proposed sites of action, for they are expressed in the MnPO, VMN, and 
spinal cord in addition to other brain areas [ 11 ,  12 ,  46 ], further studies are needed to 
specify which neuron(s) respond directly to PACAP and trigger hyperthermia. 

 In contrast with the effect of PACAP on thermogenesis, how the peptide infl u-
ences cutaneous heat loss has remained more controversial. When the vasomotor 
response to PACAP was investigated, a vasodilator effect was found in a variety of 
vascular beds, including those of the brain, eye, heart, lungs, kidney, gastrointestinal 
tract, and the urogenital system [ 17 ,  18 ]. The studied vessels originated usually 
from the core of the body, thus from tissues which do not have a main function in 
heat loss of the body. In some studies increases in skin perfusion were also recorded, 
but only after local or systemic application of PACAP [ 71 ,  72 ], which administra-
tion routes are not necessarily appropriate to analyze the effects of PACAP on com-
plex neural pathways, especially on their central elements. When PACAP was 
applied directly to vessels in vitro, it caused vasodilation in cerebral [ 73 ], meningeal 
[ 74 ], and tail arteries [ 75 ]. Suggesting a distinct, centrally mediated vasomotor 
effect, when PACAP was administered  I.C.V . to rats, it caused an initial skin vaso-
constriction (as indicated by a decrease of tail skin temperature), which was then 
followed by vasodilation [ 48 ]. Biphasic vasomotor responses to PACAP were also 
observed in dogs [ 76 ] and in cats [ 77 – 79 ]. In the feline hindquarters vascular bed, 
the vasoconstrictor part of the biphasic effect was blocked by α-adrenergic antago-
nist [ 77 ,  78 ], while the vasodilator part was abolished by a VIP receptor antagonist 
[ 79 ], which indicates that the two phases are mediated by distinct mechanisms. The 
fi nding that activation of VPAC1R and VPAC2R with VIP decreased mean arterial 
pressure, while the PAC1R agonist maxadilan caused a pressor response through 
tachycardia and sympathoexcitation [ 67 ], also supports distinctly mediated mecha-
nisms. The role of catecholamines in PACAP-induced vasoconstriction is of high 
importance, because it can also suggest that through the activation of the sympa-
thetic nervous system PACAP can induce cutaneous vasoconstriction, which, as an 
autonomic cold-defense effector, can contribute to the development of the hyper-
thermia induced by the peptide. In accordance with an action of PACAP on ele-
ments of the sympathetic nervous system, PACAP was shown to depolarize 
sympathetic neurons [ 80 ], to stimulate the release of catecholamines and neuropep-
tide Y from superior cervical ganglion neurons [ 81 ], and to exert a PAC1R-mediated 
excitatory effect on sympathetic preganglionic neurons, resulting in sympathetic 
vasoconstriction [ 67 ]. 

 The blockade of PACAP signaling has been used mainly to specify which recep-
tor (usually whether PAC1R or not) mediates the effect of PACAP (for reviews, see 
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refs. [ 17 ,  18 ]). Thermophysiological studies aiming at the investigation of the 
 thermal effects of PACAP antagonists alone are scarce in the literature. Diane et al. 
[ 53 ] mentioned a decreasing effect of PACAP antagonists on energy expenditure, 
but in the references cited by the authors [ 43 ,  56 ], no effect of PACAP6-38 alone 
was reported. In fact, intra-brain injection of PACAP6-38 alone did not infl uence 
deep  T  b  or metabolic rate in chicks [ 43 ], mice [ 44 ], and rats [ 54 ]. Although the nega-
tive results with the antagonist alone contradict a role for tonic activation of PACAP 
signaling in the regulation of  T  b , further studies are warranted to investigate such 
mechanism, because the decreasing effect of a PACAP antagonist on energy expen-
diture could suggest that PAC1R expressing neurons are tonically activated and 
continuously stimulate heat production. When activation of the neurons is blocked, 
thermogenesis decreases. In harmony with our earlier proposal that PACAP causes 
hyperthermia primarily through the activation of GABA-ergic neurons in the MnPO 
[ 48 ], the blockade of tonically activated GABA-ergic neurons located in the same 
neural pathway in the MPO could also explain the lower metabolic rate in response 
to either pharmacological PACAP antagonism or genetic PACAP-signaling defi -
ciency (see Sect.  15.3.2.1 ). Although, the tonically activated state of GABA-ergic 
MPO neurons has been established [ 38 ], it has not been investigated in a decisive 
experiment whether PACAP or its antagonists can infl uence the activation level of 
these neurons directly. Interestingly, in the hippocampus neurons tonically activated 
by endogenous PACAP have been discovered [ 82 ] and the hippocampus has been 
implied to be involved in controlling  T  b  [ 83 ], presumably through its neural connec-
tions with the hypothalamus [ 84 ,  85 ]. Whether the PACAP-activated hippocampal 
neurons play a defi nite role in thermoregulation remains subject for future studies. 
It has to be also noted that the interpretation of the results obtained with PACAP 
antagonists such as PACAP6-38 can be diffi cult as PACAP6-38 blocks both PAC1R 
and VPAC2R [ 86 ], furthermore it has been recently shown that PACAP6-38 can act 
as a potent agonist on sensory nerves [ 87 ].  

     Human Studies 

 In humans, an  I.V.  injection of PACAP27 resulted in a dose-dependent rise of rectal 
temperature by up to 2.7 °C within 30 min [ 21 ]. The increase of  T  b  was accompa-
nied by erythema, edema, and hyperemia, predominantly in the skin of the face, 
neck, and upper trunk, however no change in heart rate or blood pressure was 
detected, indicating that the cutaneous vasodilation was a direct, local rather than a 
secondary systemic effect [ 21 ]. Similar fi ndings of increased local skin blood fl ow 
without a change in systemic hemodynamics in response to  I.V. , intra-arterial, and 
intradermal administration of PACAP (either 27 or 38) and maxadilan were also 
observed in further studies in humans [ 88 – 91 ]. Supporting a direct action of PACAP 
on skin blood fl ow, PACAP and PAC1R are expressed on dermal nerve fi bers in the 
proximity of blood vessels in human skin [ 92 ]. Since active cutaneous vasodilation 
is also used as an autonomic effector during heat exposure [ 34 ], one of the physio-
logical functions of PACAP-induced direct skin vasodilation could be a contribution 
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to warmth-defense responses. This hypothesis was tested in the studies by Kellog 
et al. [ 88 ,  93 ] with the intradermal application of PACAP6-38 during whole body 
heating in humans. Confi rming a role for PACAP signaling in heat loss mecha-
nisms, PACAP6-38 attenuated the heat-induced increase in cutaneous vascular con-
ductance [ 88 ,  93 ], presumably through nitric oxide-mediated mechanisms [ 93 ]. 
PACAP expression has been also found in nerve fi bers surrounding human sweat 
glands [ 92 ,  94 ], which are also effector organs in warmth defense, and direct PACAP 
application was shown to stimulate their function [ 95 ]. 

 Taken together, data obtained from human studies suggest that PACAP adminis-
tration leads to hyperthermia in humans, while through direct actions in the skin it 
causes activation of warmth defenses (skin vasodilation and sweating). It can be 
assumed that the direct effects are evoked by local release of PACAP from cutane-
ous nerve endings, for example in response to heat, and that they are independent 
from the systemic (thermoregulatory) effects of the peptide.   

    Genetic Studies on PACAP Signaling in Body Temperature 
Regulation 

       Animal Experiments 

 The most commonly used experimental model to study how the absence of PACAP 
signaling affects thermoregulation is the comparison of mice genetically lacking 
PACAP ( Pacap  −/− ) with their wild type littermates ( Pacap   +/+  ). Though PAC1R KO 
mice also exist, their thermoregulatory phenotype has remained largely unknown, 
probably due to their poor survival rates [ 96 ]. One of the earliest thermophysiologi-
cal fi ndings in  Pacap  −/−  mice was their impaired cold tolerance [ 49 ]. When the mice 
were housed at an ambient temperature of 21 °C instead of 24 °C, the survival rate 
of  Pacap  −/−  pups drastically decreased compared to  Pacap   +/+   mice [ 49 ]. The deep  T  b  
of 7-d-old  Pacap  −/−  mice pups dropped substantially more than that of controls, 
when exposed to an ambient temperature of 21 °C [ 49 ]. One of the mechanisms, 
which could be responsible for the higher lethality of the  Pacap  −/−  mice is an 
impaired adaptive thermogenesis during cold exposure, which was supported by 
reduced levels of norepinephrine and dopamine in postganglionic nerve terminals 
innervating BAT [ 49 ] and by disruption of intermediary metabolism [ 97 ]. 

 In later studies,  T  b  of adult  Pacap  −/−  and  Pacap   +/+   mice was also compared and 
led to seemingly contradictory results. In different experimental models, the deep  T  b  
of  Pacap  −/−  mice was unchanged [ 50 ], lower [ 48 ,  52 ] or higher [ 48 ] than that of their 
wild-type littermates. Based on the initial (i.e., before cold exposure) rectal tem-
perature values reported by Adams et al. [ 51 ], the average deep  T  b  of the  Pacap  −/−  
mice used in that study was ~0.5 °C higher than that of the  Pacap   +/+   mice, which 
difference is also statistically signifi cant ( p  < 0.05, Student’s  t  test) based on our 
calculation. The discrepancy in the results may originate, at least in part, from the 
different experimental conditions (e.g., freely moving vs. restrained animals, cold 
vs. thermally neutral  environment) applied by the authors. For example, Cummings 
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et al. [ 50 ] measured rectal temperature in decapitated mice, which technique is 
inadequate for the detection of relatively small alterations in  T  b , especially if those 
are caused, at least in part, by changes of locomotor activity. In freely moving mice, 
Hashimoto et al. [ 52 ] observed that the normally occurring rise of deep  T  b  was 
absent in  Pacap  −/−  mice, while it was present in the controls. The reduced  T  b  of 
 Pacap  −/−  mice during the night could be, however, associated with the relatively low 
housing temperature of 23 °C, resulting in a chronic, mild cold stress, which could 
also contribute to the lower  T  b  of  Pacap  −/−  mice because of their impaired cold-
defense responses as newborns [ 49 ] and adults [ 51 ]. When  T  b  of freely moving adult 
mice was measured under thermoneutral conditions, there was no difference 
between deep  T  b  of  Pacap  −/−  and  Pacap   +/+   mice during the night, while in the light 
phase of the day, the  T  b  of the  Pacap  −/−  mice was higher than that of controls [ 48 ]. 
Surprisingly, when basal deep  T  b  was recorded in loosely restrained mice, when the 
infl uence of locomotor activity on thermoregulation is minimal, the  T  b  of  Pacap  −/−  
mice was lower compared to  Pacap   +/+   controls during the light phase of the day 
[ 48 ]. The diverse fi ndings on the alterations of deep  T  b  in  Pacap  −/−  mice suggest that 
the defi ciency of PACAP signaling results in a complex thermoregulatory 
phenotype. 

 Behaviorally, one of the common fi ndings in studies with  Pacap  −/−  mice is their 
increased locomotor activity [ 98 ,  99 ]. The hyperactive phenotype was also observed 
in PAC1R KO mice [ 100 ,  101 ]. Though the exact mechanistic basis and pathophysi-
ological consequences are not fully clarifi ed, the increased locomotor activity of the 
PACAP-defi cient mice is usually associated with psychomotor disorders [ 96 ]. 
However, one of the consequences of hyperactivity is related to the thermoregulation 
system. In particular, it has been shown that changes in locomotor activity are 
refl ected in parallel alterations of deep  T  b  in freely moving mice throughout the day 
and the effects of locomotion on  T  b  are higher during the light (inactive) phase than 
during the night (active) phase [ 29 ,  102 ]. In harmony with such correlation between 
locomotor activity and  T  b , under thermoneutral conditions  Pacap  −/−  mice were hyper-
active compared to their wild-type littermates during the whole day and their  T  b  was 
higher than that of controls during the light phase, but not during the night [ 48 ]. 
From a thermoregulatory point of view, such elevated locomotor activity could be a 
primary change or a secondary compensatory mechanism for a primary alteration in 
an autonomic thermoeffector. For example, the changes observed in the gross loco-
motor activity of mice lacking the TRP vanilloid-1 (V1) channel are presumably 
primary [ 30 ,  103 ], because—despite their slightly lower resting metabolic rate—
profound defi ciencies in the two major autonomic effectors of TRPV1 KO mice 
could be excluded directly [ 30 ]. However, the  Pacap  −/−  mice have severe defi ciencies 
in a principal autonomic effector (thermogenesis), suggesting that their hyperactivity 
is rather a secondary, compensatory mechanism. Interestingly, when TRPV1 KO 
mice are young they are hyperactive [ 30 ], but become hypoactive and obese at an 
older age as compared to controls [ 103 ]. The close interaction between PACAP sig-
naling and the TRPV1 channel [ 15 ,  104 ], the similar thermoregulatory phenotype 
(hyperactive and hypometabolic) of PACAP-defi cient and TRPV1 KO mice at a 
young age, and the age-dependent change in the activity level of TRPV1 KO mice 
warrant for further thermophysiological studies in aged PACAP-defi cient mice. 
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 Among the autonomic thermoeffectors, non-shivering and in a lesser extent 
 shivering thermogenesis was studied in adult  Pacap  −/−  mice [ 48 ,  51 ,  53 ]. Similarly 
to the cold-sensitive phenotype of newborn  Pacap  −/−  mice, in adulthood  Pacap  −/−  
mice cannot defend their deep  T  b  when exposed to severe (4 °C) cold acutely [ 51 ]. 
In a later study, the VO 2  of cold-exposed  Pacap   +/+   mice increased signifi cantly in 
response to cold, but that of the  Pacap  −/−  did not [ 53 ], which supports the impaired 
adaptive thermogenesis in the absence of PACAP. The norepinephrine-induced 
increase of thermogenesis was also blunted in the  Pacap  −/−  mice, probably due to 
lower β 3 -adrenergic receptor gene expression in BAT in response to cold, suggesting 
an inability to upregulate β 3 -adrenergic receptor mRNA in the absence of PACAP 
[ 53 ]. During chronic, mild cold exposure the expression of BAT uncoupling protein 
1 mRNA was lower in the  Pacap  −/−  mice than in controls, but their oxidative gene 
expression was normal [ 51 ], which results suggest impaired BAT heat production, 
but normal shivering thermogenesis in cold-exposed  Pacap  −/−  mice. In conscious, 
restrained mice, the VO 2  and deep  T  b  of  Pacap  −/−  mice was lower than that of con-
trols in the study by Banki et al. [ 48 ] and since freely moving  Pacap  −/−  mice had 
normal or even higher deep  T  b  than controls, the authors suggested that in the 
absence of PACAP the mice compensate for their lower basal metabolic rate with 
elevated locomotor activity [ 48 ]. Shortly after, an independent group found that the 
metabolic rate of conscious, unrestrained  Pacap  −/−  mice was unaltered [ 53 ], which 
supports the role of locomotor activity for the compensation of reduced basal 
metabolism as proposed originally by Banki et al. [ 48 ]. Although under anesthesia 
the metabolic rate of  Pacap  −/−  and  Pacap   +/+   mice did not differ signifi cantly [ 53 ], the 
interpretation of this negative fi nding is problematic, because the applied anesthesia 
(sodium pentobarbital) has been repeatedly shown to reduce thermoregulatory 
responses [ 105 ,  106 ], thus it could account for the diminishment of the inter- 
genotype difference in the anesthetized mice. The exact mechanism of the reduced 
metabolic rate in  Pacap  −/−  mice needs to be further clarifi ed, but an altered neural 
control of non-shivering thermogenesis can be suspected, as it was shown that the 
number of c-fos positive cells is signifi cantly higher in the MPO of  Pacap  −/−  mice 
than in that of controls [ 48 ] and inhibitory (GABA-ergic) neurons in the MPO toni-
cally suppress BAT thermogenesis [ 38 ]. A higher activation level of the GABA- 
ergic MPO neurons (as indicated by increased c-fos positive cells) could result in an 
enhanced suppression of the metabolic rate in the absence of PACAP.  

     Human Studies 

 Studies investigating the association between variations of the  PACAP  gene and 
thermoregulatory mechanisms in humans are scarce in the literature. Gene poly-
morphism of the PACAP-signaling pathway has been found to be involved in patho-
logical conditions such as sudden infant death syndrome [ 107 ,  108 ] and 
post-traumatic stress disorder [ 109 – 112 ], which can also have consequences on  T  b  
regulation, but the direct impact of  PACAP  gene polymorphism on the thermoregu-
lation system in humans has remained unknown.    
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    Discussion 

 In this chapter we review literature data on pharmacological and genetic modulation 
of PACAP signaling obtained in animal models and in human subjects and dis-
cussed the relation of the fi ndings to the functional architecture of the thermoregula-
tion system. In summary, administration of exogenous PACAP leads to elevation of 
deep  T  b  in animals and humans (see Sect.  15.3.1 ). The hyperthermia is brought 
about by the activation of behavioral and autonomic cold-defense effectors, as 
PACAP administration results in the rise of BAT thermogenesis [ 46 ,  54 ,  66 ], 
increased peripheral (e.g., skin) vasoconstriction [ 48 ,  67 ,  77 – 79 ], stimulation of 
wet-dog shake behavior [ 61 ], and elevated locomotor activity [ 45 ,  46 ,  54 ]. While 
the PACAP-induced vasoconstriction was observed in several studies of indepen-
dent groups [ 48 ,  67 ,  77 – 79 ], in a number of different experimental models regard-
ing the vascular bed and the administration route a vasodilatory effect was found 
(for reviews, see refs. [ 17 ,  18 ]), which underlies the complex (local, vascular versus 
systemic, central) effects of PACAP. The thermoregulatory effect of PACAP is 
PAC1R dependent [ 43 ,  54 ] and the site of action is located within the CNS ([ 48 ,  54 , 
 56 ], also see Sect.  15.3.1.1 ). Different regions within the CNS can play a role in the 
mediation of the hyperthermic response to PACAP such as the VMN [ 46 ], MnPO 
[ 48 ], and spinal cord [ 56 ]. In contrast with exogenous PACAP administration, when 
PACAP is absent, lower basal metabolic rate [ 48 ] and impaired adaptive thermogen-
esis were detected [ 51 ,  53 ]. Together with the increased number of c-fos positive 
cells in the MPO [ 48 ], these results suggest that when PACAP is present it sup-
presses the activation level of inhibitory (GABA-ergic) MPO neurons, thus contrib-
utes to the maintenance of normal metabolic rate. In the absence of PACAP, however, 
thermogenesis decreases due to the increased activation level of these inhibitory 
neurons. Although the PACAP-induced tonic activation of the GABA-ergic MPO 
neurons has not been investigated yet, endogenous PACAP has been shown to main-
tain the tonic activation of hippocampal neurons [ 82 ], which, in turn, are wired to 
thermosensitive neurons in the POA [ 85 ], thus could participate in the thermoregu-
latory actions of PACAP. Interestingly, defi ciency of PACAP signaling also resulted 
in hyperactivity ([ 98 ,  99 ], also see Sect.  15.3.2.1 ), which can be assumed to serve as 
a compensatory thermoregulatory mechanism for reduced basal metabolic rate [ 48 ], 
although alternative explanations (e.g., psychomotor disorders) also exist [ 96 ]. The 
proposed infl uence of PACAP signaling on the thermoregulation system is summa-
rized in Fig.  15.1 . Exogenously administered PACAP activates GABA-ergic neu-
rons in the MnPO, at which site the cold-activated thermoregulatory pathways of 
the two principal autonomic thermoeffectors dissect. Activation of GABA-ergic 
MnPO neurons leads to the blockade of the GABA-ergic neurons in the MPO, 
which tonically suppress both BAT thermogenesis and skin vasoconstriction. As a 
result, the suppression of thermogenesis and heat conservation will be reduced and 
hyperthermia develops. In addition, the PACAP signaling pathway can also have a 
tonic suppressing effect on the GABA-ergic MPO neurons innervating the BAT. In 
the absence of PACAP, the activity level of the GABA-ergic MPO neurons will 
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increase, which leads to enhanced suppression of BAT thermogenesis and hypome-
tabolism. Activation of other regions within the CNS (e.g., hippocampus, VMN, 
arcuate nucleus, spinal cord) by PACAP can also contribute to the thermoregulatory 
actions of the peptide either through neuroendocrinological connection with the 
POA or through alternative mechanisms. Examples of such mechanism include 
leptin- [ 44 ], melanocortin- [ 59 ,  113 ], cyclooxygenase- [ 47 ], catecholamine- [ 53 ], 
and thyroid hormone-mediated pathways [ 51 ], but their detailed discussion would 
be beyond the scope of this chapter.     
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    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) is a 27- or 
38-amino acid peptide that is widely distributed in both the peripheral and central 
nervous systems. PACAP has been found to be expressed within the enteric nervous 
system and gastric mucosa and has profound physiological effects in the gastroin-
testinal tract. We have previously shown that PACAP regulates gastric acid secre-
tion by activating its high affi nity PAC1 receptors expressed on gastric 
enterochromaffi n-like cells (ECL). However, the peripheral mechanisms involved 
in PACAP regulation of appetite and feeding are unknown. Vasoactive intestinal 
peptide (VIP) is a 28-amino acid peptide abundantly expressed in the central ner-
vous system as well as in the gastrointestinal tract, where it regulates different phys-
iological functions. VIP inhibits gastric acid secretion via its VPAC1 receptors 
expressed on gastric D cells. VIP also regulates intestinal motility and VIP gene 
deletion results in the development of intestinal ileus. VIP is involved in the control 
of appetite/satiety, feeding behavior and in the secretion of some key regulatory 
metabolic hormones. VIP plays a very important role in the regulation of body 
weight and mass composition by signifi cantly enhancing body weight and fat mass. 
Therefore, both PACAP and VIP neuropeptides could be crucial targets for the 
regulation of appetite/satiety, body phenotype and for the treatment of obesity.  
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   Obesity is a serious and growing public health issue, and its increasing prevalence 
is a major contributor to the development of metabolic syndrome and chronic disor-
ders such as diabetes mellitus, hypertension, osteoarthritis, cancer, coronary artery 
and cerebrovascular diseases [ 1 ]. The clinical treatments of these conditions gener-
ate immense health care costs, posing one of the most serious threats to the global 
healthcare systems. The estimated direct and indirect costs for obesity treatment 
exceed $100 billion/year, and consumers spend about one-third of this amount for 
weight loss products and services [ 1 ,  2 ]. Therefore, there is a need for a better 
understanding of the pathogenesis of metabolic syndrome in order to promote more 
effective treatment options. 

 Peptide hormones produced by the gastrointestinal (GI) tract are considered to 
be the major peripheral regulators of appetite and satiety [ 3 ]. The GI tract acts as a 
nutrient sensor, releasing gastrointestinal hormones and neurotransmitters in 
response to luminal stimuli [ 4 ,  5 ]. These hormones are categorized as either anorex-
igenic, which increase satiety and suppress appetite, or orexigenic, which suppress 
satiety and increase appetite. Anorexigenic hormones include glucagon-like pep-
tide- 1 (GLP-1), peptide YY (PYY), cholecystokinin (CCK), and pancreatic poly-
peptide (PP) [ 5 ], and also the adipocytes-released leptin and the pancreatic 
β-cells-derived insulin. Orexigenic hormones include α-ghrelin, secreted by human 
gastric fundus P/D1 cells and pancreatic epsilon cells [ 6 ]. Gastrin is a gastric- 
released peptide produced in the G cell of the stomach in response to intraluminal 
amino acids. CCK increases secretion of pancreatic enzymes and bicarbonate, 
inhibits gastric acid secretion, reduces food intake whereas gastrin promotes gastric 
mucosal proliferation and stimulates gastric acid secretion. Gastrin may directly 
infl uence the release of ghrelin from the stomach [ 7 ]). The receptors for CCK and 
gastrin are structurally similar; G protein coupled and classifi ed as CCK1R and 
CCK2R, respectively [ 8 – 11 ]. The clinical effectiveness of CCK as a potential 
weight loss target is limited by its relatively short-lasting effects on appetite. More 
recently, a specifi c CCK2R antagonist has been developed and is being tested in 
humans. The polypeptide-fold family of peptides includes NPY, pancreatic poly-
peptide (PP) and peptide YY (PYY). These peptides bind to receptors coupled to 
inhibitor G-proteins and, therefore, reduce intracellular Ca ++ . Perhaps, the most 
extensively studied hormone is PYY, which is released following meal ingestion, 
independently from protein content [ 12 ]. PYY is released from the intestinal mucosa 
and is thought to act as an “ileal brake” to reduce the motility of the small intestine. 
Infused PYY results in suppression of gastrin-induced gastric acid secretion and in 
a delay in gastric emptying. PYY has been studied for its ability to suppress appe-
tite. Intraperitoneal injections of PYY result in a reduction of eating behavior during 
the dark phase [ 13 ]. In clinical trials, infusion of PYY3-36 resulted in reduced calo-
rie intake [ 14 ]. Pancreatic polypeptide is secreted from the pancreas as well as the 
distal ileum and released in response to food and vagal stimulation [ 15 ]. Secreted 
PP results in a reduction in gastric emptying and a delay in the release of meal- 
stimulated insulin release [ 16 ]. In patients with Prader–Willi Syndrome, infused PP 
resulted in a reduced appetite and food intake [ 17 ]. However, the effects of PP 
infused within the CNS vs. peripherally are unequivocal. GLP-1 is secreted within 
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the intestine by the endocrine L-cells and its structure is highly conserved amongst 
species. GLP-1 is released in response to a meal and its release is proportional to the 
calories intake [ 18 ]. Like other members of the PACAP, VIP, and secretin family, 
GLP-1 peptide stimulates G protein coupling leading to cAMP release [ 19 ]. 
Administration of GLP-1 results in a dose-dependent reduction in appetite and con-
sequent weight loss [ 20 ]. In one study, prandial subcutaneous injections of GLP-1 
resulted in weight loss in obese subjects [ 21 ,  22 ]. Ghrelin has been a subject of 
intense interest. The major source of this peptide is the gastric X/A cells that release 
it to stimulate appetite [ 23 ]. The levels are mostly elevated during periods of fasting 
and are suppressed with meal ingestion. In patients with neuroendocrine tumors the 
levels of ghrelin appear increased and they may correlate with tumor bulk and with 
obesity [ 24 ]. 

 Pituitary adenylate cyclase activating polypeptide (PACAP) is a gastrointestinal 
neuropeptide, which belongs to the family of secretin, glucagon, and GLP-1 hor-
mones. This neuropeptide was identifi ed in 1989 by Arimura and colleagues from 
ovine hypothalamus [ 25 ]. PACAP occurs naturally as 27- or 38-amino acid peptides 
named PACAP-27 and PACAP-38 respectively that have equal biological potencies. 
Most of the endogenous PACAP exists as PACAP-38. The primary sequence of 
PACAP is 68 % identical to its closest hormone relative, VIP as described below 
[ 26 ]. The high affi nity type I PACAP receptor, named PAC1, was cloned, pharma-
cologically characterized and demonstrated to be a heptahelical, G protein coupled 
receptor of the Type 2 family, that is related molecularly and pharmacologically to 
receptors in the VIP, secretin, glucagon, and GLP-1 superfamily [ 27 ]. PAC1 recep-
tor binds PACAP with preferential affi nity compared to VIP and is therefore consid-
ered to be specifi c for PACAP hormones. We identifi ed the gene for the human 
PAC1 to be localized on chromosome 7 and demonstrated that the gene contains an 
intron–exon splice variant which can be differentially expressed and coupled to a 
dual signaling pathway. The PAC1 receptor is unique in that it possesses a dual 
signal transduction coupling to either Gs or Gq/11 signal transduction pathways to 
stimulate cAMP and/or inositol phosphate and Ca ++ . The pharmacology and func-
tions of the VIP-PACAP receptor family have been well characterized [ 28 ]. 

 PACAP and PAC1 are expressed in both the peripheral and central nervous sys-
tems as well as in peripheral tissues. In the GI tract immunoreactive PACAP and 
PAC1 are present in the esophagus, stomach, duodenum, small and large intestines, 
and liver [ 29 ,  30 ]. PACAP is expressed in both the endocrine and exocrine pancreas 
and in pancreatic beta islet cells [ 31 ,  32 ]. PACAP has trophic effect on the release 
of insulin in both humans and rodents [ 33 – 37 ]. This activity is regulated through the 
release of cAMP and through K ATP  channels resulting in the release of insulin con-
taining granules in the beta cells. PACAP also appears to regulate beta cell tran-
scription of insulin, GLUT-1, and hexokinase 1 [ 38 ]. Thus, PACAP plays a major 
role in the regulation of pancreatic beta cell function as evidenced by its stimulatory 
and trophic effects in isolated pancreatic islets [ 39 ,  40 ]. In whole animal studies, the 
PACAP partial antagonist, PACAP 6-38, or a genetic PAC1 defi cient mouse model 
have a blunted glucose-induced insulin response. PACAP is also a potent stimulant 
for glucagon secretion. In the exocrine pancreas, PACAP was shown to be a potent 
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stimulator of acinar release of amylase [ 41 ]. The use of the pancreatic AR42J pan-
creatic cancer cell line proved crucial to the cloning of PAC1 since this cell line 
express this receptor in high numbers. Whole animal studies have demonstrated that 
PACAP administration results in vasodilation, pancreatic blood fl ow, and the release 
of amylase, effects which can be blocked by the use of the partial antagonist, PACAP 
6–38 [ 42 ,  43 ]. In pathological conditions, PACAP has been implicated in chronic 
pancreatitis-induced abdominal pain [ 44 ]. PACAP and VIP receptors are expressed 
on pancreatic adenocarcinoma cells as determined using in vivo scintigraphy, thus 
suggesting that targeting these receptors may prove clinically useful [ 45 ]. We have 
previously demonstrated that PAC1 are expressed on the pancreatic neuroendocrine 
tumor cell line, BON, and interestingly regulate the release of PACAP from these 
tumors in an autocrine-like fashion [ 46 ,  47 ]. 

 The primary site for gastric acid secretion is the corpus of the stomach, whereas 
the site for regulating the hormonal control of gastric acid secretion resides in the 
gastric antrum. In general the regulation of gastric acid secretion can be divided 
into the cephalic phase in which vagal efferents stimulate acid secretion through 
the release of acetylcholine and PACAP. The second phase of gastric acid secretion 
is commonly referred to as the gastric phase which relies on intraluminal stimula-
tion of gastrin to increase gastric acid secretion. The gastric mucosa contains para-
crine and endocrine cells, namely the histamine-containing enterochromaffi n-like 
(ECL) cells, the somatostatin containing D cells and the gastrin-containing G cells, 
that altogether regulate gastric acid secretion. ECL cells release histamine which 
acts at the H2 histamine receptors expressed on the parietal cells to stimulate gas-
tric acid secretion. The G cell releases gastrin in response to intraluminal amino 
acids, that in turn stimulate the CCK2 receptor expressed on the ECL cell to release 
histamine. Vagal efferents release acetylcholine and stimulate gastric acid secre-
tion by acting at specifi c muscarinic (M3) receptors expressed on the parietal cell. 
The cephalic phase of gastric acid secretion is also the likely source of PACAP, 
which acts specifi cally on the PAC1 receptors expressed on the gastric ECL cell 
[ 48 ]. In the stomach, PACAP is expressed in the myenteric neurons, whereas PAC1 
is localized on the gastric enterochromaffi n-like cell [ 29 ]. Gastric D cells are pri-
marily responsible for the release of somatostatin which inhibits gastrin release. 
We have demonstrated that gastric D cells express VPAC1 receptors and a likely 
explanation is that PACAP stimulates gastric secretion acting on ECL cell and, 
later, through a less robust pathway inhibits gastric acid secretion by activating 
VPAC1 receptor on the gastric D cell. We have therefore hypothesized that prior to 
the ingestion of a meal there is neural release of acetylcholine and PACAP that 
result in a small increase of gastric acid secretion. This small amount of gastric 
acid secretion permits the dissimilation of protein and the release of amino acids 
that in turn activate the release from G cell of gastrin, which is a more potent secre-
tagogue. Immediately after meal ingestion, the release of PACAP stimulates the 
VPAC1 receptor on the gastric D cell to release somatostatin and thereby reduce 
gastrin release and turn off gastric acid secretion. PAC1−/− mice were shown to 
develop gastric acid hypersecretion and could be a model for the study of clinical 
conditions such as Zollinger–Ellison Syndrome [ 49 ]. 
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 PACAP plays an important role in the regulation of food intake and thermogenesis 
by intracerebroventricular (ICV) injection. However, the peripheral mechanisms 
involved in PACAP regulation of appetite and feeding are unknown. To explore the 
role of PACAP and PAC1 in the regulation of appetite and food intake we performed 
an analysis of metabolic hormone release, food intake, and feeding behavior in WT 
and PAC1 −/− mice treated by IP injection of PACAP38 and PACAP27. PACAP38 
and PACAP27 (100 nM, 1 and 10 μM in 200 μL) injected by IP in WT mice induced 
a dose-related decrease in cumulative food intake and signifi cantly reduced bout 
duration, bout frequency, meal size, time spent in feeding, time spent in meals, total 
meal time, eating rate, and meal duration post injection compared to vehicle injected 
WT mice. Furthermore, PACAP38 IP injected into overnight fasted WT mice, 
significantly reduced the plasma levels of active-ghrelin compared to vehicle. 
In PAC1−/− mice, fasting levels of active-ghrelin, GLP-1, insulin, and leptin, as 
well as postprandial levels of α-ghrelin and insulin, were signifi cantly altered com-
pared to WT mice. Based on these studies we concluded that PACAP is an impor-
tant regulator of appetite/satiety and energy homeostasis. 

 Vasoactive intestinal peptide (VIP) is a highly conserved 28-amino acid neuro-
peptide widely distributed in the CNS and GI tract neurons. VIP binds with equal 
high affi nity to its G protein-coupled receptors VPAC1 and VPAC2 [ 50 ,  51 ]. 
Physiologically, VIP has a diverse role regulating gastrointestinal function. VIP is 
coupled to G proteins linked to the stimulation of cAMP and regulates both motility 
and secretion. VIP was originally identifi ed from porcine intestine where it was 
isolated. Based on structural homology, VIP belongs to the glucagon/secretin fam-
ily of peptides whose members include GLP-1 and GLP-2, glucagon, and gastric 
inhibitory peptide (GIP). Neuroendocrine tumors that secrete VIP (VIPomas) result 
in hypersecretion and severe diarrhea. These patients will typically develop hypoka-
lemia and volume depletion. VIP receptors may also be overexpressed in some gas-
trointestinal tumors. The role of VIP in regulating appetite has been controversial. 
In animal models, ICV injections of VIP have been shown to decrease food intake 
in vertebrates, suggesting an anorexigenic role [ 52 ]. The recent development of a 
VIP−/− mouse has permitted the elucidation of the gastrointestinal role for VIP 
[ 53 ]. To evaluate the anatomy of the VIP−/− mice we performed autopsies in both 
knockout and WT mice. This resulted in an overall decreased length in the intestinal 
length. Morphometric analyses performed on the luminal organs of the gastrointes-
tinal tract revealed an increase of the cross-sectional diameter of the histopathologi-
cal regions of the gut. Furthermore, there was a signifi cant increase in the thickness 
of the muscularis propria. To evaluate whether there is dysfunction of the goblet 
cells, we performed Alcian blue staining. In VIP defi cient mice there was striking 
mucus accumulation inside of the goblet cells. These mice were noted to have 
delayed motility compared to the WT mice as determined using a fl uorescent 
dextran method. Additionally, there was a 36 % decrease in the bolus transit in the 
VIP- defi cient mice. 

 VIP−/− mice ( n  = 8) fed a standard diet  ad libitum  for 22 weeks developed a 
signifi cantly lower body weight compared to WT mice [ 54 ]. At 5 weeks of age, the 
body weight of VIP−/− was lower compared to WT mice. Furthermore, at each 5.5 
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week interval measurement, VIP−/− body weights were found to be signifi cantly 
lower than WT mice: at 10 weeks of age. During of the course of the ensuing weeks 
the VIP−/− mice consistently showed a reduced tendency to accumulate body fat 
mass. Serum levels of α-ghrelin, GLP-1, gastrin, PYY, insulin, glucagon, leptin, and 
adiponectin in both VIP−/− and WT mice were measured following fasting and 
postprandial conditions. Following a 12–16 h fasting period, the fasting gastrin 
levels in the VIP−/− mice were increased in VIP−/− mice compared to the WT 
mice (150 pg/ml vs. 100 pg/ml) and the post prandial gastrin levels increased to 
over 300 pg/ml indicating an exaggerated meal-induced gastrin response, despite 
possessing an intact vagal stimulated gastric acid secretion response. VIP−/− mice 
have been shown previously to have developmental defects and defi cits in social 
behavior [ 55 – 57 ]. 

 The elucidation of the pathways regulating appetite is critical to our ability to 
treat obesity disorders. Previously, there have been intense investigations to under-
stand the role of ghrelin, CCK, GLP-1, and PYY as potential targets to treat obesity 
and metabolic disorders. There is a relative paucity of studies to investigate the role 
of PACAP and VIP in the treatment of metabolic syndrome. Our results highlight a 
novel key role for both PACAP and VIP in regulating the release of key metabolic 
mediators of satiety and fat metabolism. VIP may be an important contributor to the 
appetite and obesity disorders. The development of genetically engineered PAC1 
and VIP knockout mouse has allowed for an in-depth study on the role of the respec-
tive hormone and receptors in a murine model. Studies utilizing genome wide asso-
ciation analysis have correlated VIP genes to development of obesity [ 58 ]. In this 
study, the authors evaluated 500,000 SNPs from 1000 obese individuals to demon-
strate an association. Another important GWAS study showed an association 
between polymorphisms in the PAC1, in a subgroup of patients with post-traumatic 
stress disorder [ 59 ]. Further, the role of the VPAC2 has not been fully investigated 
and may play an important role in mediating lipolysis [ 60 ]. These results provide 
convincing evidence that the use of pharmacological agents to inhibit the physiolog-
ical effects of PACAP and VIP may prove to be an effective treatment of metabolic 
syndrome and obesity.    
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    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) is an 
endogenous neuropeptide widely distributed throughout the body, including the 
gastrointestinal tract. Several effects have been described in human and animal 
intestines. Among others, PACAP infl uences secretion of intestinal glands, blood 
fl ow, and smooth muscle contraction. PACAP is a well-known cytoprotective pep-
tide with strong anti-apoptotic, anti-infl ammatory, and antioxidant effects. The 
present review gives an overview of the intestinal protective actions of this neuro-
peptide. Exogenous PACAP treatment was protective in a rat model of small bowel 
autotransplantation. Radioimmunoassay (RIA) analysis of the intestinal tissue 
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showed that endogenous PACAP levels gradually decreased with longer-lasting 
ischemic periods, prevented by PACAP addition. PACAP counteracted deleterious 
effects of ischemia on oxidative stress markers and cytokines. Another series of 
experiments investigated the role of endogenous PACAP in intestines in PACAP 
knockout (KO) mice. Warm ischemia–reperfusion injury and cold preservation mod-
els showed that the lack of PACAP caused a higher vulnerability against ischemic 
periods. Changes were more severe in PACAP KO mice at all examined time points. 
This fi nding was supported by increased levels of oxidative stress markers and 
decreased expression of antioxidant molecules. PACAP was proven to be protective 
not only in ischemic but also in infl ammatory bowel diseases. A recent study showed 
that PACAP treatment prolonged survival of  Toxoplasma gondii  infected mice suf-
fering from acute ileitis and was able to reduce the ileal expression of proinfl amma-
tory cytokines. We completed the present review with recent clinical results obtained 
in patients suffering from infl ammatory bowel diseases. It was found that PACAP 
levels were altered depending on the activity, type of the disease, and antibiotic 
therapy, suggesting its probable role in infl ammatory events of the intestine.  

  Keywords     Ileitis   •   Intestinal ischemia   •   Crohn’s disease   •   Colitis   •   PACAP    

     Introduction 

 Pituitary adenylate cyclase activating polypeptide (PACAP) is a widely recognized 
neuroprotective peptide. The neuroprotective actions of PACAP were soon recog-
nized after its isolation from ovine hypothalami in 1989 [ 1 ,  2 ]. Subsequent studies 
showed that the occurrence of PACAP is widespread, it can be found in all organ 
systems, not only in the nervous system and so its general anti-apoptotic, anti-
oxidant, and anti-infl ammatory effects can be observed in numerous different organs 
and tissues besides the nervous system. The neuroprotective and general cytopro-
tective effects of PACAP have been reviewed in the recent years, and several aspects 
of this action can be found in other chapters of this book [ 2 – 5 ]. 

 PACAP is also present in the gastrointestinal system where it exerts several 
actions. PACAP infl uences motility of the intestinal wall [ 6 ], an action phyloge-
netically well conserved [ 7 ], and it also regulates sphincter muscles [ 8 – 10 ]. PACAP 
acts on intestinal secretion, among others, it has been shown that PACAP stimu-
lates secretion of growth factors, like brain-derived neurotrophic factor (BDNF) 
from intestinal smooth muscle cells [ 11 ]; furthermore, it inhibits pacemaker activ-
ity of interstitial cells of Cajal [ 12 ]. In the present review we briefl y summarize 
protective actions of PACAP in the intestinal system, mainly in ischemic and 
infl ammatory bowel disease models and give a brief summary of studies done in 
PACAP gene defi cient mice. We also briefl y review pathological fi ndings on 
PACAP and/or receptor expression in both animal models and in human biopsies 
and we report on our recent fi ndings in human samples from patients with infl am-
matory bowel disease.  

G. Horvath et al.



273

    Effects of Exogenous PACAP in Small Bowel 
Ischemia–Reperfusion Injury in Rats 

 Intestinal warm ischemia–reperfusion (I/R) is associated with high morbidity and 
mortality in some critical clinical settings, such as hemorrhagic shock, strangula-
tion, obstruction, cardiovascular surgery, and severe trauma. Several factors are 
involved in the cascade of events resulting in intestinal death and critical condition 
of the patient following mesenteric infarction. These include production of reactive 
oxygen species leading to oxidative stress, infl ammation, and fi nally tissue necrosis 
with septic signs [ 13 ,  14 ]. 

 PACAP has been shown to protect against ischemic injuries in several tissues. 
The fi rst studies showing the neuroprotective effects of PACAP investigated these 
effects in global and focal brain ischemia [ 15 ,  16 ]. Subsequently, numerous other 
studies confi rmed that PACAP exerts strong protective effects in neuronal ischemic 
injuries [ 2 ,  17 – 20 ]. PACAP’s effi cacy in protecting tissues against ischemic lesions 
has become evident in the retina [ 21 – 23 ] and in peripheral tissues, such as liver 
[ 24 ], kidney [ 25 – 28 ], and heart [ 29 ]. Thus, it is not surprising that PACAP is also 
protective in intestinal I/R injury. In the following sections, we give a brief overview 
of our studies regarding the effects of exogenously administered PACAP in small 
intestinal ischemia, summarized in Fig.  17.1 .

   Our fi rst studies showed that PACAP is protective in a rat model of small bowel 
autotransplantation, a cold ischemia injury model [ 30 – 32 ]. Small bowel was 
resected and grafts were preserved in University of Wisconsin solution, as commer-
cially available, standard solution during transplantation, with or without additional 
PACAP. Grafts were autotransplanted after 1, 2, 3, or 6 h with a reperfusion lasting 
3 h, a procedure called cold preservation injury. Radioimmunoassay (RIA) analysis 
of the intestinal tissue showed that endogenous PACAP levels gradually decreased 
with longer-lasting warm and cold ischemic periods, but tissue levels of both 
PACAP38 and PACAP27 remained higher when PACAP38 was added to the solu-
tion [ 30 ,  33 ]. Histological analysis showed that cold ischemia led to a destruction of 
the mucous, submucous, and muscularis layers, further deteriorated by the end of 
the reperfusion. PACAP protected the intestinal structure: a better preserved mucous 
layer and crypt morphology could be observed. These results clearly showed that 
PACAP was protective in intestinal cold I/R injury [ 30 ,  31 ]. They also demonstrated 
that adding PACAP to the preservation solution did not increase lipid peroxidation 
and prevented the reduction of endogenous scavenger capacity. 

 Studying the mechanism of action, we used biochemical assays to measure the 
oxidative stress markers and antioxidant enzyme levels, and molecular biological 
methods to study the expression of apoptotic signaling. Biochemical assays from the 
samples obtained after 3 h of reperfusion following 1, 2, 3, and 6 h of cold intestinal 
ischemia showed that malondialdehyde (MDA), an oxidative stress marker, gradually 
increased with the duration of the ischemia, while this increase was markedly less in 
the PACAP-treated groups. In contrast, levels of the endogenous scavenger molecule, 
reduced glutathione (GSH), showed a signifi cant decrease with long-lasting I/R in the 
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control groups. In PACAP-treated groups, GSH levels were near baseline values and 
the level of this endogenous scavenger was higher in all PACAP-treated groups than 
in the ischemic control groups. A dramatic decrease was observed in activity of anti-
oxidant enzyme: superoxide dismutase (SOD) in the control ischemic groups. In 
PACAP-treated groups only a slight decrease could be observed. 

 In another study, we examined changes of cytokine expression in the intestinal 
tissue after different ischemic periods in University of Wisconsin solution with or 
without additional PACAP using cytokine array and Luminex multiplex immunoas-
say [ 33 ]. It was found that the cold ischemia-induced changes in some cytokines 
could be ameliorated by PACAP. Namely, elevations in expression level of the 
sICAM (CD54) and L-selectin (CD62L/LECAM-1) regulated upon activation could 
be decreased by PACAP treatment, similarly to a tendency observed in renal isch-
emic injury [ 25 ]. These adhesion molecules are known to be involved in crosstalk 
between immune cells and endothelial cells, and their overexpression can lead to 
microvascular dysfunction and reperfusion damage. PACAP led to a slight reduction 

  Fig. 17.1    Cytoprotective, anti-apoptotic, and anti-infl ammatory effect of PACAP in intestinal 
warm ischemia–reperfusion (I/R) and transplantation (Tx)/cold ischemia animal models. Warm 
ischemia and cold storage in University of Wisconsin (UW) preservation solution lasted 1, 2, 3, or 
6 h, while reperfusion took 3 h in each groups. According to Park’s classifi cation tissue injury was 
analyzed from grade zero (control) to the highest grade of injury (grade 5: G5). ( PACAP  +/+  PACAP 
wild type mice,  PACAP  −/−  PACAP knockout mice,  MDA  malondialdehyde,  GSH  reduced glutathi-
one,  SOD  superoxide dismutase,  pERK1/2  phosphorylated-ERK1/2,  pJNK  phosphorylated-Jun-N- 
terminal kinase,  p38 MAPK  p38 Mitogen Activated Protein Kinase,  sICAM1  soluble Intercellular 
Adhesion Molecule-1,  TIMP-1  Tissue Inhibitor of MetalloProteinase-1)       
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also in RANTES levels and a signifi cant decrease of the strongly induced TIMP 
levels [ 33 ]. Studying the mitogen activated protein (MAP) kinase phosphorylation, 
we found that phosphorylated ERK1/2 levels gradually decreased with the ischemic 
time, while JNK1/2 and p38 MAP kinase phosphorylation increased. These changes 
were counteracted by addition of PACAP in the preservation solution [ 32 ]. 

 Altogether, these studies showed that PACAP is protective in intestinal I/R injury 
partly through increasing the antioxidant status of the intestinal tissue, via anti- 
infl ammatory actions and via anti-apoptotic signaling. This combination of anti- 
apoptotic, anti-oxidant, and anti-infl ammatory actions of PACAP have been confi rmed 
by several other studies. One of the best-known protective effects of PACAP is its 
anti-apoptotic effect [ 34 ], which has been extensively studied in the nervous system 
[ 35 – 37 ], sensory organs like inner ear [ 38 ] and retina [ 39 ] and has also been shown in 
peripheral organ lesions, such as in diabetic nephropathy [ 40 ], and in oxidative stress-
induced cardiomyocyte injury [ 41 ,  42 ]. 

 The antioxidant effi cacy of PACAP has also been described in other studies. 
Miyamoto et al. [ 43 ] showed that PACAP suppressed cortical damage in mice with 
traumatic brain injury by enhancing antioxidant activity. In diabetic nephropathy, 
Banki et al. [ 40 ] showed that PACAP treatment increased glutathione levels. PACAP 
also stimulated glutathione formation, and blocked H 2 O 2 -evoked reactive oxygen 
species (ROS) accumulation and glutathione content reduction in oxidative stress- 
induced astroglial injury [ 44 ]. In kidney ischemia–reperfusion, similar changes were 
observed: PACAP treatment decreased MDA levels while increased GSH levels [ 45 ]. 
These studies suggest that PACAP has anti-oxidant effects via indirect action of 
mechanism, through stimulating endogenous antioxidant capacity. This hypothesis 
is also supported by the observation that direct scavenging action of PACAP can only 
be observed at very high (micromolar) concentrations of the peptide [ 46 ]. 

 The anti-infl ammatory actions of PACAP have been more widely investigated. It 
has been shown that the anti-infl ammatory effects of the peptide are partially medi-
ated via suppressing chemokine/cytokine production [ 47 ]. PACAP plays an impor-
tant regulatory role in the immune system, a function reviewed several times by 
different groups [ 48 ,  49 ]. The role of PACAP in cytokine and chemokine expression 
has been investigated in the nervous system as well as in peripheral organs. 
Microglial cytokine and chemokine expression was shown to be altered by PACAP 
resulting in a neuroregeneration-favoring environment [ 50 – 52 ]. In the retina, 
PACAP increased anti-infl ammatory cytokine expression [ 53 ]. Furthermore, 
PACAP led to an anti-infl ammatory cytokine balance in kidney ischemia [ 25 ], in 
diabetic nephropathy model [ 54 ] and in retinal ischemia [ 55 ].  

    Small Intestinal Ischemic Injury in PACAP 
Knockout (KO) Mice 

 To answer the question of whether the intestinal protective action of PACAP can also 
be observed endogenously, we studied the results of intestinal I/R in PACAP KO 
mice, summarized in Fig.  17.1  [ 56 – 58 ]. No difference in the histological structure 
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between young wild type and PACAP KO mice (heterozygous or homozygous) 
could be observed under normal circumstances (Fig.  17.2 ). However, in ischemic 
injuries, PACAP KO mice showed a higher degree of tissue injury. Cold preservation 
injury was studied by removing small bowel from wild type and PACAP KO mice 
and placing them in University of Wisconsin preservation solution for 1, 3 and 6 h. 
Small bowel biopsies were collected after the ischemic periods and after laparotomy 
for controls. We investigated the histological structure as well as the above- mentioned 
oxidative stress parameters. Most severe injury was observed after 6 h of cold stor-
age, as expected. After 1 h of cold preservation, only minor clefting with the villus 
epithelium adjacent to the crypts left intact. Changes were more severe in PACAP 
KO mice at all examined time points. After 6 h, severely injured crypt appeared with 
denuded villi corresponding to most severe tissue injury (Grade 4), while in wild 
type mice this was less severe, Grade 3 injury. Quantitative histological analysis also 
confi rmed this observation: mucosal thickness showed a more severe decrease with 
more prolonged ischemic times, and this decrease was more severe in PACAP KO 
mice. Similarly, depth of crypts and submucosal thickness were also more severely 
affected in PACAP-defi cient mice. Measuring the parameters of oxidative stress 
revealed that the increase of MDA was higher, while the decrease in GSH and SOD 
was more pronounced in PACAP KO mice, indicating an elevated oxidative stress 
level in mice lacking endogenous PACAP. This corresponds well with the increased 
tissue injury revealed by the histological analysis [ 56 ].

   We also performed warm ischemic injury in PACAP KO mice [ 57 ]. Warm isch-
emia was induced by occlusion of the superior mesenteric artery for 1, 3 or 6 h. 
Similarly to the above studies, histological and biochemical analyses were per-
formed. Histology showed that PACAP KO mice suffered a more severe tissue 
injury at all time points. For example, 3 h of ischemia resulted in severely injured 
crypts and denuded villi in KO mice, while this histological picture was character-
istic in the wild type group only after 6 h of ischemic time (Fig.  17.2 ). Quantitative 
histological analysis confi rmed these observations: both mucosal and submucosal 
thickness as well as crypt depth were more severely decreased in mice lacking 
endogenous PACAP. Studying the oxidative stress markers, results similar to those 
observed in cold ischemic injury were obtained: levels of MDA were more signifi -
cantly increased in the KO groups, while those of the antioxidant SOD and GSH 
were more severely decreased than in the wild type animals ([ 57 ], Fig.  17.1 ). 

 These results are in agreement with the general observation that PACAP KO mice 
are more vulnerable to tissue injuries than wild type mice [ 59 ]. This is also true for 
ischemic injuries. Ohtaki and coworkers showed that PACAP KO mice have 
increased infarct volume in a model of stroke [ 60 ] with increased edema formation 
[ 61 ]. Similar results were obtained in the retina: in bilateral carotid artery occlusion- 
induced retinal ischemia PACAP KO mice showed increased tissue damage [ 62 ]. In 
peripheral organ ischemia, it has been shown that PACAP KO mice react with 
increased tissue injury in ischemia–reperfusion-induced kidney lesion [ 27 ,  63 ]. 
Increased infl ammatory response has also been demonstrated in endotoxin-induced 
lung injury [ 64 ] and in contact dermatitis [ 65 ]. In the background of this increased 
susceptibility, a decrease in the endogenous reserve capacity, to withstand the tissue 
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damaging effect of different harmful stimuli, is suggested. Some studies have 
already sought to elucidate detailed mechanisms. A proteomic analysis of PACAP 
KO mice showed that several altered proteins are involved in metabolic processes, 
energy homeostasis, and structural integrity [ 66 ]. ATP-synthase and tubulin beta- 2A 

  Fig. 17.2    Representative photomicrographs of small bowel sections from young adult PACAP +/+ , 
PACAP +/− , and PACAP −/−  mice. Tissue injury of small bowel after 3 and 6 h warm I/R and 3 h and 
6 h cold preservation in UW in PACAP +/+  and in PACAP −/−  mice (Hematoxylin and eosin staining). 
 PACAP  +/+ : PACAP wild type mice,  PACAP  −/− : PACAP knockout mice,  PACAP  +/− : PACAP hetero-
zygous mice       
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were expressed more strongly in PACAP KO mice. In contrast, the expression of 
more peptides/proteins markedly decreased in KO mice, like pyruvate kinase, fructose 
biphosphate aldolase-A, glutathione S-transferase, peptidyl propyl cis-trans isomer-
ase-A, gamma enolase, and aspartate amino transferase. The altered expression of 
these enzymes might partially account for the decreased antioxidant and detoxifying 
capacity of PACAP-defi cient mice accompanying the increased vulnerability of these 
animals [ 66 ]. Increased proinfl ammatory status of neurons has also been reported in 
the background of increased vulnerability of PACAP KO mice [ 67 ].  

    Effects of PACAP in Small Intestinal Infl ammation 

 Infl ammatory bowel disease (IBD) comprises two major clinically defi ned types: 
Crohn’s disease (CD) and ulcerative colitis (UC). Crohn’s disease generally affects 
the ileum and colon, but can be present in any region of gastrointestinal tract, while 
ulcerative colitis is only confi ned to colon and rectum. Crohn’s disease is often 
transmural and can be associated with granulomas, strictures and fi stulas. On the 
contrary, ulcerative colitis mostly affects the mucous membrane [ 68 ]. In the next 
sections we discuss fi ndings in small and large intestinal infl ammation animal mod-
els and human diseases. 

 The occurrence and different effects of PACAP in the small intestine have been 
described in several species [ 69 – 73 ]. Regarding pathological conditions, it has been 
described that in atrophic rat ileum neurons expressing VIP and PACAP decrease in 
number [ 69 ]. Subsequent studies showed that intestinal adaptation after bypassing 
the distal ileum of the rat includes a transient supersensitivity of the longitudinal 
muscle to VIP and PACAP-27, and these augmented relaxatory responses may con-
tribute to the hypomotility noted in inactive intestine [ 69 ]. In humans, Belai et al. 
[ 74 ] studied PACAP immunohistological expression in patients with Crohn’s dis-
ease. They investigated the neurochemical composition of the neurons and nerve 
fi bers of the myenteric plexus, circular smooth muscle and serosa layer of the ileal 
wall from nine patients with Crohn’s disease and compared it with seven samples 
from normal controls. Increased PACAP immunoreactivity along with increased 
VIP and NO synthase was seen in the myenteric plexus and nerve fi bers of the cir-
cular muscle layer, in the affl icted segment of Crohn’s ileum. Another study on 
human small intestine reported a decrease of PACAP immunoreactivity along with 
loss of interstitial cells of Cajal in diabetic gastroenteropathy [ 75 ]. 

 In our recent study applying a  Toxoplasma gondii -induced acute ileitis model, 
mice were treated with PACAP38 once daily via the intraperitoneal route in two 
different regimens; namely, between days 1–6 postinfection (as prophylaxis) or 
starting on day 4 (till day 6, as therapeutic treatment), when fi rst histopathological 
changes are observed in the ileal mucosa [ 76 ]. The treatment prolonged the survival 
of the infected mice: while all placebo-treated control mice died by day 9.5, 80 % of 
mice with PACAP prophylaxis and 40 % with PACAP therapeutic treatment sur-
vived the acute phase. Twenty percent of the prophylaxis group survived till the end 
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of experiment. This infl ammation ameliorating (anti-infl ammatory) effect of 
PACAP was further supported by less pronounced weight loss of treated mice, and 
by less distinct shrinkage of the small intestines. Histopathological examination of 
the ileal mucosa revealed that 7 days postinfection, placebo-treated control mice 
displayed severe necrosis of the mucous membrane, whereas moderate ileitis was 
found in the PACAP therapeutic group and only mild infl ammation in the prophy-
laxis group. Given that PACAP did not exert direct effects on the intestinal micro-
biota composition, the benefi cial effects are rather due to the anti-infl ammatory, 
protective actions of the peptide as confi rmed by studies of defi ned pro- and anti- 
infl ammatory markers. The local increase in CD3+ T cells, for instance, and the 
local decrease in regulatory T cells was less marked in the PACAP-treated groups. 
In addition, lower ileal neutrophils, monocytes and macrophages were observed 
after PACAP treatment. Furthermore, ileal expression of proinfl ammatory cytokines 
including IL-23p19 (interleukin- 23p19), IL-22 (interleukin-22), IFN-gamma 
(interferon gamma), and MCP-1 (monocyte chemoattractant protein-1) was reduced 
in ileal ex vivo biopsies derived from PACAP-treated mice. The diminished pro- 
infl ammatory response upon PACAP was further underlined by lower protein con-
centrations of IFN-gamma and NO in ex vivo biopsies of mesenteric lymph nodes 
taken from PACAP-treated mice. Our results from extraintestinal compartments 
revealed that PACAP prophylaxis also abrogated systemic infl ammatory responses, 
as demonstrated by the decreased level of TNF-alpha (tumor necrosis factor alpha) 
and NO (nitrogen monoxide) in the spleen and of TNF-alpha, IFN-gamma, MCP-1, 
and IL-6 (interleukin-6) in the liver. Higher levels of anti-infl ammatory cytokines 
such as IL-10 and IL-4 were measured in the serum/spleen and in the liver/mesen-
teric lymph node, respectively, of PACAP-treated animals. Furthermore, kidney and 
lung histology revealed less tissue damage after PACAP prophylaxis. Altogether, 
these results show that both PACAP therapeutic and prophylactic treatments can 
reduce the symptoms and pathological signs of ileitis in a murine model by a com-
plex mechanistic network. The prophylactic treatment resulted to be more effective 
(in a time-of-treatment dependent manner), and could also reduce the extraintestinal 
sequelae of the  T. gondii  induced infl ammation [ 76 ].  

    Effects of PACAP in Large Intestinal Infl ammation 

 Similarly to the small intestine, occurrence of PACAP and its receptors as well as 
different functions of PACAP have been described in the large intestine of different 
species, including humans [ 77 – 82 ]. Regarding pathological changes, only a few 
data are available. Gonkowski and Calka [ 81 ] reported that immunoreactive PACAP 
changes in different large intestinal pathologies in the pig. They found that in the por-
cine descending colon chemically induced infl ammation, nerve injury, and prolifer-
ative enteropathy (a naturally occurring infl ammation of the porcine digestive tract) 
resulted in an increase in the number of PACAP-27-like immunoreactive (LI) nerve 
fi bers in the circular muscle and mucosal layers. The number of PACAP-containing 
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perikarya also increased in all cases in the myenteric and submucosal plexus, except 
for the outer submucosal plexus in case of axotomy-induced pathology. In another 
study, Wojtkiewicz et al. [ 83 ] described infl ammation-induced changes in the neu-
rochemical composition of the inferior mesenteric ganglia supplying the lower por-
tion of the colon in pigs. Although PACAP was not investigated, they found that 
the number of VIP immunoreactive neurons was reduced in proliferative enteropa-
thy. Changes in PACAP and receptor expression were also demonstrated in dextran 
sodium sulfate (DSS)-induced colitis of mice. A marked upregulation of PACAP 
(and of VIP) mRNA expression was shown in TRPA1 (transient receptor potential 
Ankyrin type 1) KO mice, while this was not observed in wild type controls [ 84 ]. 
Expression levels of VPAC2 and PAC1R mRNA were not altered, whereas that of 
VPAC1 was downregulated in TRPA1 KO mice 10 days following colitis induction 
[ 84 ]. An earlier study revealed that mice lacking the TRPV-1 (transient receptor 
potential cation channel subfamily V member 1) receptor exhibit a defect in PACAP 
expression. The authors argue that this might contribute to the development of a 
local pro- infl ammatory environment characteristic for these mice. This might also 
be an additional factor for colitis-associated cancer development [ 85 ]. 

 Regarding human colonic samples, in an earlier study we found signifi cantly lower 
levels of PACAP38-LI and PACAP27-LI in tumoral and peripheral samples compared 
with normal healthy tissue in colon cancers, similarly to some urogenital tumors [ 86 , 
 87 ]. This observation is in accordance with immunohistochemical analysis of human 
sigmoid colon and rectum tumors, where a less dense PACAP immunoreactive nerve 
fi ber network was observed in the myenteric and submucosal plexi than in normal con-
trols [ 88 ]. Another study found that in patients with symptomatic diverticular disease 
signifi cantly higher PACAP levels can be detected along with increases in other neuro-
peptides within the mucosal plexus. Patients with symptomatic diverticular disease 
exhibit increased neuropeptides in mucosal biopsies, which may refl ect resolved prior 
infl ammation, as it parallels the changes seen in acute and chronic diverticulitis [ 89 ]. In 
contrast, another study found decreased density of PACAP containing nerve fi bers in 
colon mucosal membrane of children with ulcerative colitis [ 90 ,  91 ]. Decreased immu-
noreactivity (measured both by  immunohistochemistry and RIA) was also observed in 
the aganglionic segment of human colon with Hirschsprung’s disease [ 92 ].  

    Measurement of PACAP Levels in Human Infl ammatory 
Bowel Diseases 

 Our group performed a human study to determine PACAP levels in infl ammatory 
conditions. We examined samples taken from patients suffering from ulcerative colitis 
( n  = 30) or Crohn’s disease ( n  = 22) and used samples obtained from patients having 
diarrhea without any morphological abnormality as controls ( n  = 8), after obtaining 
patients’ consent. In both groups of IBD 3 grades were distinguished: (1) chronic 
infl ammation with lymphocyte and plasma cell infi ltration without cryptitis or crypt 
abscess; (2) acute infl ammation with cryptitis or crypt abscess and neutrophil 

G. Horvath et al.



281

infi ltration; (3) normal mucous membrane showing no signs of infl ammation. For 
observing the effects of antibiotic therapy on PACAP level, colon samples of IBD 
patients treated with metronidazol or ciprofl oxacin/metronidazol combination (CD: 
 n  = 5; UC:  n  = 7) were also examined. The procedure used was in accordance with 
protocols approved by the ethical committee (no. 2784,3117, University of Pecs; 
8-28/92 009-10 I 8EKU, ETT TUKEB, Ministry of Health, Hungary). Tissue samples 
were weighed and homogenized in ice-cold distilled water. The homogenate was cen-
trifuged (12,000 rpm, 4 °C, 30 min), and the supernatant was further processed for 
RIA analysis of PACAP38 and PACAP27 contents, as previously described [ 93 ,  94 ]. 
For these measurements antiserum PACAP38 “88111-3” (working dilution, 1:10,000) 
and PACAP27 “88123” (dilution: 1:45,000) were used. 

 These results show marked increase in both PACAPs’ levels in ulcerative colitis 
(Fig.  17.3 ), but only a slight increase in PACAP38 could be detected in Crohn’s dis-
ease (Fig.  17.4 ) compared to normal mucous membrane of these patients showing no 
infl ammatory signs. We found that both PACAP38 and PACAP27 levels of normal 
mucous membrane samples of UC patients were much lower than in the infl amed 
samples, but there were no differences in case of CD patients. Measuring PACAP 
levels, signifi cant elevation of both PACAPs could be detected in samples obtained 
from colon of UC patients showing acute infl ammation. Studying the possible effect 
of antibiotics on PACAP levels in IBD patients revealed a signifi cant decrease of both 
PACAP38 and PACAP27 level in UC patients receiving antibiotics treatment 
(Fig.  17.5 ). A moderate, but detectable decrease of PACAPs was seen in samples of 
CD patients.

         Effects of Endogenous PACAP 

 The protective effects of endogenous PACAP have also been shown in mouse mod-
els of infl ammatory colon diseases performed in PACAP KO mice [ 59 ]. Two groups, 
independently of each other and at the same time, reported similar results in DSS- 
induced colonic infl ammation, a model of infl ammatory bowel disease [ 95 ,  96 ]. 

  Fig. 17.3    PACAP38-like immunoreactivity (LI) and PACAP27-LI as measured by RIA in colon 
samples from patients suffering from ulcerative colitis. Data are expressed as mean fmol/mg tissue 
weight ± SEM. ** p  < 0.01; *** p  < 0.001       
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Azuma and coworkers [ 95 ], using a 7-day exposure (short-term) to DSS, found that 
PACAP KO mice exhibited higher mortality (increased by about 50 %) and increased 
weight loss, bleeding and diarrhea, symptoms that are used to determine the disease 
activity index. The large intestines were more shortened in PACAP KO mice, to one 
third of wild type mice. Similarly to our observations, the authors did not fi nd mor-
phological differences in the colonic sections in intact PACAP KO mice. However, 
histological scoring of the proximal and distal colon parts in DSS-induced colitis 
showed an increased number of infi ltrating cells and crypt damage in PACAP- 
defi cient mice. Furthermore, production of IL-1beta and IL-6 was upregulated by 
50 % in the proximal colon of PACAP-defi cient mice, and that of IFN-gamma, 
IL-1beta, IL-6, IL-12, and keratinocyte-derived chemokine expression was upregu-
lated in the distal colon by 50 % [ 95 ]. Conversely, levels of anti-infl ammatory cyto-
kines such as IL-10 were only one third of that of wild type mice in the distal colon. 
Using a longer exposure to DSS (2 months), Nemetz and coworkers [ 96 ] described 
similar results. After induction of colitis by exposure to DSS, PACAP knockout 
animals displayed more severe clinical symptoms and higher histological infl amma-
tion scores (50–70 % higher), restricted to the distal colon. In addition, induction of 
IL-1beta and IL-6 mRNA expression levels were signifi cantly higher (70 %) in 
PACAP-defi cient mice. Interestingly, 60 % of PACAP KO mice developed colorec-
tal tumors with aggressive-appearing pathology [ 96 ]. 

  Fig. 17.4    PACAP38-LI and PACAP27-LI as measured by RIA in colon samples from patients 
suffering from Crohn’s disease. Data are expressed as mean fmol/mg tissue weight ± SEM       
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  Fig. 17.5    PACAP38-LI and PACAP27-LI in IBD patients treated with antibiotics determined by 
RIA. Data are expressed as mean fmol/mg tissue weight ± SEM. ** p  < 0.01; *** p  < 0.001 AB: 
colon samples of patients receiving antibiotic therapy, ØAB: patients without antibiotic therapy       
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 As both studies showed, PACAP-defi cient mice receiving normal water without 
DSS displayed no signs of infl ammation (and of colitis), suggesting that the lack of 
endogenous PACAP does not result in immune depression leading to spontaneous 
development of colitis. This is in agreement with our own observations that mice 
lacking endogenous PACAP do not spontaneously develop increased infl ammatory 
status (not shown), but based on the above-described reports, the lack of endoge-
nous PACAP leads to increased vulnerability to infl ammation and infl ammation- 
associated cancer development in the colon. 

 In summary, PACAP is widely distributed in the gastrointestinal tract and exerts 
several different effects. Based on the studies reviewed here in detail, PACAP seems 
to be an important endogenous protective factor in ischemic and infl ammatory bowel 
diseases and exogenous PACAP treatment can counteract changes in ischemic and 
infl ammatory models. Human data indicate that PACAP levels change in infl amma-
tory conditions the clinical relevance of which needs further investigation.     

  Acknowledgements   This study was supported by OTKA K104984, 119759 Arimura Foundation, 
TAMOP 4.2.4.A/2-11-1-2012-0001 “National Excellence Program,” Bolyai Scholarship of the 
Hungarian Academy of Sciences, PTE AOK KA Research Grant, PTE-KA 300019 and New 
National Excellence Program (UNKP). This work is dedicated to the 650th anniversary of the 
University of Pecs.  

   References 

    1.    Arimura A, Somogyvari-Vigh A, Weill C, Fiore RC, Tatsuno I, Bay V, et al. PACAP functions 
as a neurotrophic factor. Ann N Y Acad Sci. 1994;739:228–43.  

      2.    Somogyvari-Vigh A, Reglodi D. Pituitary adenylate cyclase activating polypeptide: a potential 
neuroprotective peptide. Curr Pharm Des. 2004;10:2861–89.  

   3.    Lee EH, Seo SR. Neuroprotective roles of pituitary adenylate cyclase-activating polypeptide in 
neurodegenerative diseases. BMB Rep. 2014;47:369–75.  

   4.    Reglodi D, Kiss P, Lubics A, Tamas A. Review on the protective effects of PACAP in models 
of neurodegenerative diseases in vitro and in vivo. Curr Pharm Des. 2011;17:962–72.  

    5.    Shioda S, Nakamachi T. PACAP as a neuroprotective factor in ischemic neuronal injuries. 
Peptides. 2015;72:202–7.  

    6.    Fujimiya M, Inui A. Peptidergic regulation of gastrointestinal motility in rodents. Peptides. 
2000;21:1565–82.  

    7.    Holmberg A, Schwerte T, Pelster B, Holmgren S. Ontogeny of the gut motility control system 
in zebrafi sh Danio rerio embryos and larvae. J Exp Biol. 2004;207:4085–94.  

    8.    Farre R, Auli M, Lecea B, Martinez E, Clave P. Pharmacologic characterization of intrinsic 
mechanisms controlling tone and relaxation of porcine lower esophageal sphincter. J Pharmacol 
Exp Ther. 2006;316:1238–48.  

   9.    Lindestrom LM, Ekblad E. Origins and projections of nerve fi bres in rat pyloric sphincter. 
Auton Neurosci. 2002;97:73–82.  

    10.    Rattan S, Chakder S. Sites of actions of contractile and relaxant effects of pituitary adenylate 
cyclase activating peptide (PACAP) in the internal anal sphincter smooth muscle. Ann N Y 
Acad Sci. 1998;865:503–11.  

    11.    Al-Qudah M, Alkahtani R, Akbarali HI, Murthy KS, Grider JR. Stimulation of synthesis and 
release of brain-derived neurotropic factor from intestinal smooth muscle cells by substance P and 
pituitary adenylate cyclase-activating peptide. Neurogastroenterol Motil. 2015;27:1162–74.  

17 Protective Intestinal Effects of Pituitary Adenylate Cyclase Activating Polypeptide



284

    12.    Wu MJ, Kee KH, Na J, Kim SW, Bae Y, Shin DH, et al. Pituitary adenylate cyclase-activating 
polypeptide inhibits pacemaker activity of colonic interstitial cells of Cajal. Korean J Physiol 
Pharmacol. 2015;19:435–40.  

    13.    Ferencz A, Szanto Z, Borsiczky B, Kiss K, Kalmar-Nagy K, Telek G, et al. The effects of 
preconditioning on the oxidative stress in small bowel autotransplantation. Surgery. 
2002;132:877–84.  

    14.    Mittal A, Phillips ARJ, Loveday B, Windsor JA. The potential role for xanthine oxidase inhibi-
tion in major intra-abdominal surgery. World J Surg. 2008;32:288–95.  

    15.    Reglodi D, Somogyvari-Vigh A, Vigh S, Kozicz T, Arimura A. Delayed systemic administra-
tion of PACAP38 is neuroprotective in transient middle cerebral artery occlusion in rat. Stroke. 
2000;31:1411–7.  

    16.    Uchida D, Arimura A, Somogyvari-Vigh A, Shioda S, Banks WA. Prevention of ischemia- 
induced death of hippocampal neurons by pituitary adenylate cyclase activating polypeptide. 
Brain Res. 1996;736:280–6.  

    17.    Brifault C, Gras M, Liot D, May V, Vaudry D, Wurtz O. Delayed pituitary adenylate cyclase- 
activating polypeptide delivery after brain stroke improves functional recovery by inducing m2 
microglia/macrophage polarization. Stroke. 2015;46:520–8.  

   18.    Chen Y, Samal B, Hamelink CR, Xiang CC, Chen Y, Chen M, et al. Neuroprotection by endog-
enous and exogenous PACAP following stroke. Regul Pept. 2006;137:4–19.  

   19.    Lenti L, Zimmermann A, Kis D, Olah O, Toth GK, Hegyi O, et al. PACAP and VIP differen-
tially preserve neurovascular reactivity after global cerebral ischemia in newborn pigs. Brain 
Res. 2009;1283:50–7.  

    20.    Tamas A, Reglodi D, Szanto Z, Borsiczky B, Nemeth J, Lengvari I. Comparative neuroprotec-
tive effects of preischemic PACAP and VIP administration in permanent occlusion of the 
middle cerebral artery in rats. Neuro Endocrinol Lett. 2002;23:249–54.  

    21.    Atlasz T, Szabadfi  K, Kiss P, Tamas A, Toth G, Reglodi D, et al. Evaluation of the protective 
effects of PACAP with cell-specifi c markers in ischemia-induced retinal degeneration. Brain 
Res Bull. 2010;81:497–504.  

   22.    Danyadi B, Szabadfi  K, Reglodi D, Mihalik A, Danyadi T, Kovacs Z, et al. PACAP application 
improves functional outcome of chronic retinal ischemic injury in rats-evidence from electro-
retinographic measurements. J Mol Neurosci. 2014;54:293–9.  

    23.    Seki T, Itoh H, Nakamachi T, Endo K, Wada Y, Nakamura K, et al. Suppression of rat retinal 
ganglion cell death by PACAP following transient ischemia induced by high intraocular pres-
sure. J Mol Neurosci. 2011;43:30–4.  

    24.    Ji H, Zhang Y, Shen XD, Gao F, Huang CY, Abad C, et al. Neuropeptide PACAP in mouse liver 
ischemia and reperfusion injury: immunomodulation by the cAMP-PKA pathway. Hepatology. 
2013;57:1225–37.  

      25.    Horvath G, Racz B, Reglodi D, Kovacs K, Kiss P, Gallyas Jr F, et al. Effects of PACAP on 
mitochondrial apoptotic pathways and cytokine expression in rats subjected to renal ischemia/
reperfusion. J Mol Neurosci. 2010;42:411–8.  

   26.    Laszlo E, Kiss P, Horvath G, Szakaly P, Tamas A, Reglodi D. The effects of pituitary ade-
nylate cyclase-activating polypeptide in renal ischemia/reperfusion. Acta Biol Hung. 
2014;65:369–78.  

    27.    Laszlo E, Varga A, Kovacs K, Jancso G, Kiss P, Tamas A, et al. Ischemia/reperfusion-induced 
kidney injury in heterozygous PACAP-defi cient mice. Transplant Proc. 2015;47:2210–5.  

    28.    Szakaly P, Kiss P, Lubics A, Magyarlaki T, Tamas A, Racz B, et al. Effects of PACAP on sur-
vival and renal morphology in rats subjected to renal ischemia/reperfusion. J Mol Neurosci. 
2008;36:89–96.  

    29.    Roth E, Weber G, Kiss P, Horvath G, Toth G, Gasz B, et al. Effect of PACAP and precondition-
ing against ischemia/reperfusion-induced cardiomyocyte apoptosis in vitro. Ann N Y Acad 
Sci. 2009;1163:512–6.  

      30.    Ferencz A, Racz B, Tamas A, Reglodi D, Lubics A, Nemeth J, et al. Infl uence of PACAP on 
oxidative stress and tissue injury following small-bowel autotransplantation. J Mol Neurosci. 
2009;37:168–76.  

G. Horvath et al.



285

    31.    Ferencz A, Racz B, Tamas A, Nedvig K, Nemeth J, Kalmar-Nagy K, et al. Changes and effect 
of PACAP-38 on intestinal ischemia-reperfusion and autotransplantation. Transplant Proc. 
2009;41:57–9.  

     32.    Ferencz A, Reglodi D, Kalmar-Nagy K, Horvath OP, Roth E, Weber G, et al. Infl uence of 
pituitary adenylate cyclase-activating polypeptide on the activation of mitogen activated pro-
tein kinases following small bowel cold preservation. Transplant Proc. 2009;41:60–2.  

      33.    Nedvig K, Weber G, Nemeth J, Kovacs K, Reglodi D, Kemeny A, et al. Changes of PACAP 
immunoreactivities and cytokine levels after PACAP-38 containing intestinal preservation and 
autotransplantation. J Mol Neurosci. 2012;48:788–94.  

    34.    Seaborn T, Masmoudi-Kouli O, Fournier A, Vaudry H, Vaudry D. Protective effects of pitu-
itary adenylate cyclase-activating polypeptide (PACAP) against apoptosis. Curr Pharm Des. 
2011;17:204–14.  

    35.    Brown D, Tamas A, Reglodi D, Tizabi Y. PACAP protects against infl ammatory-mediated 
toxicity in dopaminerg SH-SY5Y cells: implication for Parkinson’s disease. Neurotox Res. 
2014;26:230–9.  

   36.    Dejda A, Seaborn T, Bourgault S, Touzani O, Fournier A, Vaudry H, et al. PACAP and a novel 
stable analog protect rat brain from ischemia: insight into the mechanisms of action. Peptides. 
2011;32:1207–16.  

    37.    Rozzi SJ, Borelli G, Ryan K, Steiner JP, Reglodi D, Mocchetti I, et al. PACAP27 is protective 
against tat-induced neurotoxicity. J Mol Neurosci. 2014;54:485–93.  

    38.    Racz B, Horvath G, Reglodi D, Gasz B, Kiss P, Gallyas Jr F, et al. PACAP ameliorates oxida-
tive stress in the chicken inner ear: an in vitro study. Regul Pept. 2010;160:91–8.  

    39.    Szabadfi  K, Szabo A, Kiss P, Reglodi D, Setalo Jr G, Kovacs K, et al. PACAP promotes neuron 
survival in early experimental diabetic retinopathy. Neurochem Int. 2014;64:84–91.  

     40.    Banki E, Kovacs K, Nagy D, Juhasz T, Degrell P, Csanaky K, et al. Molecular mechanisms 
underlying the nephroprotective effects of PACAP in diabetes. J Mol Neurosci. 
2014;54:300–9.  

    41.    Gasz B, Racz B, Roth E, Borsiczky B, Ferencz A, Tamas A, et al. Pituitary adenylate cyclase- 
activating polypeptide protects cardiomyocytes against oxidative stress-induced apoptosis. 
Peptides. 2006;27:87–94.  

    42.    Mori H, Nakamachi T, Ohtaki H, Yofu S, Sato A, Endo K, et al. Cardioprotective effect of 
endogenous pituitary adenylate cyclase-activating polypeptide on doxorubicin-induced car-
diomyopathy in mice. Circ J. 2010;74:1183–90.  

    43.    Miyamoto K, Tsumuraya T, Ohtaki H, Dohi K, Satoh K, Xu Z, et al. PACAP38 suppresses 
cortical damage in mice with traumatic brain injury by enhancing antioxidant activity. J Mol 
Neurosci. 2014;54:370–9.  

    44.    Masmoudi-Kouki O, Douiri S, Hamdi Y, Kaddour H, Bahdoudi S, Vaudry D, et al. Pituitary 
adenylate cyclase-activating polypeptide protects astroglial cells against oxidative stress- 
induced apoptosis. J Neurochem. 2011;117:403–11.  

    45.    Horvath G, Brubel R, Kovacs K, Reglodi D, Opper B, Ferencz A, et al. Effects of PACAP on 
oxidative stress-induced cell death in rat kidney and human hepatocyte cells. J Mol Neurosci. 
2011;43:67–75.  

    46.    Reglodi D, Fabian Z, Tamas A, Lubics A, Szeberenyi J, Alexy T, et al. Effects of PACAP on 
in vitro and in vivo neuronal cell death, platelet aggregation, and production of reactive oxygen 
radicals. Regul Pept. 2004;123:51–9.  

    47.    Delgado M, Genea D. Inhibition of endotoxin-induced macrophage chemokine production by 
vasoactive intestinal peptide and pituitary adenylate cyclise activating polypeptide in vitro and 
in vivo. J Immunol. 2001;167:966–75.  

    48.    Abad C, Waschek JA. Immunomodulatory roles of VIP and PACAP in models of multiple 
sclerosis. Curr Pharm Des. 2011;17:1025–35.  

    49.    Ganea D, Rodriguez R, Delgado M. Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide: players in innate and adaptive immunity. Cell Mol Biol (Noisy- 
le- grand). 2003;49:127–42.  

17 Protective Intestinal Effects of Pituitary Adenylate Cyclase Activating Polypeptide



286

    50.    Delgado M, Jonakait GM, Ganea D. Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide inhibit chemokine production in activated microglia. Glia. 
2002;39:148–61.  

   51.    Delgado M, Leceta J, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase- 
activating polypeptide inhibit the production of infl ammatory mediators by activated microg-
lia. J Leukoc Biol. 2003;73:155–64.  

    52.    Wainwright DA, Xin J, Sanders VM, Jones KJ. Differential actions of pituitary adenylyl 
cyclase-activating polypeptide and interferon gamma on Th2- and Th1-associated chemokine 
expression in cultured murine microglia. J Neurodegener Regen. 2008;1:31–4.  

    53.    Wada Y, Nakamachi T, Endo K, Seki T, Ohtaki H, Tsuchikawa D, et al. PACAP attenuates 
NMDA-induced retinal damage in association with modulation of the microglia/macrophage 
status into an acquired deactivation subtype. J Mol Neurosci. 2013;51:493–502.  

    54.    Banki E, Degrell P, Kiss P, Kovacs K, Kemeny A, Csanaky K, et al. Effect of PACAP treatment 
on kidney morphology and cytokine expression in rat diabetic nephropathy. Peptides. 
2013;42:125–30.  

    55.    Szabo A, Danyadi B, Bognar E, Szabadfi  K, Fabian E, Kiss P, et al. Effect of PACAP on MAP 
kinases, Akt and cytokine expressions in rat retinal hypoperfusion. Neurosci Lett. 
2012;523:93–8.  

     56.    Ferencz A, Weber G, Helyes Z, Hashimoto H, Baba A, Reglodi D. Presence of endogenous 
PACAP-38 ameliorated intestinal cold preservation tissue injury. J Mol Neurosci. 
2010;42:428–34.  

     57.    Ferencz A, Kiss P, Weber G, Helyes Z, Shintani N, Baba A, et al. Comparison of intestinal 
warm ischemic injury in PACAP knockout and wild-type mice. J Mol Neurosci. 
2010;42:435–42.  

    58.    Ferencz A, Nedvig K, Fekecs T, Racz B, Weber G, Hashimoto H, et al. Comparison of intesti-
nal cold preservation injury on pituitary adenylate cyclase-activating polypeptide in knockout 
and wild-type mice. Transplant Proc. 2010;42:2290–2.  

     59.    Reglodi D, Kiss P, Szabadfi  K, Atlasz T, Gabriel R, Horvath G, et al. PACAP is an endogenous 
protective factor-insights from PACAP-defi cient mice. J Mol Neurosci. 2012;48:482–92.  

    60.    Ohtaki H, Nakamachi T, Dohi K, Aizawa Y, Takaki A, Hodoyama K, et al. Pituitary adenylate 
cyclase-activating polypeptide (PACAP) decreases ischemic neuronal cell death in association 
with IL-6. Proc Natl Acad Sci U S A. 2006;103:7488–93.  

    61.    Nakamachi T, Ohtaki H, Yofu S, Dohi K, Watanabe J, Mori H, et al. Endogenous pituitary 
adenylate cyclase activating polypeptide is involved in suppression of edema in the ischemic 
brain. Acta Neurochir Suppl. 2010;106:43–6.  

    62.    Szabadfi  K, Atlasz T, Kiss P, Danyadi B, Tamas A, Helyes Z, et al. Mice defi cient in pituitary 
adenylate cyclase-activating polypeptide (PACAP) are more susceptible to retinal ischemic 
injury in vivo. Neurotox Res. 2012;21:41–8.  

    63.    Szakaly P, Laszlo E, Kovacs K, Racz B, Horvath G, Ferencz A, et al. Mice defi cient in pituitary 
adenylate cyclase activating polypeptide (PACAP) show increased susceptibility to in vivo 
renal ischemia/reperfusion injury. Neuropeptides. 2011;45:113–21.  

    64.    Elekes K, Sandor K, Moricz A, Kereskai L, Kemeny A, Szoke E, et al. Pituitary adenylate 
cyclase-activating polypeptide plays an anti-infl ammatory role in endotoxin-induced airway 
infl ammation: In vivo study with gene-deleted mice. Peptides. 2011;32:1439–46.  

    65.    Kemeny A, Reglodi D, Cseharovszky R, Hashimoto H, Baba A, Szolcsanyi J, et al. Pituitary 
adenylate cyclase-activating polypeptide defi ciency enhances oxazolone-induced allergic con-
tact dermatitis in mice. J Mol Neurosci. 2010;42:443–9.  

     66.    Maasz G, Pirger Z, Reglodi D, Petrovics D, Schmidt J, Kiss P, et al. Comparative protein 
composition of the brains of PACAP-defi cient mice using mass spectrometry-based proteomic 
analysis. J Mol Neurosci. 2014;54:310–9.  

    67.    Watson MB, Nobuta H, Abad C, Lee SK, Bala N, Zhu C, et al. PACAP defi ciency sensitizes 
nigrostriatal dopaminergic neurons to paraquat-induced damage and modulates central and 
peripheral infl ammatory activation in mice. Neuroscience. 2013;240:277–86.  

    68.    Abraham C, Cho JH. Infl ammatory bowel disease. N Engl J Med. 2009;19:2066–78.  

G. Horvath et al.



287

      69.    Ekelund M, Ekblad E. Intestinal adaptation in atrophic rat ileum is accompanied by supersen-
sitivity to vasoactive intestinal peptide, pituitary adenylate cyclase-activating peptide and nitric 
oxide. Scand J Gastroenterol. 2001;36:251–7.  

   70.    Lazar Z, Shahbazian A, Benko R, Toth G, Penke B, Bartho L, et al. PACAP-(6-38) inhibits the 
effects of vasoactive intestinal polypeptide, but not PACAP, on the small intestinal circular 
muscle. Eur J Pharmacol. 2001;431:259–64.  

   71.    Mao YK, Wang YF, Moogk C, Fox-Threlkeld JE, Xiao Q, McDonald TJ, et al. Locations and 
molecular forms of PACAP and sites and characteristics of PACAP receptors in canine ileum. 
Am J Physiol. 1998;274:G217–25.  

   72.    Pirone A, Baoan D, Piano I, Della Santina L, Baglini A, Lenzi C. Pituitary adenylate cyclase- 
activating peptide (PACAP) immunoreactivity distribution in the small intestine of the adult 
New Hampshire chicken. Acta Histochem. 2011;113:477–83.  

    73.    Zizzo MG, Mulé F, Serio R. Mechanisms underlying the inhibitory effects induced by pituitary 
adenylate cyclase-activating peptide in mouse ileum. Eur J Pharmacol. 2005;521:133–8.  

    74.    Belai A, Boulos PB, Robson T, Burnstock G. Neurochemical coding in the small intestine of 
patients with Crohn's disease. Gut. 1997;40:767–74.  

    75.    He CL, Soffer EE, Ferris CD, Walsh RM, Szurszewski JH, Farrugia G. Loss of interstitial cells 
of cajal and inhibitory innervation in insulin-dependent diabetes. Gastroenterology. 
2001;121:427–34.  

     76.    Heimesaat MM, Dunay IR, Schulze S, Fischer A, Grundmann U, Alutis M, et al. Pituitary 
adenylate cyclase-activating polypeptide ameliorates experimental acute ileitis and extra- 
intestinal sequelae. PLoS One. 2014;9:e108389.  

    77.    Leung PS, So SC, Lam SY, Tsang LL, Chung YW, Chan HC. Local regulation of anion secre-
tion by pituitary adenylate cyclase-activating polypeptide in human colonic T84 cells. Cell 
Biol Int. 2001;25:123–9.  

   78.    Rettenbacher M, Reubi JC. Localization and characterization of neuropeptide receptors in 
human colon. Naunyn Schmiedebergs Arch Pharmacol. 2001;364:291–304.  

   79.    Miampamba M, Germano PM, Arli S, Wong HH, Scott D, Tache Y, et al. Expression of pitu-
itary adenylate cyclase-activating polypeptide and PACAP type 1 receptor in the rat gastric and 
colonic myenteric neurons. Regul Pept. 2002;105:145–54.  

   80.    Uyttebroek L, Shepherd IT, Harrisson F, Hubens G, Blust R, Timmermans JP, et al. 
Neurochemical coding of enteric neurons in adult and embryonic zebrafi sh (Danio rerio). 
Cancer Res. 2012;72:1705–16.  

    81.    Gonkowski S, Calka J. Changes in pituitary adenylate cyclase-activating peptide 27-like 
immunoreactive nervous structures in the porcine descending colon during selected pathologi-
cal processes. J Mol Neurosci. 2012;48:777–87.  

    82.    Gonkowski S, Kaminska B, Landowski P, Calka J. Immunohistochemical distribution of 
cocaine- and amphetamine-regulated transcript peptide-like immunoreactive (CART-LI) nerve 
fi bers and various degree of co-localization with other neuronal factors in the circular muscle 
layer of human descending colon. Histol Histopathol. 2013;28:851–8.  

    83.    Wojtkiewicz J, Rowniak M, Gonkowski S, Crayton R, Majewski M, Robak A, et al. 
Proliferative enteropathy (PE)-induced changes in the calbindin-immunoreactive (CB-IR) 
neurons of inferior mesenteric ganglion supplying the descending colon in the pig. J Mol 
Neurosci. 2012;48:757–65.  

     84.    Kun J, Szitter I, Kemeny A, Perkecz A, Kereskai L, Pohoczky K, et al. Upregulation of the 
transient receptor potential ankyrin 1 ion channel in the infl amed human and mouse colon and 
its protective roles. PLoS One. 2014;9:e108164.  

    85.    Vinuesa AG, Sancho R, Garcia-Limones C, Behrens A, Ten Dijke P, Calzado MA, et al. 
Vanilloid receptor-1 regulates neurogenic infl ammation in colon and protects mice from colon 
cancer. J Comp Neurol. 2010;518:4419–38.  

    86.    Szanto Z, Sarszegi Z, Reglodi D, Nemeth J, Szabadfi  K, Kiss P, et al. PACAP immunoreactivity 
in human malignant tumor samples and cardiac diseases. J Mol Neurosci. 2012;48:667–73.  

    87.   Tamas A, Javorhazy A, Reglodi D, Sarlos DP, Banyai D, Semjen D, et al. Examination of 
PACAP-like immunoreactivity in urogenital tumor samples. J Mol Neurosci. 
2016;59:177–83.  

17 Protective Intestinal Effects of Pituitary Adenylate Cyclase Activating Polypeptide



288

    88.    Godlewski J, Lakomy IM. Changes in vasoactive intestinal peptide, pituitary adenylate cyclase-
activating polypeptide and neuropeptide Y-ergic structures of the enteric nervous system in the 
carcinoma of the human large intestine. Folia Histochem Cytobiol. 2010;48:208–16.  

    89.    Simpson J, Sundler F, Humes DJ, Jenkins D, Scholefi eld JH, Spiller RC. Post infl ammatory 
damage to the enteric nervous system in diverticular disease and its relationship to symptoms. 
Neurogastroenterol Motil. 2009;21:847–e58.  

    90.    Kaminska B, Landowski P, Gonkowski S, Majewski M, Renke J, Korzon M. Changes in the 
number of neuroprotective transmitter containing mucosal nerve fi bres in children with ulcer-
ative colitis. Med Wieku Rozwoj. 2006;10:483–91.  

    91.    Kaminska B, Landowski P, Gonkowski S, Szlagatys-Sidorkiewitz A, Majewski M, Dobosz M, 
et al. Analysis of enteral nervous system in children with drug resistant ulcerative colitis. Med 
Wieku Rozwoj. 2007;11:117–22.  

    92.    Shen Z, Larsson LT, Malmfors G, Absood A, Håkanson R, Sundler F. A novel neuropeptide, 
pituitary adenylate cyclase-activating polypeptide (PACAP), in human intestine: evidence for 
reduced content in Hirschsprung's disease. Cell Tissue Res. 1992;269:369–74.  

    93.    Jakab B, Reglodi D, Jozsa R, Hollosy T, Tamas A, Lubics A, et al. Distribution of PACAP- 38 in 
the central nervous system of various species determined by a novel radioimmunoassay. 
J Biochem Biophys Methods. 2004;61:189–98.  

    94.    Nemeth J, Jakab B, Jozsa R, Hollosy T, Tamas A, Lubics A, et al. PACAP-27 radioimmunoas-
say: description and application of a novel method. J Radioanal Nucl Chem. 
2007;273:327–32.  

      95.    Azuma YT, Hagi K, Shintani N, Kuwamura M, Nakajima H, Hashimoto H, et al. PACAP 
provides colonic protection against dextran sodium sulfate induced colitis. J Cell Physiol. 
2008;216:111–9.  

      96.    Nemetz N, Abad C, Lawson G, Nobuta H, Chhith S, Doung L, et al. Induction of colitis and 
rapid development of colorectal tumors in mice defi cient in the neuropeptide PACAP. Int 
J Cancer. 2008;122:1803–9.    

G. Horvath et al.



289© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_18

    Chapter 18   
 Renoprotective Effects of Pituitary Adenylate 
Cyclase-Activating Polypeptide 38 (PACAP38)                     

     M-Altaf     Khan     and     Vecihi     Batuman    

    Abstract     Pituitary adenylate-cyclase activating polypeptide 38 (PACAP38) is a 
naturally occurring pleiotropic neuropeptide with immunomodulatory actions. 
Research over the past two decades have revealed potent renoprotective properties 
of this peptide in diverse renal disorders including myeloma kidney, ischemia–
reperfusion injury (IRI), nephrotoxic injury mediated by cisplatin, aminoglyco-
sides, calcineurin inhibitors, iodinated radiocontrast dyes, and others. The kidney 
expresses both PACAP and PACAP receptors, and the renoprotective properties of 
PACAP are mediated through modulation of infl ammatory pathways within the kid-
ney as well as circulation derived cells. In this chapter we review the data on the 
effects of PACAP38 on immune pathways in various kidney injury models. In gen-
eral, PACAP38 restrains heightened immune responses by inhibiting phosphoryla-
tion of mitogen-activated protein kinases (MAPK), and inhibits nuclear transcription 
factors including NF-кB. PACAP38 blocks hyperactivation of innate immunity 
related genes and reduces the expression of Toll-like receptors (TLRs) as well as 
their adaptor proteins. PACAP38 may be a promising therapy in a broad range of 
renal disorders.  
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  Abbreviations 

   AKI    Acute kidney injury   
  BUN    Blood urea nitrogen   
  CIN    Contrast-induced nephropathy   
  CKD    Chronic kidney disease   
  CM    Contrast media   
  CsA    Cyclosporine A   
  ECM    Extracellular matrix   
  EMT    Epithelial–mesenchymal transformation   
  FCAs    Flow cytometry assays   
  H&E    Hematoxylin and eosin   
  IL    Interleukin   
  IRI    Ischemia–reperfusion injury   
  KIM-1    Kidney injury molecule 1   
  LC    Light chains   
  LDH    Lactate dehydrogenase   
  MAPK    Mitogen-activated protein kinase   
  MM    Multiple myeloma   
  MyD88    Myeloid differentiation primary response gene 88   
  NF-кB    Nuclear factor кB   
  PACAP38    Pituitary adenylate cyclase-activating polypeptide 38, PAS, periodic 

acid-Schiff   
  RPTECs    Renal proximal tubule epithelial cells   
  STZ    Streptozotocin   
  TLRs    Toll-like receptors   
  TNF-α    Tumor necrosis factor α   
  TRIF    Toll/interleukin 1 receptor domain-containing adapter inducing 

interferon-β   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end labeling   
  VIP    Vasoactive intestinal peptide   

        Introduction 

 Pituitary adenylate cyclase-activating polypeptide 38 (PACAP38) was isolated in 
1989 from ovine hypothalamus at Tulane University during a screen for novel 
hypophysiotropic factors [ 1 – 3 ], and later on it was found to be a pleiotropic peptide 
with potent anti-infl ammatory, immune modulatory, and antioxidant properties and 
its potential cytoprotective effects were recognized [ 4 ,  5 ]. The cytoprotective effects 
of PACAP have been extensively studied especially in the brain and were extended 
to investigations with other organ systems including the kidney [ 6 – 26 ]. PACAP38 
exerts immunomodulatory effects on various immune responses by suppressing the 

M.-A. Khan and V. Batuman



291

production of proinfl ammatory cytokines, modulating MAPK, and NF-KB signaling 
pathways [ 6 ,  27 ]. PACAP38 has been investigated as potential therapy for a variety 
of autoimmune and infl ammatory diseases, such as rheumatoid arthritis, septic 
shock, asthma, Crohn’s disease, primary pulmonary hypertension, and multiple 
sclerosis [ 5 – 7 ,  28 ,  29 ]. 

 PACAP38 has also been administered to healthy human volunteers by investiga-
tors in several laboratories and by us to a single patient with multiple myeloma 
(MM) under a single-patient protocol approved by the FDA without any untoward 
side effects [ 5 ,  30 ]. The anti-apoptotic properties of PACAP38 have been shown in 
the nervous system [ 28 ,  29 ,  31 ] and the kidney [ 16 ,  19 ]. We have reported that 
PACAP38 is renoprotective against toxic myeloma light chains (LC), IRI-induced 
acute kidney injury (AKI), iodinated radiocontrast nephrotoxicity, cyclosporine A, 
cisplatin, and also that it can reverse epithelial–mesenchymal transformation (EMT) 
in kidney cells, in vitro [ 12 – 14 ,  16 – 20 ]. 

 We previously reported the inhibitory effects of PACAP38 on reactive oxygen spe-
cies (ROS)- and TLRs-mediated NF-кB activation in hypoxia/ischemia models of 
AKI [ 12 ,  19 ]. More recently, we have reported the renoprotective effects of PACAP38 
as an anti-infl ammatory agent modulating TLRs and as an antioxidant by suppressing 
genes encoding Nox enzymes in hypertensive (eNOS −/− ) mice against radiocontrast-
induced nephropathy (CIN) [ 14 ]. PACAP38 protects renal proximal tubule epithelial 
cells (RPTECs) in vitro and also protects the structure and function of the kidney 
in vivo against the deleterious effects of nephrotoxin-induced injury, diabetes, stress, 
and hypoxia/ischemia–reperfusion related AKI. These observations indicate that 
PACAP38 could be a potential therapeutic agent for the treatment of AKI and chronic 
kidney disease (CKD). The detailed discussion about the renoprotective effects of 
PACAP38 against various types of kidney injuries is described as follows.  

    Protective Effects of PACAP38 in Myeloma Kidney 

 AKI in MM is generally induced by the toxic and infl ammatory effects of monoclo-
nal free LC on kidney proximal tubule cells and by the formation of intratubular casts 
through interaction with Tamm–Horsfall proteins. Production of excessive quantities 
of LC is seen in most cases of LC-associated kidney injury, although a direct relation 
between quantity and nephrotoxicity does not exist, due to variable toxic effects of 
different types of LC species [ 32 ]. LC-induced toxic effects include inhibition of 
transport functions in the kidney sometimes resulting in Fanconi syndrome, genera-
tion of ROS, cytoskeletal abnormalities, and apoptosis and necrosis in proximal 
tubule cells [ 27 ,  32 ,  33 ]. The infl ammatory pathways that are activated as a result of 
LC toxicity also could explain how acute injury can progress into chronic tubuloint-
erstitial nephritis in patients with myeloma kidney and identify attractive opportuni-
ties for novel therapeutic interventions [ 27 ,  32 ]. Although the pathophysiological 
mechanisms have been elucidated, there is no curative treatment for MM, and 
myeloma kidney, apart from the limited use of steroids, thalidomide and its 
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derivatives, and the newer proteasome inhibitor bortezomib [ 34 ]. Since PACAP38 is 
known to reduce cytokine production through suppression of NF-KB and p38 MAPK, 
pathways that participate in myeloma LC nephrotoxicity, we tested the effects 
PACAP38 on myeloma kidney injury [ 6 ,  7 ,  20 ]. In these studies, human immuno-
globulin к-LC was purifi ed from the urine of a MM patient with known к-type 
myeloma. Human RPTECs were exposed to 50 μM of к-LC for 72 h in the presence 
or absence of PACAP38 or dexamethasone at various concentrations. PACAP38 was 
more effective than dexamethasone in suppressing LC-induced infl ammatory cyto-
kines IL-6 and TNF-α in RPTECs in a dose dependent manner (Fig.  18.1 ) [ 6 ].

   Morphologically, к-LC also induced considerable damage in cultured RPTECs 
causing detachment of the cells from the cultured plate and aggregation and necrosis 
of the cells [ 6 ]. PACAP38 nearly completely prevented the cell injury resulted from 
the к-LC (Fig.  18.2 ) [ 6 ]. к-LC-induced cytokine production is mediated by activation 
of MAPKs, especially p38 MAPK. PACAP38 suppressed LC-stimulated p38 MAPK 
phosphorylation, but not the extracellular signal regulated kinase (ERK) activation. 
PACAP38 also suppressed LC-stimulated activation of p50 subunit of NF-кB. P65 
subunit of NF-кB was activated in cultured RPTECs before addition of LC, but it was 
also suppressed by PACAP38. These changes including the morphological alterations 
were prevented when PACAP38 was added together with LC. Suppression of 
LC-stimulated TNF-α production by PACAP38 was attenuated by either M65 (a 
PAC1-specifi c inhibitor) or a VPAC1-specifi c inhibitor. Vasoactive intestinal peptide 
(VIP), a paralog of PACAP38, also suppressed LC-induced TNF-α production, but to 
a lesser extent than PACAP-38, and VIP-induced suppression was greatly reduced by 
a VPAC1 inhibitor. These fi ndings suggest that both PAC1- and VPAC1-receptors are 
involved in PACAP-mediated suppression of cytokine production [ 7 ].

   To examine the renoprotective effects of PACAP38 in vivo, rats were adminis-
tered intravenously к-LC either alone or with PACAP38 for 72 h, and then TNF-α 
level in the kidney was determined. К-LC administration increased TNF-α content 
in the kidney several fold, but simultaneous injection of PACAP38 reduced the 
TNF-α level to nearly the control level. This suggests that administration of 
PACAP38 reduces cytokine production stimulated by к-LC in the rat kidney in vivo 

  Fig. 18.1    Effect of PACAP38 or dexamethasone on myeloma LC-induced TNF-α and IL-6 pro-
duction in cultured human RPTECs. Effects of 20 μM U0126, a MEK1/2 inhibitor; 12.5 mM 
PDTC, a NF-кB inhibitor; and 10 μM SB202190, a p38 MAPK inhibitor, are also shown. 
*** P  < 0.001 and ** P  < 0.01, as compared with respective LC-stimulated value. (Adopted from 
Arimura et al. 2006)       
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[ 6 ,  7 ]. PACAP38 is also known to stimulate growth of some cancer cells. Thus, if 
PACAP38 were to stimulate the growth of myeloma cells, its renoprotective effects 
would be greatly compromised. Therefore, effects of PACAP38 on myeloma cells 
were examined in cell culture. When four lines of LC producing human myeloma 
cells were cultured in the non-inactivating serum containing media, addition of 
PACAP38 to the media dose-dependently suppressed the growth of myeloma cells, 
as did dexamethasone. However, myeloma cells do not grow in peripheral blood, 
but grow in the bone marrow and adhere to the stromal cells. Adhesion of myeloma 
cells stimulates the release of growth factors such as IL-6 from stromal cells, 
enhancing the growth of myeloma cells. PACAP38 markedly suppressed the pro-
duction of IL-6 induced by adhesion of myeloma cells to bone marrow stromal 
cells. These results clearly show that PACAP38 suppresses growth of myeloma cells 
directly and also by affecting their internal milieu and point out to a potential anti-
tumor effect of PACAP38 on reticuloendothelial system-derived cancers [ 7 ]. 

 CKD in patients with MM is characterized by extensive tubulointerstitial fi brosis 
often along with cast deposition. We observed that toxic myeloma LC isolated from 
patients with myeloma kidney can induce EMT possibly contributing to the intersti-
tial fi brosis seen in such patients [ 18 ]. To determine the role of EMT as a potential 
mechanism contributing to the characteristic tubulointerstitial renal fi brosis in MM, 
RPTECs were exposed to к-LC (50 μM) in vitro for periods up to 72 h [ 18 ]. к-LC 
caused marked cellular and morphological alterations in RPTECs, accompanied 
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  Fig. 18.2    Photomicrograph of cultured human RPTECs. ( a ) Untreated RPTECs; ( b ) RPTECs cultured 
with 50 μM LC for 72 h; ( c ) RPTECs cultured with 50 μM LC and 1 nM PACAP38 for 72 h; ( d ) 
Number of healthy cells in each treatment group (Control, LC 50 μM, LC 50 μM + PACAP 10 −9  M). 
Mean and SE of cells in 10 visual fi elds was used in each group. (Adopted from Arimura et al. 2006)       

 

18 Renoprotective Effects of Pituitary Adenylate Cyclase-Activating Polypeptide 38…



294

with increased expression of profi brotic TGF-β1, FSP-1 and extracellular matrix 
(ECM) components (E-cadherin and α-SMA). The use of bone morphogenetic pro-
tein- 7 (BMP-7) or PACAP38 reversed EMT by promoting the formation of cell 
aggregates, and the reacquisition of E-cadherin expression and renal proximal 
tubule epithelial morphology within the confl uent cell monolayer during and after 
LC exposure. PACAP38 was as effective as BMP-7 in reversing EMT [ 18 ]. 

 In a case study, an 81-year-old male patient with active MM and myeloma kid-
ney was infused intravenously with synthetic human PACAP38 at a rate of 4 pmol/
kg/min for 120 min (Fig.  18.3 ) [ 30 ]. The continuous infusion increased the level of 
PACAP38 in blood, and reached a plateau at about 0.2 nM during the infusion. The 
level of PACAP38 in the blood rapidly declined after the cessation of administration 
with a half-life of about 5–10 min. The continuous infusion did not signifi cantly 
alter the basal glucose level, blood gases, or blood pressure. There was a large 
reduction in free λ-LC excretion in urine after the start of the treatment with 
PACAP38, which, however, was coincidental with the simultaneous dexamethasone 
treatment, which the patient was receiving at the time. Perhaps more signifi cant, the 
patient reported marked improvement in his bone pain, which may have been medi-
ated by the anti-TNF-α effects of PACAP38. These studies showed that PACAP38 
can be safely used in humans and suggest that it has the potential to be used as a 
novel therapeutic agent for the treatment of MM and myeloma kidney [ 30 ].

   Dissecting the cellular and molecular events has identifi ed novel avenues for 
potential treatment for myeloma kidney. Among these, PACAP38 has emerged as a 
promising novel therapy. PACAP38 prevented LC-induced renal injury patterns 
in vitro, and in experimental animals in vivo. Further clinical studies are necessary 
to establish the usefulness of these novel therapies in preserving the kidney function 
in patients with MM and myeloma kidney [ 20 ,  35 ].  

  Fig. 18.3    PACAP38 in physiological saline was infused IV to a male patient with active MM and 
myeloma kidney at a rate of 4 pmol/kg/min for 2 h. The continuous IV infusion did not appear to 
alter plasma glucose levels, blood gases or blood pressure and heart rate. The subject experienced 
a transient fl ushing on the face and upper portion of the body, but no unpleasant feelings. The 
blood levels of the peptide reached about 0.2 nM during the infusion, and rapidly declined soon 
after the cessation of administration. The half-life in the blood was about 10 min. (Adopted from 
Li et al. 2007)       
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    Protective Effects of PACAP38 in Renal IRI 

 IRI is an important cause of AKI. Some surgical interventions, kidney transplanta-
tion and AKI seen in diverse settings including shock may involve IRI [ 36 ]. 
Microvascular perfusion failure, no-refl ow and tissue hypoxia play a causative role 
in the pathophysiology of kidney damage despite reperfusion and reoxygenation 
later on. Reperfusion following ischemia induces an infl ammatory response pre-
dominantly through activation of the innate immunity through TLRs [ 37 ]. 
Infl ammatory cells (such as leukocytes, macrophages, and neutrophils) taking part 
in this response produce cytokines, chemokines, oxygen free radicals and lipid 
mediators that contribute to the development of the injury. Apoptosis and necrosis 
are also involved in this process. There are several studies reported establishing the 
protective effects of PACAP38 against renal IRI. The protective effects of 
PACAP38 in renal IRI are achieved through complex mechanisms, including modu-
lation of TLRS and the anti-apoptotic, antioxidant, and anti-infl ammatory actions of 
the peptide [ 12 ,  15 ,  21 ]. 

 Riera et al. reported that treatment with PACAP38 enhances cAMP and protects 
the rat kidney from IRI by modulation of infl ammatory responses [ 38 ]. The obser-
vation that continuous administration of a high dose of PACAP38 after bilateral 
renal IRI minimized the occurrence of post-IRI renal insuffi ciency, reduced the 
infl ammatory responses, and ameliorated the kidney structural damage supports 
this. More recently Szakaly et al. reported that mice defi cient in PACAP38 are more 
susceptible to renal IRI in vivo, further supporting its renoprotective role in IRI 
[ 25 ]. PACAP38 treatment was effective not only when its continuous administration 
began immediately before reperfusion, but also when its treatment was delayed to 
6 h after IRI. Data from this study supported the hypothesis that PACAP38 exerted 
its benefi cial effect on the kidney by acting through not the parenchyma but through 
circulating cells rather in renal cells. First, it enhanced plasma but not renal cAMP 
levels. Second, PACAP38 infusion reduced serum IL-6 levels. Third, the lower 
myeloperoxidase (MPO) activity and number of CD45+ (a marker for leukocytes) 
cells in ischemic kidneys from rats treated with PACAP38 refl ects a reduction in the 
post-ischemic renal infl ammatory leukocytes infi ltration. However, these observa-
tions need to be reconciled with the fi ndings supporting cytoprotective effects of 
PACAP38 directly at the site of injury mediated by its receptors present in the kid-
ney [ 6 ,  8 ], and suggest that renoprotective effects of PACAP38 are mediated through 
both its systemic and local effects. In IRI animals without PACAP38 treatment, 
renal MPO activity increased at 6 h after IRI and slightly declined at 24 h after 
IRI. Continuous infusion of PACAP38 reduced the MPO activity at 6 h after IRI and 
produced a further decline at 24 h. The number of CD45+ cells had a similar pat-
tern, i.e., 24 h after IRI, the number of CD45+ cells were signifi cantly lower in 
PACAP38–treated kidneys than in untreated kidneys further substantiating the role 
of infl ammatory cells in this experiment. Thus, enhancement of endogenous circu-
lating cAMP with PACAP38 modulates post-IRI infl ammatory responses including 
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infl ammatory cell infi ltration and strongly protects from IRI-related AKI, even 
when administration is delayed for 6 h after injury [ 38 ]. 

 Szakaly et al. showed that PACAP38 treatment prolonged the renal ischemic 
time, ameliorated renal morphological damage, and signifi cantly increased survival 
rate after renal IRI in rats [ 24 ]. A remarkable difference was observed in the 60-min 
IRI group rats as more control IRI-subjected rats died prematurely, while almost all 
PACAP38-treated IRI rats survived until the time of sacrifi ce [ 24 ]. 

 To explore possible mechanisms underlying the renoprotective effects of 
PACAP38 against hypoxic/ischemic injury, Li et al. fi rst performed studies using 
primary RPTECs derived from wild-type (C57BL6/J, MyD88 +/+ ) and MyD88 −/−  
mice, in vitro [ 19 ]. During IRI, the generation of infl ammatory cascade involved the 
activation of TLRs, the principal mediators of innate immunity within the kidney. 
The myeloid differentiation primary response gene 88 (MyD88) is essential for sig-
naling by TLRs, resulting in the production of pro-infl ammatory cytokines [ 39 – 42 ]. 
Thus, MyD88 is a central adaptor protein for the majority of TLRs, acting as a link 
between the receptors and downstream pathways [ 43 ,  44 ]. In this study, hypoxic 
conditions were induced by immersing the RPTECs monolayers in mineral oil for 
1.5 h at 37 °C in the presence or absence of PACAP38 (10 −8  M) 1 h before or 1.5 h 
after hypoxia. Control cell monolayers remained in serum-free medium. After 
washing with PBS, cells were re-incubated with fresh serum-free medium for 20 h 
to allow reoxygenation. There were signifi cant increases in protein levels (deter-
mined by ELISA) of infl ammatory chemokines and cytokines (MCP-1, IL-6, and 
MIP-2) after hypoxic injury and 20 h following reoxygenation in both MyD88 +/+  
and MyD88 −/−  RPTECs. The baseline levels of cytokines in MyD88 −/−  cells were 
signifi cantly lower than the levels observed in MyD88 +/+  RPTECs. PACAP38 was 
effective at both time intervals, 1 h before and 1.5 h after hypoxia, and resulted in a 
signifi cant suppression of cytokine production in both MyD88 +/+  and MyD88 −/−  
RPTECs. PACAP38 also signifi cantly suppressed apoptosis and mRNA expressions 
of TLR4, MCP-1, and IL-6 induced by hypoxia in both MyD88 +/+  and MyD88 −/−  
RPTECs. These studies demonstrate that the administration of PACAP38 to 
MyD88 −/−  RPTECs further ameliorates the hypoxic renal injury beyond the improve-
ment conferred by MyD88-defi cient status alone [ 19 ]. 

 Li et al. evaluated the protective effects of PACAP38 against IRI on renal func-
tion and histology using wild-type (C57BL6/J) male mice in vivo [ 19 ]. Mice were 
subjected to 45 min of bilateral renal ischemia followed by 10 days of reperfusion. 
In the treatment group mice received PACAP38 (20 μg/100 μl of saline) intraperito-
neally (IP) 1 h before IRI and additional doses were given at 12 h and 5 days after 
ischemia. The control group mice were sham operated and received equal volumes 
of saline IP. Mice subjected to IRI only, had signifi cantly higher levels of serum 
creatinine, blood urea nitrogen (BUN), and serum and kidney tissue TNF-α 
 compared to control sham-operated mice. Treatment with PACAP38 signifi cantly 
reduced levels of serum creatinine, BUN and TNF-α in IRI mice. Histopathology 
and immunofl uorescence studies also demonstrated that PACAP38 signifi cantly 
ameliorated renal tubular damage, apoptosis and neutrophil infi ltration induced by 
IRI in mice kidney. PACAP38 signifi cantly downregulated the mRNA expression of 
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TLR4, MyD88, IL-6, and MCP-1 that was signifi cantly upregulated by IRI in mice 
kidney. Western blots showed that PACAP38 signifi cantly reduced protein levels of 
TLR4, TRAF6, and IRF3 in mice kidney that were substantially elevated after IRI 
(Fig.  18.4 ). Interestingly, protein levels of both adaptor proteins (MyD88 and TRIF) 
for TLRs were signifi cantly increased by renal IRI in mice and by hypoxia in 
RPTECs cultures and PACAP38 signifi cantly reduced their levels close to the con-
trols (Fig.  18.4 ). This indicates that IRI related AKI may involve both MyD88- 
dependent and MyD88-independent pathways and treatment with PACAP38 is 
effective against AKI signaled by either MyD88-dependent or TRIF-dependent 
pathways that activate infl ammatory responses [ 19 ].

   In another study, Khan et al. evaluated the delayed effects of PACAP38 adminis-
tered 24 h after IRI in mice kidney [ 12 ]. Most of the therapeutic strategies that have 
been tested in AKI models generally have focused on prevention of renal IRI and 
there is not much information about the potential effect of PACAP38 to reverse 
established IRI [ 45 ]. To explore the possible regenerative property of PACAP38, 
wild-type male mice were subjected to 45 min of bilateral renal ischemia and reper-
fusion for 72 h. In this study, reperfusion time was reduced from 10 days as in previ-
ous study Li et al. to 72 h to minimize the effects of natural healing of damaged 

  Fig. 18.4    Western blots showing changes in TLR4, MyD88, and the co-effector molecules in the 
mouse kidney subjected to IRI ( a ), and RPTECs prepared from WT and MyD88 –/–  mice subjected 
to hypoxia and reoxygenation ( b ). ( a ) Treatment with PACAP38 signifi cantly inhibited the expres-
sion of MyD88 and TLR4 as well as TRAF6, TRIF, and IRF3 expression in the renal cortex from 
WT mice following renal IRI. In primary RPTECs of WT cells, exposure to hypoxia led to 
increases in MyD88, TLR4, TRAF6, TRIF, and IRF3 expression, and PACAP38 treatment reversed 
these responses. In MyD88 –/–  RPTECs, immunoblots showed reduced basal levels of TLR4, TRIF, 
and IRF3 expression; responses were similar except for TRAF6 expression, probably due to the 
compensatory action of TRAF6 for MyD88 defi ciency in the MyD88 –/–  RPTECs subjected to 
hypoxia and reoxygenation. WT = Wild type. (Adopted from Li et al. 2010b)       
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kidney tubules after IRI and to detect the actual effects of PACAP38 [ 12 ,  19 ]. 
Treatment groups received two doses of PACAP38 (20 μg/100 μl of saline) IP at 24 
and 48 h after IRI. The control sham-operated group and IRI only mice received 
same volume of saline on the same schedule. In these experiments PACAP38 
reversed the mRNA expression of TLR-associated genes that were hyper-activated 
during IRI in the mouse kidney even when the treatment was given 24 h after 
IRI. PACAP38 signifi cantly improved renal function as assessed by serum creati-
nine measurements, signifi cantly downregulated the mRNA expression of AKI bio-
markers (KIM-1, Nogo-B1, and netrin-1), reduced levels of TNF-α and decreased 
the intensity of mouse kidney tubule cell structural damage, apoptosis, and  neutrophil 
infi ltration as assessed by histology and immunohistochemistry (Fig.  18.5 ). TLR-
specifi c PCR arrays showed that IRI in the mouse kidney induced the largest increase 
of the TLR2 expression followed by TLR6 triggering a cascade of downstream 
infl ammatory pathways leading to the activation of NF-кB and its associated genes, 

  Fig. 18.5    Representative images of kidney sections showing the effects of PACAP38 on histopa-
thology in mouse kidney after IRI. Treatment with PACAP38 preserved tubular morphology ( a , 
PAS + H&E staining), reduced apoptosis ( b , TUNEL assay), and reduced neutrophil infi ltration ( c , 
immunohistochemistry (3,3_-diaminobenzidine substrate method)) in mouse kidney proximal 
tubular cells. Scale bar = 100 μM in  a ,  b  and  c . (Adopted from Khan et al. 2012)       
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similar to observations reported by Leemans et al. [ 46 ]. TLR2 is an important initiator 
of infl ammatory responses leading to AKI and renal dysfunction in IRI.

   PACAP38 treatment after IRI also signifi cantly reduced the protein levels of 
 proinfl ammatory cytokines and chemokines such as MCP-1 and IFN-γ toward base-
line determined by ELISA. The levels of IL-1β, IL-2, and IL-6 were also signifi -
cantly increased by IRI injury and PACAP38 treatment signifi cantly reduced the 
levels of these cytokines except IL-2. These results indicate that PACAP38 can 
inhibit both the expression (mRNA levels) and protein levels of the infl ammatory 
cytokines in the mouse kidney subjected to IRI. These experiments also showed that 
PACAP38 is a powerful modulator of innate immunity: IRI stimulated 71 % of 
assayed genes related to TLRs signaling pathways in mouse kidney subjected to 
IRI. PACAP38 signifi cantly reversed 67 % of these genes towards healthier baseline 
levels even when treatment was started 24 h after IRI. These changes were associ-
ated with signifi cant improvement in kidney function, as serum creatinine concentra-
tions, proximal tubule cell apoptosis and neutrophil infi ltration were reduced [ 12 ]. 

 The renoprotective effects of endogenous PACAP38 were confi rmed in renal 
cells derived from PACAP-defi cient and wild type mice subjected to hypoxia 
in vitro [ 47 ]. Similarly, PACAP-defi cient mice subjected to renal IRI in vivo had 
worse renal outcomes compared to wild type mice [ 25 ]. In another study, in rats 
subjected to renal IRI, PACAP38 countered the IRI induced decrease of the anti- 
apoptotic Bcl-2, both after 45 and 60 min of IRI [ 48 ]. PACAP38 also demonstrated 
signifi cant antioxidant effects in rat kidney cell cultures through interaction with the 
endogenous scavenger system [ 10 ]. These studies showed that endogenous PACAP 
protects against hypoxic injury in the kidney and exogenous PACAP38 could atten-
uate tissue injury through both anti-infl ammatory and anti-apoptotic effects. In 
summary, there is extensive evidence that both the exogenous and the endogenous 
PACAP have protective effects against renal IRI in both in vitro and in vivo. The 
antiapoptotic, anti-infl ammatory, and antioxidant actions of the PACAP38 can all 
play an important role in the treatment of IRI-associated AKI [ 15 ].  

    Protective Effects of PACAP38 Against Cisplatin-Induced 
Kidney Injury 

 Cisplatin and other platinum derivatives are the most widely used chemotherapeutic 
agents to treat solid tumors including ovarian, head and neck, and testicular germ 
cell tumors. However, it has dose-limiting toxic side effects on the kidney, cochlea, 
and nerves. Nephrotoxicity is the most common and clinically important toxicity 
due to cisplatin constraining its therapeutic utility. Studies have shown that several 
mechanisms, including oxidative stress, DNA damage, and infl ammatory responses, 
are major players in cisplatin-induced nephrotoxicity. Even though the establish-
ment of cisplatin-induced nephrotoxicity can be alleviated by diuretics and 

18 Renoprotective Effects of Pituitary Adenylate Cyclase-Activating Polypeptide 38…



300

pre- hydration, the prevalence of cisplatin nephrotoxicity is still high, occurring in 
approximately one-third of patients who have undergone cisplatin therapy [ 49 ]. 

 Several apoptotic pathways have been implicated in cisplatin-induced renal 
 epithelial cell death. These include the extrinsic pathway activated through the TNF 
and Fas, cell death receptors, as well as the intrinsic mitochondrial and the endo-
plasmic reticulum stress pathways [ 49 ]. Cisplatin induces renal cell death by activa-
tion of p53, and p53 tumor suppression induces cell cycle arrest or apoptosis in 
response to DNA damage, oncogene activation, and hypoxia [ 50 ,  51 ]. Thus, phar-
macological or genetic intervention can inhibit p53 activation by reducing the acti-
vation of caspases, induction of apoptosis, and eventually renal injury by cisplatin 
[ 52 ,  53 ]. 

 Li et al. identifi ed a pivotal role of PACAP38 in ameliorating cisplatin nephro-
toxicity by suppressing p53 and infl ammatory cytokine (TNF-α) both in vitro and 
in vivo [ 16 ,  17 ]. For studies in vitro, human RPTECs were exposed to 50 μM cispla-
tin for 0–72 h in the presence or absence of PACAP38 (10 −10 –10 −6  M) or p53 siRNA 
(50 nM). Exposure of RPTECs to cisplatin for 24-h signifi cantly increased the 
secretion of TNF-α in the culture medium, and activated p53 transcription in the 
nuclear extracts. Treatment with PACAP38 signifi cantly reduced TNF-α secretion 
and suppressed p53 activation in a dose-dependent manner. The protective effect of 
PACAP38 on cisplatin-induced tubular cell apoptosis was also examined by TUNEL 
assay and fl ow cytometry assays (FCAs) analysis (Fig.  18.6 ). The number of apop-
totic cells was signifi cantly increased in RPTECs exposed to cisplatin from 0.6 to 
42.2 % and was reduced markedly to 7.4 % or 3.4 % by exogenous p53 siRNA or 
PACAP38 treatment, respectively (Fig.  18.6 ).

   P53 transcriptionally controls the caspases that are involved in the initiation and 
execution phases of apoptosis in response to cisplatin exposure [ 53 – 55 ]. In this 
study, the upregulation of p53 induced the activation of caspase-7 and PARP-1, 
which in turn reduced the endogenous levels of essential DNA repair protein APE-1 
after cisplatin exposure. Inhibiting cisplatin-induced p53 activation with PACAP38 
prevented the subsequent activation of these executioners of apoptosis, suggesting 
that inhibition of these key nuclear enzymes could provide marked renoprotection. 
Treatment with PACAP38 also reduced the levels of proapoptotic proteins, includ-
ing Bax, and increased the levels of the anti-apoptotic molecules Bcl-2 and Bcl-xL 
on the mitochondrial surface, which should antagonize the proapoptotic molecules 
that trigger the release of cytochrome c and, subsequently, lead to the activation of 
the proinfl ammatory cytokine TNF-α. Cisplatin exposure also altered RPTECs inte-
grins and PACAP38 partially restored the collagen-binding integrins (fi bronectin 
and collagen IV). These studies partially revealed the mechanisms whereby cispla-
tin causes cell death in RPTECs and protection mechanism by PACAP38. 

 For in vivo studies [ 17 ], male (C57BL/6J) mice were given a single IP. injection 
of cisplatin (20 mg/kg bw). One treatment group received PACAP38 (20 μg/100 μl 
saline) 2 h before cisplatin with three additional doses at 24, 48, and 72 h after cis-
platin injections. In other groups PACAP38 treatment started either at 24, 48, or 
72 h after cisplatin injection with subsequent additional doses. Control group 
received the same volume of saline on the same schedule. All mice were euthanized 

M.-A. Khan and V. Batuman



301

at 96 h post-cisplatin injection. PACAP38 protected kidneys from cisplatin-induced 
nephrotoxicity when treatment started either pre- or post-cisplatin injections. 
PACAP38 treatment started 2 h before or 24 h after cisplatin injection was signifi -
cantly more effective compared to 48 h or 72 h treatment start time. PACAP38 sig-
nifi cantly decreased the levels of BUN and serum creatinine in mice subjected to 
cisplatin injury. PACAP38 also demonstrated renoprotective effects by signifi cantly 
reducing the levels of TNF-α in plasma and the kidney. Cisplatin caused extensive 
damaged in mice kidney structurally and morphologically and PACAP38 signifi -
cantly prevented or reversed kidney injury even when the treatment was started 24 h 
after cisplatin injection. PACAP38 also signifi cantly reversed p53 activation and 
apoptotic cell death in the mouse kidney as demonstrated by Western blots, immu-
nohistology, and FCAs. Octamer-4, vimentin, and PCNA are key factors involved in 
cell regeneration and differentiation process. PACAP38 was also involved in renal 
tubular cell repair/regeneration mechanism after cisplatin injury as demonstrated by 
upregulation in the expression of Octamer 4 and vimentin, and PCNA levels by 
immunohistology after PACAP38 treatment. PACAP38 also partially restored the 

  Fig. 18.6    Effects of PACAP38 on cisplatin-induced apoptotic/necrotic cell death in human 
RPTECs. The dose-dependent inhibitory effect of PACAP38 on apoptotic cell death was assessed 
by TUNEL assay and FCAs assays. PACAP38 had a signifi cantly greater inhibitory potency than 
p53 siRNA against cisplatin-induced apoptotic cell death. The number of apoptotic cells was sig-
nifi cantly increased in cells exposed to cisplatin and protection was observed in the cells treated 
with PACAP38 or p53 siRNA. Similarly, the fraction of FITC–annexin V cells was increased sig-
nifi cantly by cisplatin exposure and was reduced sharply by p53 siRNA or PACAP38 treatment. 
(Adopted from Li et al. 2010a)       
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ECM components collagen IV and fi bronectin in the mice kidney subjected to cis-
platin injury. 

 These studies, showed that PACAP38 signifi cantly reduces renal tubular injury, 
inhibits the apoptotic cascade, increases the expression of collagen IV, and decreases 
fi bronectin to maintain the structural integrity of the tubular basement membrane and 
prevents tubulointerstitial fi brosis, and reduces the levels of BUN and creatinine in 
mice with cisplatin nephrotoxicity [ 16 ,  17 ]. Treatment with PACAP38 was more 
effective than p53 silencing in blocking the activation of caspases and PARP-1 with 
the decline in renal TNF-α preceding the restoration of integrin-mediated cell–ECM 
interactions for repairing tubular cell dysfunction. The renoprotection with 
PACAP38 in cisplatin nephrotoxicity may be associated with the suppression of 
p53-mediated upregulation of APE-1 leading to decreased apoptosis and TNF-α pro-
duction after exposure to cisplatin, possibly by both p53-dependent and -independent 
pathways. PACAP38 ameliorates AKI when administered even 24-h after the onset 
of injury and increases tubular regeneration, in addition to its anti- apoptotic effects. 
These studies suggest that PACAP38 protects against acute cisplatin nephrotoxicity 
and could be a useful candidate for combination chemotherapy with cisplatin.  

    Protective Effects of PACAP38 Against Cyclosporine A (CsA) 
and Gentamicin Induced Nephrotoxicity 

 CsA, a calcineurin inhibitor (CNI), is used to improve organ allograft transplanta-
tion and patient survival. In addition, CsA has also been used to treat many autoim-
mune disorders, such as psoriasis, rheumatoid arthritis, systemic lupus erythematosus, 
steroid-resistant nephrotic syndrome, and infl ammatory bowel disease. Despite the 
impressive reduction in the number of acute rejection episodes after the use of CsA 
in clinical practice, its long-term therapy is typically associated with CsA-induced 
nephrotoxicity [ 56 ]. The mechanisms underlying CsA-induced nephropathy have 
been studied thoroughly now as having a dose-dependent multifactorial cause 
including vasorelaxant-vasoconstrictor disequilibrium, oxidative stress, apoptosis 
and proliferation-fi brosis [ 57 ,  58 ]. At present, the main focus is to fi nd the most 
adequate duration for CsA exposure and the proper moment to promote dose reduc-
tion and/or replacement to other less nephrotoxic drug, in order to maintain reno-
protection without compromising the graft by rejection [ 56 ]. 

 Khan et al. evaluated the protective effects of PACAP38 on CsA-induced nephro-
toxicity in human RPTECs and in intact mice [ 13 ]. Human RPTECs were exposed to 
CsA (25–50 μM) for 24 h in the presence or absence of PACAP38 or VIP at a con-
centration of (10 −10 –10 −6  M). For in vivo studies, male BALB/c mice were injected a 
single IP dose of CsA (5 mg/kg bw) and the treatment group received PACAP38 
(20 μg/100 μl of saline) 2 h before CsA injection and additional doses were given 
daily for 10 days. RPTECs exposed to 50 μM CsA for 24 h showed discernible mor-
phological changes by displaying elongated fi broblast-like morphology with a large 
degree of cell detachment, signifi cant release of lactate dehydrogenase (LDH) and 
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pro-fi brotic TGF-β1 compared to untreated RPTECs. Treatment with PACAP38 
(10 −8  M) 1-h before exposure to CsA prevented the development of fi broblast like 
alterations in RPTECs, preserved their morphology, and signifi cantly reduced the 
release of LDH and TGF-β1 compared to RPTECs treated with PACAP38 1-h after 
CsA exposure. Apoptosis was signifi cantly less in cells exposed to CsA in the pres-
ence of PACAP38 than in the cells exposed to CsA alone. VIP (a related peptide in 
the PACAP family) was much less effective than PACAP38 in ameliorating the CsA-
induced cytotoxic changes. PACAP38 exhibited a dose-dependent inhibitory effect 
on CsA-induced apoptosis after a 24-h exposure as determined by cytoplasmic his-
tone-associated DNA fragmentation. Although VIP at 10 −6  M also ameliorated DNA 
fragmentation, PACAP38 was signifi cantly more potent as the median effective con-
centration (EC50) for PACAP38 was signifi cantly less than for VIP. 

 For in vivo studies, renal function was evaluated by measuring serum creatinine 
levels and by quantifying morphological abnormalities in kidneys of mice after CsA 
administration. The improvement in renal function was refl ected in kidney morphol-
ogy. Exposure to CsA caused signifi cant increases in serum creatinine, tubular injury 
and interstitial fi brosis and cast formation compared to saline treated control mice. 
PACAP38 administration signifi cantly reduced serum creatinine level, tubulointersti-
tial damage and fi brosis compared to mice treated with CsA only. PACAP38 also sig-
nifi cantly ameliorated the production of TGF-β1 (by ELISA) and apoptosis (by 
TUNEL assay) induced by CsA in mice kidney. TGF-β1 has been widely proposed as 
a major mediator of CsA-induced renal fi brosis and EMT in various types of cells [ 59 , 
 60 ]. This study confi rmed the stimulatory effects of CsA on TGF-β1 secretion and 
increased production in vitro and in vivo providing further evidence that TGF-β1 may 
be a key mediator of nonhemodynamically mediated CsA nephrotoxicity. 

 In this study, a number of key EMT markers such as E-cadherin, ZO-1, α-SMA, 
and E2A were signifi cantly altered by CsA, and PACAP38 partially reversed these 
changes [ 13 ]. Decreased levels of E-cadherin and ZO-1 are inversely correlated 
with increased production of α-SMA and E2A in the kidney [ 61 ,  62 ]. PACAP38 
partially restored the production of ZO-1 while it had no effect on E-cadherin in 
kidneys of mice treated with CsA. In untreated control mouse kidney cortex, 
α-SMA, a phenotypic marker for myofi broblasts that is not expressed in epithelial 
cells, was detected at very low levels in the basal state, as expected, but was mark-
edly increased after treatment with CsA, indicating a myofi broblastic transforma-
tion. PACAP38 reduced CsA-induced α-SMA production to basal levels. Changes 
in E2A protein levels were also noted after CsA exposure in kidneys that paralleled 
the increased levels of α-SMA. PACAP38 again reduced the production of E2A 
protein to basal levels. 

 In an earlier study Duymelinck et al. showed that CsA alters ECM turnover in the 
kidney of CsA-treated animals [ 63 ]. These authors observed that CsA signifi cantly 
upregulated mRNA expression of ECM components such as collagen III, collagen 
IV, laminin, and fi bronectin in mouse kidneys. Khan et al. found that in mice treated 
with both PACAP38 and CsA, the expression of these ECM components was sig-
nifi cantly suppressed compared to the mice treated with CsA only [ 13 ]. The EMT- 
associated genes and the regulation of ECM can also be regulated by ROS generation 
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[ 64 ]. Experimental and clinical data strongly suggest that CsA-induced renal injury 
also involves increased production of free radicals such as H 2 O 2  [ 65 ,  66 ]. As 
expected, CsA exposure resulted in the production of the ROS in tubule cells. 
PACAP38 suppressed the levels of CsA-induced superoxide below control levels in 
the mouse kidney and close to the control level in RPTECs [ 13 ]. These results sug-
gest that PACAP38 contributes to the prevention of the nephrotoxic effects of CsA- 
induced ROS via inhibition of NOX-2 enzyme. These observations suggest that 
PACAP has the potential to be an effective renoprotective adjunct in patients on 
cyclosporine. 

 Gentamicin, an aminoglycoside antibiotic, is used for the treatment of many 
types of bacterial infection, especially those involving Gram-negative bacteria. 
However, gentamicin therapy is associated with two forms of toxicity, nephrotoxic-
ity and ototoxicity, as side effects. Gentamicin-induced nephrotoxicity has been 
reported to appear during 10–25 % of therapeutic courses, and the typical clinical 
manifestation is renal transport and electrolyte abnormalities, such as magnesium 
and potassium wasting and non-oliguric renal insuffi ciency [ 67 ,  68 ]. Li et al. showed 
that PACAP38 can ameliorate gentamicin nephrotoxicity and reduce the production 
of TNF-α in gentamicin-treated rats [ 20 ].  

    Protective Effects of PACAP38 Against Diabetic Nephropathy 

 Diabetic nephropathy contributes to nearly 50 % of end-stage renal disease world-
wide. Despite recent improvements in glycemic control and the use of inhibitors of 
the renin-angiotensin-aldosterone system for slowing progression of diabetic 
nephropathy, the burden of disease continues to increase globally. Therefore further 
mechanistic studies are needed to understand the pathogenesis of diabetic nephrop-
athy and to develop new therapeutic strategies [ 69 ]. Recent studies have shown that 
increased expression of TGF-β1 plays a key role in the pathogenesis of diabetic 
nephropathy as it promotes accumulation of ECM components, apoptosis, dedif-
ferentiation of podocytes, and EMT of proximal tubules, all of which are thought to 
facilitate a decline in nephron number and renal function [ 69 ,  70 ]. 

 In a pilot study to evaluate the renoprotective effects of PACAP38 against dia-
betic nephropathy, rats received streptozotocin (STZ) intravenous (IV) at a dose of 
65 mg/kg bw [ 7 ,  20 ]. All of these rats developed hyperglycemia within a few days 
and showed proteinuria within a week. PACAP38 was administered IV for 2 weeks 
using osmotic mini pumps. Administration of PACAP38 signifi cantly decreased 
STZ-induced profi brotic cytokine TGF-β1 both in plasma and kidney tissue and 
also signifi cantly suppressed the production of proinfl ammatory cytokine TNF-α in 
the rat kidney. Treatment with PACAP38 also reversed the tubular and glomerular 
structural damage induced by STZ as evaluated histologically. PACAP38 also ame-
liorated proteinuria, polyuria and hyperglycemia in diabetic rats. 

 In more recent studies, Banki et al. also demonstrated effects of PACAP38 
to ameliorate STZ-induced diabetic nephropathy in rats [ 8 ,  9 ]. In these studies, 
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histological analysis revealed severe diabetic changes in kidneys of STZ-treated 
animals (glomerular PAS-positive area expansion, tubular damage, known as the 
Armanni–Ebstein phenomenon). PACAP38 treatment signifi cantly reversed these 
structural alterations in the kidney. Diabetic kidneys also showed signifi cant cyto-
kine activation compared to their healthy controls and PACAP38 downregulated the 
levels of several cytokines including CINC-1, TIMP-1, LIX, MIG, and s-ICAM [ 8 ]. 
In another study, PACAP38 treatment countered the STZ-induced increases in the 
levels of the proapoptotic p38MAPK and cleaved caspase-3, and also decreased the 
p60 subunit of NF-KB. Although the levels of the antiapoptotic factors pAkt, and 
pERK1/2, increased slightly in the diabetic kidneys, PACAP38 treatment resulted in 
a more robust elevation of these proteins. PCR and Western blot revealed downregu-
lation of fi brotic markers, like collagen IV and TGF-β1 in the kidney. PACAP38 
treatment also resulted in increased expression of the antioxidant glutathione [ 9 ]. 

 Sakamoto et al. localized VPAC1, one of the PACAP38 receptors, to glomerular 
podocytes, which also reportedly may have crucial roles not only in normal glo-
merular physiology but also in pathology [ 23 ]. PACAP38 was effective in the down-
regulation of proinfl ammatory cytokines, such as MCP-1 and IL-6, which had been 
induced by the activation of TLRs with lipopolysaccharide. PACAP38 downregu-
lated the expression of MCP-1 through the protein kinase A signaling pathway; this 
led to the attenuation of the activation of extracellular signal-regulated kinase and 
NF-KB signaling. These studies suggest that PACAP38 could be a possible treat-
ment option for diabetic nephropathy through its anti-fi brotic and anti-infl ammatory 
effects on glomerular podocytes and epithelial tubular cells.  

    Protective Effects of PACAP38 Against CIN 

 Every year, almost 8 million patients with acute chest pain are admitted to emer-
gency departments for evaluation using contrast-enhanced imaging at an estimated 
cost of more than $10 billion [ 71 ]. The majority of these patients are older individu-
als with comorbidities, and are at risk of CIN at rates as high as 50 %, especially in 
elderly diabetic patients with cardiovascular disorders. Patients who develop CIN 
after CM administration sustain an increase in both short- and long-term morbidity 
and mortality [ 72 ]. Overall, the economic burden associated with CIN is high 
because the average 1-year cost of treating a single patient with CIN is $11,812 
[ 73 ]. Despite considerable research, an effective and reliable treatment to prevent 
CIN is still not available. Thus there is a need for novel therapies that can reduce the 
incidence of CIN and its overall economic burden [ 73 ]. 

 The pathophysiology of CIN is a combination of hypoxic and toxic renal tubular 
damage associated with renal endothelial dysfunction and altered intrarenal micro-
circulation. Oxidative stress due to ROS is thought to be a critical factor in the devel-
opment of diabetic nephropathy and its complications [ 74 – 77 ]. The mechanisms 
responsible for the pathogenesis of CIN are attributed to a combination of the direct 
tubular toxicity of CM, reduction in medullary blood fl ow, and excess generation of 
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ROS [ 78 ]. Innate immunity, mediated through TLRs, contribute to ROS generation 
[ 79 ] and play a major role in the pathogenesis of hypoxia/ischemia- induced and 
other types of AKI [ 12 ,  19 ,  45 ,  80 ]. TLRs are a family of evolutionarily conserved 
transmembrane pattern/damage-recognition receptors that transduce intracellular 
signals in response to diverse ligands, such as pathogen-associated molecular pat-
terns, cytokines, and molecules released from dying cells, ie, histones and environ-
mental stressors [ 81 ,  82 ]. Stimulation of TLRs initiates a cascade of signaling events 
that lead to the production of myriad cytokines and effector molecules [ 83 ]. The 
integrated role of ROS generation with TLRs activation in the development of CIN 
is not well understood, essential for the identifi cation of molecular targets and the 
development of novel therapeutics. 

 Several pharmacologic agents have been tested to reduce the risk of CIN in 
patients with preexisting renal disease. However, none of these strategies have 
shown any consistent benefi t. ROS scavenger N-acetylcysteine (NAC), the acety-
lated variant of the amino acid cysteine, is an excellent source of sulfhydryl groups. 
By increasing glutathione synthesis, NAC promotes detoxifi cation, thus acting 
directly as a free radical scavenger [ 84 ,  85 ]. NAC is widely used as an adjunctive 
prophylactic agent to prevent CIN. However, there are confl icting data on the effi -
cacy of NAC in humans undergoing contrast procedures and it has not yet received 
approval from the FDA for this indication. In order to develop a reliable therapeutic 
strategy for CIN, Khan et al. investigated the therapeutic effects of PACAP38 to 
mitigate CIN using both in vitro and in vivo models [ 14 ]. 

 For in vitro studies, human RPTECs were exposed to ionic (Urografi n) or non- 
ionic (iohexol) CM at concentrations of 25–100 mg iodine/ml for 24 h to evaluate 
cytotoxic effects of CM. To determine the dose–response curves for inhibition of 
contrast induced cell injury, RPTECs were treated with 10 −9 –10 −6  M of PACAP38 
or VIP for 1 h prior to exposing them to CM at an optimal concentration of 50 mg 
iodine/mL for 24 h. After 24 h exposure, Urografi n was more cytotoxic than iohexol. 
Incubation of RPTECs with CM signifi cantly increased the release of LDH and 
KIM-1 into the culture medium, induced apoptosis, and suppressed cell prolifera-
tion compared to the untreated cells. Treatment of CM-exposed RPTECs with either 
PACAP38 or VIP inhibited the release of LDH and KIM-1, prevented apoptosis, 
and restored cell proliferation in a dose-dependent manner. Both PACAP38 and VIP 
at a dose range of 10 −8 –10 −6  M exhibited signifi cant renoprotective effects compared 
to CM only treated RPTECs, but PACAP38 was signifi cantly more potent than VIP 
at each of these dosage points. 

 For in vivo studies, endothelial nitric oxide synthase defi cient (eNOS −/− ) mice 
were used because eNOS −/−  mice are hypertensive and more prone to develop CIN 
than wild type mice. Male homozygous eNOS −/−  mice were water deprived for 24 h 
and then given an IV injection of CM Urografi n (1.85 g iodine/kg). The CM-injected 
group received PACAP38 (10 μg/100 μl) IP 1 h before and 12 h after the injection 
of Urografi n. Control mice received an equal volume of saline on the same sched-
ule, and all mice were euthanized at 72 h after CM injection [ 14 ]. Exposure of 
eNOS −/−  mice to Urografi n caused signifi cant elevations in the serum levels of cre-
atinine, cystatin C, and showed extensive renal tubule cell injury. PACAP38 

M.-A. Khan and V. Batuman



307

prevented renal insuffi ciency by signifi cantly reducing the elevated serum levels of 
creatinine, cystatin C, and reduced the extent of kidney injury caused by Urografi n 
administration in eNOS −/−  mice. Treatment with PACAP38 also markedly reduced 
levels of apoptosis and neutrophil infi ltration induced by Urografi n as shown by 
immunohistology. PACAP38 also signifi cantly reduced levels of Urografi n-induced 
pro-infl ammatory (TNF-α, MCP-1, IFN-γ, and IL-6) and pro-fi brotic cytokines 
(TGF-β1 and fi bronectin) both at protein and mRNA expression levels. 
Administration of Urografi n to eNOS −/−  mice caused an increase in the kidney 
mRNA levels of the kidney injury biomarkers KIM-1, Nogo B1, and netrin-1. 
Treatment of eNOS-defi cient mice with PACAP38 reduced the expression of all the 
three kidney injury biomarkers (Fig.  18.7a ). In eNOS −/−  mice, Urografi n also caused 
an increase in the kidney mRNA levels of TLR2, TLR4, and TLR6. PACAP38 
reduced these changes in the mRNA levels of all the three TLRs although the 
decrease in the mRNA level for TLR4 was not statistically signifi cant (Fig.  18.7b ). 
Urografi n administration to eNOS −/−  mice also caused an increase in the kidney 
mRNA levels of the TLR adaptor proteins MyD88 and TRIF. Treatment of eNOS −/−  
mice with PACAP38 reduced these Urografi n-induced changes in the mRNA levels 

  Fig. 18.7    Reduction of contrast-induced kidney injury biomarkers, TLRs, and ROS by PACAP38. 
Administration of Urografi n to eNOS −/−  mice caused an increase in the kidney mRNA levels of the 
kidney injury biomarkers (KIM-1, Nogo-B1, and Netrin-1) ( a ), TLRs (TLR2, TLR4, and TLR6) 
( b ), and ROS generating enzymes (Nox-4, Nox-2, and iNOS) ( c ). Treatment with PACAP38 ame-
liorated the expression of all these kidney injury inducing factors. * p  < 0.05 and ** p  < 0.01 com-
pared to the mice treated only with Urografi n. Bars represent the mean ± SE. (Adopted from Khan 
et al. 2013)       
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for MyD88 and TRIF, but the decrease in the mRNA levels for TRIF was not statis-
tically signifi cant. Urografi n caused an increase in the kidney mRNA levels for 
enzymes responsible for the synthesis of reactive oxygen and nitrogen species 
(iNOS, Nox2, and Nox4) in eNOS −/−  mice, and PACAP38 treatment reduced these 
changes in the mRNA levels for all three enzymes (Fig.  18.7c ) [ 14 ].

   Urografi n administration to eNOS −/−  mice caused a decrease in the kidney mRNA 
levels of the antiapoptotic proteins Bcl-2, APE1, and Ube2V1. PACAP38 reduced 
the Urografi n-induced changes in the mRNA levels of all three antiapoptotic pro-
teins, but the increase in the mRNA for Ube2V1 was not statistically signifi cant. 
Urografi n also caused an increase in the kidney mRNA levels of the nuclear recep-
tor PPAR-α and the inducible enzyme HO-1. Treatment of eNOS −/−  mice with 
PACAP38 reduced the Urografi n-induced change in the mRNA levels of PPAR-α 
but further increased the mRNA levels of HO-1 [ 14 ]. 

 These studies further suggest that PACAP38 has very promising renoprotective 
properties even after exposure to a highly toxic CM Urografi n and could be a novel 
therapeutic agent against CIN and other types of AKI. These in vitro and in vivo 
studies will likely be helpful in the preparatory studies aimed at advancing 
PACAP38 in clinical trials. 

 In conclusion, PACAP38 is a highly versatile neuropeptide with a broad range of 
immune modulatory effects, which favor renal epithelial cell survival in a variety of 
diverse insults, ranging from oxidant injury to nephrotoxin-induced injury and 
pathologic states like myeloma kidney and diabetic nephropathy. PACAP has pro-
tective effects on kidney and other organs through its systemic effects and through 
its receptors present in the affected organs. It is surprising that this highly promising 
immune modulator has not been yet introduced to clinical applications, and it is 
time that translational studies to be initiated for this purpose.     
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    Chapter 19   
 Neuroplasticity of PACAP Expression 
and Function in Micturition Refl ex Pathways                     

     Eric     J.     Gonzalez    ,     Beatrice     Girard    ,     Karen     M.     Braas    ,     Victor     May    , 
and     Margaret     A.     Vizzard    

    Abstract     Micturition, the storage and periodic elimination of urine, requires a 
complex neural control system that coordinates the activities of the smooth muscle 
of the urinary bladder and urethra and the smooth and striated muscle of the urethral 
sphincters. The lower urinary tract (LUT) refl ex mechanisms, organized at the level 
of the lumbosacral spinal cord, are modulated predominantly by supraspinal controls. 
Complex neural organization is necessary for the coordination of the reciprocal 
functions of the urinary bladder, urethra, and urethral sphincters to result in normal 
micturition function. Injury or diseases of the nervous system, as well as disorders 
of the peripheral organs, can produce LUT dysfunction. Numerous neuropeptide/
receptor systems are expressed in central and peripheral nervous system pathways 
that regulate the LUT and expression can also be found in both neural and non-neural 
(e.g., urothelium) components. Pituitary adenylate cyclase-activating polypeptide 
(PACAP;  Adcyap1 ) and its cognate receptor, PAC1 ( Adcyap1r1 ), have tissue-specifi c 
distributions in diverse systems including the LUT. PACAP and associated receptors 
exhibit neurophenotypic changes with neural injury, infl ammation, stress, and dis-
ease of the LUT. Changes in the balance of the PACAP/receptor system in central 
and peripheral bladder refl ex pathways may underlie and/or contribute to LUT dys-
function including urinary urgency, increased voiding frequency, nocturia, urinary 
incontinence, detrusor dyssynergia, and/or pain. The PACAP/receptor system in 
LUT pathways may thus represent a potential target for therapeutic intervention.  

  Keywords     Lower urinary tract   •   Spinal cord   •   Dorsal root ganglia   •   Urinary blad-
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  Abbreviations 

   ATP    Adenosine triphosphate   
  BPS/IC    Bladder pain syndrome/interstitial cystitis   
  CGRP    Calcitonin gene-related peptide   
  CYP    Cyclophosphamide   
  DCM    Dorsal commissure   
  DH    Dorsal horn   
  DRG    Dorsal root ganglia   
  h    Hours   
  IR    Immunoreactivity   
  L    Lumbar   
  LCP    Lateral collateral pathway   
  LUT    Lower urinary tract   
  MPG    Major pelvic ganglia   
  NGF-OE    Nerve growth factor-overexpression   
  nNOS    Neuronal nitric oxide synthase   
  p    Phosphorylated   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PC    Pheochromocytoma   
  PCR    Polymerase chain reaction   
  pCREB    Phosphorylated cAMP-response element binding protein   
  PLC    Phospholipase C   
  SCI    Spinal cord injury   
  SP    Substance P   
  SPN    Sacral parasympathetic nucleus   
  T    Thoracic   
  Trk    Receptor tyrosine kinase   
  VIP    Vasoactive intestinal polypeptide   
  WT    Wild type   

        Introduction 

    Micturition Refl ex Pathways to the Urogenital Tract 

 Micturition is organized between two modes of operation: storage and elimination. 
During storage, somatosympathetic excitatory inputs to the urethral sphincters and 
sympathetic inputs to the bladder wall are tonically active [ 1 ,  2 ]. In contrast, during 
refl exive or voluntary elimination, parasympathetic inputs to the urinary bladder 
wall are active whereas somatosympathetic inputs to the bladder wall and urethral 
sphincters are inhibited [ 3 ]. Although spinal refl exes underlie most of the storage 
phase, refl exive or voluntary micturition refl ex mechanisms are modulated by 
supraspinal regulation in the pontine micturition center [ 4 ]. 
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 Slowly adapting mechanoreceptors in the urinary bladder wall underlie the switch 
from storage to elimination [ 5 ]. The thinly myelinated Aδ afferent fi bers of the hypogas-
tric and pelvic nerves increase their activity as hydrostatic pressure rises [ 6 ]. Bladder 
afferent nerves that terminate peripherally in the urinary bladder may also signal through 
unmyelinated C-fi bers that respond to nociceptive stimulation by chemicals, infl amma-
tion, and elevated intravesical pressures [ 7 – 9 ]. Although C-fi bers are quiescent during 
normal bladder fi lling, their activation may contribute to the development of lower uri-
nary tract (LUT) symptoms and functional disorders of the urinary bladder [ 10 ,  11 ]. 

 Bladder afferent fi bers from the pelvic nerve project into Lissauer’s tract where 
collateral branches extend along the superfi cial laminae of the dorsal horn (DH) 
[ 2 ,  8 ,  12 ] (Fig.  19.1 ). The ventromedial collateral branch follows the medial edge of 

  Fig. 19.1    Wiring diagram of micturition refl exes emphasizing the refl ex elements that express 
PACAP-IR. The PACAP/receptor system has been identifi ed in micturition refl ex pathways with 
contributions to normal LUT function as well as that after neural injury, disease, or infl ammation. 
PACAP-IR is expressed in normal LUT pathways but expression is dramatically increased follow-
ing injury, disease, and infl ammation of the urinary bladder (see text for details). Robust PACAP-IR 
is expressed in lumbosacral DRG (2), spinal cord (1), including the superfi cial laminae of the DH 
(1) and the LCP of Lissauer’s tract ( white arrows , 1). Bladder afferent cells in the DRG, retro-
gradely labeled with the conventional tracer, Fast Blue (FB), express PACAP-IR ( white arrows , 2). 
Not all PACAP-IR cells in the lumbosacral DRG are bladder afferent cells ( blue arrows , 2). Not all 
presumptive bladder afferent cells expressing FB, also exhibit PACAP-IR ( yellow arrow , 2). 
PACAP-IR is also present in the urinary bladder including expression in urothelial cells that line 
the urinary bladder and in nerve fi bers of the suburothelial nerve plexus (3). Postganglionic neu-
rons in the major pelvic ganglia (MPG) also express PACAP-IR (not shown).  INT  interneurons, 
 PGN  preganglionic neurons,  SPN  sacral parasympathetic nucleus,  CC  central canal,  PMC  pontine 
micturition center,  EUS  external urethral sphincter       
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the DH (i.e., medial collateral pathways) into the dorsal commissure (DCM) 
and receives inputs from the pudendal nerve and urogenital structures [ 2 ,  8 ,  12 ]. 
The ventrolateral collateral branch (i.e., lateral collateral pathway, LCP) projects on 
the lateral edge (lamina I) of the DH into the sacral parasympathetic nucleus (SPN) 
that contains preganglionic parasympathetic neurons projecting to the periphery 
[ 2 ,  8 ,  12 ] (Fig.  19.1 ). In addition to synapsing directly on preganglionic parasympa-
thetic neurons in some species, primary bladder afferent fi bers also synapse on 
interneurons in the lumbosacral DCM, superfi cial DH, and SPN [ 2 ,  6 ]. These inter-
neurons project locally in the spinal cord or to supraspinal cortical modulatory cen-
ters and are important in the normal micturition refl ex [ 2 ,  6 ].

       Urothelial Signaling 

 The urothelium lines the bladder mucosa and responds to mechanical, chemical, 
and thermal stimuli [ 13 ]. In response to these stimuli, urothelial cells secrete factors 
like urinary proteins and signaling molecules suggesting a role in urinary bladder 
sensory transduction [ 13 ,  14 ]. Urothelial cells also express receptors and mechano-
sensitive channels to respond to the extracellular environment [ 15 – 18 ]. Given that 
the urothelium may have a sensory infl uence on micturition refl ex function, any 
disruption to urothelial signaling mechanisms and/or the underlying neural network 
may contribute to pathological conditions of the urinary bladder [ 13 ].  

    Neurochemistry of Micturition Pathways 

 Bladder afferent fi bers contain a variety of neuropeptides, including calcitonin-gene 
related peptide (CGRP), substance P (SP), neurokinin A, neurokinin B, vasoactive 
intestinal polypeptide (VIP), pituitary adenylate cyclase-activating polypeptide 
(PACAP), cholecystokinin, and enkephalins [ 12 ,  19 – 24 ] (Fig.  19.1 ). With the excep-
tion of CGRP, all of these substances are predominantly expressed in small diameter 
(presumably C-fi ber) afferents [ 12 ,  19 ,  20 ,  25 – 32 ]. The administration of capsaicin, 
which acts selectively on small-diameter afferents to deplete neurotransmitter stores, 
reduces the levels of SP, neurokinin A, and CGRP but not VIP or enkephalin within 
the pelvic viscera [ 33 ]. These fi ndings are consistent with SP, CGRP, and related 
tachykinins expression in afferent pathways to the pelvic viscera [ 33 ]. The following 
sections focus on the expression, distribution, and functional plasticity of members 
of the VIP–secretin–glucagon family of hormones, PACAP and VIP in micturition 
refl ex pathways (Fig.  19.1 ). The contributions of other peptides to micturition refl ex 
pathways have recently been described [ 24 ].  
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    Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) 
and VPAC/PAC 1  Receptor Signaling 

 PACAP belongs to the VIP/secretin/glucagon family of bioactive peptides and was 
isolated from hypothalami based on its stimulation of anterior pituitary adenylyl 
cyclase (AC) activity [ 34 ,  35 ]. The rat PACAP precursor protein consists of 175 
amino acid residues with posttranslational processing resulting in two ∝-amidated 
forms, PACAP38 and PACAP27 [ 34 ,  36 – 39 ]. PACAP38 has 38 amino acid resi-
dues, whereas PACAP27 has the carboxyl terminus truncated and exhibits 68 % 
homology to VIP [ 35 ,  37 ,  40 ]. The distribution of these two forms is tissue-specifi c 
with PACAP38 typically predominating expression in most tissues [ 34 ,  41 ]. 
PACAP38 remains identical among mammalian species suggesting similar physio-
logically important roles such as signaling modulation and trophic functions in the 
nervous and endocrine systems [ 34 ,  42 ]. 

 There are three distinct G-protein-coupled receptors for PACAP and VIP: PAC1, 
VPAC1, and VPAC2 [ 43 – 48 ] (Fig.  19.2 ). PAC1 receptors exhibit high affi nity for 
PACAP and display unique patterns of AC and phospholipase C (PLC) activation for 
PACAP27 or PACAP38 [ 48 – 52 ]. The potency of PACAP27 and PACAP38 to PAC1 
receptors is affected by alternative splicing to receptor transcripts resulting in the 
presence (short) or absence (very-short) of a 21-residue insert into the amino- terminal 
extracellular domain [ 53 ] (Fig.  19.2 ). Other variants from the alternative splicing of 
two 84 base pair HIP and HOP cassettes result in the unique patterns of AC and PLC 
activation [ 48 ] (Fig.  19.2 ). VPAC1 and VPAC2 receptors, on the other hand, exhibit 
high affi nity for both PACAP and VIP and are solely coupled to AC [ 48 ]. The expres-
sion of PAC1 and VPAC receptors is tissue- and cell type-specifi c. It was previously 
shown that rat superior cervical ganglia sympathetic neurons express PAC1(short)
HOP1 while VPAC receptors were sparsely expressed in ganglion non-neuronal cells 
[ 49 – 51 ,  54 – 60 ].

       PACAP and PAC 1  Receptor Neuronal Functions in the LUT 

 PACAP peptides have diverse functions in endocrine, nervous, gastrointestinal, and 
cardiovascular systems and are expressed in many central nervous system neurons 
and sensory and autonomic ganglia [ 34 ,  36 ,  41 ,  42 ,  61 – 76 ]. PACAP facilitates neu-
ronal calcium infl ux, induces depolarization of the membrane, activates AC and 
PLC, and stimulates neurotransmitter secretion [ 49 ,  50 ,  54 ,  55 ,  58 – 60 ,  77 – 79 ]. 
Widespread PACAP-immunoreactivity (IR) has been demonstrated in nerve fi bers 
within the urinary bladder smooth muscle, suburothelial plexus and surrounding 
blood vessels [ 80 ] (Fig.  19.1 ). Neonatal capsaicin treatment signifi cantly reduced 
PACAP suggesting these fi bers are derived from sensory neurons [ 80 ]. These results 
are consistent with the expression of PACAP in DRG and its neurochemical plasticity 
following nerve injury or infl ammation [ 42 ,  81 – 83 ] (Fig.  19.1 ).  
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    PACAP- and VIP-Mediated Effects on Urothelium and Detrusor 
Smooth Muscle 

 The urothelium acts as a selective barrier to prevent urinary constituents from 
penetrating the underlying tissue [ 84 ,  85 ]. A disruption to the properties of barrier 
function may occur through trauma, infection or disorders affecting the bladder like 

  Fig. 19.2    LUT tissues express PAC1 receptor variants. Complementary DNA templates were pre-
pared from rat S1 spinal cord, S1 DRG, and bladder detrusor and urothelium total RNA. The region 
spanning the alternative splice site for the HIP and HOP exons within the third cytoplasmic loop was 
amplifi ed using PACAPR1/2 oligonucleotide primers. Six third cytoplasmic loop isoform fragments 
containing neither, one or both HIP and HOP cassettes can potentially be amplifi ed with these prim-
ers. LUT tissues express PAC1 receptor isoforms in a tissue-specifi c manner. S1 DRG express pre-
dominantly the one cassette isoform; other tissues possess both the null and the one cassette variant. 
Schematic shading:  Dark grey ,  short  region containing exons 4 and 5;  light grey , HIP exon cassette; 
 black , HOP cassette. Thick line, region amplifi ed using PACAPR1/2 primers. LUT tissue expression 
of PAC1 receptor isoforms also results from alternative splicing in amino- terminal extracellular 
domain. Complementary DNA templates from LUT samples described above were amplifi ed using 
primers PACAPR3/4, which fl ank the amino-terminal extracellular domain splice site. The amplifi ed 
fragments of indicated sizes represent isoforms with both ( short ) or neither ( very short ) exons 4 and 
5. All LUT tissues express the  short  variant; urinary detrusor smooth muscle also demonstrates  very 
short  PAC1 receptor expression.  Shading  in schematic denotes alternatively spliced exons.  Thick line , 
region amplifi ed using primers PACAR3/4. Figure modifi ed from ref. [ 98 ]       
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bladder pain syndrome/interstitial cystitis (BPS/IC) or spinal cord injury (SCI) [ 86 , 
 87 ]. It has been suggested that this loss of barrier integrity contributes to the altered 
sensory processing observed in cystitis. Recent studies have demonstrated that the 
urothelium expresses PAC1 receptors that upon stimulation release ATP to stimulate 
receptors on underlying sensory nerve fi bers [ 88 ] (Fig.  19.2 ). ATP release was 
evoked by PACAP27, PACAP38, and VIP application to cultured urothelial cells 
with PACAP27 and PAC1 receptor antagonism blocking ATP release [ 88 ]. These 
results suggest PACAP and PAC1 signaling may regulate micturition refl ex function 
at the level of the urothelium [ 88 ] (Figs.  19.1  and  19.2 ). 

 PACAP and VIP have direct effects on smooth muscle cells. PACAP or VIP elicit 
relaxation of guinea pig stomach, rat ileum, rabbit iris sphincter and dilator muscles, 
cat and human esophageal sphincter, and human and guinea pig airways but elicit 
contraction in guinea pig ileum and gall bladder [ 89 ]. The effects of PACAP on 
urinary bladder smooth muscle have not been well described despite PACAP, PAC1, 
and VPAC expression in nerve fi bers within the detrusor [ 80 ] (Figs.  19.1  and  19.2 ). 
PACAP27 has a small effect on isolated bladder smooth muscle strips even though 
it facilitates micturition in conscious, open outlet rats [ 90 ]. These studies, however, 
did not take into account PAC1 and VPAC receptor cross talk and the peptide selec-
tivity of various PAC1 isoforms. 

 Unlike PACAP, VIP is expressed in postganglionic efferent neurons of the major 
pelvic ganglia (MPG) and minimally innervates the urinary bladder [ 80 ,  91 – 93 ]. 
VIP administration to the detrusor smooth muscle had no effect on spontaneous or 
carbachol-induced bladder contractions but intrathecal or intra-arterial VIP admin-
istration facilitated micturition [ 94 ]. These confl icting roles may result from VIP 
receptor distribution varying across species and target tissue [ 94 – 97 ]. Taken 
together, it appears that PACAP/receptor signaling has more infl uence on micturi-
tion refl ex function than VIP/receptor signaling [ 94 – 98 ].  

    PACAP and VIP Expression and Effects on MPG Neurons 

 PACAP/receptor expression has been demonstrated in the MPG, ganglia that sup-
ply autonomic (sympathetic and parasympathetic) innervation to the urinary blad-
der, following neuronal injury. PAC1, VPAC1, and VPAC2 transcripts were 
reported in the MPG in cell culture for 4 h [ 99 ], with only VPAC2 transcript sig-
nifi cantly increased by day 3 [ 100 ]. PACAP transcript and PACAP-IR similarly 
increased in the MPG by day 3 in culture [ 100 ]. Unlike PACAP, VIP transcript 
expression remained unchanged in a 3-day culture [ 100 ]. Furthermore, the applica-
tion of VIP, PACAP, and maxadilan, a PAC1-selective agonist, increased neuronal 
excitability and decreased after-hyperpolarization in the MPG [ 99 ]. Taken together, 
these studies suggest PACAP/receptor signaling in the MPG may have a role in 
micturition refl ex function following injury (Fig.  19.1 ).  
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    PACAP or VIP Knockout Mice Exhibit Altered Micturition 
Refl exes 

 Bladder dysfunction and altered somatic sensation have previously been demonstrated 
in mice with a genetic disruption or deletion to PACAP or VIP. PACAP (+/−) and 
PACAP (−/−) mice display less somatic sensitivity to mechanical stimuli in the pelvic 
and hindpaw regions relative to controls [ 101 ]. On the other hand, VIP (−/−) mice 
display increased somatic sensitivity in the pelvis and decreased paw pressure thresh-
old following infl ammation [ 102 ]. These dissimilarities may refl ect distinct roles for 
VIP and PACAP in bladder sensory function. In contrast to the observed mechanosen-
sitivity differences, both knockout mice exhibited an increase in bladder mass with 
hypertrophy specifi c to the lamina propria and detrusor smooth muscle in PACAP 
(−/−) mice and only the detrusor smooth muscle in VIP (−/−) mice [ 101 ,  103 ]. 

 Functionally, PACAP (−/−) mice have increased bladder capacity, void volume, 
and longer intercontraction intervals relative to controls [ 101 ]. It has been argued 
that these mice exhibit partial outlet obstruction because of extended and incom-
plete emptying of the bladder [ 101 ]. VIP (−/−) mice, however, do not functionally 
present with changes in the basal tone of the bladder but do have increased void 
volume, longer intercontraction intervals, and complete emptying of the bladder 
[ 102 ]. Bladder dysfunction in VIP (−/−) mice may result from functional changes 
within the bladder itself or neuroplasticity among bladder afferent cells. Along with 
the increase in tissue mass, the urinary bladders of VIP (−/−) mice have increased 
urea permeability, increased basal expression of NGF and an exaggerated proin-
fl ammatory response to infl ammation [ 102 – 104 ]. Additionally, there are elevated 
basal levels of phosphorylated cAMP response-element binding protein (pCREB) 
in lumbosacral (L1, L2, L5–S1) DRG and in L6 and S1 afferent neurons projecting 
directly from the bladder of VIP (−/−) mice suggesting elevated afferent activity of 
the urinary bladder [ 103 ].  

    Neuroplasticity of PACAP/Receptor Expression and Function 
with Cystitis 

 The regulation of transcript and peptide expression of PACAP and its receptors 
previously demonstrated with cyclophosphamide (CYP)-induced cystitis has been 
suggested to underlie the development of urinary bladder dysfunction. Following a 
downregulation in transcript expression after acute (4 h) CYP-induced cystitis, 
PACAP transcript expression is dramatically upregulated in the urothelium and L6 
and S1 DRG after intermediate (48 h) or chronic (10 day) CYP-induced cystitis 
[ 88 ]. Similarly, transcript expression of the PAC1 receptor is down-regulated in the 
urothelium, detrusor smooth muscle and L6 and S1 DRG after acute (4 h) CYP- 
induced cystitis, but upregulated in the urothelium and detrusor smooth muscle after 
intermediate (48 h) or chronic (10 day) CYP-induced cystitis [ 88 ]. VPAC1 and 
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VPAC2 transcript expression, however, remains upregulated in the urothelium and 
detrusor smooth muscle from acute (4 h) CYP-induced cystitis to intermediate 
(48 h) CYP-induced cystitis with the down-regulation of VPAC2 transcript expres-
sion occurring after chronic (10 day) CYP-induced cystitis [ 88 ]. PACAP-IR in the 
spinal cord is restricted to nerve fi bers and is increased in micturition refl ex associ-
ated regions after intermediate (48 h) or chronic (10 day) CYP-induced cystitis [ 22 , 
 105 ]. Following intermediate or chronic CYP-induced cystitis, PACAP-IR is 
increased in the superfi cial laminae (I-II) of the DH, medial to lateral extent of the 
dorsal horn, LCP of Lissauer, SPN, and S1 spinal segments [ 22 ,  105 ] (Fig.  19.1 ). 
Additionally, the percentage of Fast Blue labeled bladder afferent cells positive for 
PACAP increased in L1-L2, L6, and S1 DRG following chronic (10 day) CYP- 
induced cystitis [ 22 ] (Fig.  19.1 ). 

 The aforementioned regulation of PACAP and its receptors in areas associated 
with the micturition refl ex suggests this neuropeptide may have a role in bladder 
dysfunction with infl ammation (Fig.  19.2 ). In support of this, the intrathecal (L6- 
S1) or intravesical administration of a PAC1 receptor antagonist, PACAP6-38, was 
able to increase bladder capacity but not intravesical pressure with intermediate 
(48 h) CYP-induced cystitis [ 98 ]. The different routes of administration with similar 
functional effects suggest PACAP6-38 may have multiple sites of action. 
Administration of PACAP6-38 at the level of the spinal cord may be acting on 
superfi cial DH neurons to block PACAP release from C-fi ber afferents, whereas, 
PACAP at the level of the urinary bladder may be acting on urothelial, suburothelial 
or detrusor smooth muscle cells [ 98 ] (Fig.  19.1 ). Despite not yet knowing its spe-
cifi c site of action, the inhibition of aberrant PACAP signaling seems to be a promis-
ing target to reduce voiding frequency with cystitis.  

    PACAP Expression in LUT with CYP-Induced Cystitis 
in PACAP Promoter-Dependent EGFP BAC Transgenic Mice 

 We previously demonstrated an upregulation of PACAP expression in rodent mictu-
rition pathways following CYP-induced cystitis [ 98 ]. We subsequently examined the 
effects of CYP-induced cystitis (4 h, 48 h, chronic) in PACAP promoter- dependent 
EGFP BAC transgenic mice [ 106 ]. We induced bladder infl ammation in adult mice 
by injecting CYP intraperitoneally to produce acute (150 mg/kg; 4 h), intermediate 
(150 mg/kg; 48 h), and chronic (75 mg/kg; every third day for 10 days) cystitis. 
In control (no infl ammation) animals, low basal expression of PACAP- EGFP+ fi bers 
was present in the superfi cial DH at all segmental levels examined (L1, L2, L4–S1). 
Dorsal root ganglia (DRG; L1, L2, L6, S1) from control animals also exhibited 
PACAP-EGFP+ cells. After CYP-induced cystitis, PACAP-EGFP+ cells increased 
dramatically in spinal segments and DRG (L1, L2, L6, and S1) involved in micturi-
tion refl exes. Small diameter, PACAP-EGFP+ DRG cells co- localized with TRPV1- 
and TRPV4-IR [ 106 ]. The density of PACAP-EGFP+ nerve fi bers was increased in 
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the superfi cial laminae (I–II) of the L1, L2, L6, and S1 DH. No changes in PACAP-
EGFP+ nerve fi bers were observed in the L4–L5 segments. PACAP-EGFP+ nerve 
fi bers also increased in the lateral collateral pathway in L6–S1 spinal cord. Following 
CYP-induced cystitis, PACAP-EGFP+ urothelial cells were observed and the number 
of PACAP-EGFP+ urothelial cells increased with duration of cystitis. PACAP-
EGFP+ urothelial cells were co-localized with TRPV4-IR [ 106 ]. Changes in PACAP 
expression in LUT pathways after cystitis may play a role in altered visceral sensa-
tion (allodynia) and/or increased voiding frequency in the chronic infl ammatory pain 
syndrome, interstitial cystitis/bladder pain syndrome.  

    Neuroplasticity of PACAP/Receptor Expression and Function 
with Spinal Cord Injury (SCI) 

 SCI has been demonstrated to regulate the transcript and peptide expression of 
PACAP and its receptors within the spinal cord and urinary bladder. An increase in 
PACAP and PAC1 receptor transcript expression is observed in the spinal cord fol-
lowing a moderate compression model of SCI [ 107 ]. PACAP- and PAC1- 
immunoreactive cells are also increased around the site of injury and co-localized 
with NeuN-positive cells (i.e., neuronal marker) [ 107 ]. In other studies utilizing 
spinal cord (Thoracic (T)7–T9) transection, PACAP-IR is increased 6 weeks after 
SCI in micturition refl ex associated regions [ 108 ]. Within the upper lumbar (L1–L2) 
spinal cord, PACAP-IR increased in the superfi cial laminae (I–II) of the DH, medial 
to lateral extent of the DH, and a fi ber bundle extending laterally from Lissauer’s 
tract [ 108 ]. Similarly within the lumbosacral (L6–S1) spinal cord, PACAP-IR 
increased in the DH, DCM, SPN, and LCP of Lissauer [ 108 ]. Increased PACAP-IR 
is not limited to the spinal cord, but the percentage of PACAP-positive bladder 
afferent cells labeled with Fast Blue are also increased in L1–L2, L6, and S1 DRG 
48 h to 6 weeks after SCI [ 108 ]. Unlike the increased PACAP-IR observed at the 
level of the spinal cord and DRG, the urinary bladder has decreased PACAP-IR in 
the urothelium and detrusor smooth muscle from 5 days to 3 weeks after SCI [ 108 ]. 

 The regulation of PACAP and its receptors around the site of SCI and micturition 
refl ex regions suggests this neuropeptide may have a protective role to help facili-
tate bladder function. In support of this, the intrathecal administration of PACAP-38 
following transection of the T8–T9 spinal cord resulted in large amplitude and long 
duration bladder contractions under isovolumetric conditions [ 109 ]. Additionally, 
intrathecal administration of a PAC1 receptor antagonist, PACAP6-38, following 
transection of the T8–T10 spinal cord reduced fi lling, threshold and peak micturi-
tion pressures, number and amplitude of non-voiding contractions, and had shorter 
intercontraction intervals [ 110 ]. Taken together, these studies suggest PACAP may 
act on parasympathetic efferent pathways at the level of the spinal cord and/or DRG 
[ 109 ]. Aside from its possible role in bladder function, PACAP may also be protecting 
from a loss of motor function. PACAP (+/−) mice showed a greater injury volume 
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surrounding SCI and also exhibited lower Basso Mouse Scale motor scores on days 
3, 7, and 14 suggesting impaired motor function [ 107 ]. These studies demonstrate 
the signifi cance of PACAP regulation following SCI and argue for a role of PACAP 
in both bladder and somatomotor function with injury.  

    Role of Nerve Growth Factor (NGF) and Associated Receptors 
in LUT Plasticity 

 Cytokines and growth factors, including NGF, are upregulated at the site of tissue 
injury, infl ammation, and/or target organ hypertrophy [ 111 – 115 ]. Following nox-
ious peripheral stimulation, for example, levels of neuroactive compounds (e.g., 
enkephalin [ 112 ], dynorphin [ 116 ], CGRP [ 115 ,  117 ,  118 ], SP [ 23 ,  112 ,  116 ,  118 ], 
neuropeptide Y [ 112 ]; neuronal nitric oxide synthase (nNOS) [ 28 ,  119 ,  120 ] and 
PACAP [ 22 ,  121 ]) have been demonstrated to increase in DRG and spinal cord 
neurons. NGF, in particular, is also released from the target organ for tyrosine kinase 
receptor (Trk) type 1 (TrkA) binding and retrograde transport in DRG afferent neu-
rons [ 122 ]. The subsequent increase in NGF expression within the DRG neurons 
may induce increased production of neuropeptides (i.e., SP, CGRP, and PACAP) 
and alter sensory transduction [ 115 ,  117 ,  118 ]. In addition, a large percentage of 
pelvic visceral afferent neurons express neurotrophic factor receptors, including Trk 
for NGF and related substances [ 123 – 126 ]. Following cystitis or SCI, neurotrophic 
factor receptors exhibit neuroplastic increases in TrkA- and TrkB-IR and Trk phos-
phorylation in bladder afferent neurons [ 125 ,  126 ].  

    CYP-Induced Cystitis 

 Increases in the number of TrkA-immunoreactive cell profi les were detected in the L1 
and L6 DRG (fourfold) and the S1 DRG (1.5-fold) but not in the L2, L4, and L5 DRG 
with CYP-induced cystitis of acute and chronic duration compared with control rats 
[ 125 ]. The number of TrkB-IR cell profi les increased in the L1 and L2 DRG (L1: 2.6-
fold; L2: 1.4-fold) and in the L6 and S1 DRG (L6: 2.2-fold; S1: 1.3-fold) only after 
acute CYP treatment (8 h) [ 125 ]. After CYP treatment, the percentage of bladder 
afferent cell profi les expressing TrkA-IR (~50 %) increased in L1 and L6 DRG. The 
percentage of bladder afferent cell profi les expressing TrkB-IR (~45 %) in L1, L2, L6, 
and S1 DRG also increased compared with control cell profi les [ 125 ]. The increase in 
TrkA-IR in bladder afferent cells occurred 8 h after CYP treatment and was main-
tained in L1 DRG with chronic (10 days) CYP-induced cystitis. However, the increase 
in bladder afferent cells expressing TrkB-IR only occurred at the most acute 
time point examined (8 h). TrkA-IR and TrkB-IR cell profi les also demonstrated 
phosphorylated Trk-IR with acute and/or chronic CYP-induced cystitis [ 125 ].  
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    Spinal Cord Injury (SCI) 

 After SCI, a signifi cant increase in the number of TrkB-immunoreactive cells 
was also detected in the L6–S1 DRG and in the L1–L2 DRG but not in the L4–
L5 DRG compared with control rats [ 127 ]. After SCI, the percentage of 
FB-labeled cells expressing TrkA- or TrkB-IR in L1 and L6 DRG signifi cantly 
increased compared with control DRG. After SCI, the percentage of TrkA-
immunoreactive cells expressing phosphorylated (p)-Trk-IR signifi cantly 
increased (1.5- to 2.3-fold increase) in the L1, L6, and S1 DRG. The percentage 
of TrkB-immunoreactive cells expressing p-Trk-IR after SCI also increased 
(1.3-fold increase) in the L1 and L6 DRG [ 127 ]. These results demonstrate that 
(1) TrkA- and TrkB-IR is increased in bladder afferent cells after SCI and (2) TrkA 
and TrkB receptors are phosphorylated in DRG after SCI. Neuroplasticity of LUT 
refl exes after SCI may be mediated by both NGF and brain-derived neurotrophic 
factor in target tissues [ 127 ].  

    NGF and PACAP Interactions 

 Recent reports have demonstrated reciprocal regulatory interactions between NGF 
and PACAP in rat pheochromocytoma (PC)12 cells and in DRG cells. Recent studies 
[ 128 ] have implicated NGF as a positive regulator of PACAP expression in nocicep-
tive DRG cells. In rat PC12 cells, both NGF and PACAP can induce PC differentia-
tion into a neuronal phenotype [ 129 ]. Upon PC12 transfection of a PACAP 
promoter-luciferase construct, exogenously applied PACAP and NGF, added either 
alone or in combination, upregulated PACAP gene expression [ 130 ,  131 ]. In addition, 
the neurotrophins can also facilitate expression of the PACAP- selective PAC1 
receptor. NGF upregulated the PAC1 receptor promoter in PC12 cells; both NGF and 
BDNF induced PAC1 receptor promoter activity and mRNA expression in cerebellar 
granule cells [ 132 ]. 

 Conversely, PACAP has also been shown to upregulate TrkA and TrkB receptor 
expression and/or phosphorylation in PC12 cells and hippocampal neurons, respec-
tively in a Src-dependent manner [ 133 ]. Studies with sympathetic neuroblasts also 
demonstrated that PACAP can augment TrkA and TrkC expression in the neuronal 
differentiation process [ 134 ]. The ability for the PACAP and NGF signaling path-
ways to demonstrate reciprocal regulatory processes may be a primary example of 
an important feed-forward mechanism to amplify a trophic survival or differentia-
tion response during neuronal development or regeneration. In bladder infl amma-
tion or other pathophysiological events, the same feed-forward mechanism may 
present complications and exacerbate dysfunction.  
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    Transgenic Mouse Model with Chronic Urothelial 
Overexpression of NGF (NGF-OE) 

 Our laboratory has characterized a transgenic mouse model of urothelium-specifi c, 
NGF-OE that represents a novel approach to exploring the role of NGF in urinary 
bladder infl ammation and sensory function [ 135 ]. Functionally, NGF-OE mice exhibit 
urinary bladder hyperrefl exia with frequent urination and the presence of non-voiding 
bladder contractions as well as referred somatic pelvic hypersensitivity [ 135 ]. No 
changes in the electrical properties of the MPG neurons of NGF-OE mice were 
detected using intracellular recording, suggesting that the urinary bladder phenotype 
in NGF-OE mice is not infl uenced by changes in the efferent limb of the micturition 
refl ex. NGF-OE mice may represent a useful animal model of BPS/IC because the 
changes observed in the urinary bladders of these mice are consistent with certain 
changes observed in this syndrome. Pleiotropic changes, subsequent to NGF-OE, 
including changes in the expression of growth factors, neuroactive compounds, and 
ion channels (e.g., transient receptor potential (TRP) channels) [ 136 ,  137 ] can also 
directly modulate pain and bladder/visceral sensory function and could contribute to 
altered urinary bladder function in NGF-OE mice [ 11 ,  137 – 139 ]. 

 Recent studies also demonstrate changes in PACAP/VIP and receptor expression 
in micturition pathways in NGF-OE mice [ 140 ]. Results demonstrate upregulation 
of PAC1 receptor transcript and PAC1-IR in urothelium of NGF-OE mice whereas 
PACAP transcript and PACAP-IR were decreased in urothelium of NGF-OE mice 
[ 140 ]. In contrast, VPAC1 receptor transcript was decreased in both urothelium and 
detrusor smooth muscle of NGF-OE mice [ 140 ]. VIP transcript expression and 
VIP-IR was not altered in urinary bladder of NGF-OE mice [ 140 ]. Changes in 
PACAP, VIP and associated receptors transcripts and peptide expression in micturi-
tion pathways resemble some, but not all, changes observed after induction of uri-
nary bladder infl ammation known to involve NGF production.  

    Contributions of PACAP/Receptor Signaling to Increased 
Voiding Frequency and Somatic Sensitivity in NGF-OE 

 Given the presence of PAC1-IR fi bers, the expression of PAC1 receptor expression 
in bladder tissues, and the abilities of PACAP to facilitate detrusor contractility, 
whether PACAP/receptor signaling contributes to bladder hyperrefl exia and somatic 
sensitivity was recently evaluated [ 141 ]. Intravesical administration of PACAP6-38 
(300 nM) signifi cantly increased bladder capacity (2.0-fold), intercontraction interval 
and void volume in NGF-OE mice. Intravesical instillation of PACAP6-38 also 
decreased fi lling and peak micturition pressure in NGF-OE mice [ 141 ]. PACAP6- 38 
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had no effects on WT mice. Intravesical administration of PACAP6-38 (300 nM) 
signifi cantly reduced pelvic sensitivity in NGF-OE mice but was without effect in 
WT mice. PACAP/receptor signaling contributes to the increased voiding frequency 
and pelvic sensitivity observed in NGF-OE mice [ 141 ]. 

 We have extended these studies to address the contribution of target-derived 
NGF in combination with CYP-induced cystitis to determine whether additional 
changes in neuropeptides/receptors are observed in micturition refl ex pathways due 
to the presence of additional infl ammatory mediators in the urinary bladder [ 142 ]. 
Quantitative polymerase chain reaction (PCR) was used to determine PACAP/ VIP, 
SP, galanin, and receptor transcript expression in the urinary bladder (urothelium, 
detrusor) in NGF-OE mice and wild type (WT) mice with CYP-induced cystitis 
(4 h, 48 h, and chronic) [ 142 ]. With CYP-induced cystitis (4 h), WT and NGF-OE 
mice exhibited similar changes in galanin transcript expression in the urothelium 
(30-fold increase) and detrusor (threefold increase). In contrast, PACAP, VIP, and 
SP transcripts exhibited differential changes in WT and NGF-OE with CYP-induced 
cystitis. PAC1, VPAC1, and VPAC2 transcript expression also exhibited differential 
responses in NGF-OE mice that were tissue (urothelium vs. detrusor) and CYP- 
induced cystitis duration-dependent [ 142 ]. Using conscious cystometry, NGF-OE 
mice treated with CYP exhibited signifi cant increases in voiding frequency above 
that observed in control NGF-OE mice [ 142 ]. These studies are consistent with 
target-derived NGF and other infl ammatory mediators affecting neurochemical 
plasticity and the refl ex function of micturition pathways. 

 We now have determined whether additional changes in neuropeptides/recep-
tors and growth factor/receptors are observed in the urinary bladder (urothelium, 
detrusor) and lumbosacral dorsal root ganglia (DRG) involved in micturition 
refl exes in NGF-OE mice with CYP-induced cystitis (Girard and Vizzard, unpub-
lished observations). Quantitative PCR was used to determine NGF, BDNF, 
VEGF, and  receptors (TrkA, TrkB, p75 NTR ) and PACAP/VIP and receptors (PAC1, 
VPAC1, VPAC2) transcripts expression in tissues from NGF-OE and wild type 
(WT) mice with CYP- induced cystitis (4 h, 48 h, and chronic). As expected in 
urothelium of control NGF-OE mice, NGF mRNA was signifi cantly increased. 
Urothelial expression of NGF mRNA in NGF-OE mice treated with CYP (4 h 
48 h, and chronic) was not further increased but maintained with all durations of 
CYP treatment evaluated. In contrast, CYP-induced cystitis (4 h 48 h, and chronic) 
in NGF-OE mice demonstrated signifi cant regulation in BDNF, VEGF mRNA, 
TrkA, TrkB, and P75 NTR  in urothelium and detrusor smooth muscle. Similarly, 
CYP-induced cystitis (4 h 48 h, and chronic) in NGF-OE mice resulted in signifi -
cant differential changes in WT and NGF-OE in transcript expression for NGF, 
BDNF, and receptors (TrkA, TrkB, p75 NTR ) and PACAP/VIP and receptors (PAC1, 
VPAC1, VPAC2) in lumbosacral DRG that was also CYP-induced cystitis duration-
dependent. These studies are consistent with target-derived NGF and other infl am-
matory mediators affecting neurochemical plasticity and contributing to refl ex 
function of micturition pathways.   
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    Perspectives and Signifi cance 

 PACAP ( Adcyap1 ) and its cognate receptor, PAC1 ( Adcyap1r1 ), have tissue- specifi c 
distributions in diverse systems including micturition refl ex pathways including 
expression in both neural and non-neural (e.g., urothelium) components. PACAP 
and associated receptors exhibit neuroplastic changes in expression and function 
with neural injury, infl ammation, and diseases of the LUT. Changes in the PACAP/
receptor system in micturition pathways may underlie and/or contribute to LUT 
dysfunction including the symptoms of urinary urgency, increased voiding fre-
quency, nocturia, urinary incontinence, detrusor dyssynergia, and/or pain. The 
PACAP/receptor system in micturition refl exes may represent a potential target for 
therapeutic intervention.     
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    Chapter 20   
 Role of PACAP and VIP Signalling 
in Regulation of Chondrogenesis 
and Osteogenesis                     

     Tamas     Juhasz     ,     Andrea     Tamas    ,     Roza     Zakany    , and     Dora     Reglodi   

    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) and vasoac-
tive intestinal peptide (VIP) are multifunctional proteins that can regulate diverse 
physiological processes. These are also regarded as neurotrophic and anti- 
infl ammatory substances in the CNS, and PACAP is reported to prevent harmful 
effects of oxidative stress. In the last decade more and more data accumulated on 
the similar function of PACAP in various tissues, but its cartilage- and bone-related 
presence and functions have not been widely investigated yet. In this summary we 
plan to verify the presence and function of PACAP and VIP signalling tool kit dur-
ing cartilage differentiation and bone formation. We give evidence about the protec-
tive function of PACAP in cartilage regeneration with oxidative or mechanically 
stress and also with the modulation of PACAP signalling in vitro in osteogenic cells. 
Our observations imply the therapeutic perspective that PACAP might be applicable 
as a natural agent exerting protecting effect during joint infl ammation and/or may 
promote cartilage regeneration during degenerative diseases of articular cartilage.  

  Keywords     PKA   •   Mechanical stress   •   Hedgehog   •   BMP   •   Runx2   •   Oxidative stress  

  Abbreviations 

   ALP    Alkaline phosphatase   
  BMP    Bone morphogenetic protein   
  cAMP    Cyclic adenosine monophosphate   
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  CREB    cAMP response element-binding protein   
  ECM    Extracellular matrix   
  HH    Hedgehog   
  IHH    Indian Hedgehog   
  MAPK    Mitogen-activated protein kinase   
  NFAT    Nuclear factor of activated T cells   
  PAC1    Pituitary adenylate cyclase-activating polypeptide type I receptor   
  PACAP    Pituitary adenylate cyclase polypeptide   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PP2A    Protein phosphatase 2A   
  PP2B    Protein phosphatase 2B   
  PTHrP    Parathyroid hormone related peptide   
  Runx2    Runt-related transcription factor 2   
  SHH    Sonic Hedgehog   
  TGFβ    Transforming growth factor-β   
  VIP    Vasoactive intestinal polypeptide   
  VPAC    Vasoactive intestinal peptide receptor   

     Various signalling pathways infl uence the proper limb development and activating 
signals for many of them may arrive from the outer environment, partly via trans-
mission by the surrounding extracellular matrix (ECM). Regulatory molecules or 
physical stimuli are able to induce the activation of specifi c receptors which can 
determine the cell fate during the differentiation cycle. Chemical signals reaching 
the tissue or directly the cells may originate from blood or interstitial fl uid; in the 
latter case autocrine and paracrine signalling are the most frequent in developing 
organisms [ 1 ]. The best known mechanotransducer of developing cells is the pri-
mary cilium [ 2 ]. Changes of the intracellular ion concentration as the consequence 
of the activation of various ion channels can alter the resting membrane potential 
of cells and may infl uence proliferation and differentiation [ 3 ]. All of the pro-
cesses mentioned above have impact on the cellular differentiation program of 
skeletal elements. Hyaline cartilage especially articular cartilage is an avascular 
and aneural tissue with a uniquely organized extracellular matrix. The sequential 
receptor activation by paracrine or autocrine ways plays crucial role in the dif-
ferentiation of cartilage tissue, although many details of these mechanisms are 
still not well explored. The signifi cance of the better understanding of cartilage 
formation is underscored by the fact, that production of proper long bone archi-
tecture requires a cartilage template and involves time and growth factor depen-
dent activation of precisely defi ned regulating mechanisms and signalling cascade 
systems [ 4 ]. 
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    PACAP and VIP 

 VIP and PACAP are small hormone like peptides which belong to the VIP-secretin- 
growth hormone releasing hormone (GHRH)-glucagon superfamily. PACAP was 
fi rst extracted from ovine hypothalamus, and was thought to be an important neu-
rohormone regulating various processes in the CNS [ 5 ]. It is produced by a variety 
of cells and tissues in addition to neuronal cells. Among others, specifi c cells of the 
intestinal system can produce VIP along with some immune and endocrine cells. 
VIP has important functions in neuronal development and both in innate and 
acquired immunity [ 6 ]. 

 PACAP has two bioactive forms: a shorter, 27 amino acid (PACAP 27) and a 
longer 38 amino acid (PACAP 38) variant [ 7 ]. The N-terminal region of the 
polypeptide is evolutionary conserved and shows a high homology with that of 
VIP [ 5 ]. In the last decade, increasing amount of evidence has emerged regard-
ing the important roles of PACAP in peripheral organs such as uterus [ 8 ], ovary 
[ 9 ], and teeth [ 10 ]; moreover, its presence has been proven in human milk [ 11 ]. 
Nonetheless, only sporadic data exist about its function in skeletal elements 
[ 12 – 15 ]. 

 Three main G protein coupled receptors of these peptides have been identifi ed 
such as PAC1, VPAC1, and VPAC2 from which PACAP binding to PAC1 has the 
highest affi nity, while the latter two attract PACAP and VIP with equal affi nity 
[ 16 ]. Alteration in the conformation of these receptors results in the elevation of 
intracellular cAMP level leading to the activation of protein kinase A (PKA) [ 5 ]. 
The so- called “canonical” signalling activation may lead to the nuclear translo-
cation of CREB or Sox9 transcription factors and consequent activation of the 
expression of various genes. PAC1 receptor activation is also able to trigger the 
phosphorylation of key elements in MAPK pathways, such as ERK and p38 
kinases [ 5 ], subsequently regulating cellular division or apoptotic program 
induction [ 17 ]. The versatility of PACAP/VIP receptor induced signal transduc-
tion mechanisms indicates its multifactorial regulation, implying a vast array of 
signalling connections. Activation of IP 3  receptors inducing the release of Ca 2+  
from endoplasmic reticulum (ER) can be involved as the result of PACAP bind-
ing [ 18 ]. The elevation of intracellular Ca 2+  concentration activates various Ca 2+  
dependent signalling molecules such as classical PKCs, MAPK [ 19 ] or protein 
phosphatases like PP2B [ 20 ]. G-protein coupled receptors (GPCR) have been 
proven to have communication with other signalling cascades, implying that 
PACAP receptor activation may cross talk with WNT β-catenin [ 21 ], TGFβ [ 22 ], 
BMP [ 23 ], Hedgehog [ 24 ], and Notch signal transduction [ 25 ]. Multifactorial or 
pleiotropic effects of PACAP have been investigated in several biological processes 
and it has been proven to prevent apoptosis, ischemic conditions, infl ammation and 
oxidative stress [ 21 ,  26 – 29 ].  
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    PACAP and VIP Regulates Chondrogenic Differentiation 

 The complete network of signalling cascades governing chondrogenic differentia-
tion is not fully discovered. As articular cartilage has very poor regeneration capac-
ity and no effective or curative treatment is available currently for degenerative 
cartilage diseases such as osteoarthritis the identifi cation of new pharmacological 
targets for reconstruction of cartilage is very important. Hormone like peptides are 
not in the focus of research as blood vessels are not found in the articular cartilage 
and hormones can only be delivered by diffusion from the synovial fl uid into the 
joint cartilage. Low level of nutrition and poor oxygenation also are consequences 
of the avascular nature of this tissue. Indeed, it can be a question of interest if the 
differentiating chondroprogenitor cells or chondrocytes are able to release small 
regulatory peptides and can infl uence their own differentiation via autocrine or 
paracrine ways. 

 Cartilage differentiation in vivo starts with rapid proliferation and aggregation of 
mesenchymal-like chondroprogenitor cells resulting in the formation of precarti-
lage nodules, in which the fi nal commitment of chondroprogenitor cells can be ful-
fi lled. Chondrogenic nodules and cartilage specifi c extracellular matrix production 
are both required for proper hyaline cartilage structure formation [ 30 ]. The ECM of 
articular cartilage, composed mostly of high molecular mass proteoglycans (PG) 
such as aggrecan, glucosaminoglycans (GAG) like hyaluronan form a highly orga-
nized network attracting high amount of water. The extremely hydrated nature of 
the cartilage is essential to proper mechanical functions and offers substantial 
mechanical stability. Moreover, the negatively charged PGs and GAGs also function 
as an extracellular ion pool which can infl uence the normal lifecycle of chondro-
genic cells [ 30 ]. Several transcription factors and receptors have been proven to play 
role in the matrix synthesis. One of these transcription factor families is the SoxE 
from which Sox5, Sox6, and Sox9 are essential for the induction of mRNA expres-
sion of cartilage matrix-specifi c proteins (e.g., COL2A1, aggrecan core protein). 
Sox9 is one of the pivotal signalling elements of chondrogenesis and its regulation 
by reversible phosphorylation is a key momentum of the proper differentiation cycle 
[ 31 ]. Also CREB transcription factor regulates cartilage-specifi c matrix production 
directly and it plays an important role in lubricin secretion of articular cartilage 
[ 32 ]. Moreover, Sox9 promoter is known to be regulated by the CREB that binds to 
a CRE site upstream of Sox9 [ 33 ]. Our laboratory has demonstrated that Sox9 and 
CREB transcription factors are phosphorylated by PKA during cartilage formation 
[ 34 ,  35 ]. Nuclear translocation of the phosphorylated forms of these transcription 
factors enhances the matrix production of chondrocytes. Moreover, a complex regu-
latory mechanism and synergism between Sox9 function and the cAMP-PKA- 
CREB pathway including connections to the BMP signalling was published in both 
mature and differentiating chondrocytes [ 34 ,  36 ]. We have shown that the activation 
of signalling elements phosphorylated by PKA can be equilibrated by Ser/Thr pro-
tein phosphatases such as PP2A and PP2B [ 37 – 39 ]. Our group also demonstrated 
that PP2A is a negative regulator of chondrogenesis and was involved in the 
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 mechanotransduction [ 34 ,  38 ]. On the other hand, we showed that PP2B was a 
positive regulator of chondrogenesis and infl uenced the reversible phosphorylation 
of ERK1/2 and NFAT4 [ 37 ,  39 ]. In one of our previous works, we presented data 
that the changes in cytosolic free Ca 2+  concentration showed a characteristic devel-
opmental stage dependent pattern in chondrogenic cells [ 40 ]. Additionally, differen-
tiating stage dependent Ca 2+  oscillations were identifi ed in chondrogenic cells [ 41 ]. 
A wide range of receptors with substantial Ca 2+  permeability have been described in 
the last decade as part of the mapping of chondrocyte specifi c channelome [ 3 ,  42 ]. 

 Since the regulation of these signalling pathways which can modulate cartilage 
formation and chondrocyte biology is cAMP or Ca 2+  dependent it implicates the 
importance of PACAP/VIP neuropeptides in proper hyaline cartilage formation. 
A potential role of VIP has been demonstrated in bone remodelling and it is known 
to have important functions in infl ammatory diseases [ 43 ]. Moreover, this neuro-
peptide is able to regulate Ca 2+  release of neonatal osteoblasts. VIP exerted a posi-
tive effect in rheumatoid arthritis indicating that its application in the therapy of this 
disorder can be promising [ 44 ]. Although the articular cartilage is aneural, the sur-
rounding synovial membrane is rich in nerve endings, which release VIP into the 
synovial fl uid and subsequently induce anti-infl ammatory processes [ 45 ]. About the 
functions of PACAP in the adult joints we still have exiguous knowledge despite the 
fact that PACAP-positive nerve endings have been described in cartilage canals of 
porcine epiphyseal cartilage more than 15 years ago [ 46 ]. We have demonstrated 
that the mRNAs of preproPACAP as well as PAC1, VPAC1 and VPAC2 receptors 
are expressed in chicken “high density” chondrogenic cell cultures. Additionally, 
we have shown the expression of the PAC1 receptor protein in chondroprogenitor 
cells and an increased extracellular matrix synthesis was detected during PACAP 
administration suggesting the supportive effect of this neuropeptide in cartilage 
development [ 13 ]. Our fi ndings implied the presence of PACAP-related autocrine 
and/or paracrine effects in cartilage itself, refl ecting on a possible new signalling 
mechanism in the regeneration of hyaline cartilage [ 47 ,  48 ]. In the light of these data 
Giunta and coworkers identifi ed PACAP positive chondrocytes in the superfi cial 
zone of articular cartilage and in synovial fl uid [ 12 ]. Moreover, the reduction of the 
neurohormone level was demonstrated during osteoarthritis in the articulating carti-
lage [ 12 ]. Although the expression of the VIP receptors has been detected in chon-
drogenic cells, there are some data pointing out that VIP probably does not infl uence 
matrix production of chondrocytes and synovial cells [ 49 ]. As classical downstream 
targets of PAC1 receptor, Gs and/or Gq proteins become activated triggering the 
elevation of intracellular cAMP concentration or the intracellular release of Ca 2+  
ions [ 5 ]. These events initiate the activation of certain protein kinases such as PKA, 
PKC, and MAPK which all play essential, but probably distinct roles in chondro-
genesis [ 35 ,  37 ,  39 ]. During proper chondrogenesis PKA is proved to phosphorylate 
CREB and Sox9 transcription factors [ 31 ,  35 ] by which induce the secretion of 
cartilage specifi c ECM components (Fig.  20.1 ). PACAP administration into the 
medium of chondrogenic cell cultures increased the phosphorylation both of Sox9 
and CREB, and enhanced matrix production of the differentiating cells by effecting 
on both the expression of aggrecan, collagen type II (Fig.  20.1 ) and the expression 
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of matrix synthesizing enzymes such as Chst11, Extl1, or HAS enzymes [ 13 ]. PAC1 
receptor activation also can be responsible for the elevation of intracellular Ca 2+  
concentration which in turn can activate the Ca 2+  dependent phosphatase PP2B (also 
known as calcineurin). Therefore, we investigated the involvement of this Ser/Thr 
phosphatase in PACAP signalling pathways and connection between PP2B activity 
and PACAP signalling was proven [ 13 ] (Fig.  20.1 ). Similar observations were found 
in chromaffi n cells [ 50 ]. These in vitro results indicate that the presence of PACAP 
is essential for proper cartilage formation although the phenotype of PACAP KO 
mice did not show any dramatic macroscopic morphological alteration of the skel-
eton [ 51 ]. Although the analysis of the genetically modifi ed animals has not been 
completed yet, our initial observations suggested alterations in the composition of 
the cartilage extracellular matrix and in the expression of various signalling mole-
cules in the knee joints of PACAP KO mice (our unpublished data). In the reproduc-
tory system of these mice, the lack of PACAP gene resulted in reduced fertility and 
altered mating behavior of females [ 52 ], moreover the maturation [ 53 ] and the mor-
phology [ 54 ] of gonadal cells showed notable differences. Further evidences  support 
the idea of the regulation effect of PACAP on differentiation of various cells, as 

  Fig. 20.1    Effects of PACAP on chondrogenic signalling mechanisms. The increased concentra-
tion of cAMP level elevates PKA activity. PKA phosphorylates CREB and Sox9 which translocate 
into the nucleus of chondrogenic cells and induce the gene expression of collagen type II, aggre-
can, and various GAGs such as hyaluronic acid. Activation of PAC1 receptor can also elevate the 
intracellular Ca 2+  concentration leading to increased PP2B, PKC, or MAPK signalling activity. 
The elevated activity of PP2B regulates NFAT4 being responsible for the augmented matrix pro-
duction. PACAP has a connection with the IHH signalling pathway by decreasing the activity of 
Gli transcription factors       
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alterations have been found in tooth formation of PACAP KO mice [ 10 ]. The complex 
phenotypic changes raise the possibility of multiple cross talk of PACAP signalling 
with developmental pathways connected to various morphogenes, as well as certain 
compensatory mechanisms of PACAP signalling cascades. For instance MAPK and 
Wnt signalling both play important roles in the proper cartilage formation and tissue 
patterning [ 55 ] and a PACAP-independent PAC1 receptor activation has been 
directly linked to the regulation of Wnt/β-catenin pathways [ 21 ]. Notch signalling 
activation plays a crucial role in chondrogenesis [ 56 ] and exerts modulatory func-
tion in osteoarthritis [ 57 ]. Recently, a cross talk of G protein coupled receptors and 
Notch signalling has been reported in bacterial LPS induced macrophages [ 58 ]. 
SHH pathway is another essential positive chondroregulatory pathway [ 59 ] and it 
can be inhibited by PACAP activation [ 60 ].

   Besides the direct infl uence of PACAP on chondrogenesis, we have demon-
strated a chondro-protective effect of this neuropeptide in chondrogenic cell cul-
tures where its administration compensated the harmful effects of oxidative stress. 
Similar phenomenon has been observed in ischemia or oxidative stress induced 
apoptosis in the central nervous system [ 61 ] or in diabetic kidney [ 62 ]. Moreover, 
PACAP defi cient mice showed higher sensitivity to injury during retinal ischemic 
conditions, axonal lesion, intestinal infl ammation or oxidative stress of the kidneys 
[ 63 ]. The activation of PACAP/VIP system had positive effect in rheumatoid arthri-
tis [ 64 ,  65 ] and decreased expression of PACAP was identifi ed in osteoarthritic knee 
joint [ 12 ]. PACAP is known to exert cytoprotective effects in several other periph-
eral organs and in the CNS, for example cardioprotective effects of these peptides 
have been demonstrated [ 66 ] and a positive effect in Parkinson’s disease also have 
been shown [ 67 ]. On the basis of these observations, a protective and/or ameliorat-
ing effect of PACAP was likely in diseases of the articulating cartilage or skeletal 
stress situations. Indeed, the addition of PACAP1-38 during oxidative stress pre-
vented the inhibition of cartilage matrix production by normalizing the phosphory-
lation of Sox9 and CREB in chicken chondrogenic cells [ 13 ]. Recently, the 
involvement of PACAP or VIP signalling activation in mechanotransduction of 
developing articular cartilage has been proved by our group [ 68 ] and the importance 
of PKA in mechanical cellular response was proposed [ 34 ]. Mechanical load of 
in vitro chondrogenic cell cultures resulted in an increased PAC1 receptor and 
PACAP expression, and supported the undifferentiated stage of chondroblasts. 
Mechanical load of in vitro chondrogenic cell cultures resulted in increased PAC1 
receptor and PACAP expression and the activation of IHH (Fig.  20.1 ) inducing the 
elevated expression of collagen type X which was normalized by PACAP 1-38 addi-
tion [ 68 ]. In these experiments, we found that PACAP administration was able to 
reduce the expression of matrix metalloproteinases (MMP) during oxidative stress 
in chondrogenic cell cultures (our unpublished data). Similar results have been pub-
lished in alveolar cells where both VIP and PACAP were able to decrease the 
expression of certain MMPs and reduced the activation and expression of caspase3 
[ 69 ]. It is also important to note that VIP and its receptors in synovial fi broblasts 
[ 70 ] are able to regulate infl ammatory factors release [ 71 ]. These data all strongly 
suggest that PACAP is a promising future therapeutic agent in infl ammatory and 
degenerative joint diseases [ 72 ].  
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    Bone Formation Under the Control of VIP and PACAP 
Signalling Cascades 

 Development of long bones is determined and organized by a cartilage template. 
Invasion of the calcifi ed cartilage by the osteoprogenitor cells and their precisely 
regulated differentiation are required for the proper osteogenesis [ 4 ]. Development 
of bone tissue is supported by complex bone specifi c developing mechanisms and 
signalling. Differentiation of osteoblasts from osteoprogenitors is followed by an 
initial deposition of a bone specifi c organic ECM abundant in collagen type I com-
pleted with another bone specifi c matrix components such as osteocalcin or osteo-
nectin [ 4 ]. Calcifi cation of bone matrix also requires osteoblast activity, calcium 
hydroxyapatite crystals accumulate and deposit into the collagen rich bone matrix. 
Various signalling cascades are considered as bone specifi c regulatory mechanisms, 
such as BMP, WNT, Notch, and Hedgehog signalling pathways [ 73 – 77 ]. Thyroid 
hormones are crucial components of bone remodelling and differentiation and 
neuronal connections are also found to be involved in bone production [ 74 ]. 
Consequently, the activation of signalling mechanisms mentioned above by hor-
mones and neuropeptides may derive from different sources in the surrounding tis-
sues. The presence and precise timing of the expression of growth factors such as 
BMPs are essential for proper bone production. These factors bind to their own 
receptors; to BMPRs. Subsequently, their activation induces the phosphorylation of 
Smad1/5 and with the help of Smad4 the complex is translocated into the nuclei of 
osteogenic cells and initiates expression of bone specifi c genes (Fig.  20.2 .) such as 
the transcription factor osterix, alkaline phosphatase (ALP), or collagen type I [ 78 , 
 79 ]. Sequential release of BMPs is regulated by complex networks of signalling 
cascades including CREB, one of the transcription factors activated via PKA signal-
ling pathways [ 79 ] and activate the gene expression of the proteins mentioned previ-
ously (Fig.  20.2 ). On the other hand a well-balanced expression of hedgehog 
signalling elements governed by another bone specifi c transcription factor, Runx2 is 
also essential for proper long bone formation [ 80 ] (Fig.  20.2 ). Runx2 can be directly 
phosphorylated by PKA [ 81 ] and subsequently activates the expression of bone 
specifi c signalling elements or ECM components (Fig.  20.2 ). FGFs are also essen-
tial for proper bone formation. FGF2 decreases the ALP activity, Runx2 activation, 
and collagen secretion and elevates the proliferation of osteoblasts [ 82 ]. This com-
plex signalization involves broad spectrum cross talk opportunities with the PACAP/
VIP signalization, further highlighting the signifi cance of neuropeptide signalling in 
bone formation and regeneration.

   At the beginning of enchondral ossifi cation, blood vessels invade into the bone 
template, in a process regulated by VEGFs. The expression of these growth factors 
is also under the control of PKA–Runx2 axis [ 83 ]. Formation and invasion of the 
blood vessels into the calcifi ed cartilage matrix result in the appearance of osteopro-
genitor cells and differentiation of osteoblasts producing the bone matrix. This pro-
cess can also be regulated by neuropeptides [ 84 ] or invading neuronal elements. 
During the elongation of long bones PACAP positive nerve fi bers have been shown 
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penetrating the bone matrix [ 46 ], and VIP positive sympathetic nerve endings have 
also been identifi ed releasing these neuropeptides [ 85 ]. As an interesting observa-
tion, receptor composition and effects of VIP exhibited differences in cells of bones 
developed in different ways, i.e., via membranous or endochondral ossifi cation. 
Moreover, the direct communication of sympathetic nerve fi bers with osteoblasts 
showed an embryonic origin dependent response and signalization, suggesting that 
the innervation of periosteum by peptidergic fi bers plays important function both in 
bone regeneration and formation [ 86 ]. 

 It has been proven that in calvaria derived cell lines, in which the receptors and 
proteins of PACAP and/or VIP signalling are present, PKA activation can be induced 
by PACAP or VIP addition [ 14 ,  87 ]. Accumulation of cAMP in osteoblasts is proved 
to be a result of combined activation of PACAP/VIP and regulates diverse signalling 
pathways infl uencing osteoblast differentiation. In line with this, presence of certain 
neuropeptides was shown to be elevated after bone fracture, indicating their impor-
tance in successful regeneration [ 88 ]. A recent report demonstrated release of various 

  Fig. 20.2    Diverse connections of PACAP signalling pathways in osteogenic cells. PACAP binding 
to its receptors elevates the intracellular cAMP concentration and activates PKA in osteoblast cells. 
CREB is partly phosphorylated by PKA while the nuclear translocation of Runx2 is regulated by the 
kinase. The presence of PACAP does not induce intracellular Ca 2+  release, subsequently the 
Ca 2+  dependent signalling pathways are not activated ( arrows  crossed by  red lines ). The neuro-
peptide trigger the expression of BMPs simultaneously activated Smad transcription factors 
and cross talk with Runx2. SHH or IHH binding to PTCH1 receptor can induce the nuclear 
translocation of Gli1 transcription factor. Activation of Gli1 is inhibited by the continuous 
activation of PKA       
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neuropeptides from periosteal nerve endings resulting in enhancement of intercellular 
communication and increased metabolic activity of osteoblasts [ 89 ]. 

 As it was described above, osteogenic transformation, bone matrix production 
and mineralization are regulated by multiple signalling cascades [ 90 ], where the acti-
vation of MAPK and PKA plays essential roles. Runx2 is one of the key transcription 
factors and it governs osteoblast differentiation [ 91 ] and it is regulated by PKA 
signalling pathways [ 92 ]. 

 Our laboratory has proven that the administration of PACAP into the medium of 
UMR-106 osteoblast cell line enhanced the nuclear translocation of Runx2 and an 
increased expression of collagen type I, ALP and osterix genes was observed 
(Fig.  20.2 ). Interestingly, the phosphorylation level of CREB transcription factors 
was not signifi cantly increased [ 14 ], raising the possibility of the participation of 
MAPK signalling cascade as an alternative signalling pathway for the Runx2 regu-
lation [ 93 ]. 

 BMP signalling pathway is another fundamental regulator of osteogenesis and 
cross talk with Runx2 has been reported [ 94 ] (Fig.  20.2 ). Moreover, the TGFβ/
BMP pathways are activated by PACAP or VIP [ 23 ]. Indeed, the expression of 
BMP6 and 7 elevated in the presence of PACAP in UMR-106 cells indicating a 
strong positive effect of the neuropeptide in bone differentiation. Moreover, as a 
sign of BMPR activation, a pronounced elevation of the nuclear presence of Smad1 
transcription factor was detected under the effect of PACAP administration [ 14 ]. 
TGFβ/BMP signalling pathways are involved in the regulation and activation of 
VIP signalling cascades. Exogenous VIP may also result in the activation of Smads 
[ 95 ] suggesting a complex signalling with numerous alternative routes during bone 
development [ 14 ]. 

 The involvement of MAPK system has been reported in bone development and 
in fracture healing. The administration of PACAP and VIP is proven to upregulate 
the activation of ERK 1/2 in osteoblasts [ 96 ,  97 ] or adipogenic models [ 98 ]. The 
two neurohormones have negative effect on JNK and p38 phosphorylation in mono-
cytes in vivo and in vitro [ 99 ]. Additionally, intracellular Ca 2+  concentration can be 
elevated by PACAP [ 100 ] or VIP [ 101 ], resulting in an activation of classical PKCs 
and ERK both infl uencing osteoblast differentiation [ 102 ]. Nonetheless, in UMR- 
106 cell line we were not able to detect signifi cant Ca 2+  concentration change and 
no signifi cant alteration was detected in activation of classical PKCs such as PKCα 
[ 14 ] (Fig.  20.2 ). Ca 2+  infl ux can be evoked by PACAP [ 101 ] PACAP and VIP are 
able to decrease the Ca 2+  entry via L- and N-type calcium channels in neurons [ 102 ]. 
It is known that the administration of PACAP affects Ca 2+  oscillation [ 103 ] and 
alters the Ca 2+  related vesicular transport of chromaffi n cells [ 104 ]. Besides this 
dynamic alteration of intracellular Ca-homeostasis, PACAP also exerts effects on 
matrix mineralization. We have reported that the inorganic matrix components of 
UMR-106 cell line can be elevated by PACAP addition [ 14 ]. Moreover, an altered 
mineralization was detected during tooth formation of PACAP defi cient mice [ 10 ], 
suggesting a yet unknown connection between PACAP and mineralized tissue for-
mation. As a possible mechanism for PACAP induced extracellular Ca 2+  accumula-
tion during osteogenesis, calcitonin gene-related peptide was proven to infl uence 
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osteoclast function [ 105 ] and the presence of PACAP decreased the matrix- resorption 
and consequent Ca-release by these cells [ 90 ,  106 ]. 

 Hedgehog signalling is of key importance amongst the regulatory mechanisms of 
bone and cartilage development [ 80 ]. A well-defi ned balance between Indian hedge-
hog (IHH) and parathyroid hormone related peptide (PTHrP) is essential for proper 
long bone formation, regulation of proliferation, and matrix production of osteo-
blasts via the activation of Runx2 transcription factor [ 107 ]. PTHrP directly com-
municates with PKA signalling inducing the activation of CREB and NFAT factors 
in osteoblasts [ 108 ]. In UMR-106 cells the application of PACAP elevated the 
expression of PTHrP without altering the IHH expression [ 14 ]. Sonic hedgehog 
(SHH) pathway is known to be regulated by PACAP signalling [ 60 ] and the activa-
tion of PKA downregulates the function of Gli1, which consequently decreases the 
proliferation [ 24 ] (Fig.  20.2 ). In PACAP KO mice, enhanced SHH signalling was 
detected during tooth development [ 10 ]. On the contrary, exogenous administration 
of PACAP elevated the expression of SHH and a more pronounced nuclear presence 
of Gli1 was found in rat UMR-106 cells [ 14 ]. This contradiction may stem from 
the osteosarcoma origin of UMR cells, as malignant cells can exhibit alterations of 
various signalling mechanisms. Another hypothesis is that the cellular presence of 
the repressor form of Gli2 or Gli3 transcription factors are also increased in UMR-
106 cells which upregulate the activation of SHH signalling pathways in this tumor 
cell line. Nevertheless, we have only sparse data about the function of VIP in bone 
development, but it is a suppressor of bone resorption and has very similar effect as 
mechanical load in MC3T3 osteoblastic cell line [ 43 ].  

    Conclusion 

 Articular cartilage is optimally able to dissipate the mechanical stress, which loads 
the articular surface and transmits it to the subchondral bone. Chondrocytes repre-
sent the only type of cells in cartilage with a very limited capacity to reproduce 
themselves even in a healthy adult human. Therefore, they cannot regenerate the 
cartilage tissue in case of traumatic injury or loss of joint surface, which can be the 
ultimate consequence of any type of infl ammatory joint diseases. Protection of this 
tissue during joint infl ammation, stimulation of its poor regeneration capacity or pro-
duction and implantation of artifi cial cartilage all are major challenges of the modern 
reparative medicine. PACAP was originally described as a hormone-like product of 
neurons, able to reduce the harmful consequences of various brain injuries, as well as 
playing regulatory roles during brain development. On the basis of the data presented 
and summarized above, PACAP and VIP are important modulators of the physiologi-
cal differentiating processes of articular cartilage and may infl uence endochondral 
ossifi cation. As PACAP and VIP neuropeptides are naturally synthetized signal 
molecules of humans, they can be good candidates for application via intraarticular 
injection as chondroprotective agents or they can be interesting candidates for the 
regulation of callus formation.
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    Chapter 21   
 Role of PACAP/VIP in Bone and Joint 
Physiology and Pathophysiology                     

     Balint     Botz     and     Zsuzsanna     Helyes    

    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) and vasoac-
tive intestinal polypeptide (VIP) are both important neuropeptides released primar-
ily from the innervating sensory nerves and a variety of different non-neural cellular 
sources of the skeletal system. This review summarizes the data available about the 
expression and function of these peptides and their receptors in skeletal tissues with 
special emphasis on their disease conditions. Results obtained in animal models and 
clinical observations are collected, their relevance and importance are discussed. 
There are a lot of data about the effects of PACAP/VIP on cellular signaling of 
skeletal tissue cells in vitro, but their physiological/pathophysiological in vivo 
importance is not well understood. Furthermore, since these peptides are potent 
immunomodulators, they exert substantial effects on the progress of infl ammatory/
degenerative joint diseases. Additionally, as key elements of nociceptive signaling, 
they also contribute to the development of chronic pain arising from arthritis/osteo-
arthritis. In summary, the (1) direct effects of PACAP/VIP on skeletal tissues, (2) 
their immunoregulatory properties, and (3) their pivotal importance in nociception 
and peripheral/central sensitization all have potential clinical relevance.  
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      Introduction 

 It has been clearly demonstrated during the last decades that the physiological 
homeostasis of the skeletal system is not only infl uenced by a number of hormones 
and local mediators, but also by elements of the nervous system. This is supported 
by the fact, that almost all skeletal tissues, including the bone marrow and cortex, 
the periosteum, and the synovium, are innervated by sensory and sympathetic 
nerves [ 1 – 3 ] that produce and release neuropeptides [ 4 – 6 ]. Owing to their distribu-
tion, these peptidergic fi bers have been implicated in the normal physiology of skel-
etal tissues and also in the pathogenesis of the diseases affecting them, such as 
autoimmune or degenerative arthritides [ 1 ,  7 ]. The periosteum is particularly 
densely innervated by peptidergic fi bers, which strongly correlates with its high 
sensitivity to painful stimuli [ 8 ]. A great proportion of peptide-containing nerves 
are involved in nociceptive signaling, but the locally released mediators can also 
infl uence pain, tissue remodeling and turnover, as well as immune cell recruitment. 
PACAP and VIP were shown to infl uence bone and cartilage development besides 
balancing immune functions and pain during neurogenic and non-neurogenic 
infl ammatory conditions of the joints, such as autoimmune and degenerative arthri-
tides. Furthermore, there is evidence for their regulatory role in skeletal tissues and 
cellular signaling under both normal and disease conditions [ 9 ,  10 ]. 

 This chapter gives an overview about the presence, signaling pathways, and 
most relevant functions of these peptides, summarizing the evidence obtained from 
in vitro and in vivo experimental conditions, as well as clinical studies. We also 
discuss the current perspectives of the PACAP/VIP system as a target for drug 
development against certain diseases of the skeletal system with special emphasis 
put on arthritic conditions and notably joint pain.  

    Expression of PACAP/VIP and Their Receptors 
in Skeletal Tissues 

 Even before the discovery of PACAP, the presence of the closely related VIP was 
demonstrated in nerve fi bers of the rat bone. VIP immunoreactivity was found to be 
widespread in the epiphysis and periosteum, whilst being moderate around blood 
vessels [ 5 ,  11 ]. VIP immunopositivity was markedly diminished in the periosteum 
of the rat following chemical sympathectomy suggesting that most VIP-containing 
fi bers in the bone are sympathetic [ 6 ]. The presence of both PACAP and VIP- 
positive nerve fi bers was demonstrated in various parts of the rat temporomandibu-
lar joint (synovial membrane, articular disc, joint capsule) [ 12 ]. VIP-immunopositive 
fi bers were also identifi ed in the synovial connective tissue of the mouse knee joint, 
particularly in the highly vascularized regions [ 13 ]. 

 The immunopositivity for PACAP was also demonstrated in the cartilage canals 
of newborn and juvenile pigs. PACAP-immunoreactive fi bers were found to inner-
vate blood vessels, with a high degree of co-localization with calcitonin gene- related 
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peptide (CGRP) and substance P (SP), but—interestingly—not with VIP [ 14 ]. The 
expression of PACAP was recently confi rmed in differentiating chicken chondro-
cytes as well [ 15 ]. In summary, the marked expression (and release) of PACAP/VIP 
in osseous and chondrogenic tissues and innervating fi bers is well- substantiated by 
current evidence. 

 The presence of VPAC receptors on both osteoclasts and a signifi cant proportion 
(20 %) of stromal cells/osteoblasts of the rat was fi rst demonstrated by measuring 
their ability to bind VIP by atomic force microscopy [ 16 ]. The expression of the yet 
not characterized VIP receptors was previously confi rmed on the SaOs-2 human 
osteosarcoma cell line [ 17 ]. Indeed, according to later studies, VPAC1 receptor, but 
not VPAC2 or PAC1 is expressed on osteoblastic cells derived from human perios-
teum (SaM-I) and osteosarcoma cell lines (HOS, SaOS-2, MG-63). In addition, VIP 
mRNA was not found in the osteoblastic cells, excluding the possibility of autocrine 
signaling by VIP in osteoblasts [ 18 ]. In contrast, undifferentiated primary calvary 
osteoblasts of the mouse express primarily the VPAC2 receptor, while VPAC1 
expression is only induced during their differentiation [ 19 ]. The monoclonal mouse 
preosteoblast cell line MC3T3-EI also expresses VPAC2 [ 20 ]. In contrast, mouse 
osteoclasts express primarily VPAC1 and PAC1 receptors [ 21 ]. Differentiating 
chicken chondrocytes express all known receptors of VIP/PACAP; furthermore, 
PAC1 expression peaks at the time of the fi nal commitment to chondrogenic cells 
[ 15 ]. VPAC2, but not VPAC1 receptor expression was confi rmed in cultured syno-
vial cells of patients suffering from rheumatoid arthritis (RA) [ 22 ]. Based on this, 
we can conclude that the presence of all known VIP/PACAP receptors has been 
confi rmed on numerous skeletal tissue cell types; however, the receptorial expres-
sion pattern seems to vary according to both the degree of differentiation and the 
origin of tissues/cells investigated.  

    Infl uence of PACAP/VIP on Cellular Signaling 
in Skeletal Tissues 

 As early as in 1983 it was shown that VIP stimulates bone resorption in mouse cal-
varial organ culture by a cyclic adenosine monophosphate (cAMP)-dependent 
mechanism [ 23 ]. Furthermore, VIP triggers a rapid cAMP increase in SaOs-2 
human osteosarcoma cells [ 17 ]. A similar cAMP-increasing effect of VIP was also 
demonstrated in human osteoblast-like cells, but not in articular chondrocytes or 
synovial cells [ 24 ]. PACAP-27 and PACAP-38 also stimulate cAMP accumulation 
in the mouse calvaria and isolated bone cells [ 25 ]. PACAP increases cAMP- 
accumulation, but not protein kinase C (PKC) activity or Ca 2+  infl ux in the 
osteoblast- like MC3T3-EI cells, and importantly, PACAP was found to be more 
potent than VIP in this respect [ 26 ]. PACAP-27 and PACAP-38 and VIP all stimu-
late cAMP elevation in the UMR 106 osteoblast-like tumor cell line. PACAP-27 
was found to be slightly more potent than PACAP-38, and both are tenfold more 
potent when compared to VIP. The antagonists PACAP6-27 and PACAP6-38 are 
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able to block this cAMP-increasing effect, while VIP antagonists are ineffective 
[ 27 ]. A later investigation on mouse calvarial osteoblasts showed that PACAP-38 is 
a tenfold more potent stimulator of cAMP-production than VIP, and it is also more 
potent than PACAP-27. Radioligand binding also demonstrated a stronger specifi c 
binding of PACAP-38. PACAP6-38 inhibits the effect of both PACAP and VIP in 
this model too. These fi ndings would suggest that the PAC1 receptor might be piv-
otal to this cAMP-increasing effect, but both the authors and others (see earlier) 
found that osteoblasts express predominantly VPAC2 receptors, not PAC1. 
Therefore, it was concluded that PACAP-preferring VPAC2 receptors are likely to 
be responsible for the increased potency of PACAP [ 19 ]. 

 VIP, PACAP-27, and PACAP-38 all potently inhibit the formation of tartrate- 
resistant acid phosphatase-positive multinuclear cells in mouse bone marrow cul-
tures stimulated by 1,25(OH)2-vitamin D3 (D3). Furthermore, VIP and PACAP-38 
decrease the stimulatory effect of D3 on receptor activator of NF-kappaB (RANK) 
and RANK ligand (RANKL) expression. Since both RANK and RANKL are 
important for osteoclastogenesis, this was suggested as the primary mechanism 
responsible for the inhibitory effect of VIP and PACAP on osteoclast differentia-
tion. Furthermore, they abolish the inhibitory effect of D3 on osteoprotegerin (OPG) 
expression—providing another anti-osteoclastogenic mechanism. Based on these 
observations, it was suggested that VIP and PACAP may regulate osteoclast differ-
entiation by affecting the expression of certain key proteins such as RANK, 
RANKL, and OPG [ 28 ]. However, both VIP and PACAP were found to stimulate 
RANKL mRNA expression in mouse calvarial osteoblasts, while they inhibited the 
expression of OPG and macrophage colony-stimulating factor (M-CSF). VPAC2 
receptor activation and consequent cAMP accumulation coupled with ERK phos-
phorylation was suggested to be responsible for the increased RANKL/OPG ratio 
[ 29 ]. These observations demonstrate that activation of VPAC2 receptors in osteo-
blasts enhances the RANKL/OPG ratio by mechanisms mediated by cAMP and 
ERK pathways suggesting an important role for VIP/PACAP in bone remodeling. 
Culturing neonatal mouse calvarial osteoblasts in the presence of VIP-stimulates 
alkaline phosphatase (ALP) activity and Ca 2+  accumulation within bone noduli 
without affecting cell proliferation. This raised the possibilty that VIP-ergic signal-
ing might represent a neurohormonal control mechanism of the anabolic processes 
of the bone [ 30 ]. VIP exerts a bidirectional infl uence on the activity of rat osteo-
clasts in vitro: initially, it elicits an acute rise of Ca 2+ , cell contraction and dimin-
ished motility, with consequently decreased resorbing activity. However, prolonged 
experiments showed that this effect is transient, and chronic VIP administration 
stimulates bone resorption [ 16 ]. Other studies also revealed that PACAP is able to 
inhibit thyroid hormone-induced osteocalcin-synthesis in osteoblasts by suppress-
ing the activation of p38 MAP kinases [ 31 ]. It was also demonstrated on the 
MC3T3-EI cell line that VPAC2-activation by PACAP/VIP activates the adenylate 
cyclase pathway by facilitating cAMP accumulation, thereby inhibiting osteoblastic 
differentiation by suppressing ALP production. PACAP/VIP also facilitate the 
 production of the proinfl ammatory cytokine IL-6, which plays a pivotal role in bone 
resorption. VPAC2 downregulation by siRNA blocks the effects of PACAP/VIP, 
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while the PAC1-selective agonist maxadilan has no effect [ 20 ]. Others observed a 
similar effect of PACAP/VIP in mouse calvarial osteoblasts and the MC3T3-E1 
osteoblastic cell line, where both peptides potentiate IL-1β-induced IL-6 produc-
tion. Since the potency of PACAP and VIP is similar, and as secretin (also an agonist 
on VPAC1) has no effect, VPAC2 receptor activation was suggested to be the pos-
sible pathway responsible for this phenomenon [ 32 ]. Further studies showed 
increased activation of the cAMP-PKA-CREB pathway and the transcription factor 
C/EBP, but diminished activation of AP-1, as the primary downstream signaling 
mechanisms of this effect [ 33 ]. This facilitation of IL-6 release by PACAP/VIP 
implicates these peptides as stimulators of osteoclast activity and consequently 
bone remodeling. In summary, VPAC2-receptor signaling and consequent cAMP- 
increase seems to be the central element of VIP/PACAP signaling in osteoblasts and 
osteoclasts, but not in chondrocytes or synovial cells.  

    Role of PACAP/VIP in Bone and Joint Physiology 

 PACAP/VIP has been determined to be important regulators of chondrogenic and 
osteogenic differentiation [ 10 ]. The remarkable presence of VIP-positive fi bers in 
the bone, indirectly implicated a role for this peptide in bone physiology relatively 
early [ 11 ]. As PACAP-distribution in the cartilage canals is the highest around 
blood vessels, it was suggested to be a regulator of blood fl ow in the bone [ 14 ]. VIP 
was found to be able to stimulate the production of the proinfl ammatory mediator 
PGE2 in human articular chondrocytes, osteoblast-like, and synovial cells—an 
effect which can be blocked by VIP antagonist. Thus, it was hypothesized that 
locally released VIP may facilitate bone resorption by inducing PGE2-production. 
Furthermore, VIP signifi cantly stimulates metalloprotease activity of human articu-
lar chondrocytes [ 24 ]. VIP, PACAP-27, and PACAP-38 all inhibit the bone resorp-
tion activity of isolated rabbit osteoclasts [ 34 ]. Recently it has been demonstrated 
on the UMR 106 osteoblast cell line, that interestingly both PACAP and the PAC1 
antagonist PACAP6-38 promote osteogenesis, cell proliferation, and mineralisation 
in vitro suggesting the presence of a not yet identifi ed receptor and/or signaling 
mechanism in these cells. They also facilitate the expression of key proteins, such 
as collagen type I, ALP, and osterix. The expression of vascular endothelial growth 
factor (VEGF), several bone morphogenetic proteins (BMP 2, 4, 6, 7) and other 
regulatory factors are also elevated. Thus, it was proposed, that PACAP might facili-
tate bone formation and fracture healing in vivo [ 35 ]. A similar protective effect of 
PACAP was observed on chondrogenic cell cultures, where mechanical stress facil-
itates PACAP- signaling and PAC1 expression, while diminishing the presence 
VPAC1 and VPAC2 receptors. Application of exogenous PACAP acts against the 
hypertrophic differentiation of chondrocytes induced by mechanical load by dimin-
ishing the activation of hedgehog signaling and collagen type X expression. Thus, 
PACAP was proposed as a potential chondroprotective therapeutic agent in osteoar-
thritis [ 36 ]. 
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 Despite these pronounced in vitro effects, studies using global various PACAP, 
VIP, PAC1, or VPAC1 or VPAC2 gene-defi cient mice reported no remarkable dif-
ference in bone and joint phenotype of any knockouts, but growth retardation due to 
intestinal or endocrine dysfunctions was commonly observed [ 37 – 42 ]. Recently a 
slightly, but not signifi cantly increased bone density was found in the distal tibia of 
PACAP gene-defi cient mice generated on the outbred CD1 background [ 43 ]. 

 It was demonstrated in vitro that the PAC1 agonist PACAP-38 and the tradition-
ally PAC1 antagonist PACAP6-38 both stimulate chondrocyte proliferation and 
thereby cartilage formation, and increase the expression of PAC1 and the Sox9 and 
CREB transcription factors which are pivotal for chondrogenesis. Both PACAP-38 
and PACAP6-38 increase the expression of the Ca 2+ -dependent serine-threonine 
phosphatase calcineurin, thus it was proposed that endogenous PACAP promotes 
chondrogenesis via this pathway. Furthermore, an in vitro chondroprotective effect 
of PACAP was demonstrated by its ability to partially rescue chondrogenesis during 
H 2 O 2 -induced oxidative stress, whilst conspicuously the conventionally PAC1 
antagonist PACAP6-38 proved to be even more potent in this respect. Thus, distinct 
PAC1 receptor isoforms, splice variants or a presently not identifi ed other target 
might be responsible for this chondroprotective effect. Inhibition of calcineurin can 
antagonize this action of PACAP [ 15 ]. As a consequence, PAC1-signaling seems to 
be predominantly responsible for the manifold trophic and protective effects of 
PACAP in cartilaginous tissues.  

    Immunomodulatory Effects of PACAP/VIP in Arthritis 

 Rheumatoid arthritis is a chronic systemic infl ammatory condition of autoimmune 
etiology. The articular pain and joint swelling are the hallmark features of this dis-
ease, which are accompanied by degenerative symptoms in the later stage of the 
disease. It affects 0.5–1 % of the population worldwide, thereby being one of the 
most common forms of autoimmune diseases. The paramount importance of joint 
innervation and neuropeptides in infl ammatory arthritides is now supported by a 
large number of preclinical studies [ 44 ,  45 ]. Furthermore, clinical case reports also 
demonstrated that local nerve damage or CNS lesions both prevent the development 
of autoimmune arthritis in a site-specifi c manner [ 46 – 48 ]. Thus, the exact role of 
neurogenic peptide mediators including VIP and PACAP generated a great interest, 
as these peptides modulate not only the infl ammation, but also the central sensitisa-
tion and the development/aggravation of chronic pain. 

 Since the activation of the innate and adaptive immune system is a crucial step in 
autoimmune joint infl ammation, it is important to briefl y recapitulate that both VIP 
and PACAP have manifold immunomodulatory effects on a plethora of immune 
cells which emphasizes their role in this disease [ 9 ]. In vitro both peptides stimulate 
the release of the potent infl ammatory mediators, histamine and serotonin [ 49 – 52 ]. 
PACAP and VIP also infl uence the recruitment, activity, cytokine, and chemokine 
production of lymphoid cells, macrophages and polymorphonuclear cells [ 9 ]. 
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 It was fi rst suggested on the basis of the profound stimulatory effect of VIP on 
the production of the proinfl ammatory mediator PGE2 that these neuropeptides 
might be involved in the modulation of infl ammation in rheumatoid arthritis. It was 
also demonstrated that VIP facilitates metalloprotease enzyme activity of articular 
chondrocytes, thus it was suggested to infl uence extracellular matrix breakdown in 
the cartilage [ 24 ]. It was also noted that VIP immunopositivity of periosteal nerve 
fi bers is diminished in the vicinity of joint infl ammation during experimental arthri-
tis [ 13 ]. Topical application of VIP onto the capsular surface of the rat knee joint 
triggers a dose-dependent increase of synovial blood fl ow, which can be blocked by 
the VPAC1/2 antagonist VIP6-28, suggesting the VPAC1/2-dependent effect of 
VIP/PACAP on the synovial microvasculature. This response is decreased in acutely 
infl amed joints, but can be reversed by local denervation. Chronically infl amed 
joints exhibit the same degree of vasodilatory response, which is mast cell- 
independent [ 53 ]. 

 In the collagen II-induced arthritis (CIA) model of the mouse it was demon-
strated that PACAP acts as a potent immunomodulator. Daily i.p. treatment with a 
relatively high dosage (~5 nmol/animal) of PACAP considerably diminishes paw 
edema and clinical disease severity. Production of numerous proinfl ammatory fac-
tors (TNF-α, IL-1α, IL-1β, IL-6, IL-12, IL-18, and iNOS) and chemokines 
(RANTES, MCP-1, MIP-1α, MIP-1β, and MIP-2) decreased, whereas the levels of 
anti-infl ammatory factors (IL-10, IL-1Ra) increased following PACAP treatment. 
Production of some isoenzymes of the matrix metalloproteinase (MMP) family 
were found to be inhibited by PACAP (MMP-2), while the level of other MMPs 
(MMP-9 and -13) is unaffected. Furthermore, PACAP ameliorates cellular infi ltra-
tion, cartilage damage, and the occurrence of bone erosions. In vitro PACAP inhib-
its the chemotaxis of synovial T cells and macrophages isolated from CIA mice, and 
modulates the balance of Th1 and Th2 cells in arthritis by facilitating a Th2 response 
instead of the generation of Th1 cells highly characteristic of CIA [ 54 ]. Interestingly, 
another study by the same authors demonstrated that treatment with VIP in using 
the same dosage abrogates CIA and infl uences cytokine levels in the perfectly same 
manner. This interesting identical effect of VIP and PACAP might indicate that only 
the VPAC receptors, but not PAC1 plays a role in the aforementioned effect of 
PACAP [ 55 ]. VIP also abrogates disease severity in the rat CIA model, facilitated 
CD4 +  CD25 +  regulatory T cells (Treg), and diminishes Th17- and Th1 responses 
[ 56 ]. Despite the convincing effects of these peptides in this murine models, this 
approach cannot easily be transformed into clinical therapy, as according to later 
studies in the same (CIA) model, these large VIP doses (~5 nmol/animal) also elicit 
a massive, 50 % blood pressure drop in mice [ 57 ]. This makes treatment of rheuma-
toid arthritis (or basically any disease) with high doses of free VIP/PACAP an unre-
alistic goal due to their powerful vasoactive properties, especially in case of PACAP 
as it is considerably more vasoactive than VIP [ 58 ]. In contrast to free VIP, a tenfold 
lower dose of micellar VIP (0.5 nmol/animal) has been shown to ameliorate arthritis 
severity more effectively, without having a dramatic hypotensive side effect [ 57 ]. 
Besides its marked effect on infl ammatory parameters, treatment of CIA mice/rats 
with VIP was found to decrease the RANK-RANKL/OPG ratio and to induce an 
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anti-infl ammatory CD4+, CD25+, Foxp3+ regulatory T cell (Treg) response [ 56 , 
 59 ,  60 ]. VIP also modulates the activity of important transcription factors (NFkB 
and AP-1). Furthermore, levels of mediators stimulating bone resorption (IL-1β, 
IL-6, IL-11, IL-17, TNFα, PGE, NO) are diminished, whereas the levels of protec-
tive cytokines (IL-4 and -10) are increased upon VIP-treatment [ 59 ]. Additionally, 
treatment with dendritic cells cultured ex vivo in the presence of VIP ameliorates 
disease severity in the CIA model [ 61 ]. In a rat osteoarthritis (OA) model decreased 
synovial levels of PACAP were found. In vitro treatment with PACAP also exerts 
anti-infl ammatory effects (decreased apoptosis, iNOS, and COX-2) on isolated rat 
chondrocytes exposed to IL-1β [ 62 ]. In the K/BxN serum-induced passive transfer 
model of autoimmune arthritis, global PACAP gene-defi ciency results in a mixed 
picture. PACAP knockout mice show diminished disease severity, vascular hyper-
permeability, macrophage activity, along with an impaired neutrophil activity in the 
acute phase of the disease. However, they display increased neutrophil free radical 
production, increased synovial hyperplasia, and a pronounced arthritic bone spur 
formation in the later phase of the disease [ 43 ]. The observed differences in contrast 
with the CIA model are likely due to the fact that this passive autoantibody-transfer 
model activates primarily myeloid lineages, and develops even if B/T cells are 
entirely absent [ 63 ]. Furthermore, the K/BxN serum transfer model relies on an 
initial rapidly occurring microvascular permeability increase, which is neurogeni-
cally driven and also requires mast cell activation [ 64 ]. Both PACAP and VIP have 
been corroborated as key modulators of neurogenic infl ammation by eliciting vaso-
dilation, and permeability increase, and they also degranulate mast cells [ 49 ,  51 ,  58 , 
 65 ,  66 ]. Thus, the direct effects of PACAP/VIP on mast cells, myeloid cells, and 
vascular responses might be dominant in the K/BxN serum-transfer model, whilst 
their immunoregulatory effects on the lymphocytes (notably T cell responses) can-
not be detected. Altogether, the above results show that VIP/PACAP ameliorate 
structural remodeling and damage of cartilage and bone in RA/OA. 

 It also has to be pointed out that the differences between PACAP-27 and 
PACAP- 38 signaling received little attention in neuropeptide research. Although the 
latter is the dominant isoform, expression of PACAP-27 is also not negligible in 
peripheral tissues [ 67 ]. However, this could be the causing factor of some confl ict-
ing results gathered about the role of the endogenous and exogenously administered 
peptides (which almost exclusively relied on PACAP-38). It has been demonstrated 
that key differences exist in their signaling, as PACAP-27, but not PACAP-38 acts 
as an agonists on the formyl peptide receptor like 1 (FPRL1) receptor by initiating 
Ca 2+ -mobilization and ERK phosphorylation. Additionally, PACAP-27 facilitated 
CD11b upregulation and chemotaxis of neutrophils in vitro [ 68 ] in contrast to 
PACAP-38 and VIP, which were found to inhibit it [ 69 ]. According to later studies, 
not only PACAP-27, but also VIP was found to ho have an agonistic action on the 
FPRL1 receptor of isolated human monocytes, rising intracellular Ca 2+  and eliciting 
pro-infl ammatory effects [ 70 ,  71 ]. Furthermore, the FPRL1 receptor has profound 
implications in RA being expressed on FLS and most infl ammatory cells. FPRL1 
agonists in vitro increase the secretion of key MMP enzymes by RA fi broblast-like 
synoviocytes (FLS) (MMP-1, 3) [ 72 ]. FPRL1-activation induces IL-1β, TNF-α, and 
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IL-8 production of human neutrophils [ 73 ,  74 ], furthermore it facilitates synovitis, 
neovascularization and bone/joint damage in RA [ 75 ]. Thus, the possible effect of 
PACAP-27 via FPRL1-activation might also be involved in the pathophysiological 
mechanisms of infl ammatory arthritides. The in vivo results about the role of VIP/
PACAP are summarized in Table  21.1 .

   Table 21.1    Experimental in vivo studies on the role of VIP/PACAP in infl ammatory/degenerative 
arthritides   

 Peptide  Model  Observed role  Species  Reference 

 VIP  Methylated BSA-induced 
arthritis 

 Diminution of VIP-positive 
joint innervation 

 Mouse  [ 13 ] 

 Kaolin/carrageenan and 
adjuvant-induced 
monoarthritis—topical 
administration of VIP 

 VIP induced synovial 
hyperemia is diminished in 
acute but not chronic arthritis. 
Responsiveness can be 
reestablished by surgical 
denervation 

 Rat  [ 53 ] 

 CIA—systemic treatment 
with VIP 

 Decreased disease severity and 
Th1/Th17 response, decreased 
RANK-RANKL/OPG ratio 

 Rat  [ 56 ] 

 CIA—systemic treatment 
with tolerogenic dendritic 
cells generated in the 
presence of VIP 

 Decreased disease severity due 
to the induction of regulatory 
T cells and the consequent 
production of TGFβ and IL-10 

 Mouse  [ 61 ] 

 CIA—systemic treatment 
with micellar, low dose 
VIP 

 Decreased disease severity 
without the hypotensive side 
effect of free VIP 

 Mouse  [ 57 ] 

 CIA—systemic treatment 
with VIP 

 Decreased disease severity, 
joint damage, cytokine and 
chemokine expression, 
decreased Th1 response, 
decreased RANK-RANKL/
OPG ratio, induction of Treg 
cells 

 Mouse  [ 55 ,  59 ,  60 ] 

 PACAP  CIA—systemic treatment 
with PACAP 

 Decreased disease severity, 
joint damage, cytokine and 
chemokine expression, 
decreased Th1 response 

 Mouse  [ 54 ] 

 K/BxN serum-transfer 
 Arthritis—PACAP 
gene-defi cient mice 

 Increased disease severity, 
vascular responses, and 
macrophage activity. Biphasic 
effect on neutrophil activity. 
Increased synovial hyperplasia 
and osteophyte formation 

 Mouse  [ 43 ] 

 Anterior cruciate 
ligament transection 
model of osteoarthritis 

 Decreased level of PACAP in 
the synovial fl uid, weaker 
PACAP immunopositivity on 
osteoarthritic cartilage 

 Rat  [ 62 ] 

21 Role of PACAP/VIP in Bone and Joint Physiology and Pathophysiology



364

       PACAP and VIP: Key Mediators of Chronic Joint Pain 

 In addition to the immunoregulatory/chondroprotective effects of PACAP/VIP, 
these neuropeptides are also important during the development of chronic arthritic 
pain, infl uencing both peripheral and central sensitization processes [ 76 ]. The earli-
est indirect observations suggesting the importance of these peptides showed that 
the number of PACAP-mRNA-expressing neurons increases signifi cantly in the 5th 
lumbar dorsal root ganglia (L5 DRG) of rats in the early, but not in the late phase of 
paw infl ammation elicited by intraplantar Freund’s complete adjuvant (CFA) injec-
tion [ 77 ]. In the same CFA model systemic treatment with anti-nerve growth factor 
(a-NGF) diminishes PACAP expression, which implies that NGF is a positive 
endogenous modulator of neural PACAP expression during infl ammation [ 78 ]. 
Intraarticular injection of VIP into the knee joints of healthy rats elicits increased 
afferent fi ring rate and nociception, which can be abolished by co-treatment with 
the VPAC1/2 antagonist VIP6-28. Furthermore, local VIP6-28 treatment in the 
sodium monoiodoacetate-induced osteoarthritis model of the rat diminishes noci-
ception. Similarly to VIP, in a knee joint infl ammation model of the rat local 
PACAP-38 injection increases rotation-induced afferent fi ring—a clear sign of 
peripheral sensitization. This can be again blocked by VIP6-28 suggesting that 
VPAC1/2 activation is the central element of VIP/PACAP-induced peripheral sen-
sitization [ 79 – 81 ]. In accordance with these fi ndings, PACAP gene defi ciency also 
results in diminished hyperalgesia in the serum-transfer arthritis model of the mouse 
[ 43 ]. However, taking into consideration the known proinfl ammatory effects of 
VIP/PACAP, it is very likely that not a direct action of the peptides  per se , but rather 
secondary messengers are responsible for the peripheral sensitization (e.g., via mast 
cell-derived mediators). Others provided compelling additional evidence about the 
role of PACAP in central sensitization during chronic arthritic pain, as elevated 
levels of the peptide have been found in the DRG and spinal cord of mice in the 
chronic phase of the CIA model [ 82 ]. As a conclusion, in contrast to the perplexing 
complexity and divergent effect of these peptides on the infl ammatory components, 
there is a well-substantiated evidence about the overall algogenic effect of both VIP 
and PACAP in joint infl ammation. This strongly points towards the VPAC recep-
tors, and therefore, selective VPAC- antagonism could provide a novel, peripheral 
approach to treat joint pain in both infl ammatory and degenerative arthritides. A 
schematic representation of the role of VIP/PACAP in RA is outlined in Fig.  21.1 .

       Clinical Results About PACAP/VIP and Their Relevance 
in Rheumatologic Conditions 

 As early as 1986, it was shown, that VIP-levels are elevated in the synovial fl uid, but 
not in the serum of patients suffering of infl ammatory joint disease, which is less 
prominent in those who receive anti-infl ammatory medication (corticosteroids). 
Furthermore, intra-articular corticosteroid injection was found to diminish 
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VIP- levels dramatically in the synovial fl uid [ 83 ]. Contradictorily, others found 
only sporadical presence of VIP in the synovial fl uid of both RA patients and control 
subjects [ 84 ]. VIP-immunopositivity was also reported in the sublining area of the 
synovium in RA patients [ 85 ]. Additionally, weak expression of VIP was reported 
in the temporomandibular joint without any correlation to the disease of the joint 
(disc derangement or RA) [ 86 ]. Recent studies however found slightly, but not sig-
nifi cantly decreased serum VIP levels in patients suffering from RA or spondyloar-
thritis (SpA). Serum VIP levels also showed a weak inverse correlation with the 
disease activity. Based on this, VIP was proposed as a early prognostic biomarker of 
RA/SpA, but the reported small differences and considerable variations of serum 
VIP levels would pose a challenge that remains to be solved [ 87 ,  88 ]. 

 In vitro VIP diminishes the proliferation, proinfl ammatory cytokine (IL-6, IL-8) 
and MMP-2-production of isolated whole blood cells of RA patients, and also the 
activity of the transcription factor CREB which is important for the upregulation of 
proinfl ammatory cytokine (e.g., IL-1β) production [ 22 ]. VIP was also shown to 
increase the production of several cytokines (IL-1β, IL-6, and TNF-α) in isolated 
human leukocytes. This effect was signifi cantly more prominent in samples obtained 
from RA patients than from healthy or OA subjects [ 89 ]. In contrast, in human 
synovial cells and cultured FLS of OA and RA patients VIP downregulates the pro-
duction of numerous proinfl ammatory chemokines (CCL2, CXCL8), cytokines (IL- 
6, IL-12), and cytokine receptors (IL-17RA) [ 90 ,  91 ]. It was also shown that VIP 
decreases Toll-like receptor (TLR-4) expression and signaling in RA FLS cultures 
[ 92 ]. It was reported recently, that VIP downregulates the expression of a variety of 
pathogenic markers (IL-2, IL-21, and STAT3) in cultured memory Th cells of 
patient suffering from early RA, further underlining that VIP may abrogate RA 
primarily by dampening Th1/Th17-responses. Furthermore, memory Th cells of RA 

  Fig. 21.1    The divergent effects of PACAP/VIP on various aspects of infl ammatory/degenerative 
arthritides: immune components, skeletal tissue cells and nociceptive signaling       
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patients demonstrate lower expression of VPAC receptors, and a higher VPAC2/
VPAC1 expression ratio, indicating that VIP/PACAP signaling pathways on T cells 
are altered during autoimmune arthritis [ 93 ]. 

 VIP, VPAC1, and VPAC2 were found to be expressed in cultured FLS of OA 
patients, whereas RA FLS shows diminished VIP and VPAC1 expression, and con-
versely increased the expression of VPAC2. PAC1 receptor was found to be absent 
in all FLS. Treatment of OA FLS cultures with VIP or a selective VPAC1 agonist 
inhibits IL-6, IL-8, and MCP-1 chemokine production, whereas VIP/VPAC2 ago-
nist exhibits a similar effect in RA FLS. Treatment of FLS with TNF-α diminishes 
VIP and VPAC1 and increases VPAC2 expression leading to a similar expression 
pattern that is observed in RA [ 94 ]. 

 Besides RA, VIP expression was found to be markedly induced in the synovial 
biopsies obtained from patients suffering from polymyalgia rheumatica (PMR). 
Both the synovial lining and sublining areas demonstrate remarkable VIP immuno-
reactivity. PMR patients treated with corticosteroids exhibit a diminished immu-
nopositivity in the sublining area, but not in the synovial lining [ 85 ]. 

 In conclusion, existing clinical data do not provide a clear picture about the 
dynamics of PACAP/VIP expression during infl ammatory joint diseases. A number 
of confounding factors might cause these inconclusive/confl icting results, such as 
the lack of properly controlled studies, pooling data coming from different, unchar-
acterized disease subtypes and stages, known or unknown comorbidities of patients, 
and the unaccounted effects of ongoing anti-infl ammatory medication such as 
disease- modifying antirheumatic drugs (DMARD) or biologics. Therefore, their 
early prognostic biomarker value in these clinical conditions is diffi cult to deter-
mine at this stage, and further studies are needed to conclude on that.  

    Conclusions 

 PACAP and VIP receptors are present on a broad range of skeletal and immune 
cells, and the innervating sensory/sympathetic fi bers are primarily responsible for 
the production of these peptide mediators. A growing body of evidence supports the 
marked involvement of the VIP/PACAP system in the physiological functions of 
osteoblasts, osteoclasts, and cartilage development, but it is yet to be determined 
whether they can be utilized as a therapeutic approach to treat/prevent disorders of 
the skeletal system. PACAP/VIP exhibit interesting and complex immunomodula-
tory properties during infl ammatory/degenerative arthritis, but establishing their 
clinical signifi cance and relation to existing therapeutic agents needs further inves-
tigations. This would be a particularly pertinent question as already existing thera-
peutic modalities (DMARDs, biologics) might possess an ability to infl uence the 
local levels of these peptide mediators. Methotrexate (MTX) for example has been 
shown to facilitate the dipeptidyl peptidase IV (DPPIV) activity of stimulated mac-
rophages. Decreased DPPIV activity was observed in peripheral mononuclear cells 
in preclinical arthritis models [ 95 ,  96 ]. Since VIP and PACAP-38 (but not 
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PACAP-27) are degraded primarily via DPPIV [ 97 – 99 ], it is feasible that MTX or 
other DMARDs might restore the normal turnover of VIP/PACAP or other peptide-
rgic mediators in diseased tissues, ultimately contributing to their therapeutic 
effects. In summary, further studies are needed to determine the potential diagnostic 
and/or therapeutic value of the VIP/PACAP system in infl ammatory and degenera-
tive joint diseases. Finally, due to their algogenic properties and importance during 
peripheral/central sensitization, targeting PACAP and VIP-signaling should be con-
sidered as an alternative approach to prevent or treat chronic, persistent, therapy-
resistant, poorly manageable joint/bone pain.    
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    Abstract     The regulation of sexual maturation and reproductive function requires 
precise cooperation of hormonal regulation at hypothalamic, pituitary, and gonadal 
levels. Gonadotropin-releasing hormone (GnRH), which is released from the hypo-
thalamus in a pulsatile manner, regulates synthesis and secretion of the pituitary 
gonadotropins: luteinizing hormone (LH) and follicle-stimulating hormone (FSH). 
Gonadotropins, in turn, are secreted into the systemic circulation and act on the 
gonads to regulate follicular development, steroidogenesis, and gametogenesis. 
GnRH and gonadotropins are key players in controlling female reproductive func-
tions. In addition, it has gradually become clear that kisspeptin neurons in the hypo-
thalamus activate GnRH neurons through G protein-coupled receptor 54 (GPR54), 
and many investigations thus far have advanced our understanding of the physio-
logical control of the hypothalamic–pituitary–gonadal axis. 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) type I receptor 
(PAC1R) is a G protein-coupled receptor that is activated by PACAP. PACAP is 
present in two bioactive amidated forms, PACAP38 and PACAP28, and was fi rst 
isolated as a hypothalamic activator of cAMP production in pituitary cells. PAC1R 
and PACAP are expressed not only in the central nervous system, but also in periph-
eral organs, and function in the hypothalamus and anterior pituitary alone or in 
cooperation with other hypothalamic neuropeptides. 

 In this review, we summarize the current state of knowledge on how PACAP and 
PAC1R affect the central control of reproductive functions. The effect of PACAP 
and its PAC1R on pituitary lactotrophs, gonadotrophs, and GnRH producing neu-
rons is mainly described.  

  Keywords     PACAP   •   PAC1 receptor   •   TRH   •   GnRH   •   Prolactin   •   Gonadotropins  
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      Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) was fi rst isolated from 
ovine hypothalamus extract as a novel regulatory peptide that stimulates adenylate 
cyclase activity in anterior pituitary cells [ 1 ]. Because hypothalamic neurons con-
taining PACAP project toward the median eminence and terminate in the perivascu-
lar region of the hypothalamo-pituitary portal circulation, PACAP was initially 
viewed as a hypothalamic-hypophysiotropic neuropeptide. Subsequently, however, 
it was shown that PACAP and its receptors are expressed not only in the central 
nervous system, but also in most peripheral organs where PACAP exerts its effects 
on various tissues and physiological functions.  

    Distribution of PACAP 

 Miyata and his coworkers [ 1 ] in Arimura’s laboratory isolated a peptide in pure 
form that markedly increased cAMP accumulation in pituitary cells, and sequenc-
ing of the peptide revealed that it comprised 38 amino acid residues (PACAP38). 
PACAP27, which corresponds to the N-terminal 27 amino acids of PACAP38, was 
subsequently discovered as another peptide capable of stimulating adenylate cyclase 
activity in adenohypophyseal cells [ 2 ]. Because the sequence of PACAP27 shares 
68 % identity with vasoactive intestinal polypeptide (VIP), PACAP is recognized as 
a highly conserved member of the VIP–secretin–glucagon peptide superfamily [ 3 ]. 
Although radioimmunoassays revealed that the highest concentration of PACAP is 
found in the hypothalamic area [ 4 ], PACAP-containing neurons are not restricted to 
the hypothalamic area but are widely distributed in various brain regions including 
the cerebral cortex, amygdala, hippocampus, pineal gland, substantia nigra, cerebel-
lum, and pons [ 5 – 7 ]. In the hypothalamus, PACAP-immunoreactive neurons are 
located primarily in the parvocellular and magnocellular neurons of the paraven-
tricular (PVN) and supraoptic nuclei [ 8 ,  9 ]. Furthermore, PACAP mRNA is 
expressed in the PVN and arcuate nucleus (ARC) [ 7 ]. PACAP-containing neuronal 
fi bers are connected to the anterior pituitary through the hypophyseal portal blood 
vessels and work as a hypothalamic-pituitary releasing factor [ 10 – 12 ]. PACAP 
released into the blood circulation exhibits poor stability with a half-life of 5–10 min 
[ 13 ]. PACAP is variably expressed in peripheral tissues including the peripheral 
nervous system [ 14 ], eye [ 15 ], pituitary [ 16 ,  17 ], adrenal gland [ 18 ], pancreas [ 19 ], 
mammary gland [ 20 ], gastrointestinal tract [ 21 ], lymphoid tissues [ 22 ], gonads [ 23 , 
 24 ], placenta [ 25 ], and urinary tract and uterus [ 23 ,  26 ]. The ratio of PACAP27 and 
PACAP38 varies between the different organs [ 4 ]. In contrast to the central nervous 
system, PACAP and VIP are often found to be coexpressed in the same cells in 
peripheral organs [ 27 ,  28 ].  

H. Kanasaki et al.



377

    Receptors for PACAP and Its Distribution 

 Three PACAP receptors have been cloned in vertebrates thus far and have been 
termed the PAC1, VPAC1, and VPAC2 receptors according to their relative affi nity 
for PACAP and VIP. The PAC1 receptor (PAC1R) is relatively specifi c for PACAP38 
and PACAP27 with similar affi nities, but VIP does not effi ciently bind PAC1R. In 
contrast, PACAP38, PACAP27, and VIP bind VPAC1 and VPAC2 receptors with 
equal affi nity. The distribution and relative density of PACAP receptor mRNAs have 
been clearly demonstrated. In the central nervous system, PAC1R expression is gen-
erally abundant and widely distributed compared with VPAC1 and VPAC2 recep-
tors. Receptors for PACAP have also been identifi ed with widespread distribution in 
peripheral organs and cumulative knowledge regarding PACAP and its receptors 
were described in a comprehensive review [ 29 ]. 

 These observations and cumulative knowledge regarding PACAP were described 
in a comprehensive review [ 29 ]. PACAP initiates activation of intracellular signaling 
pathways including the phospholipase C (PLC)/protein kinase C (PKC)/calcium and 
adenylate cyclase/protein kinase A (PKA) pathways. PACAP also activates extracel-
lular signal-regulated kinase (ERK) [ 30 ,  31 ]. The predominant PAC1R mainly cou-
ples with Gs protein and induces cAMP accumulation, which activates PKA [ 1 ].  

    Action of PACAP and Its Receptor in Anterior Pituitary Cells 

 Evidence that PACAP acts as a hypothalamic-pituitary releasing factor includes the 
observation that PACAP is localized in the hypothalamus, the physical connection 
between PACAP-expressing neuronal fi bers and the median eminence as well as 
pituitary stalks, and the existence of its receptors in anterior pituitary cells [ 16 ,  32 ]. 
Indeed, PACAP stimulates the release of growth hormone, adrenocorticotropin, 
gonadotropins (luteinizing hormone; LH, follicle-stimulating hormone; FSH), pro-
lactin, and thyroid-stimulating hormone [ 1 ,  33 ]. In addition, PACAP is produced 
within the anterior pituitary gland, and is expressed by gonadotrophs and folliculo-
stellate cells, but not by other hormone-producing cells [ 17 ,  34 – 36 ]. 

    PACAP in Prolactin-Producing Cells 

 Prolactin is released from lactotrophs or somatolactotrophs in the anterior pituitary 
gland. Although the synthesis and secretion of prolactin are predominantly under the 
inhibitory control of dopamine through dopamine D 2  receptors [ 37 ], prolactin 
 synthesis and secretion is also regulated by several hypothalamic hormones such as 
thyrotropin-releasing hormone (TRH). TRH is the primary secretagogue for 
thyrotropin- stimulating hormone from thyrotrophs and regulates prolactin secretion, 
although it is unclear at present whether TRH is a physiological regulator of prolactin 
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[ 38 ]. VIP and peptide histidine also participate in prolactin regulation [ 39 ,  40 ]. In fact, 
PACAP has a stimulatory effect on prolactin secretion in vivo. A previous study dem-
onstrated that intravenous injection of PACAP into rats induces an increase in plasma 
prolactin concentration [ 41 ]. Consistent with this notion, PACAP-knockout animals 
were shown to have decreased circulating prolactin levels [ 42 ]. In contrast, however, 
studies investigating the effect of PACAP on pituitary cells have led to controversial 
results. PACAP was reported to be devoid of prolactin- releasing activity in cultured 
rat adenohypophyseal cells [ 43 ] and in ovine [ 44 ] and bovine [ 45 ] pituitary cultures. 
It is possible that PACAP may also regulate prolactin by modulating various hypotha-
lamic factors. However, PACAP receptors are indeed expressed in all cell types in the 
rat adenohypophysis [ 16 ], and it is also evident that pituitary prolactin-producing cells 
express PAC1R in rats [ 46 ]. Our previous study using GH3 cells, a rat somatolacto-
troph cell line, demonstrated that PACAP has a stimulatory effect on these cells and 
accelerates prolactin synthesis. In GH3 cells, PACAP increased the transcription rate 
of prolactin mRNA in a dose-dependent manner; however, its effect was very limited, 
probably because the expression level of PACAP receptors was relatively low [ 30 ]. In 
the same study, the stimulatory effect of PACAP on prolactin expression was dramati-
cally increased by PAC1R- overexpression in GH3 cells. In addition, we found that 
PACAP itself increased endogenous PAC1R expression [ 30 ].  

    TRH and PACAP in Prolactin Producing Cells 

 TRH, a known secretagogue for prolactin, binds to TRH receptors within lacto-
trophs and stimulates the synthesis and release of prolactin. After binding to its 
receptor, TRH stimulates inositol phospholipid metabolism by activating receptors 
and accelerates its signaling cascades, which include PKC activation and calcium 
release from storage sites [ 47 ]. Extracelluar signal-regulated kinase (ERK) activa-
tion by TRH is mediated by both PKC-dependent and -independent pathways [ 48 , 
 49 ]. There is much evidence supporting the involvement of ERK in prolactin gene 
expression [ 49 – 51 ]. In experiments using GH3 cells overexpressing PAC1R, 
PACAP dramatically increased prolactin promoter activity with a concomitant 
increase in ERK phosphorylation. In addition, transfection with a higher amount of 
PAC1R expression vector led to a further increase in prolactin promoter activity in 
response to PACAP. Moreover, combined treatment with PACAP and TRH further 
increased prolactin promoter activation compared with that stimulated by each fac-
tor alone [ 30 ]. These results strongly suggest that PACAP is a regulator of prolactin 
in lactotrophs and works cooperatively with TRH.  

    Interaction Between PAC1R and TRH Receptor 

 Lactotrophs express both the TRH receptor and PAC1R. In experiments using GH3 
cells, PACAP enhanced the stimulatory action of TRH on the prolactin promoter. 
PACAP has been found to decrease the activity of pyroglutamyl peptidase II [ 52 ], a 
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TRH-specifi c ectoenzyme that cleaves the pyroglutamyl-histidyl peptide bond of 
TRH [ 53 ]. TRH is a secretagogue for prolactin; thus, the inhibition of pyroglutamyl 
peptidase II induced by PACAP may cause indirect stimulation of prolactin release 
through a reduction in TRH degradation. While an interaction between TRH and 
PACAP almost certainly exists, an interaction between the TRH receptor and PAC1R 
within lactotrophs is somewhat ambiguous. TRH and PACAP receptors share signal-
ing pathways such as ERK and cAMP/PKA [ 30 ,  54 ]. It is a well-known phenomenon 
within the pituitary gonadotrophs that continuous exposure to gonadotropin- releasing 
hormone (GnRH) leads to desensitization of GnRH receptors and eliminates the 
effect of GnRH on gonadotropin secretion [ 55 ]. Similar to the case of the GnRH 
receptor, it was reported that prolonged stimulation with TRH decreases the number 
of TRH receptors [ 56 ]. Using GH3 cells, we examined how the functions of the TRH 
receptor and PAC1R change after prolonged stimulation with TRH or PACAP. In 
experiments using GH3 cells overexpressing PAC1R, prolonged treatment with TRH 
abolished the effect of TRH on the prolactin promoter. In addition, the response of the 
prolactin promoter to PACAP was eliminated by this treatment. ERK as well as 
cAMP/PKA signaling activated by TRH or PACAP was also disrupted by prolonged 
PACAP or TRH treatment. We therefore hypothesized that sustained stimulation with 
TRH or PACAP desensitizes their own and each other’s receptor functions [ 54 ].  

    PACAP in Gonadotrophs 

 Gonadotropin synthesis and release is predominantly regulated by GnRH, but there 
is evidence that PACAP acts on gonadotrophs as well. Receptors for PACAP exist in 
all endocrine cell types as well as in folliculostellate cells of the adenohypophysis 
[ 16 ]. In addition, PACAP mRNA is expressed in gonadotrophs and folliculostellate 
cells [ 17 ,  35 ,  36 ]. These observations suggest that although PACAP was initially 
viewed as a hypothalamic-hypophysiotropic factor, it may act within the pituitary as 
an autocrine-paracrine factor. Injection of PACAP increases plasma levels of LH and 
FSH in rats [ 43 ]. PACAP stimulates expression and secretion of LH and FSH either 
alone or synergistically with GnRH in pituitary cultures [ 57 ]. The gonadotropin- 
stimulating effect of PACAP occurs with a concomitant increase in cytosolic cal-
cium concentration [ 58 ]. In addition, it was reported that PACAP expression within 
the pituitary changes markedly depending on gender, time of day and stage of estrous 
cycle. Indeed, there are relatively few PACAP-secreting cells during diestrus, but 
their numbers increase substantially in proestrus [ 17 ,  59 ,  60 ].  

    GnRH Receptor and PAC1R in Gonadotrophs 

 PACAP has been shown to stimulate the expression of gonadotrophin subunits in 
rat pituitary cells as well as in gonadotroph cell lines such as αT3-1 and LβT2 [ 31 , 
 61 ,  62 ]. In addition, it is known that PACAP increases the expression of the GnRH 

22 Role of PACAP and Its PACAP Type I Receptor in the Central Control…



380

receptor and its own PAC1R in gonadotrophs [ 63 – 65 ]. In contrast, GnRH itself 
affects the expression of the GnRH receptor [ 66 ], PACAP and PAC1R within 
gonadotrophs [ 65 ]. We speculate that the functional interaction between GnRH 
and PACAP, or between the GnRH receptor and PAC1R, participates in GnRH 
pulse- frequency- dependent gonadotropin subunit gene expression. It is generally 
agreed that hypothalamic GnRH is released from the hypothalamus in a pulsatile 
manner, and the pattern of the GnRH pulse varies during the reproductive cycle 
[ 67 ], thereby determining the dominance of the output of the gonadotropins LH 
and FSH from pituitary gonadotrophs. In experiments using ovariectomized rhesus 
monkeys, Wildt and coworkers [ 68 ] demonstrated that administration of a higher 
frequency of GnRH pulses increases LH secretion, whereas lower frequencies 
decrease LH but increase FSH secretion. GnRH pulse-frequency-dependent spe-
cifi c regulation of LH and FSH was also observed in the gonadotroph cell line 
LβT2. In these cells, expression of the LHβ-subunit is optimally stimulated by a 
GnRH pulse interval of 30 min, whereas that of the FSHβ-subunit is preferentially 
stimulated by a longer GnRH pulse interval of 2 h [ 69 ,  70 ]. The detailed mecha-
nism by which the GnRH pulse frequency determines the specifi city of LH and 
FSH expression remains unknown. In experiments using LβT2 cells, we found that 
when cells were exposed to low-frequency GnRH pulses, levels of PACAP and 
PAC1R within the gonadotrophs were increased compared to high-frequency 
GnRH pulses [ 65 ]. On the other hand, it was known that the number of cell surface 
GnRH receptors is increased at higher frequencies of GnRH pulse [ 71 ]. Expression 
of LHβ-subunit is optimally stimulated by relatively high cell-surface density of 
GnRH receptors, whereas expression of FSHβ-subunit is favored at a lower density 
of GnRH receptor [ 69 ,  72 ]. It is known that increasing concentrations of PACAP 
or increasing densities of PAC1R by overexpression of PAC1R increase the effect 
of PACAP on gonadotropin subunit expression [ 73 ]. Details are still remain 
unknown, but the changes in PACAP and PAC1R expression within the gonado-
trophs under the low frequency of GnRH pulse might contribute to the differential 
regulation of LHβ- and FSHβ-subunit expression as an autocrine/paracrine factor 
(Fig.  22.1 ). In addition, we have observed that PAC1R expression in gonadotrophs 
potentiates the effect of GnRH on gonadotropin subunit gene expression with con-
comitant potentiation of GnRH-mediated increases in ERK phosphorylation [ 74 ]. 
Our observations suggest that functional crosstalk exists between GnRH’s and 
PACAP’s actions, and that these peptides induce intracellular crosstalk between 
the GnRH receptor and PAC1Rs.

        Effect of PACAP in GnRH-Producing Neurons 

 PACAP is abundantly expressed in the central nervous system including the hypo-
thalamus [ 11 ]. In addition, binding sites that display relatively high affi nity for 
PACAP are distributed in the hypothalamic areas. Because GnRH-producing neu-
rons exist in this area, PACAP may regulate gonadotropins by modulation of GnRH 
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neuronal activity. Previous studies demonstrated that administration of PACAP by 
intracerebroventricular injection or direct injection into the medial basal hypothala-
mus, which contains GnRH-neurons, suppresses GnRH pulsatility in ewes [ 44 ,  75 ]. 
In contrast, PACAP was shown to increase GnRH mRNA expression levels in male 
rats [ 76 ]. In addition, a number of studies have implicated PACAP in the pubertal 
process via alteration of GnRH neuronal activity [ 77 ,  78 ]. In support of a direct 
action PACAP on GnRH neuronal activity, receptors for PACAP have been demon-
strated in an immortalized GnRH cell line [ 79 ]. We have previously demonstrated 
that PACAP stimulates intracellular signaling cascades including ERK and cAMP-
dependent kinase pathways with a concomitant increase in GnRH receptor expres-
sion in the immortalized GnRH cell line GT1-7 [ 80 ]. Although GnRH is a crucial 
component of the hypothalamic-pituitary gonadal axis, it has gradually become 
obvious that kisspeptin-secreting neurons activate GnRH neurons through G pro-
tein-coupled receptor 54 (GPR54) [ 81 ]. At present, it remains largely unknown how 
PACAP interacts with kisspeptin at the receptor level in GnRH neurons, although 
we have observed that kisspeptin-induced activation of ERK signaling was pre-
vented by PACAP, whereas kisspeptin-stimulated cAMP/PKA signaling (which 
was determined by cAMP response element (CRE)-mediated transcriptional activ-
ity) was potentiated in the presence of PACAP [ 80 ]. These observations suggest that 
the effects of kisspeptin in GnRH neurons were differently modulated by PACAP 
according to its signaling pathways.  

  Fig. 22.1    A schematic summary of the involvement of PACAP and Pac1R in GnRH pulse 
frequency- dependent specifi c regulation of LHβ- and FSHβ-subunit expression. Under the high 
frequency GnRH stimulation, GnRH receptor (GnRHR) expression was predominantly observed 
in gonadotrophs. On the other hand, PACAP and PAC1R expression responded preferentially tp 
low frequency GnRH pulses without GnRHR induction. Follistatin expression within gonado-
trophs was dependent on high frequency GnRH pulse       
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    Conclusions 

 It has been more than 20 years since PACAP was hypothesized to participate in 
reproductive functions [ 82 ]. PACAP exerts its function in central and peripheral 
organs by itself, and also modifi es many functions that are controlled by their prin-
cipal regulators. In this review, we focused on lactotroph-, gonadotroph-, and 
GnRH-producing neurons, and describe the action of PACAP and its PAC1R in 
these cells. PACAP exerts its effects in these cells by modulating hormone or recep-
tor synthesis. In addition, PACAP modulates the effects of TRH on lactotrophs, 
GnRH on gonadotrophs, and kisspeptin on GnRH-producing neurons (Fig.  22.2 ). 
The physiological roles of PACAP and PAC1R in the central control of reproductive 
functions remain largely unknown; therefore, further research is needed.

  Fig. 22.2    A schematic summary of this review. PACAP acts as a hypothalamic factor to stimulate 
gonadotropin and prolactin (PRL) production in gonadotrophs and lactotrophs. PACAP also mod-
ulates GnRH- and TRH-induced gonadotropin and PRL expression. In addition, PACAP acts on 
GnRH neurons to modulate their functions       
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    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) is an 
endogenous neuropeptide with a widespread distribution both in the nervous sys-
tem and peripheral organs. The peptide is also present in the female gonadal sys-
tem, indicating its role in reproductive functions. While a lot of data are known on 
PACAP- induced effects in oogenesis and in the regulation of gonadotropin secre-
tion at pituitary level, its placental effects are somewhat neglected in spite of the 
documented implantation defi cit in mice lacking endogenous PACAP. The aim of 
the present review is to give a brief summary on the occurrence and actions of 
PACAP and its receptors in the placenta. Radioimmunoassay (RIA) measurements 
revealed increased serum PACAP levels during the third trimester and several 
changes in placental PACAP content in obstetrical pathological conditions, further 
supporting the function of PACAP during pregnancy. 

 Both the peptide and its receptors have been shown in different parts of the 
 placenta and the umbilical cord. PACAP infl uences blood vessel and smooth muscle 
contractility of the uteroplacental unit and is involved in regulation of local hor-
mone secretion. The effects of PACAP on trophoblast cells have been mainly stud-
ied in vitro. Effects of PACAP on cell survival, angiogenesis and invasion/
proliferation have been described in different trophoblast cell lines. PACAP 
increases proliferation and decreases invasion in proliferative extravillous 
 trophoblast cells, but not in primary trophoblast cells, where PACAP decreased the 
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secretion of various angiogenic markers. PACAP pretreatment enhances survival of 
non-tumorous primary trophoblast cells exposed to oxidative stress, but it does not 
infl uence the cell death-inducing effects of methotrexate in proliferative extravil-
lous cytotrophoblast cells. Interestingly, PACAP has pro-apoptotic effect in chorio-
carcinoma cells suggesting that the effect of PACAP depends on the type of 
trophoblast cells. These data strongly support that PACAP plays a role in normal 
and pathological pregnancies and our review provides an overview of currently 
available experimental data worth to be further investigated to elucidate the exact 
role of this peptide in the placenta.  

  Keywords     Pregnancy   •   Trophoblast   •   Proliferation   •   Migration   •   Placenta   •   Human  

      Introduction 

 Pituitary adenylate cyclase activating polypeptide (PACAP) was fi rst described as a 
hypothalamic neuropeptide acting on the pituitary [ 1 ]. Numerous subsequent stud-
ies have described its regulatory effects in the hypothalamo-hypophyseal-endocrine 
gland axis at all levels. Shortly after its discovery it became evident that PACAP 
occurs at high levels in several peripheral organs, especially in the gonads. Arimura 
and coworkers showed that after the hypothalamus, highest PACAP levels are found 
in the testis [ 2 ]. This drew the attention to the peptide as a regulator of male fertility 
and reproduction. Indeed, PACAP was found to infl uence spermatogenesis at vari-
ous levels [ 3 – 6 ]. 

 PACAP is also involved in female reproductive functions. Although our knowl-
edge on PACAP in reproductive functions is still limited, currently available data 
clearly indicate that the neuropeptide plays an important regulatory role in female 
reproductive physiology and pathology (rev. [ 7 ]). Briefl y, PACAP, at the hypotha-
lamic level, infl uences receptive behavior in female rodents, in association with 
gonadotropin releasing hormone and steroids [ 8 ], and plays an important modula-
tory role in pituitary hormone production. The role of PACAP in the hypothalamo- 
pituitary- gonadal axis has been reviewed several times previously [ 9 – 13 ] and is 
reviewed in the present book in two chapters (  11    . and   12    .). PACAP is present in the 
ovary, in the ovarian follicular fl uid and plays an important role in oocyte matura-
tion [ 7 ,  14 ,  15 ]. In humans, the level of immunoreactive PACAP in the follicular 
fl uid of hyperstimulated women is correlated with the number of retrieved oocytes 
[ 16 ]. PACAP also plays a role in the muscle contraction of the vaginal wall as well 
as that of the uterus and uterine tube [ 17 – 19 ]. Decreased immunoreactivity was 
shown in vaginal wall diseases and the plasticity of the PACAPergic system was 
demonstrated after vaginal reconstructive surgery [ 20 ,  21 ]. The PACAPergic inner-
vation of the female genital tract was also described and has been associated with 
nerves originating from the paracervical ganglia [ 22 ,  23 ]. 
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 During pregnancy, the serum level of PACAP increases in the third trimester in 
healthy pregnant women and it markedly decreases during delivery, reaching pre-
birth levels 3 days after delivery [ 24 ]. Winters and colleagues indicated a possible 
difference between cesarian and vaginal births regarding PACAP levels in the fetal 
cord blood [ 25 ]. In pregnant rats, Papka et al. [ 26 ] detected PACAP immunoreactiv-
ity in cervical nerves, lumbosacral dorsal root ganglia and in the spinal cord. 
Immunoreactivity showed changes during pregnancy, indicating that sensory nerve- 
derived PACAP is involved in the innervation of the cervix and may play a role in 
cervical ripening [ 26 ]. The role of PACAP in reproduction and offspring care does 
not seem to fi nish with birth: PACAP plays a complex regulatory role in breastfeed-
ing. The action of PACAP on prolactin synthesis and release is complex and infl u-
enced by several factors [ 27 ,  28 ]. The high concentrations of PACAP in the milk 
suggest that the peptide plays a role in the development of the newborn [ 29 – 31 ]. 
Equally possible function of PACAP in the milk is a local regulatory action of milk 
production and/or mammary gland development [ 32 ,  33 ]. (This is reviewed else-
where in this book by Tamas and co-workers 49.). In addition, PACAP was impli-
cated to play a role in maternal behavior as showed by the decreased maternal 
crouching behavior of PACAP knockout mice [ 34 ]. 

 It seems that placental functions of the neuropeptide are somewhat neglected in 
spite of the fi ndings of Isaac and Sherwood [ 35 ], who described that the reproduc-
tive rate of PACAP knockout mice is lower due to implantation insuffi ciency, clearly 
indicating a placental role of endogenous PACAP. The present review briefl y sum-
marizes the occurrence and actions of PACAP and its receptors in the placenta.  

    Occurrence of PACAP and PACAP Receptors in the Placenta 

 Occurrence of PACAP and its receptors are summarized in a schematic drawing 
(Fig.  23.1 ). The gene encoding VPAC receptors was found to be weakly expressed 
in human placenta at relative prevalent levels comparable to that in the testis, kidney 
and thymus [ 36 ]. Another study also confi rmed these fi ndings [ 37 ].

   Subsequent studies gave further insight into the occurrence and distribution of 
PACAP and its receptors in the placenta. Radioimmunoassay and immunocytochem-
istry fi rst confi rmed the expression of PACAP27 and PACAP38 in human placentas 
[ 38 ]. PACAP levels in the placenta were compared to those in the isthmic region of 
the uterus and in the umbilical cord. Both forms of PACAP could be detected in the 
examined specimens of the uteroplacental unit. PACAP38 concentration was higher 
than PACAP27 levels in all examined regions. Uterus and placenta showed similar 
levels of immunoreactivity, while intensity in the umbilical cord was much weaker 
[ 38 ]. These authors found no immunoreactive nerve fi bers in the placenta or umbili-
cal cord, immunoreactive nerve fi bers were only present in the uterus, with isthmic 
region and nonpregnant myometrium showing stronger immunoreactivity than preg-
nant uterus. PACAP immunoreactivity by radioimmunoassay was confi rmed later by 
Brubel et al. [ 39 ]: both forms of the peptide could be detected with PACAP38 
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 showing stronger immunoreactivity, in agreement with the above earlier observa-
tions. Furthermore, it was also found that different parts of the human placenta con-
tained similar levels of PACAPs, such as central maternal, peripheral maternal, central 
fetal, and peripheral fetal parts. The umbilical cord showed very weak immunoreac-
tivity. In addition, Brubel et al. [ 39 ] also compared the level of immunoreactivity in 
the 1st trimester samples and full-term placentas. Markedly stronger immunoreactiv-
ity for PACAP38 was found in full-term placentas on both the maternal and fetal 
sides. In contrast, PACAP27-immunoreactivity only increased on the maternal side, 
while it did not change on the fetal side towards the end of pregnancy. 

 Scaldaferri and collagues [ 40 ] studied PACAP and PAC1 receptor expression by 
means of Northern blot analysis, polymerase chain reaction (PCR) and immunohis-
tochemistry. The authors detected the presence of PACAP and PAC1 receptor in 
both rat and full-term human placentas. In human placentas, strong immunohisto-
chemical staining was observed in stromal cells surrounding blood vessels and 
weaker signal was detected in vessel walls in stem villi. In terminal villi, stromal 
cells expressed PACAP38 immunoreactivity. In stem villi, the stromal immunoreac-
tivity was restricted to the periphery, while this spatial distribution pattern was lack-
ing in terminal villi, where immunostaining was dispersed throughout the stroma. In 
rat placentas, several immunostained cells were observed in the labyrinth and in the 
villous-like structures of the intraplacental yolk sac, structures derived from yolk 
sac extensions into placental disc during late pregnancy [ 40 ]. 

 Isoforms of the PAC1 receptor were also studied by RT-PCR. Different isoform 
expression was revealed in rat and human placentas. Rat placenta was shown to 
express 3 isoforms: the short, hip or hop variant and the hip-hop variant. In contrast, 
human placenta only expressed the SV2 form, homologous to the rat hop form. 
Radioligand receptor binding assay revealed that the relative potencies of PACAP- 
related peptides were PACAP27, PACAP38 with comparable strong binding (almost 
equipotent, PACAP27 slightly stronger) and VIP with weaker binding (10 times less 
potent). Growth hormone releasing hormone and unrelated peptides, such as beta-
endorphin and corticotropin-releasing hormone, did not bind to the receptor [ 40 ]. 

  Fig. 23.1    Distribution of PACAP and PACAP receptors in the human placenta. ( A ). Representative 
photomicrograph of the human placenta indicating the parts depicted in the ( B ) schematic illustra-
tion of the human placenta.  Star:  PACAP38 immunohistochemistry,  fi lled circle:  PACAP mRNA, 
 fi lled triangle:  PAC1 mRNA,  fi lled square:  PACAP38 radioimmunoassay,  open square:  PACAP27 
radioimmunoassay. Exact localization of VPAC receptors is not known       
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 PACAP and PAC1 receptor mRNAs were investigated in rat placenta also by 
Koh and coworkers [ 41 ]. Rat placenta consists of decidua basalis, junctional and 
labyrinth zones. Expression of PACAP and PAC1 receptor mRNA was detected by 
in situ hybridization in decidual cells, and in chorionic vessels and stromal cells of 
the labyrinth zone [ 41 ]. In decidual cells, signals were strongest on day 13.5 of 
gestation, then decreased with more advanced stages. No signal could be detected 
in the junctional zone. In contrast, signals were gradually increasing with advancing 
pregnancy in the labyrinth zone, in the branching villi, stem villi and also in chori-
onic vessels. 

 Koh et al. [ 42 ] investigated the expression of PACAP and PAC1 receptor mRNA 
from human legal abortions of 6–7 weeks, from induced abortions of 14–24 weeks 
(second trimester) and term placentas by cesarian section or normal vaginal deliv-
ery. In situ hybridization revealed expression of PACAP and PAC1 receptor mRNAs 
in stem villi and terminal villi. In 7- and 14-week-old samples, PACAP mRNA was 
detected in stroma cells surrounding blood vessels within stem villi, with moderate 
expression level, while stronger expression of PACAP mRNA was found at later 
stages [ 42 ]. PACAP mRNA was only weakly expressed in cytotrophoblast and syn-
cytiotrophoblast cells. PAC1 receptor expression was detected in the same areas: 
stronger expression was described in stroma cells of the villi, while weaker expres-
sion in the trophoblast cells. Similar pattern of VIP immunoreactivity was detected 
by Marzioni and coworkers [ 43 ]. Immunostaining was present in both trophoblast 
layers and in the endothelium of the fetal vessels. 

 The gradual increase of the mRNA expression for both PACAP and its specifi c 
receptor implies a role of PACAP in placental growth. The fi ndings with RIA also 
confi rmed these increasing levels in late placentas compared to early placentas [ 4 ].  

    Expression of PACAP in Pathological Pregnancies 

 Butadiene diepoxide is a reactive metabolite of 1,3-butadiene that is an important 
industrial chemical and causes a dose-dependent inhibition of deciduoma develop-
ment in rats [ 44 ,  45 ]. Placental expression of PACAP mRNA signifi cantly decreased 
in rats pretreated with 1,3-butadiene, a chemical toxin for reproduction in rats [ 44 , 
 46 ]. The decrease was more drastic on gestation day 12 (63 %) than on day 9 (48 %). 

 Our recent preliminary investigations have focused on the levels of PACAP38 
and PACAP27 in cases of different pathological situations. These measurements 
were done in order to show possible changes of PACAP expression caused by 
maternal smoking during pregnancy or fetal distress or hypoxia leading to presence 
of meconium in the amniotic fl uid. Human placentas were collected from full-term 
placentas. Samples were taken from the chorionic villi (fetal side), the decidua 
(maternal side) and the umbilical cord. Four different groups were examined: (1) 
normal pregnancy and birth; (2) amniotic fl uid with meconium—premature birth 
(36–38 weeks); (3) premature birth (31–32 weeks) with smoking during pregnancy; 
(4) post term birth with smoking during pregnancy ( n  = 3 in all groups). 
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 The procedure used was in accordance with protocols approved by the ethical 
committee (no. 2784,3117, University of Pecs; 8-28/92 009-10 I 8EKU, ETT 
TUKEB, Ministry of Health, Hungary). Tissue samples were weighed and homoge-
nized in ice-cold distilled water. The homogenate was centrifuged (12,000 rpm, 4 °C, 
30 min), and the supernatant was further processed for RIA analysis of PACAP38 
and PACAP27 contents, as previously described [ 47 ,  48 ]. 

 Briefl y, the conditions were as follows: antisera: PACAP38 “88111-3” (working 
dilution, 1:10,000) and PACAP27 “88123” (dilution: 1:45,000); tracer: mono- 125I- 
labelled ovine PACAP24-38 and mono-125I-labelled ovine PACAP27 prepared in 
our laboratory (5000 cpm/tube); standard: ovine PACAP38 and PACAP27 ranging 
from 0 to 1000 fmol/ml; buffer: assay prepared in 1 ml of 0.05 mol/l (pH 7.4) phos-
phate buffer containing 0.1 mol/l sodium chloride, 0.25 % (wt/vol) bovine serum 
albumin, and 0.05 % (wt/vol) sodium azide; incubation time: 48–72 h of incubation 
at 4 °C; separation solution: charcoal/dextran/milk powder (10:1:0.2 g in 100 ml of 
distilled water). Results are given as fmol/mg PACAP38-like immunoreactivity and 
PACAP27-like immunoreactivity in the tissue samples. Differences between 
PACAP contents were assessed by ANOVA test. 

 As sample sizes were low, no defi nite statistical comparison was possible, but 
some conclusions on tendencies can be drawn based on these preliminary results. We 
found detectable differences in levels of PACAP38 between pathological and physi-
ological pregnancies suggesting that PACAP expression may be disturbed or upregu-
lated during pathological events related to pregnancy (Fig.  23.2 ). PACAP27 levels 
did not show pronounced alterations in any examined condition. In accordance with 
previous results, levels of PACAP27 were signifi cantly lower than PACAP38 levels 
in each sample. Under hypoxic condition, as indicated by the presence of meconium 
in the amniotic fl uid, PACAP levels did not change in most samples. Only a slight 
decrease was observed in the chorionic villi and in the umbilical cord. Samples from 
premature births of smoking mothers showed marked increases in all regions exam-
ined except for the central decidua, where a slight decrease was observed. Decreases 
were also detected from samples derived from post term births of smoking mothers. 
Although our results are preliminary from limited number of clinical cases, some 
tendencies are promising as it seems that PACAP levels change in some pathological 
conditions. PACAP alterations have been observed in several diseases in both tissue 
samples and body fl uids including plasma, cerebrospinal fl uid and follicular fl uid [ 16 , 
 49 ]. Recent studies have shown that PACAP levels were lower in lung cancer, colon 
and kidney tumor samples compared to healthy tissue, while higher in prostate cancer 
samples compared with samples from benign prostatic hyperplasia [ 50 ,  51 ]. As 
PACAP is indicated as a potential biomarker for various conditions by several stud-
ies, it would be important to conduct a clinical study including enough pathological 
placenta samples to draw fi nal conclusions (clinical review: see Reglodi et al. in this 
book, chapter   2    .).
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       Effects of PACAP in Vessels of the Placenta 

 Effects of PACAP on different components and cells of the placenta are summarized 
in Table  23.1 . Steenstrup et al. [ 38 ] investigated the effects of PACAP on vessels and 
smooth muscle contractility in the uteroplacental unit. They found that preincubation 
of the vessels with PACAPs and VIP produced a signifi cant and concentration- 
dependent inhibition of the norepinephrine-induced contraction on the intramyome-
trial and stem villus arteries. The high concentration needed for signifi cant relaxation 
indicates that the local release of the peptides is necessary to achieve this effect 
in vivo. These results show that PACAP causes relaxation of the placental vessels. In 
contrast, no effect was observed on either the amplitude, tone or frequency of strips 
of spontaneously contracted myometrial smooth muscle obtained from pregnant 
women [ 38 ]. These observations indicate that PACAP may be involved in the regula-
tion of the uteroplacental blood fl ow. The time-related localization of endometrial/

  Fig. 23.2    Levels of PACAP27 and PACAP38 in placentas from healthy and pathological pregnan-
cies. Results are given as mean fmol/mg tissue PACAP ± SEM. Differences between levels of 
PACAP38 and PACAP27-like immunoreactivities were signifi cant in all cases       
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   Table 23.1    Summary of the effects of PACAP in the placenta   

 Cells/region of placenta  Effect 

 PACAP 
concentration 
(M)  Reference 

 Stem villous arteries  Relaxation  10 −10 –10 −6   [ 38 ] 
 Intramyometrial arteries  Relaxation  10 −10 –10 −6   [ 38 ] 
 JEG3 choriocarcinoma cells  cAMP increase, IL-6 secretion, 

alpha-subunit gene transcription 
 10 −7   [ 52 ] 

 JEG3 choriocarcinoma cells  No infl uence on survival of cells 
exposed to oxidative stress 

 10 −7   Horvath et al. 
unpublished 
observation 

 JAR choriocarcinoma cells  Decreased survival in cells 
exposed to oxidative stress or 
hypoxia 

 10 −7   [ 53 ] 

 JAR choriocarcinoma cells  No infl uence on survival of cells 
exposed to LPS, ethanol, 
methotrexate 

 10 −9 –10 −7   [ 39 ,  53 ] 

 JAR choriocarcinoma cells  Phosphorylation of ERK1/2 and 
JNK↑; Akt, GSK-3β, and p38 
MAPK↓, Bax expression↓; in 
cells exposed to oxidative stress, 
PACAP decreased 
phosphorylation of all these 

 10 −7   [ 53 ] 

 JAR choriocarcinoma cells  Agonistic effects of PACAP6- 38 
on signaling 

 10 −7   [ 62 ] 

 HTR-8/SVneo nontumorous 
primary trophoblast cells 

 Pretreatment increased survival 
in oxidative stress, co-treatment 
no effect 

 10 −8 –10 −7   [ 61 ] 

 HTR-8/SVneo nontumorous 
primary trophoblast cells 

 No effect on invasion  10 −7   [ 61 ] 

 HTR-8/SVneo nontumorous 
primary trophoblast cells 

 Reduced levels of angiogenic 
factors active A, ADAMTS-1, 
angiogenin, angiopoietin-1, 
endocrine gland-derived 
vascular endothelial growth 
factor, and endoglin 

 10 −6   [ 61 ] 

 HIPEC65 proliferative 
extravillous cytotrophoblast 
cells 

 Induced proliferation, but no 
effect on methotrexate-induced 
cell death 
 decreased invasion 

 10 −7   [ 61 ] 

 Decidual and peripheral 
mononuclear cells from 
early pregnancies 

 No effect on secreted 
angiogenic molecules or 
infl ammatory cytokine 
production 

 10 −6   [ 61 ] 
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uterine PACAP was described by Spencer et al. [ 45 ]. PACAP mRNA pattern showed 
similarity with that of the progesterone receptor during decidualization, but it was 
consistently lower during gestation. Furthermore, both uterine and placental mRNA 
expression pattern of decidual prolactin-related protein corresponded to PACAP and 
progesterone receptor mRNA levels. They suggest that PACAP could be important 
in facilitating endometrial blood fl ow and increase availability of metabolic sub-
strates to the developing deciduoma or embryo [ 45 ].

       Effects on Hormonal Secretion of the Placenta 

 Using JEG3 choriocarcinoma cells PACAP was found to induce a 12-fold increase 
in cAMP secretion [ 52 ]. This action of PACAP was rapid, cAMP increase started 
already after 30 min. cAMP in the placenta is known to stimulate alpha-subunit 
expression. Alpha-subunit of the hypophyseal hormones LH, FSH, and TSH is also 
present in the placental hormone human chorionic gonadotropin. PACAP38 was 
found to positively regulate alpha-gene transcription in JEG3 cells, with maximal 
effect at 100 nM concentration. The time course of this effect showed that PACAP 
effect started after 8 h. Similar effects were observed with the homolog peptide, 
VIP, but the effects of VIP an alpha-gene transcription started only after 24 h [ 52 ]. 
These fi ndings show that PACAP may be involved in placental hormone secretion, 
and the similar effects of PACAP and VIP suggest that these effects are mediated by 
the shared VPAC receptors.  

    Effects of PACAP on Survival of Trophoblast Cells 

 Effects of PACAP on trophoblast cell survival were studied in JAR human choriocar-
cinoma cells [ 53 ]. PACAP treatment alone did not infl uence the survival rate. Cells 
exposed to oxidative stress induced by H 2 O 2  showed decreased survival rate, which 
was further decreased by PACAP. A similar effect was observed in cells undergoing 
chemically induced hypoxia by CoCl 2 . No effects on survival were observed in cells 
exposed to lipopolysaccharide (LPS), methotrexate or ethanol [ 39 ,  53 ]. These fi nd-
ings were contradicting the general survival-promoting effect of PACAP observed in 
many different cell lines and tissues both in vitro and in vivo [ 54 ]. Examining the 
signaling pathway revealed that PACAP treatment alone slightly increased phosphor-
ylation of ERK1/2 (extracellular signal-regulated kinase) and JNK (c-Jun N-terminal 
kinase) but decreased that of Akt (protein kinase B), MAPK (mitogen-activated pro-
tein kinase), GSK-3β (glycogen synthase kinase 3 beta) and the expression of Bax. 
Oxidative stress alone increased phosphorylation of JNK and slightly decreased that 
of Akt, ERK, and GSK-3β, while no changes were observed in the expression of 
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phospho-p38 and Bax. In cells exposed to oxidative stress, PACAP treatment 
decreased phosphorylation of all of these examined signaling molecules compared to 
H 2 O 2 -treated controls. These results indicate that PACAP sensitizes the cells to some 
stressors, like oxidative stress and in vitro hypoxia, while it does not affect the delete-
rious effects of other stressors [ 53 ]. The reason for this is not known at the moment, 
and may or may not refl ect the physiological role of the peptide, since these experi-
ments were performed in choriocarcinoma cells, in which the receptor expression 
and signaling induced by PACAP may be signifi cantly altered. 

 Similar results were described in retinoblastoma cells, where PACAP treatment 
induced cell death [ 55 ] in spite of the well-known protective effects of PACAP in the 
retina [ 56 ,  57 ]. PACAP also inhibited the growth of the neuronal tumor medulloblastoma 
in spite of the well-known neuroprotective effects of the peptide [ 58 – 60 ]. An equally 
possible explanation is that the sensitizing effect of PACAP to stressors such as hypoxia 
and oxidative stress may be involved in the adaptation promoting effect of PACAP in 
pregnancy and under pathological conditions. The fi rst explanation is supported by later 
fi ndings in non-tumorous primary trophoblast cells (HTR-8/Svneo cells), where PACAP 
pretreatment led to a signifi cant increase in survival measured by MTT test in cells 
exposed to oxidative stress by H 2 O 2 , while co-treatment had no effect [ 61 ]. However, 
PACAP treatment did not infl uence the cell death-inducing effect of methotrexate in 
HIPEC65 proliferative extravillous cytotrophoblast cell line, but induced proliferation of 
these cells when treated alone with PACAP [ 61 ]. These results show that the effects of 
PACAP on proliferation and survival of trophoblast cells depend on the type of stressor, 
the timing of treatment and the type of cell. 

 Another interesting fi nding regarding survival and signaling effects in this cell 
line was that the generally accepted PAC1/VPAC2 antagonist PACAP6-38 exerted 
agonistic effects in JAR cells [ 62 ]. This does not seem to be specifi c for this cell 
line, since agonistic effects were found for example on rat trachea neuropeptide 
release, retinoblastoma cell survival and cartilage and bone development [ 55 ,  62 –
 64 ]. The reason for this might be the expression of a yet unknown splice variant of 
the receptor or the tumorous nature of the JAR cells.  

    Effects of PACAP on Invasion of Trophoblast Cells 

 PACAP treatment did not infl uence the invasion of HTR-8/Svneo human fi rst tri-
mester extravillous primary trophoblast cells, while it decreased the invasion of 
HIPEC invasive, proliferative extravillous cytotrophoblast cells [ 61 ].  

    Effects of PACAP on Trophoblast Angiogenesis 

 Effects of PACAP on angiogenic factors were investigated in HTR-8/Svneo cells 
using an angiogenesis array method. Levels of several angiogenic markers were 
markedly decreased in the cell culture supernatant after 24 h of PACAP treatment. 
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Secreted levels of active A, ADAMTS-1, angiogenin, angiopoietin-1, endocrine 
gland-derived vascular endothelial growth factor, and endoglin were reduced [ 61 ]. 
In human peripheral blood and decidual mononuclear cells obtained from healthy 
pregnant women undergoing elective termination of apparently normal pregnancies 
no effect on levels of secreted angiogenic molecules was found. Similarly, PACAP 
treatment had no effect on the infl ammatory cytokine production of these cells [ 61 ]. 

    Observations in PACAP Knockout Mice, Effects on Implantation 

 It has been reported several times that the reproductive rate of PACAP and PAC1 
receptor knockout mice is lower than that of wild types [ 34 ,  65 ]. The reason for this 
is not elucidated yet, several mechanisms may be responsible for this effect. For 
example, PACAP is involved in spermatogenesis and sperm motility [ 4 ], in steroid 
hormone synthesis, in ovarian folliculogenesis, and in reproductive behavior [ 34 , 
 35 ]. The small litter can also be due to the premature intrauterine death and early 
postnatal death due to defects in breathing and temperature regulation [ 66 ,  67 ]. In 
addition to this multifactorial mechanism, it seems that placental defects are also 
partially responsible for the lower reproductive rate of PACAP knockout mice. Isaac 
and Sherwood [ 35 ] observed that while the puberty onset, estrous cycle and seminal 
plugs of PACAP knockout mice were normal, signifi cantly fewer PACAP null 
females gave birth following mating than wild types. The authors found no defect in 
ovulation, ovarian histology or fertilization of released eggs, only 13 % had 
implanted embryos 6.5 days after mating compared to 81 % in wild types. Levels of 
prolactin and progesterone were signifi cantly lower in PACAP knockout females. 
These observations suggest that impaired implantation is involved in the observed 
decreased fertility, the details of which need further clarifi cation [ 35 ]. 

 In summary, we give a brief review of data supporting a role of PACAP in normal 
and pathological pregnancies. The currently available experimental data are worth 
to be further investigated to elucidate the exact role in the placenta and evaluate the 
potential biomarker value of PACAP in reproductive pathology.      
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    Chapter 24   
 PACAP in the Reproductive System                     

     Rita     Canipari     ,     Virginia     Di     Paolo    ,     Marzia     Barberi    , and     Sandra     Cecconi   

    Abstract     The production of a mature oocyte that is capable of being fertilized and 
undergoing embryo development is the major function of the female reproductive sys-
tem. This process depends on the close association between germ cells and somatic cells, 
i.e., granulosa and theca cells. The growth of the mammalian oocyte is fi nely regulated 
by the coordinate expression of autocrine and paracrine factors. The initial phases of 
folliculogenesis are independent from gonadotropins, but at later stages, it is strictly 
dependent on follicle-stimulating hormone (FSH) and luteinizing hormone (LH). 
However, increasing amounts of paracrine/autocrine growth factors participate in the 
modulation of gonadotropin effects. Pituitary adenylate cyclase-activating peptide 
(PACAP) is an extremely conserved regulatory peptide that was initially found in the 
central nervous system. However, PACAP has been found together with its receptors in 
many organs, tissues and cell types, including lung, testis, adrenal gland, and ovary. In 
the ovary, PACAP expression has been found mainly in preovulatory follicles after the 
LH surge. However, PACAP is constantly expressed through the ovarian cycle in the 
nerve fi bers in the hilus region and in the interstitial tissue in the proximity of the primary 
follicles. In the ovary, PACAP promotes steroidogenesis and cAMP production, reduces 
the rate of apoptosis in granulosa cells, and accelerates oocyte meiotic maturation.  

  Keywords     PACAP   •   VIP   •   PAC 1 -R   •   VPAC 1 -R   •   VPAC 2 -R   •   Oocyte   •   Ovary   
•   Ovulation  

      Introduction 

 The production of a mature developmental-competent oocyte is a complex process 
during which germ cells and somatic cells maintain a close association. This bidirec-
tional oocyte–follicular cell communication is essential for both oocyte and follicular 
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somatic cell function and development [ 1 ]. In addition, the growth of the mammalian 
oocyte is fi nely regulated by the coordinate expression of autocrine and paracrine 
factors, which are produced according to an ordered series of maturation and differ-
entiation steps that occur in both germ cells and somatic cells. The initial phases of 
folliculogenesis are gonadotropin independent, and a number of intraovarian factors 
that are produced either by theca or granulosa cells (GCs) or by the oocyte itself or 
are derived from plasma play an important role during this process. In contrast, at 
later stages, folliculogenesis is strictly dependent on follicle- stimulating hormone 
(FSH) and luteinizing hormone (LH), though an increasing number of paracrine/
autocrine growth factors participate in the modulation of gonadotropin effects. 

 We are interested in the study of the intraovarian pituitary adenylate cyclase- 
activating peptide (PACAP)/vasoactive intestinal polypeptide (VIP) system in 
female reproduction. 

 The name of PACAP27 and 38 refl ects their potent action in stimulating cAMP pro-
duction in anterior pituitary cells [ 2 ,  3 ]. PACAP is an extremely conserved regulatory 
peptide and has been studied in several species, such as mammals, fi sh and other non-
mammalian species [ 4 – 9 ]. Based on sequence similarity, PACAP belongs to the PACAP–
VIP–secretin–GHRH–glucagon superfamily [ 10 ,  11 ]. The biological effects of PACAP 
are mediated through the binding to three G-protein-coupled transmembrane receptors 
PAC 1 -R, VPAC 1 -R, and VPAC 2 -R. Whereas PAC 1 -R is a PACAP-specifi c receptor, 
VPAC 1 -R and VPAC 2 -R are shared by PACAP and VIP and have similar affi nities for 
PACAP and VIP [ 11 ,  12 ]. These three receptors are coupled with the adenylate cyclase 
(AC) pathway, but only PAC 1 -R is coupled with phospholipase C (PLC). Moreover, 
because of alternative splicing, PAC 1 -R exists in fi ve different splice variant forms, which 
either contain or lack each of the two alternative exons, named “hip” and “hop” [ 13 ]. 

 In addition to the central nervous system, PACAP, VIP, and their receptors have 
been found in various organs and peripheral tissues, such as lung, testis, adrenal 
glands, and ovary [for review see refs.  11 ,  14 ,  15 ] and increase cAMP accumulation 
in various cell types in culture [ 2 ,  16 – 19 ]. 

 This wide distribution suggests that such peptides may have multifunctional 
roles, including that of a hypophysiotropic hormone, neuromodulator, vasoregula-
tor, and regulator of secretion of several factors, hormones, and enzymes [ 11 ].  

    PACAP/VIP and Their Receptors in the Reproductive System 

    Gonads 

 Interestingly, very high levels of PACAP are found in both female and male gonads 

    Testis 

 In the testis, histological studies have shown that PACAP immunoreactivity is 
mainly present in the developing acrosome of rat spermatids [ 20 – 23 ]. PACAP 
mRNA and protein are expressed at high levels in germ cells in a stage-specifi c 
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manner during spermatogenesis in rodent [ 24 ,  25 ] and human testis [ 26 ]. Moreover, 
this expression locally activates cAMP-coupled receptors that are located in somatic 
Sertoli cells [ 21 ]. PACAP binding sites have been found in germ cells, Leydig cells, 
and Sertoli cells, and these cells respond to PACAP in vitro by increasing the cAMP 
levels [ 27 ]. The stage-dependent expression of PACAP and consequent cAMP pro-
duction may act as a critical modulator of the spermatogenic cycle and participate 
in sperm maturation [ 21 ].  

    Ovary 

 PACAP, VIP and their receptors have been found in the ovary of several species, 
from fi sh to human [ 28 – 34 ], and their distribution in the organ depends on the stud-
ied species [ 35 ,  36 ]. 

   Zebrafi sh 

 In the zebrafi sh ovary, two forms of PACAP (PACAP 38 -1 and PACAP 38 -2) and three 
PACAP receptors (PAC 1 -R, VPAC 1 -R, and VPAC 2 -R) are present [ 31 ,  32 ]. PACAP 
and PACAP receptors are differentially expressed in the oocyte and in follicle cells, 
with PACAP 38 -1 expression restricted to the oocyte and PACAP 38 -2 to both oocytes 
and follicle cells. Concerning the receptors, PAC 1 -R and VPAC 2 -R are expressed in 
the oocyte, whereas VPAC 1 -R is exclusively located in follicle cells. During follicu-
logenesis, a different pattern of expression has been observed: PACAP 38 -1 and the 
two oocyte-associated receptors have high expression in the early stages of follicu-
logenesis, while a decrease occurs when the follicles approach the fi nal stage of 
growth. In contrast, an increased expression of VPAC 1 -R has been observed in the 
follicle cells prior to maturation [ 31 ].  

   Rodents 

 In the mouse, the presence of PACAP and two isoforms of PAC1-Rs has been shown 
as early as 11.5 days post coitum (dpc) in mouse gonadal ridges in both primordial 
germ cells (PGCs) and gonadal somatic cells. Mostly PACAP-immunostaining was 
found on the PGC surface, but its origin remains to be established [ 37 ]. In contrast, 
PAC 1 -R mRNA is present in both PGCs and gonadal somatic cells [ 37 ]. 

 In rodents, PACAP expression has been found mainly in preovulatory follicles 
after the LH surge [ 28 ,  38 – 40 ]. However, PACAP is constantly expressed through 
the ovarian cycle both in the nerve fi bers in the hilus region [ 41 ] and in the intersti-
tial tissue in the proximity of the primary follicles [ 39 ,  42 ]. 

 In the preovulatory follicle, PACAP is transiently expressed both in the mural 
granulosa cells lining the antrum and in the cumulus cells (CCs) surrounding the 
oocyte but not in theca cells [ 28 ,  39 ]. Interestingly, after ovulation, PACAP expres-
sion is maintained in the corpus luteum [ 43 ,  44 ], and its expression increases with 
pregnancy (R), which suggests that it has a role in late gestation. 
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 In contrast, VIP has been detected by immunohistochemistry in neonatal rat ova-
ries as early as 2 days after birth, but no mRNA has been found in the ovary [ 45 ], with 
the exception of data that were reported by Gozes and Tsafriri [ 46 ]. In that report, the 
authors showed the presence of VIP mRNA in rat ovaries, suggesting the local pro-
duction of VIP in the ovaries. However, the transection of the nerve fi bers that reach 
the ovary eliminates radioimmunoassayable VIP levels, which indicates that ovarian 
VIP might originate from the extrinsic innervations of the gland [ 47 ,  48 ]. 

 PACAP/VIP receptors have been shown in the rat and mouse ovary during the 
fi rst wave of folliculogenesis [ 30 ,  42 ,  49 ]. In particular, PAC 1 -R is the predominant 
form in the ovary and is mainly expressed in GCs of growing follicles, increases with 
increasing age [ 30 ,  50 ], decreases after PMSG stimulation [ 30 ,  51 ], and is transiently 
stimulated by LH in preovulatory follicles [ 30 ,  52 ]. Moreover, PAC1-R has been 
found on fully grown GV oocytes and disappears during meiotic maturation [ 30 ]. 
VPAC 1 -R is primarily expressed in theca cells and decreases with increasing age 
[ 30 ]. This decrease may be only apparent as a consequence of the relative increase in 
the GC population with respect to theca cells. Interestingly, VPAC 1 -R has been local-
ized by immunofl uorescence in association with the blood vessel wall and in the 
stroma near follicles [ 30 ]. VPAC 2 -R is present in both GCs and theca cells. 

 In the ovary, the different distribution of the receptors in the different compart-
ments is evidenced by the different second messengers that are elicited by these two 
peptides. 

 In theca cells, where only two VPAC receptors are present, treatment with 
PACAP or VIP does not signifi cantly affect IP production, even at high concentra-
tions (10 −6  M), while both PACAP and VIP produce statistically signifi cant increases 
in cAMP levels. In contrast, in GCs that were treated with PACAP, an increased 
level of IPs was observed, as well as an increased level of cAMP, in response to both 
PACAP and VIP [ 30 ], confi rming the presence of active PAC 1 -R.  

   Monovulatory Species 

 The presence of PACAP and its receptors has been demonstrated in the bovine 
ovary [ 33 ] and in human GCs [ 29 ]. In the human ovary, the mRNAs for PAC 1 - 
VPAC 1 - and VPAC 2 -R were present in non-luteinized GCs. In contrast, in granulosa- 
luteal (GL) cells, PAC 1 -R mRNA was barely detectable, but the receptor was still 
present as a protein [ 29 ]. PACAP was found in human follicular fl uid (FF) [ 53 ], and 
its presence in FF was inversely correlated with the number of retrieved oocytes 
after superovulation treatment [ 54 ]. The lower number of oocytes that were obtained 
in the presence of a higher concentration of PACAP in the FF (>290 fmol/ml) sug-
gested that at such high concentrations, PACAP may override other intraovarian 
regulatory mechanisms [ 54 ]. 

 The fact that PACAP and VIP receptors are differently distributed in the ovaries 
suggests distinct functional roles for these two peptides, as discussed later in this 
review.    
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    Uterus 

 PACAP and PAC 1 -R are present in both human and rat placenta at term, suggesting 
they may have a role in placental function. Both are co-expressed in decidual cells, 
chorionic vessels, and stromal cells of the chorionic villi of the rat placenta, though 
they show regional and temporal differences [ 55 – 57 ]. PACAP stimulates VEGF 
release in pituitary folliculostellate cells [ 58 ], and in the placenta, vasculogenesis 
and angiogenesis are important processes [ 59 ]. Indeed, in rat chorionic vessels, 
PACAP signifi cantly increases with gestation, which suggests that PACAP may act 
as a tropic factor and promote vessel growth through VEGF activity [ 57 ].  

    PACAP and Primordial Germ Cells 

 Among the growth factors that are essential for PGCs in culture, none seems to be 
able to directly stimulate PGC proliferation. Agents that increase intracellular cAMP 
(i.e., dibutyryl cAMP and forskolin) markedly stimulate PGC proliferation in culture 
[ 60 ]. PACAP-38 and -27 bind PGCs and activate adenylate cyclase (AC) in these 
cells and stimulate their proliferation, which suggests that PACAP might be an impor-
tant regulator of PGC proliferation and that its action is mediated by cAMP [ 37 ].   

    Functions of PACAP in the Seminiferous Tubule 

 The presence of high levels of PACAP in the testis [ 22 ] and of PACAP receptors in 
the different cell populations of the testis [ 11 ] provides evidence that the peptide 
may operate as a local regulator of gonadal activity. 

 PACAP, produced by germ cells [ 22 ,  23 ], is able to modulate functions of both 
germ cells and somatic cells. PACAP activates or inhibits protein synthesis in sper-
matocytes or spermatids, respectively [ 61 ], induces a concentration-dependent 
stimulation of testosterone secretion from isolated rat Leydig cells [ 62 – 64 ] and, in 
cultured Sertoli cells, PACAP increases cAMP concentration and stimulates estra-
diol and inhibin secretion [ 16 ]. 

 Moreover, in rat epididymal epithelium, PACAP stimulates chloride secretion, 
which is important for sperm activation and storage [ 65 ]. In the golden hamster, 
inhibition of PACAP with a specifi c PACAP receptor antagonist inhibits sperm 
motility in vitro in a dose-dependent manner [ 66 ]. Conversely, PACAP increases 
sperm motility in human [ 67 ] and mouse [ 68 ] spermatozoa. 

 Interestingly, male germ cells express a testis-specifi c prohormone convertase 
(PC4), at approximately the same time when PACAP immunoreactivity appears 
[ 69 ]. PC4 has been demonstrated to be the best candidate enzyme for processing 
pro-PACAP to generate PACAP38 and PACAP27 in the gonads [ 70 ]. Therefore, the 
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generation of PACAP active form appears to be fi nely regulated by PC4 at specifi c 
stages of seminiferous tubule, strongly suggesting that PACAP may play a role in 
the stage-dependent germ cell development. 

 Moreover, PACAP, expressed in a stage dependent manner [ 71 ], may direct 
Sertoli cell functions by cyclical modulation of cAMP levels, depending on the 
stage of the seminiferous epithelial cycle, thus providing an optimal microenviron-
ment for spermatogenesis [ 72 ,  73 ].  

    Functions of PACAP in the Production of a Mature Egg 

 As mentioned above, the different localization of PACAP and VIP and their recep-
tors in the various compartments of the female reproductive tract and the activation 
of different second messengers suggest a different but synergistic role for these two 
peptides in the reproductive process. 

    PACAP Regulation of Follicle Recruitment and Growth 

 The number of follicles is determined early in life. Primordial follicle formation 
occurs when the oocytes that survive the process of germ cell cluster breakdown are 
individually surrounded by squamous (i.e., fl attened) pre-GCs. The majority of pri-
mordial follicles exist in a quiescent state, but periodically, a cohort of these folli-
cles is recruited for growth, differentiation and maturation. One of the initial events 
in primordial follicle development (i.e., the primordial to primary transition) is 
characterized by a change in GCs from a squamous to cuboidal morphology [ 74 ] 
and the expression of markers of cell proliferation [ 75 ]. As soon as the follicle 
begins to grow, it is possible to observe the recruitment of theca cells from the 
stromal-interstitial cell population and the subsequent proliferation of both granu-
losa and theca cells. Follicular recruitment is under the infl uence of positive and 
negative modulators, which must be accurately balanced to avoid the premature 
exhaustion of the follicle pool, which can, in turn, cause reproductive senescence in 
aging animals or menopause in the case of humans [ 1 ,  76 ]. 

 The presence of PACAP in the GCs of preovulatory follicles and in the interstitial 
tissue in the proximity of the primary follicles after the LH surge and the presence of 
PACAP/VIP receptors in the ovary of immature mice and rats [ 42 ,  49 ] suggest a role 
for this peptide in the fi rst stages of folliculogenesis [ 39 ,  42 ,  77 ,  78 ]. Gras et al. [ 77 ] 
suggested that PACAP stimulation might increase the growing potential of immature 
rat follicles because GCs that are primed with PACAP have a higher production of 
estradiol in response to FSH. However, in contrast to their data, we could not demon-
strate FSH-R mRNA stimulation by PACAP. Moreover, the addition of PACAP to 
organ cultures of 2-day-old rat ovaries resulted in fewer growing follicles compared 
with control cultures [ 42 ]. PACAP was also able to inhibit FSH-dependent follicle 
growth in rats and mice whole follicle cultures [ 42 ,  49 ] by inhibiting cell proliferation 
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and not infl uencing cell viability. In fact, PACAP signifi cantly inhibited FSH-
stimulated cyclin-D2 and PCNA expression [ 42 ]. Considering these results, it is pos-
sible to hypothesize that PACAP, similarly to anti- Mullerian hormone (AMH) [ 79 ], 
may negatively regulate follicle selection by inhibiting GC proliferation. However, 
the low production of PACAP before the LH surge suggests that PACAP, differently 
from AMH, might not have a function in follicle assembly or during the fi rst wave of 
folliculogenesis and may act only in cycling ovaries after the LH surge. Indeed, 
PACAP is produced by preovulatory follicles and may modulate the growth of pri-
mary and preantral follicles in close proximity. Therefore, PACAP may contribute, 
together with many other factors, to the control of the premature exhaustion of the 
follicle pool by a transient inhibition of their growth.  

    PACAP and VIP Functions in Preovulatory Follicles 

 The involvement of PACAP in fi nal oocyte maturation and ovulation is evidenced 
by the observations that PACAP exerts positive effects on several parameters that 
are related to follicle maturation and ovulation. PACAP stimulates steroidogenesis 
in GCs [ 30 ,  80 ,  81 ], contributes to the survival of GCs in several species [ 28 ,  29 ,  52 , 
 82 ] and accelerates meiotic maturation in rat and mouse oocytes [ 82 ,  83 ]. Moreover, 
the production of PACAP and its receptors is stimulated by gonadotropins in pre-
ovulatory follicles [ 32 ,  33 ,  50 ,  52 ]. 

    PACAP/VIP and Blood Flow 

 The presence of both VIP receptors and VIP-containing nerve fi bers around blood 
vessels and theca layers of follicles of several species [ 45 ,  84 – 86 ] supports an 
important role for this peptide in blood fl ow regulation. VIP increases cerebral 
blood fl ow in several species [ 87 ] and has a relaxant effect on rabbit ovarian arteries 
[ 88 ]. Therefore, it is possible that VIP can contribute to the increased blood fl ow 
around preovulatory follicles that is observed after the LH surge [ 89 ]. In fact, an 
increased rate of blood fl ow is developmentally important for the generation of a 
healthy follicle and a competent oocyte [ 90 ], whereas a decrease in vascularization 
can be often associated with follicular atresia. The increased ovarian stromal blood 
fl ow may lead to a greater delivery of gonadotropins to the GCs of the preovulatory 
follicles [ 91 ]. In turn, gonadotropin induces the production of PACAP in the pre-
ovulatory follicle. 

 It is interesting to note the absence of fi bers containing VIP around arteries and 
arterioles and a decrease in PACAP-IR nerve terminals in ovaries of patients with 
polycystic ovaries [ 92 ]. Wojtkiewicz and colleagues suggested a decreased effect of 
these bioactive agents on blood fl ow through these vessels in the cystic gonads and 
that the altered distribution and/or number of nerve fi bers may be important in this 
disease [ 92 ].  
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    PACAP and Oocyte Meiotic Maturation 

 In the mouse, PAC 1 -R has also been found on fully grown GV oocytes [ 30 ], and 
both PACAP and PAC 1 -R are transiently induced in cumulus cells (CCs) in response 
to the LH surge [ 82 ]. 

 Mammalian oocytes are arrested at the dictyate stage until shortly before ovula-
tion. It is only after the preovulatory surge of LH that the oocyte resumes meiotic 
maturation and becomes fertilizable. The inhibition of oocyte maturation is medi-
ated by the cells of the cumulus oophorus, and the relief of inhibition is a result of 
the effect of gonadotropins on the CCs and not on the oocyte itself. In addition to 
gonadotropins, a number of other factors have been reported to regulate oocyte 
maturation. Most of these factors do not directly affect the oocyte but instead exert 
their activity via CCs [ 93 ]. Among these factors are EGF-like factors amphiregulin 
(AREG), epiregulin (EPI), and beta-cellulin (BTC), which are produced in the pre-
ovulatory follicle and play an important role in CC functions [ 94 ]. The facts that 
AREG expression in CCs precedes PACAP expression, PAC1-R is stimulated by 
EGF, and PACAP prevents CC apoptosis more effi ciently than FSH and EGF sug-
gest a potential cooperation among these factors in the physiological events that are 
correlated with mouse oocyte maturation [ 82 ]. 

 In the rat, we showed that PACAP exerts a positive stimulation of meiotic matu-
ration [ 95 ]. 

 In the mouse, PACAP not only positively affected oocyte meiotic maturation but 
was also able to improve oocyte developmental potential. In fact, PACAP reverses 
the blockade of hypoxanthine-mediated spontaneous meiotic maturation, acceler-
ates the completion of meiotic maturation with an increasing number of oocytes 
reaching the fi rst polar body stage after 12 h of culture and effi ciently promotes the 
decondensation of the sperm head and the formation of the male pronucleus [ 82 ]. 
Met II oocytes that matured for 12 h in the presence of PACAP displayed a correct 
arrangement of cortical granules (CGs) distributed in the sub-cortical position with 
a clearly visible CG-free domain overlaying the spindle in Met II oocytes [ 82 ]. 
Interestingly, we were also able to demonstrate that PACAP acted directly on 
denuded rat oocytes because PACAP delayed meiotic maturation by modulating 
their intracellular cAMP levels [ 83 ]. This result was not due to a cytotoxic effect 
because the inhibition that was obtained with PACAP was reversible once the pep-
tide was removed from the medium. Therefore, our data indirectly suggest that rat 
oocytes possess specifi c PACAP receptors, and the lack of action of VIP on oocytes 
strongly indicates PAC 1 -R [ 83 ]. In fact, more recently, we were able to detect, by 
RT-PCR, mRNA for PAC 1 -R in denuded pronase-treated rat oocytes [ 30 ]. Moreover, 
to further support the presence of PAC 1 -R, PACAP was able to increase in denuded 
oocytes not only cAMP levels but also the intracellular levels of calcium [ 30 ].  

    Cumulus Mucifi cation and CC Apoptosis 

 The expanded cumulus provides the proper environment for oocyte development 
and successful fertilization [ 96 ,  97 ]. The CC number, cumulus compactness and CC 
apoptosis are critical parameters in determining oocyte developmental competence, 
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embryo quality, fertilization rate and pregnancy outcome [ 98 – 102 ]. In response to 
the LH surge and soluble factors that are produced by the oocyte, CCs secrete a 
muco-elastic matrix and undergo a dramatic expansion. A few hours after ovulation, 
this matrix undergoes degradation, and a gradual shedding of CCs parallels the 
aging of oocytes [ 103 ,  104 ]. PACAP added to COCs in vitro exhibited only a mod-
erate effect on cumulus expansion but very effi ciently inhibited apoptosis. 
Interestingly, PAC 1 -R in CCs is also maintained in ovulated COCs, which suggests 
a role for these receptors at later times. After ovulation, the destabilization of the 
matrix occurs also in the presence of FSH. In contrast, PACAP prevented the preco-
cious disassembly of the cumulus after ovulation and maintained cumulus integrity 
and cell viability, either in combination with FSH or alone [ 82 ]. 

 PACAP is present on the acrosome of epididymal spermatozoa [ 68 ]. PACAP that 
is released by the spermatozoa can interact with PAC 1 -R on CCs at the site of fertil-
ization, which causes the release of a soluble factor by CC itself and thereby pro-
motes fertilization [ 68 ].  

    PACAP/VIP and Proteolytic Enzymes That Are Involved in Ovulation 

 PACAP and VIP play an important role at the time of ovulation by inducing the pro-
duction of plasminogen activator (PA) in the preovulatory follicle. Plasminogen acti-
vators (PAs) are proteolytic enzymes that are involved in numerous biological 
processes [ 105 ,  106 ]. Two forms of PA have been detected in the ovary: the tissue- 
type (tPA) and the urokinase-type (uPA), both of which seem to be involved in 
gonadotropin-induced ovulation, as their synthesis is regulated by gonadotropins 
[ 107 – 109 ]. This role is supported by the fi nding that gonadotropin-induced ovula-
tion is inhibited by the injection of serine protease inhibitors in rat ovarian bursa 
[ 110 – 112 ]. In addition to gonadotropins, a number of other factors play a key role in 
the regulation of the PA production in the ovary [ 113 – 115 ]. PACAP and VIP are 
among these factors. In agreement with the presence of different receptors in the dif-
ferent ovarian compartments [ 30 ], PACAP stimulates PA production in rat GCs that 
were cultured either as a whole follicle or as isolated cells [ 95 ]; in contrast, VIP can 
stimulate GC-PA production, but only when GCs are cultured as whole follicles.  

    PACAP and Progesterone 

 Even if the LH surge is the signal for the rapid preovulatory increase in progester-
one production, progesterone levels remain elevated despite the decreased gonado-
tropin levels. PACAP stimulates progesterone secretion in GCs [ 81 ,  83 ,  116 ,  117 ], 
and the immunoneutralization of endogenous PACAP signifi cantly reduces acute 
progesterone accumulation and impairs subsequent luteinization, which suggest 
that PACAP plays an important role in LH-induced progesterone production during 
the periovulatory period [ 117 ,  118 ]. Therefore, it can be speculated that the transient 
LH induction of PACAP and PAC 1 -R at the time of ovulation may support proges-
terone production at later times. 
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 The stimulatory effect of PACAP on progesterone secretion has been found also in 
cells that were isolated from human corpora lutea from nonpregnant patients [ 116 ]. 

 The fact that PACAP is not essential at the time of ovulation is evident when 
observing PACAP−/− animals. These animals have normal follicular development 
and ovulation but show impaired fertility at later stages of the establishment of 
pregnancy [ 119 ]. In fact, only 13 % of these females show implantation 6.5 days 
after mating. The normal effi ciency of ovulation in these animals suggests that 
PACAP might cooperate with other factors or that the loss of PACAP can be func-
tionally complemented by alternative or compensatory mechanisms. Associated 
with the decrease in implantation, the prolactin and progesterone levels are signifi -
cantly lower in females lacking PACAP. These results suggest an important role for 
PACAP in the establishment of pregnancy, with the progesterone that is produced at 
the ovarian level causing changes in the uterus as necessary to support embryo 
implantation [ 119 ].    

    Conclusions 

 In summary, the demonstration of PACAP expression in the ovary and its multiple 
effects on ovarian physiology indicate that PACAP is more than a hypothalamic 
peptide. The timing of expression and the different localization of PACAP and its 
receptors suggest intriguing possibilities for a role of this peptide in the complex 
ovarian physiology around the periovulatory period. 

 This role could be of importance for in vitro maturation (IVM) protocols of 
human oocytes, which is a promising safe technique to avert many side effects of 
gonadotropin stimulation protocols for in vitro fertilization (IVF). Unfortunately, 
the pregnancy rates from oocytes that are matured in vitro are still very low [ 120 , 
 121 ]. When IVM techniques do not provide the correct environment for oocytes, 
although they may ensure nuclear maturation and some degree of fertilization after 
IVF, the result is a low rate of poor-quality blastocysts. Hence, considering the ben-
efi cial effect of PACAP on both nuclear and cytoplasmic maturation, it may be 
hypothesized that PACAP supplementation in IVM oocytes might reconstruct a 
physiological milieu for the oocyte to sustain proper maturation and preimplanta-
tion development.      
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    Chapter 25   
 Transport of Pituitary Adenylate Cyclase 
Activating Polypeptide Across the Blood–
Brain Barrier: Consequences for Disease 
States and Therapeutic Effects                     
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    Abstract     The pituitary adenylate cyclase activating polypeptides (PACAP38 and 
PACAP27) are pluripotent peptides that exert many effects directly on brain. These 
direct effects on brain often occur even when PACAP is administered peripherally, 
especially PACAP38. This ability of peripheral PACAP38 to directly affect the 
brain is largely due to its transport across the blood–brain barrier (BBB) by peptide 
transport system-6 (PTS-6). PTS-6 is actually a family of transporters that transport 
PACAP38 from blood to brain (infl ux) and brain to blood (effl ux) and PACAP27 
from brain to blood. The effl ux transporter for PACAP27 is beta-1 ATPase and its 
inhibition results in a fourfold increase in the accumulation by brain and an increase 
in the therapeutic effect of peripherally administered PACAP27. The activity of the 
PACAP38 infl ux component of PTS-6 is not static but can increase or decrease after 
injuries to the CNS. Because of PTS-6 infl ux, very low doses of PACAP38 admin-
istered peripherally can have profound therapeutic effects on brain. However, the 
short half-life and rapid degradation of PACAP27 and especially PACAP38 in blood 
complicates peripheral administration. Analogs of PACAP38, such as conjugation 
with a TAT peptide or acylation, can have improved therapeutic effects. Bypassing 
the BBB by administering PACAP38 intranasally at the level of the cribriform plate 
is also promising.  
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      Introduction 

 Pituitary adenylate cyclase activating polypeptide (PACAP), discovered by Akira 
Arimura approximately 25 years ago [ 1 ], is a pluripotent and very powerful peptide. 
Among its remarkable characteristics is the saturable blood-to-brain transport of its 
38 amino acid form (PACAP38). This transport activity has been reifi ed as peptide 
transport system-6 (PTS-6) and because of this transporter, very small, peripherally 
administered doses of PACAP can have remarkable effects on the brain. 

 Many peptides cross the BBB by saturable mechanisms as well as by transcellular 
diffusion. The latter refers to a non-saturable mechanism by which the physico-
chemical characteristics of a substance, most notably its lipid solubility and molec-
ular weight, determine the extent to which that substance can cross the cellular 
membranes of the blood–brain barrier (BBB). Although peptides tend to be water 
soluble, many can cross enough by this mechanism to affect brain function [ 2 ,  3 ]. 
As discussed in more detail below, PACAP27 crosses the BBB by the mechanism of 
transmembrane diffusion. 

 Major roadblocks to the therapeutic use of peptides, whether their target is cen-
tral or peripheral, is their rapid degradation and clearance from blood. This means 
that a peripherally administered dose of a peptide does not circulate for long in the 
blood stream and therefore is not presented to the BBB for the opportunity of entering 
the central nervous system. 

 As discussed in more detail below, these BBB and pharmacokinetic characteris-
tic of the PACAPs underlie their abilities to access the brain and to exert effects on 
the CNS. These characteristics dictate study design and strategies for those who 
want to examine the effects of the PACAPs on brain or to improve on the parent 
molecules’ abilities to access the brain after peripheral administration. 

 PACAP may also play a role in the maintenance and protection of the BBB. Brain 
endothelial cells grown in culture express the mRNA for the VPAC1 and VPAC2 
receptors, but not for the PAC1 receptor [ 4 ]. PACAP38 increases tight junction 
protein levels through a posttranscriptional mechanism and increases the electrical 
resistance in an in vitro model of the BBB. PACAP38 also protected the in vitro 
BBB tight junctions and electrical resistance from deterioration when the model 
was exposed to glucose deprivation or oxidative stress. PACAP38 did not, however, 
protect brain endothelial cells from apoptosis induced by glucose deprivation or 
oxidative stress [ 4 ].  

    Characteristics of PACAP Transport 

 The characteristics of the BBB transport of both PACAP38 and PACAP27 were 
described over two decades ago [ 5 ]. The results showed a complex system of BBB 
transporters for the PACAPs (Fig.  25.1 ), reifi ed as peptide transport system-6 
(PTS- 6). PACAP38 is transported in by a saturable transport system at a unidirec-
tional infl ux rate initially measured to be about 2.9 μl/g-min. However, PACAP38 
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is rapidly degraded in brain, but especially so in blood. Levels of PACAP38 
corrected for degradation indicated a half-time clearance from blood of less than 
one minute and a unidirectional infl ux rate of about 15 μl/g-min. Results using 
the brain perfusion method which eliminates peripheral degradation found a 
similar rate of 16 μl/g-min. This is a very rapid transport rate for a peptide and indi-
cates a robust transport system across the BBB for PACAP38. It also indicates that 
major blocks to the use of PACAP38 for therapeutic purposes is its rapid clearance 
from blood and degradation by peripheral tissues.

   PACAP27 also crossed the BBB, but its transport was not saturable. PACAP27 
is smaller than PACAP38 and about seven times more lipid soluble. If transport of 
the PACAPs were exclusively by the transcellular route, then the transport of 
PACAP27 should be greater than that of PACAP28, but it was about 2.1 μl/g-min, 
similar to the uncorrected rate of transport for PACAP38. PACAP27 was also 
rapidly degraded, but whereas it was more stable in blood than PACAP38, it was 
less stable in brain. 

BBB

PTS-6a
(Saturable 
Influx)

PTS-6b
PTS-6c =

Beta-F1 ATPase

(Saturable
Efflux)

(Saturable
Efflux)

PACAP38

PACAP38

PACAP27

BBBBBBBBB

PACAP27

(Non-saturable
Influx)

LHRH

BLOOD

BRAIN

  Fig. 25.1    Peptide Transport System-6 (PTS-6) at the blood–brain barrier. PTS-6 is here divided 
into its three functional components: saturable blood-to-brain transport of PACAP38 (PTS-6a); 
saturable brain-to-blood transport of PACAP38 (PTS-6b); saturable brain-to-blood transport of 
PACAP27 (PTS-6c). PACAP27 blood-to-brain infl ux is not saturable, but dependent on transcel-
lular diffusion. The effl ux of PACAP27 is not modulated by LHRH and the transporter protein is 
known to be beta-F1 ATPase. Effl ux of PACAP38 is not mediated by this protein and is modulated 
by LHRH       
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 Both PACAPs were transported in the brain-to-blood direction by saturable 
transporters. Each peptide was able to inhibit the transport of the other, suggesting 
that either a single effl ux transporter existed or that they overlapped in their affi nities. 
However, PACAP38 was much more robust in its self-inhibition and effl ux of 
PACAP38, but not of PACAP27, was enhanced by co-administration of LHRH. 
This strongly suggested that there were two effl ux transport systems, one with a 
preference for PACAP38 and one with a preference for PACAP27. This was sub-
sequently confi rmed when beta-F1 ATPase was shown to be the effl ux transporter 
for PACAP27 but not for PACAP38 [ 6 ]. 

 The calculation of the percent of the injected dose taken up by brain (%Inj/brain) 
is often a more useful indicator of therapeutic potential. This calculation is affected 
not only by infl ux rate, but also by degradation rates in blood and brain and by 
brain-to-blood effl ux. The values are similar for both PACAP38 and PACAP27, 
being 0.053 %Inj/brain and 0.067 %Inj/brain, respectively. Since publication of this 
study, it has become more conventional to report results as per g of brain rather than 
as whole brain. These results would be approximately 0.119 %Inj/g-brain for 
PACAP38 and 0.151 %Inj/g-brain for PACAP27. 

 This early study revealed several aspects to PACAP and the BBB. It showed a 
complex system of infl ux and effl ux transporters that differed for the two peptides 
and rapid clearance and degradation, especially for PACAP38 in blood. This infor-
mation would be useful in the later design of studies investigating the therapeutic 
potential of the PACAPs. 

 Other studies have found that PACAP38 is transported throughout the CNS, 
including the cervical, thoracic, and lumbar regions of the spinal cord; only the pons-
medulla of young, healthy, male CD-1 mice showed no transport of PACAP38 [ 7 ]. 
Uptake by the hypothalamus and hippocampus is especially high, being about 7 and 
3 times higher, respectively, than for whole brain [ 8 ].  

    Alterations in Transporter Function in Disease States 
and CNS Injuries 

 The PACAP transporters are not static, but vary in response to disease. Studies with 
spinal cord injury are illustrative of this. An early study severed the spinal cord in 
mice between lumbar vertebrae 2 and 3 and measured responses of PTS-6 and BBB 
integrity from 30 min to 53 days post lesion [ 7 ]. BBB disruption was limited to 
brain starting 7 days after injury and the lumbar spinal cord distal to injury between 
16 and 30 days post injury. By contrast, the changes in PTS-6 activity as measured 
by the blood-to-brain transport of PACAP38 was widespread and varied. Overall, 
two distinct patterns were observed regarding changes in PTS-6 activity. There was 
an early phase (days 3–7) in which PACAP38 uptake was greatly reduced by brain 
and the cervical spinal cord, but not in the lumbar spinal cord. A late phase (days 
7–30) of increased PACAP38 uptake occurred primarily in the spinal cord. 
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 PTS-6 activity also changes following stroke in a complex pattern that is unrelated 
to BBB disruption [ 9 ]. Four h after unilateral middle cerebral artery occlusion, 
PTS-6 activity showed an arithmetic increase throughout the brain, although this 
increase reached statistical signifi cance only in the striatum. PTS-6 activity then 
decreased signifi cantly throughout the brain, reaching the lowest level of activity 
24 h after injury. By 48 after injury, PTS-6 activity had recovered. As the authors of 
that study pointed out, alterations in PTS-6 activity will likely affect the amount of 
PACAP that must be administered peripherally in order to achieve a therapeutic 
level in brain. 

 PTS-6 activity was examined in brain and spinal cord between 6 h and 7 days 
after cardiac arrest [ 10 ]. No changes were seen except for a small increase in PACAP 
uptake by the thoracic spinal cord 24 h after cardiac arrest and resuscitation. 

 PTS-6 activity is greatly reduced in young and aged SAMP8 mice in comparison 
to that of young CD-1 mice. The SAMP8 mouse develops cognitive impairments 
with aging that are reversed with treatments that lower amyloid-beta peptide. 
In many of its characteristics, the young SAMP8 is similar to the young CD-1, but 
with aging the SAMP8 mouse develops several phenotypic characteristics of 
Alzheimer’s disease, including those related to the BBB. We found that the aged 
SAMP8 mouse had a statistically signifi cant decrease in the uptake of PACAP38 by 
the whole brain, hippocampus, olfactory bulb, and hypothalamus; in most cases, the 
values for these regions in young mice were intermediate between that of young 
CD-1 and aged SAMP8 mice [ 8 ]. These results suggest that the age-related phe-
notype of the SAMP8 is associated with a decreased ability of circulating PACAP 
to access the CNS. Whether this plays a part in the cognitive deterioration of the 
SAMP8 mouse is yet to be determined. 

 In comparison to the several conditions that impact PACAP transport across the 
BBB, activation of the innate immune system and the induction of infl ammation by 
injecting lipopolysaccharide ip did not change either the effl ux or the infl ux of 
PACAP38 [ 11 ].  

    CNS Effects After Peripheral Administration 

 Given the ability of the PACAPs to readily cross the BBB, it would be postulated 
that they should be effective after their peripheral administration in the treatment of 
various conditions or diseases of the brain. An effect on the CNS after the peripheral 
administration of a drug is not proof that the drug’s effect requires it to cross the 
BBB as there are other mechanism by which drugs can exert their effects on the 
CNS that do not require BBB transport. However, BBB transport is one mechanism 
by which a drug can exert its effects on the CNS. 

 That peripheral PACAP38 can infl uence the development of the CNS was shown 
by Reglodi et al. [ 12 ]. They administered PACAP38 subcutaneously to neonatal rats 
for the fi rst 14 days of life. They found several aspects of development were acceler-
ated by PACAP38, including eye opening, incisor eruption, ear unfolding, and ear 
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twitch and eyelid refl exes. PACAP38 also had positive effects on negative geotaxis, 
forelimb placing, hindlimb grasping, gait, and auditory startle. Although it is widely 
believed that the rodent neonatal BBB is leaky, studies clearly show that it is as 
much a barrier to proteins as is the adult BBB [ 13 – 15 ]. Therefore, these effects of 
peripheral PACAP38 on CNS development are consistent with the presence of 
PTS-6 activity during the neonatal period. 

 One of the fi rst studies that used the characteristics of PACAP BBB transport in 
a therapeutic design was that of Uchida who examined the effects of PACAP38 in 4 
vessel stroke in rats [ 16 ]. Because of the short half-live of PACAP38 in the circula-
tion, an intravenous infusion was used to administer PACAP38. Because the trans-
port of PACAP38 across the BBB was robust, low infusion rates of 16 and 
160 pmol/h were used. Both doses were effective in preserving CA1 hippocampal 
neurons, even when the iv infusions were begun 24 h after the four vessel stroke. 

 This study also performed a dose response curve for PACAP38 administered by the 
intracerebroventricular (icv) route. It found that the optimal dose was an infusion of 
1 pmol/min and gave results superior to 10 pmol/min. By comparison, the 16 pmol/min 
iv dose was more effective than the 160 pmol/min iv dose. Thus, the iv route required 
only 16 times more drug than the icv route. This is remarkably favorable for the iv 
route as for many peptides the iv/icv ratio is 100:1 or 1000:1. This favorable iv/icv 
ratio may have been caused by the rapid uptake of peripherally administered 
PACAP38 by the hippocampus, which is about 3 times faster than the uptake by 
whole brain [ 8 ]. The icv administration of radioactive PACAP38 showed that about 
2 %Inj/g-brain was taken up by the hippocampus. As reviewed above, the original 
transport study of PACAP38 [ 5 ] found the uptake by whole brain to be about 
0.119 %Inj/g-brain after the iv administration of PACAP38. The icv–iv ratio for 
%Inj/g-brain is 17 (2/0.119 = 16.8). Thus, the rapid uptake of PACAP by brain 
refl ects the potent therapeutic effect of PACAP. 

 Another study confi rmed that peripheral administration of a low dose PACAP38 
(30 ng/kg) was protective in stroke and also in oxygen-glucose deprivation with 
reoxygenation [ 17 ]. These studies showed that PACAP once in the CNS acts both 
directly through its receptors but also by stimulating brain-derived neurotropic 
factor and its pathways and by down regulating nerve growth factor and neurite 
outgrowth factor receptors. 

 Traumatic brain injury has emerged as the signature injury of the early twenty- 
fi rst century in both military and civilian life. Both CSF and plasma levels of 
PACAP38 increase and do so in tandem, consistent with BBB transport activities 
[ 18 ]. Furthermore, blood levels of PACAP38 are signifi cantly higher in those 
patients who eventually die of their injuries. Interestingly, CSF levels of PACAP38 
were not different between those who died and those who survived their injuries. 
This means that those who died had not only an elevation in plasma levels of 
PACAP38, but also lower CSF/plasma ratios. A low CSF/plasma ratio could be 
caused by an impairment in PTS-6 in those most severely injured. Such an impair-
ment could result in subtherapeutic levels of PACAP being delivered to the brain, 
thus putting these patients at increased risk of death. Several studies have shown 
that icv administration of PACAP38 improves outcomes in animal models of 
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 traumatic brain injury. However, only one study has investigated the effectiveness of 
peripherally administered PACAP38 [ 19 ]. This study used the low infusion rate of 
16 pmol/h and began therapy immediately after injury. PACAP38 decreased several 
measures of oxidative stress while elevating levels of the antioxidant enzymes 
superoxide dismutase and glutathione peroxidase. PACAP38 also reduced neurode-
generation as measured by fl uoro-jade staining, injury area, and injury volume. 

 A slow (1 mg/kg over 7 days) subcutaneous infusion of PACAP38 was found to 
be protective against methamphetamine neurotoxicity induced 28 days after the 
PACAP infusion had fi nished [ 20 ]. As in the study my Miyamoto et al, PACAP38 
reduced measures of oxidative stress. It also reduced evidence for astrogliosis and 
microgliosis by reducing elevations in GFAP and GLUT5 staining, respectively.  

    Approaches for Enhanced Delivery to the CNS 

 Based on the studies above, several strategies present themselves for the improved 
delivery of the PACAPs to the brain. These include synthesis of PACAP analogs 
that are more enzymatically resistant or better able to cross the BBB, inhibition of 
effl ux transporters, or bypassing the BBB. All these strategies have been reported. 

 One approach attached to the PACAP38 C-terminus an 11-amino acid portion of 
the HIV-1 TAT protein (PACAP-TAT). The PACAP-TAT molecule retained full 
activity at the PAC1 receptor and crossed the BBB 2.5 times better than native 
PACAP38 [ 21 ] and was more potent after peripheral administration in the suppres-
sion of food intake [ 22 ]. An acylated version of PACAP was also effective at a very 
low dose after its intraperitoneal administration in an model of stroke [ 23 ]. 

 Intranasal administration is often a useful way to bypass the BBB and deliver 
substances directly to the CNS [ 24 ]. Substances are absorbed by the olfactory and 
trigeminal nerves and can be delivered to various regions of the brain. We found that 
PACAP38 could be delivered to the brain by intranasal administration with about 
0.25–0.5 %Inj/g of the administered dose being taken up by whole brain [ 25 ]. 
PACAP38 displays an unusual pattern in that the brain region with highest uptake is 
not the olfactory bulb, but the occipital cortex and the striatum. A very low dose of 
intranasal PACAP38 (0.01 μg/mouse) improved memory in the aged SAMP8 
mouse, an animal model of Alzheimer’s disease. 

 Co-administering the PACAP38 with beta-cyclodextrin increased uptake of 
PACAP38 in several brain regions with the increase by the hypothalamus being par-
ticularly high [ 25 ]. For some regions of the brain, such as the olfactory bulb and the 
striatum, combining beta-cyclodextrin with PACAP38 did not change uptake. Thus, 
beta-cyclodextrin had a targeting effect on brain distribution. This was seen with other 
cyclodextrins as well, although different patterns of brain distribution were produced. 
For example, alpha-cyclodextrin improved uptake of PACAP38 by the olfactory bulb 
while decreasing uptake by occipital cortex and striatum, whereas (2-hydroxypropyl)-beta-
cyclodextrin improved thalamic uptake while decreasing uptake by striatum. These 
results show that enough PACAP38 can be delivered to brain by intranasal administra-
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tion to affect the brain. The results also show that it may be possible to direct PACAP 
to certain regions of the brain or away from other regions, and thus modify the type of 
brain effect induced, by combining PACAP with various cyclodextrins. 

 An approach to improve the therapeutic delivery of PACAP27 to brain involved 
directing antisense molecules against the brain-to-blood effl ux transporter for 
PACAP27, beta-F1 ATPase [ 6 ]. Effl ux transporters generally limit the ability of 
their ligands to access and be retained by the CNS and their inhibition can greatly 
increase the therapeutic effects of their ligands. Naked oligophoshorothioate mole-
cules are readily taken up by the BBB and transported across the BBB, exerting 
profound effects on CNS function [ 26 ]. Peripheral injection of a cocktail of oli-
gophosphorothioate antisense molecules directed against beta-F1 ATPase selec-
tively inhibited the effl ux of PACAP27, but not of PACAP38, from brain resulting 
in a fourfold increase in brain uptake [ 6 ]. This resulted in an ability of peripherally 
administered PACAP27 to improve cognition in the SAMP8, an animal model of 
Alzheimer’s disease. In comparison, treatment with the antisense cocktail alone was 
as effective as antisense plus PACAP in decreasing infarct volume 24 h after induc-
tion of middle cerebral artery occlusion in mice. The latter fi nding suggests that 
inhibition of the effl ux of PACAP27 endogenous to brain may be suffi cient to 
improve outcomes.  

    Summary 

 The PACAPs are potent molecules that can exert powerful effects on the central 
nervous system after their systemic administration. A large part of this effect resides 
in their abilities to cross the blood–brain barrier. However, the relation between the 
blood–brain barrier and the PACAPs is complex. This complexity occurs both 
because of the presence of infl ux and effl ux mechanisms and because these mecha-
nisms change in magnitude with insults to the central nervous system. The short 
half-life of the PACAPs in circulation limits their presentation to the blood–brain 
barrier and hence to the central nervous system. Several strategies appear promising 
in making the PACAPs more effi cient therapeutics, including their administration 
by the intranasal route, inhibition of the effl ux systems, acylation, and attachment to 
penetrating peptides.     
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    Chapter 26   
 Effects of PACAP on Biological Barriers                     

     Imola     Wilhelm     and     Istvan     A.     Krizbai    

    Abstract     Biological barriers are formed by epithelial or specialized endothelial 
monolayers that separate and regulate the transport between compartments of dif-
ferent chemical compositions. The unique barrier properties of epithelial and brain 
endothelial cells (forming the blood–brain barrier) are primarily connected to the 
tight junctions that seal the intercellular way of transport. Here we review the func-
tions of the different biological barriers, the regulation of tight junctions and the 
effects of pituitary adenylate cyclase-activating polypeptide (PACAP) on epithelia 
and the cerebral endothelium. PACAP and PACAP receptors are widely expressed 
by these cells and also by immune cells, smooth muscle cells, and nerve endings 
associated to them. The protective effect of PACAP on kidney, lung, retinal pig-
ment, and other epithelial cells in different pathological conditions is well docu-
mented; however, in brain endothelial cells no pro-survival effect of PACAP has 
been observed. Moreover, little is known about the effects of PACAP on tight junc-
tions, except for the outer blood–retina barrier and the blood–brain barrier, where it 
helps to maintain the integrity of the barrier in pathological conditions.  

  Keywords     Barrier   •   Tight junctions   •   Epithelium   •   Endothelium   •   Blood–brain 
 barrier   •   Blood–retinal barrier   •   PACAP   •   Survival   •   Protective  
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   BBB    Blood–brain barrier   
  BRB    Blood–retinal barrier   
  cAMP    Cyclic adenosine monophosphate   
  CNS    Central nervous system   
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  MDCK    Madin-Darby canine kidney   
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  PKA    Protein kinase A   
  RBEC    Rat brain endothelial cell   
  RPE    Retinal pigment epithelium   
  TJ    Tight junction   
  ZO    Zonula occludens   

        Structure and Function of Biological Barriers 

 In multicellular organisms selective permeable interfaces separate and interconnect 
tissue compartments of different chemical compositions. The barrier between the dis-
tinct fl uid compartments is formed by specialized cell types, mainly epithelial cells 
continuously interconnected by tight junctions (TJs). Endothelia—although from his-
tological point of view are specialized epithelia—usually do not form tight barriers. 
However, in case of the blood-brain barrier (BBB) microvascular endothelial cells 
form the barrier. Biological barriers not only separate the different tissues within the 
organism, but delimitate the organism from the external environment as well. 

 The unique barrier properties of epithelial and brain endothelial cells are mainly 
given by the TJs that seal the paracellular way of transport (Fig.  26.1a–c ), forcing 
most molecular and even cellular traffi c to take the transcellular route. Here how-
ever, the luminal secretions of the cells, the plasma membrane and specifi c transport 
systems regulate the passage of molecules.

      Tight Junctions (TJs) 

 TJs are molecular complexes of intercellular adhesion, characteristic to barrier form-
ing cells. They constitute a barrier for and regulate the passage of ions, water and 
water soluble molecules between adjacent cells (gate function) and also block the 
free diffusion of proteins and lipids between the apical and basolateral domains of 
the plasma membrane (fence function). On electron micrographs TJs are viewed as 
points of cell contact where the exterior membrane leafl ets of the neighboring cells 
appear to fuse (kissing points), while on freeze fracture images a branching network 
of strands are visible on the protoplasmic (P-) face with complementary grooves on 
the exoplasmic (E-) face. By immunofl uorescence, TJ proteins display a cell border 
distribution (chicken wire-like pattern) observed from above (Fig.  26.1c ). From the 
side, dots concentrated at the uppermost portion of the lateral membrane are seen. 

    Molecular Composition of TJs 

 TJs are composed of transmembrane proteins responsible for mediation of cell–cell 
adhesion, and cytoplasmic (plaque) proteins which link the integral membrane pro-
teins to the actin cytoskeleton (Fig.  26.1b ). Moreover, several regulatory signaling 
molecules are located in close proximity of the TJs. 

I. Wilhelm and I.A. Krizbai



435

 Transmembrane proteins of the TJs are: tetraspan proteins (occludin, tricellulin/
marvelD2, marvelD3, claudins), single-span proteins of the immunoglobulin super-
family (junctional adhesion molecules/JAMs, coxsackievirus-adenovirus receptor/
CAR, endothelial cell-selective adhesion molecule/ESAM), and other single-span 
proteins (Crumbs3/CRB3, blood vessel epicardial substance/Bves) (reviewed in ref. 
[ 1 ]). The fi rst described transmembrane protein of the TJs was occludin [ 2 ], but the 
backbone of the TJs is formed by claudins, discovered a few years later [ 3 ]. The 
claudin family presently consists of more than 30 members, which are small 
20–27 kDa proteins able to interact in a homophilic and heterophilic manner in  cis  
and  trans  (same and different types of claudins interacting in the membrane of the 
same cell or with claudins of the adjacent cell). The different claudins may exhibit 
varying barrier-forming or pore-forming properties, and therefore the tissue- specifi c 

  Fig. 26.1    Tight junctions of barrier forming cells. ( a ) Tight junctions prevent the free intercellular 
passage of molecules (gate function) and inhibit the diffusion of proteins between the apical and 
basolateral domains of the plasma membrane (fence function). ( b ) Schematic diagram showing the 
main molecular components of the TJs. ( c ) Immunofl uorescence staining of the TJ protein ZO-1 in 
epithelial (MDCK) and rat brain endothelial cells (RBECs)       
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distribution of claudins determines distinct permeability characteristics of different 
types of epithelia. For example the segment-specifi c expression patterns of claudins 
along the nephron regulate renal ion transport [ 4 ]. 

 Among the plaque proteins of the TJs zonula occludens (ZO) proteins are one of 
the most important scaffold molecules. ZO-1, ZO-2, and ZO-3 carry PDZ (Psd95/
discs large/ZO-1), SH3 (Src homology 3), and GUK (guanylate kinase) domains 
and a proline rich region—all responsible for interaction with other proteins (TJ 
proteins, cytoskeletal proteins and signaling molecules). These proteins exert cru-
cial functions not only in the structural organization of the TJs but also transduce 
signals from the plasma membrane to the nucleus (for review see: [ 5 ]). 

 By preventing the free diffusion of ions between the cells, TJs interconnecting 
epithelial or cerebral endothelial cells defi ne a transepithelial/transendothelial elec-
trical resistance (TEER), which can be easily measured in vitro (Fig.  26.2a ).

       Regulation of TJs: Role of cAMP 

 TJ proteins can be regulated at the mRNA level, e.g., glucocorticoids upregulate, 
while Snail/Slug downregulate their gene expression. Moreover, TJ proteins are post-
transcriptionally regulated by signaling molecules localized to the cell membrane. The 
most important regulators are Ca 2+ , cyclic nucleotides, different kinases and phospha-
tases, and G-proteins. In addition, TJ proteins themselves have regulatory roles, e.g., 
ZO-1 and ZO-2 can shuttle to the nucleus to regulate transcription factors [ 5 ]. 

 Crosstalk of TJs with signaling pathways has been comprehensively summarized 
elsewhere [ 6 ]; here we would like to underline the role of cAMP and protein kinase 
A (PKA) which are the main signaling pathways mediating the effect of PACAP. In 
brain endothelial cells cAMP stabilizes the TJs, increases TEER, decreases perme-
ability and increases the complexity of junctional strands (for review see: [ 7 ]). 
Cyclic AMP-dependent PKA phosphorylates claudin-5 at Thr207, which is accom-
panied by increased barrier function and induces the expression of several TJ 

  Fig. 26.2    TEER of RBECs in response to PACAP treatment. ( a ) Schematic diagram showing the 
principle of TEER measurement. Endothelial or epithelial cells are grown on semipermeable fi l-
ters. TEER is measured between two electrodes placed into the apical and basolateral compart-
ment, respectively. ( b ) Changes in the TEER of RBECs in response to PACAP treatment       
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 proteins, including claudin-5, occludin and ZO proteins [ 8 ]. Moreover, cAMP 
 elevating agents, like adrenomedullin or cilostazol have also been shown to stabi-
lize the TJs of cerebral endothelial cells [ 9 ,  10 ]. 

 In epithelial cells the picture is more diverse or even controversial. In kidney 
(MDCK/Madin-Darby canine kidney) or intestinal epithelia (T84 cells) PKA sig-
naling is important for the assembly of functional TJs and prevents junctional disas-
sembly [ 11 ]. On the other hand, PKA has been shown to be involved in the disruption 
of TJs in MDCK and other epithelial cells [ 12 ].   

    Epithelial and Endothelial Barriers of Different Organs 

    Barriers Separating the Organism from the External Environment 

 Protection of the organism from the external environment is given by the skin, the 
intestine and the respiratory tract. In the skin, TJs of the stratum granulosum of 
keratinocytes form the barrier, where claudin-1 and claudin-4 are expressed [ 13 ]. 

 The content of the intestine (external environment) is separated from the internal 
body compartment by epithelial cells covering the lumen of the gastrointestinal 
tract. The gastrointestinal epithelium is responsible for the absorption of nutrients 
and also for providing a physical barrier to the permeation of pathogens, toxins and 
antigens (reviewed in ref. [ 14 ]). Claudin expression in the different segments of the 
gastrointestinal tract is tightly regulated [ 15 ]. 

 Bronchial and alveolar epithelial cells separate airspace from blood, acting as a 
barrier to pathogens and foreign particles.  

    Barriers of the Brain and Retina 

 The central nervous system (CNS) has three barriers that regulate the molecular 
exchange between the blood and the neural tissue: the arachnoid epithelium, the 
choroid plexus epithelium and the brain endothelium forming the BBB (for review 
see: [ 16 ]). Besides having an endothelial phenotype, brain endothelial cells have 
special barrier characteristics which distinguish them from endothelia of peripheral 
tissues (for review see: [ 17 ]). In this respect the role of the continuous line of TJs 
interconnecting brain endothelial cells is indisputable (Fig.  26.1c ). TJs restrict the 
paracellular movement of molecules, while the transcellular barrier is given by the 
low level of endocytosis and transcytosis. Besides, a complex set of enzymes pro-
vides an enzymatic barrier and the cerebral endothelium expresses a large number 
of effl ux transporters as well (reviewed in ref. [ 18 ]). Moreover, the low level of 
leukocyte adhesion molecules limits the entry of immune cells into the CNS. The 
barrier phenotype of cerebral endothelial cells is induced and maintained by the 
neural environment, i.e., pericytes and astrocytes coming in close contact with 
endothelial cells. Besides the barrier function, cerebral endothelial cells possess an 
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important carrier function, represented mainly by solute-like carrier transporters. 
This is responsible for the transport of nutrients to the brain and the removal of 
metabolites. 

 The blood-retina barrier (BRB) is composed of an inner and an outer barrier. The 
outer barrier is formed by the retinal pigment epithelium (RPE), while the inner 
barrier is given by endothelial cells surrounded by pericytes and glial cells (Müller 
cells)—similar to the BBB. Both barrier forming cell types in the retina are equipped 
with a well-developed junctional complex mediating a highly selective diffusion of 
molecules between the blood and the retina.  

    Other Biological Barriers 

 Hepatocytes and bile duct epithelial cells separate the blood and the bile. Therefore, 
the apical membranes of hepatocytes delimitate bile canaliculi, while the basolat-
eral sides are in contact with the blood. The two membrane parts are equipped with 
different transport systems, and are separated by TJs. 

 In the kidney, epithelial cells along the nephron separate urine from renal paren-
chyma. Different segments of the nephron have different paracellular transport char-
acteristics due to the differences in the distribution of junctional proteins. Claudin 
composition of TJs highly determines the different steps of urine formation. 

 Besides forming a barrier, epithelial cells may have secretory functions as well, 
mainly in exocrine glands. Mammary ducts, for example, are lined by a single layer 
of columnar or cuboidal epithelial cells interconnected by a continuous belt of TJs. 
The structure of the mammary ductal epithelial barrier is almost identical to that of 
other epithelia, with the exception that the cells are located on contractile myoepi-
thelial cells and not directly on the basal lamina [ 19 ]. 

 The blood-testis barrier is formed by TJs connecting Sertoli cells of the seminifer-
ous tubules. It controls the environment in which germ cells develop. The placental 
barrier controls the exchange of nutrients, gases, waste, hormones, and other endog-
enous and foreign molecules between maternal and fetal circulations. It is formed by 
syncytiotrophoblast cells, an epithelial layer covering embryonic placental villi. 

 Sensory tissues of the nose, the ears, and the eyes—although retain an epithelial 
organization—are very different from classical barrier-forming epithelia. In these 
epithelial layers sensory cells are embedded, which are neurons or neuron-like cells 
(olfactory sensory neurons, auditory hair cells, and photoreceptors, respectively).    

    Targets of PACAP in Epithelial and Endothelial Barriers 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) and its receptors (PAC1, 
VPAC1, and VPAC2) are widely expressed in various tissues, including epithelia and 
endothelia. These receptors are coupled to the adenylate cyclase/cAMP system. By 
modulating cAMP levels, PACAP may regulate barrier properties, which besides its 
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well-known pro-survival and anti-infl ammatory effects may be an important factor 
in the regulation of barrier functions. In this chapter we focus on the expression of 
the molecules of the PACAP system and effects of PACAP on epithelial and endothe-
lial cells and their junctions. 

    Expression of PACAP, PACAP Receptors and Transporters 
in Barrier Forming Tissues 

 PACAP and its receptors are widely expressed in barrier forming tissues both in 
healthy and pathological conditions (Table  26.1 ).

   In brain endothelial cells the presence of PACAP, and both VPAC1 and VPAC2 
mRNA was detected; however, PAC1 was absent [ 20 ]. Moreover, the peptide trans-
port system-6 (PTS-6) has also been shown to be expressed by brain endothelial 
cells, which is responsible for the bidirectional transport of PACAP-38 and for the 
effl ux of PACAP-27 through the BBB [ 21 ] (reviewed in Chapter   25     by Banks). 

 In the retina RPE cells express the mRNA of PACAP, PAC1, VPAC1, and VPAC2 
as well [ 22 ], while PACAP receptor expression of retinal endothelial cells has not 
been studied so far. In addition, PACAP immunopositivity was found in the neurons 
of the retina [ 23 ], where selective and non-selective PACAP receptors are also 
expressed [ 24 ], suggesting a complex role of PACAP in the regulation of retinal 
function. 

 In the digestive system VPAC1 is expressed in epithelia lining the human biliary 
tree [ 25 ], while hepatocytes express all three PACAP receptors [ 26 ]. In colon epi-
thelial cells no or weak VPAC1 expression was found [ 27 ,  28 ], and its disappear-
ance was seen in severe ulcerative colitis [ 28 ]. Moreover, PACAP and its receptors 
are expressed in immune cells and nerve endings associated to the alimentary tract. 
The importance of PACAP in gastrointestinal and hepatic physiology is discussed in 
Chapter   16     by Benhammou et al. 

   Table 26.1    Expression of PACAP receptors in barrier forming cells   

 Cell type  PAC1  VPAC1  VPAC2 

 Brain endothelial cells  −  +  + 
 RPE cells  +  +  + 
 Colon epithelial cells  +/− 
 Biliray epithelial cells  + 
 Hepatocytes  +  +  + 
 Lung epithelial cells  +  +  + 
 Kidney epithelial cells  +  +  + 
 Mammary epithelial cells  +  +  + 
 Keratinocytes  + 
 Sertoli cells  + 
 Placenta  + 
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 In lung, kidney, prostate, and mammary epithelia the mRNA expression of all 
three classes of PACAP/VIP receptors has been shown [ 29 – 32 ]. In the skin mainly 
non-epithelial cells express PACAP and PAC1, the level of which may increase in 
psoriasis [ 33 ] or infl ammation [ 34 ]. VPAC2 mRNA was found in keratinocytes of the 
basal layer and in glandular cells surrounded by VIP-immunoreactive nerve fi bers 
[ 35 ]. In Sertoli cells an alternative splice variant of PAC1 receptor has been described, 
named PAC1R(3a) [ 36 ]. The placenta expresses PACAP and PAC1 genes [ 37 ]. 

 All these data underline the wide distribution of PACAP and its receptors in epi-
thelia. Not only epithelial cells themselves express PACAP, VIP or their receptors, 
but immune cells, smooth muscle cells and nerve endings associated to them—these 
might also substantially affect epithelial functions.  

    Effects of PACAP on TJs 

 TJs are critical components of biological barriers and regulate the permeability of 
different substances between tissue compartments. Increase in the permeability of 
different epithelial or endothelial barriers may lead to severe consequences and it 
usually refl ects a change in the TJs. One of the most spectacular outcomes of barrier 
breakdown is edema, which may occur in the skin, but also in the lungs, the brain, 
or other organs. Depending on the localization, type and severity of this change, a 
diverse range of disease states connected to the TJs may occur. These include infec-
tions, diverse acute and chronic infl ammatory disorders, inherited monogenic and 
polygenic diseases, and carcinomas. 

 Tightening the junctions may become an important approach in the treatment of 
some disorders affecting epithelia or endothelia, e.g., infl ammatory conditions or 
metastases. Cyclic AMP is known to strengthen the TJs of the cerebral endothelium 
and several epithelia. Nevertheless, cAMP/PKA is the most important downstream 
pathway of all three receptors of PACAP (PAC1, VPAC1, and VPAC2), which are 
extensively expressed in epithelia and endothelia. However, little is known about the 
effects of PACAP on the TJs in physiological and pathological conditions. 

    Effects of PACAP on the TJs of the BBB and the BRB 

 Disruption of the BBB has an important impact on the outcome of several neuro-
logical diseases, including stroke, brain trauma, epilepsy, neurodegenerative disor-
ders, primary and metastatic brain tumors, infl ammatory disorders and CNS 
infections [ 40 ]. In all these diseases extrinsic or intrinsic damaging factors lead to 
TJ disruption and permeability increase, which initiate or aggravate the disease. 

 In endothelial cells of the BBB PACAP was shown to induce an increase in the 
TEER (Fig.  26.2b ) and to protect against glucose-deprivation- and oxidative stress- 
induced junctional damage [ 20 ]. In control conditions apical administration of 
PACAP induced an increase in the junctional staining of claudin-5, occludin, and 
ZO-1 in rat and human brain endothelial cells, which was refl ected by a marked 
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increase in the TEER. Moreover, PACAP could signifi cantly improve glucose depri-
vation- and/or oxidative stress-induced junctional disassembly, i.e., partly or almost 
totally maintaining the continuity of the junctions, without affecting the expression 
of the junctional proteins. This suggests that PACAP may help to maintain the integ-
rity of the BBB in pathological conditions, like ischemia/reoxygenation. 

 In the retina PACAP and VIP have been shown to protect the TJs of the outer BRB 
in the presence of high glucose and IL-1beta [ 22 ]. Hyperglycemia and infl ammation 
are major factors in diabetic macular edema, which is a severe disease characterized 
by the breakdown of the TJs of RPE cells. Treatment with PACAP or VIP signifi -
cantly reduced the FITC-dextran hyperpermeability induced by high glucose and 
IL-1beta, and increased TEER values. PACAP was able to restore claudin-1 and 
ZO-1 loss as well [ 22 ]. These data suggest that PACAP is not only retinoprotective, 
but can also protect against the breakdown of the outer BRB in diabetic conditions.  

    Effects of PACAP on the TJs of the Digestive System 

 Infl ammatory disorders of the digestive system are often associated with changes in 
barrier permeability. Infl ammatory cytokines have been shown to alter the structure 
of the TJs of diverse epithelia and endothelia (reviewed in ref. [ 41 ]). This is an 
important mechanism in several infl ammatory diseases, including infl ammatory 
bowel diseases (Crohn’s disease, ulcerative colitis, etc.). The most important proin-
fl ammatory cytokines that increase TJ permeability are IFN-gamma, TNF-alpha, 
IL-1beta, IL-6, and TGF-beta. Infl ammatory cytokines are able of directly modify-
ing TJ composition and structure by two mechanisms: alteration of TJ protein com-
position by replacing barrier forming with those with “leaky” properties, and 
internalization of TJ proteins. Furthermore, microorganisms can also contribute to 
TJ dysfunction (described in detail in ref. [ 42 ]). Certain bacterial toxins or microor-
ganisms, for example, target the TJs of intestinal epithelia leading to diarrhea. 

 Little is known about the direct role of PACAP in the regulation of gastrointesti-
nal epithelial TJs; however, the general cAMP increasing effect may be benefi cial 
regarding barrier function. In addition, PACAP is a potent anti-infl ammatory agent 
in several infl ammatory conditions of different epithelia which can also contribute 
to barrier maintenance. For example it ameliorates  Toxoplasma gondii -induced 
acute ileitis [ 43 ]. However, in infl ammatory conditions immune cells and/or nerve 
endings and not directly epithelial cells may be the main targets of PACAP.  

    Effects of PACAP on the TJs of Other Epithelia 

 A direct effect of the PACAP on the TJs has not been demonstrated so far; however, 
it is noteworthy that in the skin PACAP has anti-infl ammatory effects in allergic 
contact dermatitis [ 44 ] and in the lungs it ameliorates endotoxin-induced infl amma-
tion [ 45 ]. Here again however, immune cells and/or nerve endings and not epithelial 
cells are the main targets of PACAP. 
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 A more direct role for PACAP was found in the stria vascularis of the rat cochlea, 
where it has been suggested that PACAP may modulate TJ integrity. PAC-1 receptor 
immunoreactivity was found to be localized to the TJs between marginal cells in all 
cochlear turns, close to the apical surface of the stria vascularis [ 46 ].   

    Anti-apoptotic and Pro-survival Effects of PACAP 
on Epithelia and Endothelia 

 PACAP has anti-apoptotic effects in various tissues and organs against various 
insults. Several in vitro and in vivo results indicate that this protective effect applies 
for diverse epithelial cells as well. 

 PACAP proved to be renoprotective against several insults, e.g., in ischemia/
hypoxia, in cisplatin-, cyclosporine A-, or contrast-induced injury of proximal 
tubule epithelial cells [ 47 – 50 ]. In addition, kidney cells of PACAP knockout mice 
are more vulnerable to hypoxia [ 51 ,  52 ]. The renoprotective effects of PACAP are 
discussed in detail in [ 53 ] and Chapter   18     by Khan and Batuman. 

 In the lung, PACAP-TAT—a peptide with increased traversing ability through 
the BBB, the blood-air barrier and the blood-testis barrier (see Chapter   10     by 
R. Yu)—proved to be protective against smoke-induced lung injury [ 54 ]. It has also 
been shown that PACAP expression is decreased in lung and colon cancers [ 55 ]. 
In the small intestine endogenous PACAP is protective against intestinal warm and 
cold ischemia [ 56 ,  57 ]. 

 In sensory epithelia PACAP may affect receptor cells and supporting epithelial 
cells. PACAP protects cochlear sensory epithelium with supporting cells and sen-
sory hair cells against oxidative stress-induced apoptosis [ 58 ]. PACAP was also 
protective against kanamycin-induced hair cell toxicity [ 59 ]. PACAP also pro-
tects olfactory sensory neurons against cell death induced by axotomy or TNF-
alpha [ 60 ]. 

 PACAP supports survival of neurons in the retina in several injuries 
 (diabetic, ischemic, etc.) (reviewed in ref. [ 61 ]). Moreover, PACAP has anti-
apoptotic role in RPE cells of the outer BRB [ 62 ]. It has been suggested that 
PACAP released from retinal neural cells upregulates semaphorin 4A expres-
sion in RPE cells and thereby contributes to the maintenance of retinal struc-
ture and function [ 63 ]. 

 Interestingly, in brain endothelial cells the lack of pro-survival effect of PACAP 
was observed in the presence of oxidative stress and/or glucose deprivation [ 20 ]. In 
contrast to brain endothelia, PACAP has been shown to have protective effects in 
microvascular endothelia of non-cerebral origin. PACAP was shown to have anti- 
apoptotic effects in mouse hemangioendothelioma cells challenged by oxidative 
stress [ 64 ] and to inhibit hyperglycemia-induced proliferation of H5V murine 
microvascular endothelial cells [ 65 ].  
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    Role of PACAP in Carcinomas 

 Not only healthy epithelial cells express PACAP receptors, but carcinomas as well. 
The most frequently occurring human tumors, including breast, prostate, pancreas, 
lung, colon, stomach, liver, and urinary bladder carcinomas abundantly express 
PACAP receptors, predominantly the VPAC1 type [ 38 ]. In colon epithelial carci-
noma cells VPAC1 mRNA was found to be expressed whereas VPAC2 mRNA was 
not detected [ 39 ]; moreover, VPAC1 overexpression was shown to be associated 
with poor differentiation of colon cancer [ 27 ]. Unfortunately, anti-VIP/PACAP 
therapy in tumors is limited by the presence of these receptors in normal tissues. 

 Malignant transformation of epithelia leads to the development of different carcino-
mas. An important step in this process is the epithelial–mesenchymal transition (EMT), 
during which epithelial cells gradually loose barrier characteristics and acquire an 
invasive phenotype. Despite its possible regulatory capacity on the junctions, it is not 
known how PACAP may affect this process. The well-established anti-apoptotic effect 
of PACAP, however, may infl uence carcinogenesis as well. The complex role of 
PACAP in cancers is subject of a separate chapter (Chapter   47     by Moody and Jensen).  

    Other Effects of PACAP on Brain Endothelia 

 PACAP may have special effects on cerebral microvascular endothelial cells. It has 
been recently shown that PACAP promotes endothelial tube formation which 
together with its anti-apoptotic effect defi nes a signifi cant pro-angiogenic effect. 
Furthermore, it has been suggested that age-related dysregulation of autocrine 
PACAP signaling in cerebral endothelial cells may contribute to impaired angio-
genic capacity in ageing [ 66 ].   

    Conclusions 

 Fluid compartments of multicellular organisms are separated by biological barriers, 
which are formed by specialized cell types, epithelial or endothelial cells continu-
ously interconnected by TJs. PACAP and its receptors are widely expressed in epi-
thelial and endothelial barriers both in healthy and pathological conditions. Not 
only epithelial cells themselves express PACAP receptors, but immune cells, 
smooth muscle cells, and nerve endings associated to them—these might also sub-
stantially affect epithelial functions. 

 PACAP has direct or indirect (other cell type-mediated) protective and anti-
infl ammatory effects in epithelia. Interestingly, in brain endothelial cells the lack of 
pro-survival effect of PACAP was observed in oxidative stress and/or glucose 
deprivation. 
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 Increase in the permeability through the TJs may aggravate a large number of 
diseases; therefore, it is of great importance to understand possible mechanisms of 
TJ modulation. Cyclic AMP (the most important effector of PACAP receptors) is 
known to strengthen the TJs of the cerebral endothelium and of several epithelia. 
PACAP can protect the TJs of the outer blood–retina barrier and of the blood–brain 
barrier; however, there is no experimental evidence on the effects of PACAP on 
other TJ barriers. Considering the clinical importance of biological barriers, it 
would be important to understand the possible protective impact of PACAP on epi-
thelial TJs in health and disease.    
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    Chapter 27   
 Role of PACAP in Astrocytes and Astrocytic 
Tumors                     

     Tomoya     Nakamachi    

    Abstract     In the central nervous system (CNS), astrocytes are the most numerous 
among glial cells and have diverse physiological functions. These cells also play an 
important role in many CNS disorders and pathologies. Pituitary adenylate cyclase 
activating polypeptide (PACAP) is abundantly expressed in the CNS, acting as a neu-
roprotectant against various neurological threats. PACAP also has been studied as an 
astrocytic regulator from diversifi ed aspects. PACAP receptor expression has dynami-
cally changed in pathological condition. In this chapter, we summarize the expression 
and function of PACAP and PACAP receptors in astrocytes and astrocytic tumors, and 
discuss the role of PACAP in physiological and pathological conditions.  

  Keywords     PACAP   •   PACAP receptors   •   Astrocyte   •   Astrocytoma   •   Pathology   • 
  Proliferation   •   Anti-apoptosis   •   Growth factor   •   Cytokine   •   Diversity   • 
  Neuroinfl ammation  

      Astrocytes 

 Astrocyte is a type of glial cells, found in the central nervous system (CNS). Michael 
von Lenhossek coined the term “astrocyte” to describe the star-shaped cells he dis-
covered in brain sections using silver staining techniques in 1893. Glial cells are the 
most abundant cell type in the CNS, with astrocytes accounting for 20–40 % of the 
total number of mammalian brain cells [ 1 ]. Although astrocytes are classically clas-
sifi ed according to their morphology into fi brous and protoplasmic astrocytes, sev-
eral types of specialized astrocytes have been identifi ed [ 2 ,  3 ]. Originally, astrocytes 
were considered as simple supporting cells or “brain glue” in the CNS. However, 
recent studies revealed that astrocytes are heterogeneous, with several functions, 
such as metabolic support of neurons, maintenance of synapses, and control of the 
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brain’s water homeostasis in normal conditions. Moreover, astrocytes are patho-
physiologically associated with neurodegenerative diseases [ 4 ] and neuroinfl amma-
tions [ 5 ]. It has been reported that neurotransmitters or neuromodulators are 
important factors for astrocyte activation [ 6 ,  7 ]. Pituitary adenylate cyclase activat-
ing polypeptide (PACAP) has been studied as an astrocytic regulator from diverse 
aspects [ 8 ,  9 ]. This chapter summarizes the expression and function of PACAP and 
PACAP receptors in astrocytes and astrocytic tumors.  

    PACAP and PACAP Receptor Expression in Astrocytes 

 PACAP is a bioactive neuropeptide identifi ed from ovine hypothalamus extracts 
using cAMP elevation as an indicator in cultured pituitary cells [ 10 ]. PACAP exists 
in two forms, PACAP27 and PACAP38 (27 and 38 amino acids, respectively) [ 11 ]. 
PACAP belongs to the vasoactive intestinal polypeptide (VIP)/secretin/glucagon 
family, and its closest paralog is VIP. PACAP and VIP share three types of G 
protein- coupled receptors: PAC1 receptor (PAC1R), VPAC1 receptor (VPAC1R), 
and VPAC2 receptor (VPAC2R) [ 12 ,  13 ]. The binding affi nity of PACAP to PAC1R 
is approximately 1000 times greater than that of PACAP to VPAC1R and VPAC2R, 
suggesting that PAC1R is a relatively selective receptor for PACAP, whereas 
VPAC1R and VPAC2R are common receptors for PACAP and VIP [ 14 ]. 

 The possibility of PACAP receptor expression in astrocytes was fi rst indicated 
using binding assay on cultured astrocyte membrane. High and low affi nity bind-
ing sites for [125I]PACAP27 were found on the rat astrocyte membrane with 
approximately 1000 times difference in affi nity between the sites [ 15 ]. Furthermore, 
PACAP binds to a 57-kDa membrane protein with a high affi nity, and VIP, at a 
much higher concentration, binds to the same protein [ 16 ]. These data imply that 
at least two types of PACAP receptors with different affi nities to PACAP are 
expressed in rat astrocytes. Grimaldi and Cavallaro reported that PAC1R, VPAC1R, 
and VPAC2R mRNA were detected in primary cultures of rat astrocytes using 
reverse transcription- polymerase chain reaction [ 17 ,  18 ]. Another study reported 
that PAC1R mRNA levels are relatively higher than other VIP receptor mRNA 
levels in cultured rat astrocytes [ 19 ]. In lower vertebrates, PACAP and PAC1R 
mRNA were identifi ed in cultured tilapia astrocytes [ 20 ]. PACAP/VIP receptor 
immunoreactivity has also been observed in astrocytes in the intact rodent brain 
[ 21 ,  22 ]. These reports suggest that PACAP directly affects astrocytes and is 
involved in their function. 

 PACAP receptor expression in astrocytes is affected by stress or damage. In an 
in vitro study, the intensity of PAC1R immunoreactivity strongly increased 2 days 
after scratch injury in cultured mouse astrocytes [ 23 ], whereas in an in vivo study, 
PAC1R immunoreactivity was increased in astrocytes 5 days after injury in a 
mouse model of cortical stab wound injury [ 24 ]. In a mouse spinal cord injury 
model, PAC1R-immunopositive astrocytes appeared around the injury site between 
days 7 and 14 after injury [ 25 ]. In a mouse bilateral common carotid artery occlu-
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sion model, which caused delayed neuronal death in the hippocampal region from 
days 3 to 7 after ischemia, PAC1R mRNA levels signifi cantly increased on day 7 
while VPAC1R mRNA levels signifi cantly decreased on day 3 after ischemia [ 26 ]. 
In the same animal model few PAC1R-immunopositive astrocytes were detected 
in the hippocampal area until the 3rd day after ischemia, but PAC1R-positive 
astrocytes were widely distributed in the hippocampus between days 7 and 14 and 
were converging around the damaged hippocampal area by day 28 [ 27 ]. In a mouse 
model of cold-induced brain injury, VPAC2R-immunopositive astrocytes mainly 
appeared in the cerebral cortex on post-injury day 7, and PAC1R and VPAC2R 
mRNA expression increased in dbcAMP-stimulated cultured astrocytes [ 28 ]. 
These results suggest that PACAP and PACAP receptors, particularly PAC1R 
expressed in the reactive astrocytes, play an important role in the reactive astro-
cytes rather than in the normal astrocytes after brain and spinal cord injury. We 
describe the functions and underlying mechanisms of PACAP in astrocytes in the 
following sections.  

    Proliferative Effect of PACAP in Astrocytes 

 The proliferative effect of PACAP in astrocytes was fi rst identifi ed in a study using 
rat primary cultures. Tatsuno et al .  reported that PACAP administration signifi -
cantly increased astrocyte proliferation with a peak at a concentration of 10 −10  M 
and stimulated intracellular cAMP levels at a concentration of 10 −10  M or higher in 
a dose dependent manner [ 29 ]. VIP also stimulated intracellular cAMP levels in 
astrocytes, but it required approximately 10,000 times higher concentration com-
pared to PACAP [ 29 ]. In addition, PACAP stimulates MAPK in both a PKA- and 
PKC- independent manner in cultured rat astrocytes [ 30 ]. Using similar primary 
astrocyte cultures, Hashimoto et al .  demonstrated that PACAP stimulated astro-
cytic proliferation with a peak at a concentration of 10 −9  M and that this response 
was blocked by a cAMP antagonist or an ERK inhibitor but not by a PKA inhibitor 
[ 19 ]. PACAP38 increased the cAMP and phosphorylated ERK levels in astro-
cytes. PACAP38- induced ERK phosphorylation and thymidine incorporation 
were completely inhibited by the cAMP antagonist but not the PKA inhibitor, 
implying that a cAMP-dependent but PKA-independent mechanism was involved 
in the increased proliferation [ 19 ]. In primary cultures of rat Müller cells (the 
astrocyte-like glial cells in the retina), treatment with PACAP38 at a concentration 
of 10 −9  to 10 −7  M increased bromodeoxyuridine incorporation, which is commonly 
used for the detection of cell proliferation [ 31 ]. PACAP treatment in scratch-
injured mouse astrocyte cultures signifi cantly increased the number of astrocytes 
expressing the proliferating cell marker Ki67. This reaction was suppressed by 
pretreatment with PACAP6- 38, a PAC1R, and VPAC2R antagonist [ 23 ]. These 
results suggest that PACAP plays an important role in astrocyte proliferation via 
PACAP/VIP receptors.  
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    Anti-apoptotic Effect of PACAP on Astrocytes 

 PACAP has a considerable potential to protect neuronal cells against various neuro-
toxic agents in vitro and to suppress neuronal damage and death in different neuro-
pathological models in vivo [ 32 – 36 ]. However, few studies report that PACAP 
affects the survival of astrocyte and neurons. 

 Addition of PACAP (10 −9  M) markedly suppressed the toxic effect of H 2 O 2  (100–
300 μM) on rat cortical astrocytes cultures. Co-incubation with H 2 O 2  (300 μM) and 
graded concentrations of PACAP (10 −16  to 10 −6  M) resulted in a dose-dependent 
increase in the number of surviving astrocytes [ 37 ]. Pre-incubation with the PACAP 
receptor antagonist PACAP6-38 (10 −6  M), the PKA inhibitor H89, the PLC inhibitor 
U73122, the PKC inhibitor chelerythrine, or the mitogen-activated protein (MAP)-
kinase kinase (MEK) inhibitor U0126 did not affect H 2 O 2 -induced cell death but abol-
ished the protective effect of PACAP on astroglial cell survival [ 37 ]. In primary 
cultures of rat astrocytes subjected to oxygen-glucose deprivation, PACAP38 at a 
concentration range of 10 −3  to 10 −6  M stimulated cAMP levels, but a cell protective 
effect was not detected [ 38 ]. At present, there is not enough information on the astro-
cyte-protective effect of PACAP, and further studies need to confi rm the above men-
tioned results and clarify their functional signifi cance in injured nervous tissues.  

    Effect of PACAP on Humoral Factors Released by Astrocytes 

 The neuroprotective potential of PACAP has been studied in both in vivo and 
in vitro models [ 33 ,  35 ,  39 ]. In the LPS-induced neurotoxicity model, PACAP sup-
pressed neuronal death at nanomolar or higher concentrations in a neuron-rich cul-
ture, whereas the neuroprotective effect was bimodal at subpicomolar and nanomolar 
concentrations in a neuron–glia mixed culture [ 40 ,  41 ]. These results imply that 
PACAP directly affects neurons and indirectly affects glial cells to suppress neuro-
nal damage. Astrocytes play an important role in infl ammation, neuronal protection, 
and repair by releasing a wide variety of neurotrophic factors, cytokines, and che-
mokines [ 42 ]. 

 Interleukin (IL)-6 has been considered to be a proinfl ammatory cytokine; how-
ever, intracerebroventricular injection of IL-6 decreases infarct volume following 
ischemia [ 43 ], suggesting that IL-6 has a neuroprotective function in nervous tis-
sues. Tatsuno et al. reported that PACAP treatment stimulates IL-6 secretion from 
folliculostellate cells, which are astrocyte-like cells present in the pituitary [ 44 ]. 
PACAP also stimulates IL-6 production in folliculostellate cell lines, TtT/GF cells 
[ 45 ,  46 ], and cultured Müller cells [ 31 ]. In primary cultures of rat astrocytes, 
PACAP38 was signifi cantly more potent in stimulating IL-6 compared with 
VIP. This effect was synergic with that of IL-1 [ 29 ,  47 ]. In an in vivo model, IL-6- 
immunopositive astrocytes appeared around the damaged hippocampal area 7 days 
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after the common carotid artery occlusion. These astrocytes merged with PAC1R 
immunoreactivity [ 26 ]. Intracerebroventricular injection of PACAP increased the 
expression of IL-6 mRNA in the mouse cerebral cortex, whereas the neuroprotec-
tive effect of PACAP in middle cerebral artery occlusion ischemia was abolished in 
IL-6 null mice [ 48 ]. These reports suggest that PACAP is a potent stimulator of IL-6 
secretion by astrocyte and astroglial-like cells and that PACAP prevents neuronal 
cell death via IL-6 signaling. 

 PACAP also stimulates astrocytes to release chemokines [ 32 ,  49 ]. PACAP treat-
ment stimulated the release of macrophage infl ammatory protein 1-alpha (MIP-1α) 
and regulated-on-activation, normal T expressed and secreted (RANTES) at a con-
centration of 10 −6  and 10 −13  M, respectively, in primary astrocyte cultures [ 50 ]. 
Furthermore, co-treatment with a RANTES neutralizing antibody decreased 
PACAP38-mediated neuroprotection, but co-treatment with a MIP-1α neutralizing 
antibody did not affect PACAP38-mediated neuroprotection against sodium 
nitroprusside- induced toxicity [ 51 ] and HIV envelope protein gp120 toxicity [ 50 ]. 
These results indicate that PACAP38 induces neuroprotection, in part, through the 
release of RANTES. These results imply that PACAP is a regulator of chemokine 
expression in astrocytes. 

 Activity-dependent neuroprotective protein (ADNP) was identifi ed as a VIP- 
regulated gene, which is secreted by astrocytes [ 52 ,  53 ]. The octapeptide called 
NAPVSIPQ or NAP, an active fragment of ADNP, potently protects the nervous 
system in vivo and cultured neuronal cells in vitro [ 54 ,  55 ]. Li et al. [ 41 ] have 
reported that PACAP38 treatment increased the ADNP mRNA levels with a peak at 
a concentration of 10 −13  M and that the neuroprotective effect of PACAP38 in rat 
neuron–glia cocultures was attenuated by co-treatment with the antisense oligonu-
cleotide of ADNP. In mouse neuron–glia cocultures, ADNP mRNA expression was 
biphasically elevated by PACAP38 treatment at a concentration of 10 −13  and 10 −9  M 
mediated by the inositol 1,4,5-triphosphate (IP3)/phospholipase C (PLC) pathway 
and the PKA and IP3/PLC pathways, respectively [ 56 ]. In the mouse brain, ADNP- 
immunoreactive cells in the cerebral cortex and cerebellum were co-localized with 
the astrocyte marker GFAP and PAC1R immunoreactivities [ 22 ]. These observa-
tions suggest that ADNP is mainly expressed in astrocytes and may contribute to the 
neuroprotective effect of PACAP. 

 PACAP also potently stimulates the production and secretion of endozepines 
(endogenous benzodiazepine ligands), octadecaneuropeptide (ODN), and diazepam- 
binding inhibitor (DBI), which act as neuroprotectants. PACAP (10 −13  to 10 −6  M) 
treatment of cultured rat astrocytes induces a dose-dependent stimulation of ODN 
release, whereas VIP is at least 1000-fold less potent, and PACAP6-38 completely 
suppresses the stimulatory effects of both PACAP and VIP [ 57 ]. PACAP also stimu-
lates both DBI gene expression and DBI secretion in a dose-dependent manner 
through PAC1R [ 58 ]. Thus, PACAP is an effective inducer of cytokines, chemo-
kines, and neurotrophic factors, which are related to the neuroprotective potential of 
PACAP.  

27 Role of PACAP in Astrocytes and Astrocytic Tumors



454

    PACAP in Astrocytomas 

 Astrocytomas (astrocytic tumors) are the most common primary CNS neoplasms. 
Astrocytomas are forms of primary tumors arising from astrocytes and comprise 
pilocytic astrocytomas (grade I), low-grade astrocytomas (grade II), anaplastic 
astrocytomas (grade III), and glioblastomas (glioblastoma multiforme, grade IV) 
[ 59 ]. The most aggressive astrocytoma, glioblastomas, have a potential to grow rap-
idly. The median survival time is only 12–15 months following diagnosis, even if 
the patient receives optimal medical treatment [ 60 ]. Effective drugs have yet to be 
developed to treat high grade astrocytomas. 

 PACAP receptor expressions and the proliferative effect of PACAP have been 
reported in astrocytomas. In binding and adenylate cyclase assays using human 
astrocytoma membranes, PACAP27 and PACAP38 show approximately 100–300 
times higher affi nity and are more potent on cAMP elevation compared to VIP, 
indicating that astrocytomas have at least two subclasses of PACAP binding sites 
[ 61 ]. PAC1R and VPAC2R mRNAs were detected in human astrocytoma cell lines 
by reverse transcription-polymerase chain reaction [ 62 ,  63 ]. PACAP and VIP stimu-
lated the proliferation of the rat astrocytoma C6 cells at concentrations of 10 −15  to 
10 −8  M [ 64 ]. More recently, in four human astrocytoma cell lines, derived from 
grade III to grade IV astrocytomas, PAC1-R immunoreactivity and PAC1R and 
VPAC1R mRNAs were detected in all cells with the greatest intensity in the grade 
IV astrocytoma cells YH-13; however, VPAC2R mRNA was not detected in any of 
the astrocytoma cell lines tested [ 65 ]. When PACAP38 (10 −13  to 10 −7  M) was applied 
to the astrocytoma cells, proliferation was signifi cantly stimulated in only YH-13 
cells at a PACAP38 concentration of 10 −11  M [ 65 ]. These reports suggest that 
PACAP has a proliferative potential in astrocytomas, and PACAP receptor expres-
sion is correlated with the malignant and proliferative potential of astrocytoma cell 
lines. Further studies on PACAP and PACAP receptor expression in clinical tumor 
specimens will clarify the relation between the PACAP system and the malignancy 
level of astrocytomas in humans.  

    Conclusion 

 In over 20 years of research in astrocytic biology, the knowledge on the role of 
PACAP has progressed. In particular, animal and culture studies have shown that 
PACAP is a key regulator of astrocytes, affecting its proliferation, survival, and 
humoral factor secretion (Fig.  27.1 ). Thus, astrocytes are important targets for 
PACAP in neuroprotection. At present, how PACAP regulates the diverse astrocyte 
functions and how its regulative effects are related to pathology remains unclear. 
Heterogeneity of astrocyte physiology has recently been reported in detail and may 
explain and lead to diverse astrocyte functions [ 66 ,  67 ]. Furthermore, single-cell 
gene expression profi ling revealed that reactive astrocytes induced by ischemic 
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damage could be classifi ed in at least two subgroups [ 68 ], implying that functional 
heterogeneity may be associated with pathological conditions. Further accumula-
tion of knowledge related to astrocytic heterogeneity could help elucidate the mech-
anisms of astrocyte regulation by PACAP and clarify the role of PACAP in 
physiological and pathological conditions in the CNS.
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    Chapter 28   
 Multiple Actions of Pituitary Adenylate 
Cyclase-Activating Polypeptide (PACAP) 
in Schwann Cell Biology                     

     Alessandro     Castorina    

    Abstract     The neuropeptide pituitary adenylate cyclase activating polypeptide 
(PACAP) is a well-recognized endogenously produced pleiotropic molecule that 
elicits a broad range of biological functions in various cell types, including in 
Schwann cells (SCs). Its main actions, which have been primarily associated to 
neuroprotection both in the central and peripheral nervous system (CNS and PNS), 
are currently being extended, and new intriguing roles in regulating several aspects 
of CNS and PNS physiology are emerging. The overall goal of the present chapteris 
to provide an update of the recent advances that have been made to elucidate the 
multiple actions elicited by PACAP in relationship to the complex biology of SCs, 
whose seminal role is to provide myelin ensheathment to nerve fi bers forming 
peripheral nerves. After reviewing the main functions of this specifi c type of neuro-
glia, a major goal will be to describe PACAP regulatory roles in several biological 
processes in SCs, including myelin generation, cell protection against injury and its 
secretagogue activity on proteolytic enzymes. Furthermore, a discussion on the 
impact that PACAP-mediated changes may have on peripheral axonal myelination 
and repair processes after nerve injury will be opened. The fi nal aim will be to illus-
trate the potential benefi ts of PACAP treatment in chronic pain. In this section, 
particular attention will be given to those fi ndings inferring on SCs involvement in 
the development of neuropathic pain and the key modulatory role elicited by 
PACAP. The contents herein summarized could offer a new perspective of PACAP 
to aid in the future development of more stable peptide analogues in the scenario of 
peripheral neuropathies and provide a comprehensive tool that will help to dissect 
novel PACAP-regulated functions in SCs.  
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      Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is a hypophysiotropic 
molecule that was discovered in 1989 by Miyata and coworkers [ 1 ]. Since its dis-
covery, owing to its pleiotropic activities and the ubiquitous distribution in several 
tissues, it has attracted more than three thousand publications in literature, and 
many more are still arising. PACAP is detectable is many cell types of the central 
and peripheral nervous system (CNS and PNS), including neuronal and glial cell 
populations, where for the most it elicits neuroprotective and trophic functions [ 2 –
 5 ]. Intriguingly, over the last decade, studies from our laboratories and other research 
groups have contributed to the localization of the peptide in SCs [ 2 ,  6 ], the myelin- 
producing glia whose seminal role is to provide electric insulation to peripheral 
nerves. These studies have highlighted novel interesting roles of PACAP in this cell 
type, hence opening a new scenario for potential therapeutic implications of PACAP 
to treat several pathologies in which the affected cell population is mainly com-
posed of SCs, including peripheral neuropathies such as Charcot–Marie–Tooth dis-
ease (CMT), Guillain–Barrè Syndrome (GBS), and chronic idiopathic demyelinating 
polyneuropathy (CIDP) among others. Furthermore, given the ability of SCs to 
interact with neurons through the reciprocal exchange of trophic factors and the 
activation of several intracellular cascades, uncovering novel regulatory functions 
of the peptide in SCs has begun to attract the attention of scholars interested in the 
fi eld of regenerative medicine and those studying pain mechanisms, as PACAP 
could aid in the development of targeted therapies to promote both peripheral nerve 
recovery after injury and the generation of new drugs to counteract or prevent the 
genesis of neuropathic pain. 

 The present chapter is envisioned with the aim to provide an overview of the 
main biological activities elicited by PACAP in SCs that have been identifi ed so far 
and possibly, offer new insights to unravel more potential activities of PACAP in the 
PNS. The chapter is structured in sections, each describing PACAP regulatory func-
tions on specifi c aspects of SC biology, including pro-myelinating, protective activi-
ties, as well as other interesting functions of recent discovery. All this with the hope 
to provide a more clear view of the underlying events through which such an endog-
enous molecule takes part in the control of peripheral nerve homeostasis, repair and 
regeneration processes, but also in the reestablishment of nerve conduction after 
injury. Finally, a concluding section is dedicated to describing the molecular mecha-
nisms underpinning how the proposed PACAP activities in SCs may have conse-
quences in the modulation of neuropathic pain. 

 The topics covered in this chapter are gathered from experimental evidences in 
our laboratories and cumulative literature sources that pose PACAP as an important 
regulatory agent, which hides the potential to control many critical aspects of SCs 
biology that are beyond myelin formation, and that could therefore serve as a useful 
tool to expand our current knowledge of the multiple PACAP activities in this spe-
cifi c PNS-associated glial cell type.  
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    The Dichotomy of SCs: Myelin vs. Non-myelin Forming Cells 

 SCs, named after the physiologist Theodor Schwann, are the most common cell 
type in the PNS. These cells, derived from the neural crest, are part of the peripheral 
nerve neuroglia and are therefore specifi c to the PNS [ 7 ]. SCs phenotype is deter-
mined by a complex array of factors, including environmental stimuli, release of 
growth factors, infl ammatory cytokines and injury—all of which can profoundly 
modify the intrinsic cellular processes of the cell. This notion in particular has 
attracted scientifi c interest, especially soon after the discovery that SCs possess a 
plastic and reversible phenotype, which has been principally correlated to the tight 
interaction existing between these type of glial cells and the physiological/patho-
logical conditions of neighboring neurons. Indeed, fi ndings have demonstrated that 
SCs may reversibly shift to either myelin-forming [ 8 ] or non-myelin-forming cells 
in the PNS [ 9 ], and are present in the form of perineuronal satellite cells (PSC) both 
in the autonomic nervous system [ 10 ], in perisynaptic areas [ 11 ], in dorsal root 
ganglia [ 12 ] and autonomic ganglia [ 13 ]. 

 Myelin-forming SCs are very large cells that are highly specialized and that 
actively interact with axons for normal nerve function, maintenance and repair. 
Some ensheath nociceptor fi bers with relatively few compact myelin lamellae, 
while others form hundreds of spirals of compact myelin lamellae around the larger 
diameter sensory fi bers. Of note, the axonal diameter is directly correlated to the 
number of compact myelin lamellae formed, which in turn positively correlates 
with nerve conduction velocity (i.e., the more lamellae, the faster the nerve conduc-
tion). Importantly, while the typical hallmark of a fast-conduction myelinated nerve 
has generally been extrapolated from the number of compact myelin lamellae as 
indicated above, it now appears clear that some “non-compact” regions of the inner 
and outer mesaxon, namely the paranodal “loops,” the Schmidt Lanterman inci-
sures, and the transverse processes and nodal microvilli also seem to play a pivotal 
role in maintaining an organization that is critical for a fast and effi cient nerve con-
duction [ 14 ]. So, when the myelinated nerve is damaged, despite the loss of com-
pact myelin, the inability of SCs to maintain its complex architecture and a functional 
interaction with the ensheathed axon also has to be taken into account. Other ele-
ments to be included in the complex scenario here described are that SCs also play 
a role as facultative antigen presenting cells [ 15 ], and thereby are able to respond to 
both self and foreign antigens. When triggered, their immune activation can result 
in progressive demyelination and halted nerve conduction, even in the absence of 
axonal damage. Myelin-forming SCs also play active roles in immunomodulation. 
They constitutively express many receptors associated to immune response [ 16 ], 
and can regulate their surface expression of MHC class I and class II antigens [ 15 ]. 

 In a study, Griffi n et al. [ 9 ] has estimated that approximately 80 % of peripheral 
nerves are made up of unmyelinated nerve fi bers, although the presence of SCs is 
ascertained. The reason is that most of SCs, although ensheathing axons, do not form 
compact myelin, but each cell has many axons embedded within grooves formed in 
its cytoplasmic membrane. Of notice, studies have identifi ed that these population of 
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unmyelinated SCs express P2 nucleotide receptors, through which ATP is released 
and taken up by axonal P2Y receptors, resulting in increased axonal excitability of 
nociceptors. By contrast, the purine nucleoside adenosine exerts exactly the opposite 
role in unmyelinating SCs, primarily by downregulating this excitability, which has 
a dampening effect on pain neurotransmission [ 17 ,  18 ]. Therefore, the presence of 
non-myelin forming SCs is essentially justifi ed by the fact that this particular SC 
phenotype elicits supportive functions in the PNS, such as the release of trophic 
molecules, promotes cell-to-cell communication, exerts scavenging activities when 
triggered (i.e. after nerve injury), and provides replacement to dead SCs.  

    PACAP, PAC1, and VPAC Receptor Subtypes 

 The polypeptide PACAP (chemical formula: C 203 H 331 N 63 O 53 S) was originally iso-
lated from an ovine hypothalamus extract by Miyata and coworkers in 1989 [ 1 ]. 
Since its discovery, two peptide isoforms have been identifi ed, a 38-amino acid 
form (His-Ser-Asp-Gly-Ile-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-Arg-Lys-Gln-Met-Ala-
Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-Gly-Lys-Arg-Tyr-Lys-Gln-Arg-Val-Lys-
Asn-Lys-NH2) named PACAP38 and a C-terminally truncated 27-amino acid form 
(PACAP27) [ 19 ]. PACAP belongs to a superfamily of peptides that includes secre-
tin, glucagon, and the peptide histidine–isoleucine (PHI). The peptide sequence is 
highly conserved among species, raising the suspect that its role could be vital for 
normal cellular biology. Its high affi nity receptors are G protein-coupled receptors, 
and can be separated into two main groups, PAC1 and VPAC types (which comprise 
the VPAC1 and VPAC2 subtypes). Both PAC1 and VPAC receptors can activate 
either adenylate cyclase (AC) or phospho-lipase C with consequent stimulation of 
cAMP production and IP accumulation [ 20 ,  21 ]. A peptide with about 68 % struc-
tural homology to PACAP is the vasoactive intestinal peptide (VIP), but its ability 
to activate AC has been shown to be about 1000-fold lower than PACAP [ 20 ,  21 ]. 

 Evidences have demonstrated that PACAP activity is strictly dependent on 
the subtype of receptor being expressed on the cell surface, which in turn may cou-
ple to different G proteins, or by the alternative splicing of PAC1 receptor. According 
to different studies, PAC1 receptor, which has the highest affi nity to PACAP with 
respect to the homolog VIP, may trigger different signaling pathways to fi ne-tune 
the biological activity of cells [ 21 ]. Whether and how PAC1 receptor switches a 
signaling pathway or another seems to be regulated by alternative splicing mecha-
nisms during exon assembly, which determines the alternate insertion/deletion of 
mRNAs encoding for specifi c amino acid cassettes (null, Hip, Hop, or Hip-Hop 
cassettes, respectively) within the third intracellular loop of the seven transmem-
brane receptor [ 22 ]. For instance, as elegantly illustrated by Blechman and 
Levkowitz [ 23 ] and others [ 24 ,  25 ], the coordinated expression of PAC1 receptor 
splicing isoforms in brain regions regulate many physiological processes in the 
developing brain and retina. In a study, using a SC-like cultures, we have shown the 
coexistence of the PAC1null (i.e., the PAC1 receptor lacking the cassette insertion) 
and the PAC1Hip variants [ 2 ], both of which are considered the predominant isoforms 
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present in the brain and that are mainly coupled to AC activation [ 23 ]. Other factors 
that can affect PACAP activity, including peptide concentration, should also be con-
sidered, as PACAP-mediated signaling pathways seem to be distinctly activated at 
different concentration ranges, following an inverted U shape [ 26 ]. 

 Among PACAP functions, the one that mostly emerges is its strong protective 
action, promoting survival in many types of neuronal [ 5 ,  27 ,  28 ] and non-neuronal 
cells and tissues, including chondrocytes, endothelial cells, SCs, retinas, lungs, and 
ovaries [ 2 ,  29 – 36 ]. Further evidences of the protective role elicited by PACAP have 
been obtained using genetically engineered mice lacking PACAP gene [ 37 ,  38 ]. In 
vitro and in vivo studies have shown that the peptide acts through PAC1 receptors to 
stimulate various downstream executors of the protein kinase A and C (PKA and 
PKC) pathways [ 39 ]. It also activates ion channels, β-arrestin signaling, and mitogen- 
activated protein (MAP) kinase in some tissues [ 40 – 42 ]. At the subcellular level it 
has been demonstrated that PACAP is detectable in close proximity to the plasma 
membrane, localizes to areas corresponding to the rough endoplasmic reticulum, the 
Golgi’s apparatus, and the cytoplasm [ 43 ,  44 ]. The almost ubiquitous expression of 
PACAP in tissues, along with the variety of factors contributing to trigger the activa-
tion of diverse intracellular cascades increases the complexity of PACAP regulatory 
mechanisms. On the other hand, it helps to explain the wide spectrum of biological 
functions it elicits as well as its potential therapeutic validity as a drug candidate to 
treat or ameliorate many pathological conditions of the PNS and CNS.  

    PACAP as a Pro-myelinating Factor in SCs 

 The major hurdles encountered when performing studies on primary SCs are the dif-
fi culties associated to the reproduction in vitro of an environment that reliably mim-
ics that observed in vivo and therefore, that fully respects SCs physiological 
requirements for proper functioning. For instance, it is accepted that primary cul-
tures of SCs do not normally express myelin genes at levels comparable to normal 
myelinating cells when expanded in vitro, unless cells are cocultured with neurons 
and supplemented with appropriate trophic factors [ 45 ,  46 ]. It is hence clear that a 
bidirectional dialog between axons and SCs is fundamental for the formation of 
myelin during development, its maintenance during adult life, and during the remy-
elination process of regenerating axons after injury. In fact, during embryonic devel-
opment, axonal signalling is critical for SC migration, survival and proliferation, 
since this ensures that the number of SCs and the axons with which they are associ-
ated are matched [ 47 ]. Conversely, SCs release a number of trophic factors needed to 
support the growth of immature neurons and the development of their axon proper-
ties, particularly during the myelination process. In the PNS, PACAP and the struc-
turally homolog VIP are known to elicit neuro- and glio-protective activities against 
a broad range of insults [ 2 – 4 ], but these endogenous trophic factors have also been 
endowed with pro-regenerating effects after peripheral nerve injuries in vivo, where 
PACAP expression is induced at the level of the injury site [ 48 ]. In some studies it 
has also been proposed that local administration of the PACAP homolog VIP may 
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promote the early myelination and growth of regenerating axons after sciatic nerve 
transection [ 49 ]. Other support in this direction has come from studies using PACAP-
defi cient mice. These animals exhibit impaired nerve repair mechanisms and an 
enhanced local neuroinfl ammatory profi le after experimental nerve injury [ 50 ]. 
Additional evidences are from studies using monkey trigeminal nerve dissociated in 
culture, which have demonstrated that both neurons and SCs express PAC1 receptors 
and that the addition of PACAP to culture media promoted axonal outgrowth [ 6 ]. 

 The functional repair process following peripheral nerve injury consists of a 
sequence of well-orchestrated steps that culminate in axonal regrowth,  de novo  syn-
thesis of myelin components and subsequent myelin ensheathment of the rejuvenated 
axon. As mentioned above, SCs can reversibly switch to a proliferating non-myelin 
producing phenotype immediately after nerve injury. Such plasticity of SCs seems to 
be reliant on the release by damaged axons of trophic molecules such as neuregulin-1, 
which binds to SCs surface receptors to fi rst induce proliferation and subsequently to 
dictate axon’s fi nal ensheathment fate [ 51 – 53 ]. Notably, some studies have suggested 
that in vitro, a partial SC differentiation can also be obtained by removing growth fac-
tors from culture media [ 54 ,  55 ]. By taking advantage of these insights, our research 
group had been able to confi rm the occurrence of a partial differentiation in Schwann 
cell-like cultures (RT4D6P2T cell line), an immortalized cell line that has consistently 
proved to possess many of the biochemical features of primary SCs [ 46 ,  56 – 58 ]. In 
that occasion, we found that serum starvation induced signifi cant morphological 
changes in these cells, which partly acquired the typical spindle-like shape resembling 
that of terminally differentiated SCs (Fig.  28.1 ), with the exception of very rare and 

  Fig. 28.1    Representative phase-contrast photomicrograph of the RT4-D6P2T Schwann cell (SC) 
line. Depicted is a representative photomicrograph showing the morphological appearance of the 
SC line used in our in vitro studies [ 2 – 4 ,  54 ,  55 ]. The typical spindle-like shape resembling that of 
differentiated SCs is appreciable. Cells were plated on glass cover slips, fi xed in 4 %  para - 
formaldehyde and observed in phase contrast microscopy using the Axiovert 40 microscope (Carl 
Zeiss Inc.) equipped with a digital camera (AxioCam MRc5; Carl Zeiss). Original magnifi cation 
was 40X. Scale bar = 50 μm       
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isolated cells that presented a peculiar astrocytic-like morphology (a representative 
photomicrograph is shown in Fig.  28.2 ), possibly as a consequence of the immortal-
ization process itself [ 59 ]. However, we found that endogenous PACAP expression, as 
well as that of PAC1 and VPAC2 receptors, was remarkably increased in SC-like 
cultures after serum deprivation [ 56 ]. In addition, we discovered that some of the key 
myelin components (i.e., myelin basic protein, myelin associated glycoprotein, and 
P0 protein) and the phosphatidylinositide-3-kinase (PI3K) substrate protein kinase B 
(aka Akt) were also signifi cantly upregulated after removal of serum, and even more 
after exogenous supplementation of PACAP [ 56 ]. These changes could partly be pre-
vented by pretreatment with PACAP6-38, a nonspecifi c PACAP receptor antagonist, 
and by wortmannin, a specifi c PI3K inhibitor. We concluded that PACAP and VIP 
promoted the expression of these myelin-associated genes in such tumor- derived SC 
line, probably through a mechanism that involves the PI3K/Akt signaling cascade. 
Unfortunately, in that occurrence we were unable to measure the effective production 
of myelin, nor to provide clear evidence that cells were successfully differentiated. 
With this knowledge, a more accurate explanation for the outcomes of the study could 

  Fig. 28.2    Immunofl uorescent S-100 staining of RT4-D6P2T cells showing an isolated astrocytic- 
shaped cell. RT4-D6P2T cells (ATCC n° CRL-2768) obtained from American Type Culture 
Collection (Rockville, MD, USA) were cultured on glass cover slips and fi xed in 4 %  para - 
formaldehyde, permeabilized with 0.2 % Triton X-100, blocked with 0.1 % BSA in PBS and then 
probed with a rabbit S-100 antibody (1:100 dilution; Santa Cruz Biotechnology, cat no. sc-28533). 
Detection was then performed using an Alexa fl uor 594-conjugated secondary antibody. Nuclei 
were counterstained with DAPI (#940110 Vector Laboratories). Immunofl uorescent images were 
captured using an Axiovert 40 fl uorescence microscope (Carl Zeiss Inc.). Original magnifi cation 
40X. Scale bar = 30 μm       
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be that, independently of the source, PACAP may act as a predisposing factor able to 
switch in SCs those intracellular events that precede the assembly of new myelin, 
potentially by increasing the expression of genes encoding essential myelin compo-
nents. However, the limited number of mechanistic observations in merit poses a limit 
that impedes us to draw out further conclusions. Additional evidences from both in 
vitro and in vivo studies could certainly help to fi ll in the existing gap.

    Regarding the effects of PACAP in the CNS in relationship to its role in myelin 
generation, peculiar differences have been found when reporting how endogenous 
PACAP affects oligodendrocyte (OL) proliferation  vs . maturation to a fully myelin-
ating phenotype. Some evidences in vivo have demonstrated that CNS myelination, 
as opposite to the PNS, is a process that is functionally delayed by the endogenous 
peptide, possibly as a physiological attempt to impede the release of factors by the 
myelin sheath that could block axonal outgrowth, thereby creating a permissive 
environment for effi cient development of synapses and formation of novel neural 
networks [ 57 ]. The underlying mechanisms to explain such an atypical behavior of 
OLs remains partly unresolved. From the few available data, PACAP seems to act at 
two different stages of OL development, fi rstly by stimulating the proliferation of 
OL progenitors and, subsequently by delaying OL maturation towards a myelinat-
ing phenotype [ 59 ]. The mechanisms to regulate such distinct events also seem to 
be dependent on two distinct molecular routes: (1) PACAP potentiates fi broblast 
growth factor 2 mitogenic properties on OL progenitors and (2) it effi caciously 
antagonizes a molecular switch, the morphogenetic factor sonic hedgehog, to disen-
gage cells from the naturally occurring differentiation process [ 60 ]. It is noteworthy 
to highlight that PACAP effects on SCs and OLs are completely opposite, with 
PACAP promoting differentiation in SCs and inhibiting it in OLs. The reason for the 
discrepancy is still unknown. It is possible that the different microenvironment (i.e., 
neighboring axons or other glial cells) release pro-differentiating factors in the PNS 
and not in the CNS. Alternatively, it is possible that OLs respond to a tightly regu-
lated developmental switch in which PACAP fi rstly promotes axonal sprouting at 
the expenses of myelination, and only after neuronal branching has been completed, 
it is downregulated to facilitate the reinstatement of myelination. This mechanism 
could be transcriptionally regulated by fi ne-tuning the alternative splicing of the 
PACAP-preferring PAC1 receptor isoforms, to activate different signaling cascades 
[ 22 ,  23 ], but this option still needs to be verifi ed.  

    Protective Roles of PACAP in SCs: Direct and Indirect Pro- 
survival Activities 

 The use of the RT4D6P2T cell line to investigate PACAP activities has proven to be 
a suitable tool to determine whether the peptide provides benefi ts to SCs exposed to 
different types of insults. Data retrieved from our studies using this tumor-derived 
cell line converged towards a strong protective role of PACAP in this type of 
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neuroglia. In 2008, when our research group started testing the effects of PACAP 
and VIP in this SC-like culture, we showed that both endogenous molecules elicited 
a sustained protective effect against nutrient deprivation (PACAP > VIP), which sur-
prisingly, was partially maintained even after 3 continuous days of serum starvation 
[ 2 ]. That protective outcome was associated to reduced apoptosis, as formation of 
oligonucleosomes and the expression of the pro-apoptotic protein BAX were both 
strikingly decreased after PACAP application. The remarkable result soon prompted 
us to investigate further in the attempt to identify novel underlying mechanisms that 
could be implicated in regulating the resilience of SCs to nutrient starvation and 
how these mechanisms were affected by PACAP treatment. 

 SCs are known to be a regenerative cell type of the PNS. Many of the cellular 
functions of these cells are dictated through the activation of multiple signaling 
pathways, including the RAS-MAPK. Neurofi bromatosis type 1 gene (NF1) 
encodes a RAS GTPase-activating protein called neurofi bromin and is one of sev-
eral genes whose functional inactivation (due to gene mutations or lowered expres-
sion) affects the RAS-MAPK signaling, causing a group of related diseases 
collectively known as RASopathies. The interesting aspect regarding RASopathies 
is that they commonly include SCs disorders characterized by somatic NF1 muta-
tions, which are typically associated to cellular resistance to therapy and death [ 61 ]. 
In addition, because the NF1 gene also governs most of the cellular processes of 
SCs related to cell cycle entry [ 62 ], tumor suppressor activity [ 63 ] and more recently 
resistance to apoptosis [ 64 ], analyzing whether this key player involved in such a 
number of growth-related biological activities could be deregulated after nutrient 
deprivation and affected by PACAP was considered an aspect worthy of 
consideration. 

 The studies revealed that RT4D6P2T cells expressed very low NF1 levels under 
normal nutrient conditions, but starvation signifi cantly induced NF1 gene and pro-
tein [ 3 ]. Treatment with either PACAP or VIP succeeded to lower NF1 expression 
to basal levels. These data, in line with Shapira’s studies [ 64 ], supported a pro- 
apoptotic function of this gene in SCs. Moreover, PACAP appeared to be a negative 
regulator of the putative pro-apoptotic gene expression, a phenomenon that we 
restricted to the specifi c type of insult SCs received and that, undeniably, is likely to 
involve other molecular targets [ 4 ]. 

 Several studies have consistently reported that PACAP, but also VIP, stimulate 
the endogenous production of additional trophic factors involved in cell protection, 
such as the activity dependent neuroprotective protein (ADNP) [ 4 ,  26 ,  65 ,  66 ] 
endozepines, including the octadecaneuropeptide (ODNP) [ 67 ,  68 ], and brain 
derived neurotrophic factor (BDNF) [ 60 ,  69 – 72 ]. There are therefore compelling 
reasons to believe that, among the myriad of other endogenous pro-survival mole-
cules potentially activated by PACAP in SCs, at least two may in part account for 
the indirect prosurvival/antiapoptotic responses triggered by PACAP following 
insults. Based on these convergent data, it is proposed that PACAP plays a pivotal 
role in protection against cell death, which may be the summation of direct activities 
over genes related to cell survival and/or indirect effects triggered by the intricate 
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interaction with other trophic molecules. Whether other intracellular systems are 
also implicated in PACAP-mediated protection in SCs remains to be established, 
but given the number of substrates triggered and the different responsiveness of 
these cells to external  stimuli , the possibility to identify new routes or activated 
molecules is more likely to become a probability.  

    PACAP as a Secretagogue for Plasminogen Activators in SCs 

 Despite the many advances in regenerative medicine, effective strategies to guaran-
tee the appropriate regeneration of peripheral nerves after injury have still demon-
strated to be unsatisfactory. Among the many unresolved questions, those that have 
mostly limited the successful progress in nerve repair therapies have to be searched 
at the axonal/cellular level. According to the available information on the normal 
physiological response of peripheral nerves to injury, following damage, the axon is 
interrupted and forms two segments: a proximal stump (the portion of the axon that 
remains attached to the soma) and a distal one. After a relatively brief latent period, 
the separated distal stump rapidly degenerates (after 24–36 h) in a process termed 
“Wallerian degeneration” (WD), characterized by axonal membrane disintegration, 
degradation of the myelin sheath and infi ltration of macrophages and SCs [ 73 ]. 
Interestingly, during WD, part of the axon’s neurolemma is preserved and the peri-
neural glia may be recruited to form a “bridge” to eventually guide the regrowth of 
the proximal axon stump towards the denervated terminal nerve ending. 
Unfortunately, this naturally occurring process is in great part dependent on the 
ability of infi ltrating cells to release trophic factors (to support nerve regrowth) and 
to effectively clear cellular components and myelin debris that accumulates in the 
path of the artifi cial bridge formed in the gap between the proximal and distal stump, 
which impedes proper axon sprouting. Infi ltrating macrophages, perineural glial 
cells, as well as neurites and transdifferentiated SCs (please see below for details), 
are recruited to also take part in the clearance process, but in most cases are unable 
to withstand with these requests, resulting in an ineffective nerve regrowth, espe-
cially when nerve stumps are physically too distant for the development of the new 
axonal connection [ 74 ]. These events strongly limit the regenerative capacities of 
peripheral nerves after damage. 

 Effective phagocytic activity of residual myelin and other cell debris needs to be 
preceded by local release of proteolytic enzymes. These enzymes digest the remain-
ing extracellular matrix (ECM), myelin droplets, and any other cellular products 
associated to WD, to promote the sprouting of the rejuvenating axon. Plasminogen 
activators (PAs) are proteases that are capable of degrading most of ECM and dis-
solving adhesive contacts to promote growth cone migration and axonal outgrowth. 
The PAs, which include tissue PA (tPA) and urokinase PA (uPA), convert the inac-
tive plasminogen to its active serine protease plasmin. In turn, plasmin has broad 
activity and digests most ECM proteins as well as some cell surface molecules, such 
as neural cell adhesion molecule (NCAM) [ 75 ], and activates other proteases, 
including matrix metalloproteases [ 76 – 79 ]. 
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 When a peripheral nerve is damaged SCs recapitulate many of the activities that 
are triggered during development to insure axon regrowth. Such injury-induced 
ability to revert back from a myelinating phenotype to a nondifferentiated, prolifera-
tive phenotype is referred to as “transdifferentiation.” Transdifferentiation is a tran-
sient reversible cell passage that initiates in SCs the intracellular accumulation of a 
series of substrates that are necessary to support debris clearance in the fi rst instance, 
and myelin regeneration during axon regrowth. Unfortunately, the mechanisms that 
regulate SCs transdifferentiation are not well understood. Fortunately, recent 
insights from Raoult and coworkers have opened a new venue of investigation, since 
they demonstrated that PACAP stimulates the expression of tPA in cerebellar- 
derived neuronal cells [ 80 ]. In that study, the authors contextualized their results to 
the migratory capacities of cerebellar granule neurons (CGNs), and did not consider 
any further implications in terms of nerve regenerative capacities. A couple of years 
later, we shifted Raoult’s study to our SCs model, and found that PACAP behaved 
similarly as in CGNs, being a potent stimulator of tPA expression and activity [ 69 ]. 
With interest, we noticed that PACAP-driven tPA induction was mediated by the 
PI3K/Akt signaling, the same intracellular pathway activated for the induction of 
myelin components, but had a diverse kinetic. Indeed, tPA induction peaked at 4 h 
and progressively dropped up to 12 h after PACAP treatment. Conversely, PACAP- 
driven expression of myelin components grew after 24–48 h [ 56 ]. Moreover, we 
noticed that brain derived neurotrophic factor (BDNF), a powerful trophic factor, 
also strongly induced tPA activity, mostly by boosting endogenous PACAP levels. 
Our interpretation of these fi ndings, contextualized to a model of nerve injury, was 
that PACAP (and also BDNF), released at the injury site by neurons and SCs, may 
elicit temporally distinct actions in SCs. It is supposed that PACAP acts as a 
 secretagogue for plasminogens to promote SCs-mediated enzymatic digestion of 
cellular debris during the earliest phase of nerve injury (i.e., when SCs transdiffer-
entiate) and subsequently trigger the intracellular accumulation of myelin substrates 
to support remyelination of the newly regrown axon (for a schematic illustration of 
the proposed mechanism please refer to Fig.  28.3 ). These conclusions, although 
need to be supported by further evidences, certainly add a new piece of knowledge 
on the increasing number of biological activities elicited by SCs in which PACAP 
plays a central role to support nerve repair after injury.

       SCs as a Potential Target of PACAP for the Treatment 
for Neuropathic Pain of Peripheral Origin 

 Neuropathic pain is manifested as a painful response to a normally non-painful 
stimulus (allodynia) or as an overly exuberant response to a painful stimulus. 
Neuropathic pain may result from disorders of the PNS or the CNS. Thus, it may be 
divided into peripheral neuropathic pain, central neuropathic pain, or combined 
(peripheral and central). In this section the role of PACAP will be discussed solely in 
the context of peripheral neuropathic pain, where SCs appear to play an important role. 
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  Fig. 28.3    Proposed model illustrating the temporal actions of PACAP and BDNF in relationship to 
Schwann cells differentiating and proteolytic activities following peripheral nerve injury. Injured axons 
of peripheral nerves regenerate spontaneously, and various factors seem to contribute to this regenera-
tive ability. After nerve damage, the distal stump of the injured axon undergoes Wallerian degeneration 
and Schwann cells (SCs) rapidly dedifferentiate, proliferate, and migrate towards the injury site to create 
a permissive environment for axonal regeneration (1). The actions of PACAP and BDNF on these early 
processes are unclear. Once SCs reach the injured site, local release of PACAP and BDNF at the proxi-
mal axon stump or by SCs (possibly through an autocrine/paracrine mechanism) seems to be a determi-
nant in promoting the production and release of scavenging molecules (tPA and uPA), and augmented 
synthesis of myelin components, while inhibiting SCs migratory capacities (2 and 3). Upon clearance 
of cell debris/fi brin deposits, PACAP and/or BDNF promote axonal regrowth, and SCs aligned along 
the rejuventating neurite begin to differentiate (most likely through a PACAP-VIP/VPAC2-mediated 
mechanism [ 72 ]) towards a fully myelinating phenotype (3). Finally, differentiated SCs wrap around the 
newly formed axon and produce myelin sheaths to promote functional recovery (4).  PAC1  PACAP-
preferring receptor.  TrkBR  Tropomyosin related kinase B receptor.  VPAC2  PACAP/VIP receptor       
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It is now accepted that many of the central responses in neuropathic pain arise from 
the effects of extracellular mediators that are released at the injury site and trans-
ported retrogradely up to the afferent neuron. To support this, blockade of retro-
grade transport has shown to effectively dampen many abnormal pain behaviors in 
rat models of chronic pain [ 81 ,  82 ]. Thus, the pathophysiology of the injured nerve 
is of extreme importance in the generation of neuropathic pain states. It is well 
known that the nerve injury site becomes rich in extracellular mediators, including 
cytokines, growth factors and proteases. SCs play a key role in regulating this 
microenvironment. In healthy nerves, SCs provide the necessary myelin ensheath-
ment of neurites and paracrine trophic support to nerve; however, in injured nerves, 
transdifferentiation of SCs is rapidly triggered and cells undergo dramatic pheno-
typic modulation, regaining capacity to proliferate, migrate, and secrete numerous 
factors that control WD and nerve regeneration. With the understanding of SC phys-
iology, the response of these cells to cytokines and extracellular mediators, and the 
capacity to express cytokines in a regulated manner emerges as a central problem in 
the pain fi eld. 

 Experimental evidence from animal models of neuropathic pain has revealed that 
therapeutics aimed at preventing SC atrophy, loss of basal lamina, and promote SCs 
survival may be effective in counteracting the development of painful peripheral 
neuropathies [ 83 ]. Converging studies point to the existence of distinct neuroinfl am-
matory signatures following the development of a neuropathic pain condition, and 
these signatures seem to correlate to the appearance and persistence of associated 
behavioral comorbidities [ 84 – 89 ]. In relationship to SCs, the utmost cytokines 
involved seem to be the tumor necrosis factor α (TNFα) [ 90 ], interleukin-1α (IL-1α) 
and IL-1β [ 91 ], and IL-6 [ 92 ]. 

 PACAP exerts divergent effects in acute somatic and visceral infl ammatory pain 
models, being an excitatory factor and causing neurogenic vasodilation during pain 
transmission originating from both exteroceptive and interoceptive areas and anti-
nociceptive, anti-hyperalgesic and with anti-allodynic effects in visceral pain [ 93 – 95 ]. 
PACAP has been ascribed as a potent pro-survival factor in many types of glia, 
including SCs [ 2 ,  28 ]. In addition, as reviewed by Delgado and colleagues in 2007 
[ 93 ], PACAP and VIP have consistently demonstrated to also play signifi cant immu-
nomodulatory activities, acting at diverse levels of the immune system, but primar-
ily by reducing the levels of pro-infl ammatory cytokines in macrophages and 
microglia [ 94 ,  95 ] and by increasing the expression of anti-infl ammatory molecules, 
such as IL-10 [ 96 ]. Even though such abilities have never been tested directly in 
SCs, recent data has proven that this glial cell type also expresses functional recep-
tors for pro-infl ammatory cytokines, which upon binding, seem to be able to reduce 
SCs myelination, as demonstrated in studies using SCs/neuron cocultures [ 97 ]. 
Therefore, taking into consideration our previous fi ndings and the new emerging 
reports, it can be concluded that PACAP might contribute to dampen or prevent the 
occurrence of three key events that are critical for the genesis of neuropathic pain: 
(1) progressive SCs death, (2) release of pro-infl ammatory cytokines by SCs and 
other infi ltrating cells at the site of injury and (3) the consequent hyperactivity of 
nociceptive transmission caused by peripheral nerve infl ammation, SCs and axonal 
death.  
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    Conclusions and Future Directions 

 SCs elicit key regulatory functions on the physiology of peripheral nerves both in 
healthy and disease conditions. It is now ascertained that the role of SCs is not merely 
limited to wrapping around axons of motor and sensory neurons to form a myelin 
sheath to provide electrical insulation and allow nerve conduction, but also to main-
tain axons viable and facilitate the recovery of peripheral nerves after injury. SCs 
achieve this goal by providing trophic support, release chemoattractants and proteo-
lytic factors. Being aware that this cell type is a target of PACAP raises important 
queries on the underlying potential encompassed by this peptide in regards to its 
therapeutic utilization in regenerative medicine, but also for the treatment of chronic 
pain conditions, and/or to impede the relentless progression of certain peripheral neu-
ropathies, such as CMT, GBS, and CIDP. PACAP and the cognate peptide VIP 
emerge as two important endogenous molecules in this context, and their multiple 
activities in SCs refl ect only part of the entire picture (for a summary of PACAP-
stimulated SCs functions please refer to Fig.  28.4 ). The ubiquitous expression of the 
neurotrophic molecule and of its binding receptors in several vital organs and cell 
types seem to be just a cue of the many therapeutic possibilities hidden behind this 
peptide of relatively recent discovery. Unluckily, despite the large number of existing 
experimental/preclinical investigations, which have certainly contributed to gain 
insights on the benefi cial functions of PACAP, the current efforts by biotechnology 
and investigators to developing stable forms of the peptide to maximize its utility in 
therapy have achieved only marginal results. As recently reported by Marzagalli et al. 
[ 34 ], PACAP is theoretically a good candidate molecule for drug discovery purposes, 
given its ability to cross the blood brain barrier and circulate in the brain through satu-
rable and non-saturable systems. But when injected systemically in its native form, it 
has low bioavailability, particularly in the brain. The reason is that PACAP is rapidly 
hydrolyzed by the ubiquitous enzyme dipeptidyl-peptidase IV (DPP IV) to form, 
PACAP (3–38) or PACAP (5–38), two shorter forms of the peptide with an antagonist 
activity on PAC1 receptors [ 98 ]. The degradation by DPP IV in the blood stream also 
results in poor metabolic stability and short half-life (which is estimated to be between 
2 and 10 min after PACAP is injected into mice or humans) [ 99 ].

   Independent research groups are currently working to develop a more stable 
form of PACAP, which can be suitable for clinical use. To date, a novel cyclopeptide 
has been obtained from the cyclization of PACAP (1–5), and that possesses potent 
activity towards PAC1 [ 98 ,  99 ], suggesting that efforts are still being put by scien-
tists to overcome the issues associated with low peptide bioavailability. In this 
regard, a very recent publication by Fournier’s research group [ 100 ] appears remark-
able, because of the potential positive impact this study holds. A novel PACAP-
derivative, termed Ac-[Phe(pI) 6 , Nle 17 ]PACAP(1–27), has been developed and 
characterized in a rodent model of Parkinson’s disease. This new PACAP analogue 
retains all the benefi cial activities of PACAP, appears not to be degraded by DPP IV, 
and most surprisingly, is devoid of adverse effects in the cardiovascular system. If 
the analogue will result successful in further experimental testing, it promises to 
become a leading molecule for the development of PACAP-derived drugs by the 
pharmaceutical industry.    
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  Fig. 28.4    Exemplifi ed view of PACAP-stimulated biological activities in SCs. SCs take part in the 
regulation of numerous biological functions, which are differently triggered by PACAP according 
to the concurrent stimuli received through the surrounding microenvironment and/or in specifi c 
contexts (i.e., injury, nutrient deprivation, etc.). Exogenous or endogenous PACAP stimulation 
(through autocrine/paracrine loops) activates either PAC1 and VPAC1/2 receptors to potently 
increase intracellular cAMP accumulation, thereby triggering the canonical cAMP/PKA/Akt intra-
cellular signaling cascade, among others. Akt-dependent and -independent priming of different 
downstream targets (including the transcription factor CREB [ 55 ]) may then trigger the transcrip-
tional machinery for the induction of multiple genes. Such events lead to several biological 
responses, like the accumulation of myelin components [ 54 ], the increased resilience to cell death 
[ 2 – 4 ] or the augmented trophic support to ensheathed neurons [ 4 ]. After axonal injury, PACAP 
also stimulates SCs and other resident glia to aid in the recruitment of infi ltrating immune cells at 
the site of injury [ 85 ], but also to release proteolytic factors capable to promote the clearance of 
ECM/cell/myelin debris and accelerate nerve regeneration [ 55 ,  72 ].  PKA  protein kinase A.  Akt  
V-Akt murine thymoma viral oncogene homolog 1.  CREB  cAMP responsible element binding 
protein.  CBP  CREB binding protein       
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    Chapter 29   
 Sniffi ng Out a Role for PACAP 
in the Olfactory System                     

     Mary     T.     Lucero    

    Abstract     In mammals, the olfactory system comprises a main olfactory epithelium 
containing olfactory sensory neurons located in the dorsal recesses of the nasal cav-
ity, olfactory bulbs, and olfactory cortex which includes a number of discrete brain 
regions such as those associated with emotions (lateral amygdala) and memory 
(entorhinal cortex). An accessory olfactory system of vomeronasal organ and acces-
sory olfactory bulbs connect to the hypothalamic/gonadotrophic axis. PACAP and 
the high affi nity PAC1 receptor are found at high levels throughout these pathways. 
Recent studies in the developing olfactory epithelium show that functional PACAP 
signaling is important for proliferation and neuroprotection. Physiological studies 
of rodent olfactory epithelial slices reveal that PACAP elicits increases in intracel-
lular calcium in olfactory sensory neurons and protects olfactory slices and primary 
cultures from injury-related cell death. PACAP is also found in the olfactory 
ensheathing cells that wrap the sensory axons as they leave the olfactory epithelium 
to synapse in the olfactory bulb. Within olfactory bulb, PACAP is expressed in 
mitral and tufted cells, which synapse with PAC1 receptor-expressing granule cells 
and provide the output to higher olfactory centers. Importantly, PACAP promotes 
release of glutamate and GABA in the developing olfactory bulb network. 
Physiological studies using PACAP and GABA stimulation show that as early as 
postnatal days 2–5, the responses of subsets of olfactory granule cells shift from 
immature to mature profi les. These interesting and robust effects of PACAP make 
the olfactory system an excellent model for further studies of the roles of PACAP in 
neurogenesis, neuromodulation, neuroprotection, and neuroregeneration.  

  Keywords     Pituitary adenylate cyclase activating polypeptide   •   Olfactory bulb   • 
  Pleiotropic   •   Confocal imaging   •   Calcium oscillations  

        M.  T.   Lucero      (*) 
  Department of Neuroscience and Physiology, American University of the Caribbean 
School of Medicine   ,   One University Drive at Jordan Road ,  Cupecoy , 
 Dutch Lowlands, Sint Maarten ,  The Netherlands   
 e-mail: mlucero@aucmed.edu  

mailto:mlucero@aucmed.edu


484

      Introduction 

 The visual and auditory sensory systems develop elaborate structures (eyes, ears) 
for collecting specifi c signals (light, sound) and for delivering these signals to spe-
cialized sensory epithelia where the information is transduced from photons or 
vibrations to the chemical and electrical language used by the brain. In both sensory 
systems, the sensory epithelium is protected from the external environment so that 
the majority of the delicate sensory cells (rods and cones, hair cells) will survive a 
lifetime. By comparison, the olfactory system also develops an elaborate structure 
for collecting specifi c odorant signals (nose) and has a sensory epithelium for trans-
ducing odorant signals to neural correlates, however the delicate sensory neurons of 
the olfactory system are separated from the external environment by only a thin 
layer of mucus. Rather than lasting a lifetime, individual olfactory sensory neurons 
(OSNs) survive on the order of months and at any given time, about 10 % of the 
neurons in the olfactory epithelium (OE) are being replaced [ 1 ]. The constant and 
dynamic changes in OSNs due to environmental damage at the level of the OE are 
matched by the constant turnover of interneurons in the olfactory bulb, the brain 
region where OSNs make their fi rst synapse. Thus, the olfactory sensory system has 
been studied for understanding how we detect and process our odorant environment 
as well as for understanding the basic mechanisms of adult neuronal regeneration 
and neuroprotection. As expected, no quintessential molecule for regeneration has 
been identifi ed because the process is complex and requires multifactorial coordi-
nated molecular interactions and levels of activity. An emerging theme is that mol-
ecules and signaling systems important in early development are also found in 
regeneration. Pituitary adenylate cyclase activating polypeptide (PACAP) is a mol-
ecule that has been widely studied in the development and neuroprotection of the 
hippocampus and cerebellum, but has received relatively little attention in the olfac-
tory system. This is surprising given that among the highest levels of PACAP- 
specifi c PAC1 receptors are found in olfactory bulb [ 2 ,  3 ]. However, study of PACAP 
in OE and olfactory bulb is progressing and providing interesting insights into the 
contributions that PACAP makes in early development, neuroprotection, and regen-
eration of the olfactory system.  

    PACAP and PAC1 Receptors 

 PACAP is a highly conserved molecule found in organisms ranging from inverte-
brates to man [ 4 – 6 ]. The expression of closely related PACAP peptides have been 
reported in tunicates [ 5 ], frogs [ 7 ], fi shes [ 8 ], chicken [ 9 ], reptiles [ 10 ], ovine [ 11 ], 
rodents and humans [ 12 ]. In all organisms studied, this small (27 or 38 amino acid) 
alpha-amidated peptide is present at high levels during early development and per-
sists in regions of the nervous system that show high levels of plasticity in adulthood 
including the olfactory system, and centers for learning and memory. 
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 There are three types of PACAP receptors, PAC1, VPAC1, and VPAC2 [ 13 ]. 
PACAP binds with high affi nity (K D  in the low nM range) to all three of these class 
2G-protein coupled receptors and the closely related vasoactive intestinal peptide 
(VIP) binds equally well to VPAC 1 and 2, but the PAC1 receptor has low affi nity 
(μM) for VIP. The PAC1 receptor has extensive alternative splice variants that can 
be largely grouped into four classes: N-terminal deletions which affect ligand bind-
ing and 2nd messenger coupling; intracellular loop variations (hip, hop, null cas-
settes) which affect ligand binding, transmembrane 4 variations that affect receptor 
function; and 5′UTR splicing that may affect mRNA expression (for reviews see 
refs. [ 14 ,  15 ]). Both forms of PACAP (27 and 38 aa) and multiple splice variants of 
PAC1 receptors are found in the olfactory system [ 16 – 19 ]. This review focuses on 
PACAP and PAC1 receptors in mammals; however, there is a need for future studies 
and review of VIP and VPAC receptors in the olfactory system.  

    Components of the Olfactory System 

 The mammalian olfactory system is comprised of the peripheral OE within the 
nasal cavity and the central brain structures which include the olfactory bulb, lateral 
olfactory tract, anterior olfactory nucleus, olfactory tubercle, piriform cortex, amyg-
dala, and entorhinal cortex. In rats, the OE originates from an olfactory placode at 
E12 and PACAP immunoreactivity has been visualized in the developing OE as 
early as E13 [ 16 ]. The OE develops into a pseudostratifi ed structure with two types 
of progenitor basal cells (horizontal and globose), immature sensory neurons, 
mature sensory neurons, microvillar cells, and glial-like sustentacular cells which 
span the epithelium from the basement membrane to the apical surface (Fig.  29.1 ). 
The olfactory neuroepithelium is avascular but contains the ducts of Bowman’s 
glands that produce the mucus which covers the surface of the epithelium. Just 
below the basement membrane is the lamina propria which contains the capillaries, 
Bowman’s glands, and the nerve bundles containing axons that emanate from each 
of the OSNs. Immediately as they penetrate the basement membrane, OSN axons 
are wrapped by olfactory ensheathing cells (OECs) which support the developing 
axons to reach their targets in the olfactory bulb. Extrinsic innervation originating 
from the superior cervical ganglion as well as trigeminal nerve also passes through 
the lamina propria, penetrates the olfactory basement membrane, and terminates 
within the OE [ 20 ]. This extrinsic innervation affects not only blood fl ow and mucus 
secretion [ 20 ], but also releases neurotransmitters such as dopamine and norepi-
nephrine [ 21 ] which modulate the sensitivity of OSNs to odorant stimulation 
[ 22 – 24 ].

   In addition to the olfactory system which mainly detects volatile odorants, a 
vomeronasal system is present in most mammals which includes paired vomerona-
sal organs in the anterior nasal septum containing sensory neurons that project to the 
accessory olfactory bulb, and is used for detecting aqueous odorants and phero-
mones such as those found in urine [ 25 ]. Although overlaps exist, the vomeronasal 
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  Fig. 29.1    The olfactory system in rodent.  Top:  a simplifi ed sagittal view of the rat head. The main 
olfactory system is highlighted in  green , and the accessory olfactory system appears in  red . The 
presence of turbinates in the main olfactory epithelium (MOE) increases the surface area of the 
sensory organ. Axons of sensory neurons in the MOE project to the main olfactory bulb (MOB) and 
axons of sensory neurons in the vomeronasal organ (VNO) project to the accessory olfactory bulb 
(AOB). Information provided by pheromone signals is then transmitted to the vomeronasal amyg-
dala (VA) before reaching specifi c nuclei of the hypothalamus (H). Output projections of the MOB 
target the primary olfactory cortex that include the anterior olfactory nucleus (AON), the piriform 
cortex (PC), the olfactory tubercle (OT), the lateral part of the cortical amygdala (LA), and the 
entorhinal cortex (EC).  Left inset:  schematic illustration of the olfactory epithelium showing the 
three major cell types and olfactory ensheathing cells (OECs) wrapping axons as they penetrate the 
basement membrane. Note that there are actually two types of basal cells and that microvillar cells 
are not shown.  Right inset:  basic circuitry of the main olfactory bulb. Olfactory sensory neurons 
that express the same odorant receptor gene project their axons to either of two glomeruli (GL) in 
the olfactory bulb. Four populations of sensory neurons each expressing a different odorant recep-
tor gene are depicted by different colors. Their axons converge on specifi c glomeruli where they 
synapse with the dendrite of local interneurons (periglomerular neurons (Pg) and second order 
neurons (mitral cells, M). The lateral dendrites of mitral cells contact the apical dendrites of granule 
cells (Gr). Short axon cells (SAC) are bulbar interneurons that contact both apical and lateral den-
drites of mitral cells. Modifi ed with permission from Lledo P-M, Gheusi G, Vincent J-D. Information 
Processing in the Mammalian Olfactory System.  Physiol Rev  85: 282, Fig. 1, 2005 [ 46 ]       
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system is considered more important for detecting pheromonal cues while the 
 olfactory system detects a wide range of odorants [ 26 ,  27 ]. However, many social 
behaviors such as mate recognition are infl uenced by the main olfactory system (OE 
and olfactory bulb) [ 28 – 31 ].  

    PACAP and PAC1 Receptors Are Present in Olfactory 
Neurons, Stem Cells, and Olfactory Ensheathing Cells 

 PACAP mRNA expression or immunolabeling has been observed in the OE of 
rodents ranging in age from E13 to adult [ 16 ]. PACAP mRNA expression appears 
to be distributed throughout the OE of E13 mice and more localized to basal cells, 
neuronal cells and olfactory ensheathing cells in neonatal or adult OE [ 16 ,  32 – 34 ]. 
Although the stimulus for release of PACAP within the developing or mature OE 
has not been identifi ed, physiological studies of PACAP effects on postnatal day 0 
(P0) to P4 OE slices showed that functional PAC1 receptors are present on OSNs, 
and that PACAP elicits release of Ca 2+  from intracellular stores (Fig.  29.2  [ 34 ]).

   The antibody labeling of PAC1 receptors in adult rodent shows staining in both 
sensory neurons and basal cells of the OE [ 16 ] suggesting that PACAP may have 
both autocrine and paracrine effects within the OE. Expression studies using rtPCR 
reveal multiple splice variants of the PAC1 receptor from both neonates and adults. 
Specifi cally, PAC1 splice variants with the normal (N), short (S) and very short (VS) 
N-terminal domains and one (Hop) or no cassette (R) in the intracellular loop were 
found in both neonatal and adult OE [ 16 ]. Further, rtPCR of clonally derived olfac-
tory placode cell lines show that there seems to be a switch as the cells mature with 
more immature olfactory neuronal precursors (OP27) expressing three splice vari-
ants (N/R,N/Hop1, S/Hop2) and the more mature immediate neuronal precursors 
(OP6) expressing the same three variants plus S/R, S/Hop1, and N/Hop2 [ 17 ].  

    PACAP Promotes Proliferation and Neuroprotection 
of Developing OE 

 The role of PACAP and other amidated peptides in embryonic development of the 
OE has been studied by examining the expression of PACAP mRNA as well as the 
enzyme responsible for PACAP’s carboxy-terminal amidation called peptidylgly-
cine α-amidating monooxygenase (PAM) [ 16 ]. The presence of both PACAP and 
PAM in the developing OE of E13 mice suggests a role for PACAP in early develop-
ment. Block of PACAP amidation by inhibiting PAM results in reduced survival of 
neonatal OE cultures and a thinner OE due to reductions in the immature olfactory 
neurons [ 16 ]. In primary cultures of P2 rat, PACAP38 signifi cantly increased both 
proliferation and survival [ 16 ], while in OE slices from neonatal mice, PACAP pro-
tected against tumor necrosis factor α (TNFα)-induced cell death [ 17 ]. In primary 
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  Fig. 29.2    PACAP-elicited calcium responses in adult cultures and neonatal slices of mouse olfac-
tory epithelium. ( a ) Ratiometric fura imaging experiments were performed on adult mouse ORN 
cultures using six coverslips obtained from three different mice. A representative trace shows 
increases in intracellular [Ca 2+ ] i  in response to 100 nM PACAP, high K +  Ringer, 25 μM n-amyl ace-
tate, 50 μM R-carvone (Odors), and 10 μM ATP. ( b ) Two traces obtained from a slice of P4 mouse 
OE loaded with fl uo-4 AM are shown. Test solutions (1:1000 fl uorescein; 100 nM PACAP; 25 μM 
n-amyl acetate; 50 μM R-carvone(Odors); high K +  Ringer; Ringer control; 10 μM ATP) were loop 
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cultures of adult rat and mouse OE, PACAP protected against axotomy-induced cell 
death via inhibition of expression of A-type K +  channels in OSNs [ 33 ,  35 ]. Thus 
PACAP has both proliferative and neuro-protective roles in developing and adult 
OE. Interestingly, PACAP mRNA expression and immunolabeling was also found 
in the olfactory ensheathing cells (OECs) that envelope the axons of OSNs and 
PACAP may contribute to the unique regenerative properties of OECs [ 16 ,  32 – 34 ]. 
PACAP release from OECs has also been proposed to play a role in maintaining the 
balance between TNFα and interleukin 6 during bacterial infection of a compro-
mised OE [ 36 ]. 

 Collectively, the expression of PACAP and multiple PAC1 receptor splice vari-
ants in the OE suggests that PACAP plays a role in the early development and adult 
maintenance of olfactory structures. However, initial studies with PACAP knockout 
mice show that at P3, the OE of PACAP −/−  mice appears similar to WT although 
both GAP43 staining (an indicator of immature OSNs) and BRDU-labeling (an 
indicator of proliferation) are signifi cantly reduced [ 37 ]. By P7, there are no longer 
signifi cant differences suggesting that PACAP is not absolutely required for devel-
opment of the OE but likely supports the initial efforts of other growth/transcription 
factors that have been identifi ed as required for OE development [ 38 – 42 ]. 
Application of chemical ablation (methimazole [ 43 ] or methyl bromide gas [ 44 ] or 
olfactory bulbectomy [ 1 ,  45 ] methods for inducing synchronized regeneration of 
adult OE to PACAP or PAC1 receptor knockout mice would greatly advance under-
standing of the role of PACAP in the survival and continual regeneration of adult 
OE. The distinct layering of developmental cell types from basal stem cells to apical 
adult neurons make the OE an excellent model for further studies investigating the 
cell types expressing the PAC1 receptor splice variants in neuronal development, 
neuroprotection, and regeneration.  

    PACAP and PAC1 Receptors Are Highly Expressed 
in Olfactory Bulb 

 The OSNs make their fi rst synapses onto dendrites of both projection neurons 
(mitral and tufted cells) and interneurons within glomeruli of the olfactory bulb 
(Fig.  29.1 ) [ 46 ,  47 ]. Interestingly, PACAP and especially PAC1 receptors are found 
at high levels in the olfactory bulbs of vertebrates ranging from the most primitive 

Fig. 29.2 (continued) injected into bath fl ow (15- to 20-s delay) at the arrowheads. There was a 4-min 
wash between test substance applications (data not shown). The data are expressed as a percent change 
in fl uorescence over the baseline (%∆F/F). Traces were obtained from the ORNs outlined in  c . ( c ) 
Pseudocolor confocal images taken at the times indicated by the asterisks on the PACAP trace in  b . 
Control ( left ) was before PACAP application, PACAP ( middle ) was during the peak of the response, 
and Wash ( right ) was following superfusion of PACAP onto the slice. Fluorescent cells along the sur-
face are sustentacular cells that have loaded with fl uo-4AM. Scale bar, 50 μm. Reprinted with permis-
sion from Hegg CC, Au E, Roskams AJ, Lucero MT. PACAP is present in the olfactory system and 
evokes calcium transients in olfactory receptor neurons.  J Neurophysiol  90: 2716 Fig. 5, 2003 [ 34 ]       
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jawless fi sh, [ 5 ] to mammals [ 15 ]. The highest PACAP expression in the olfactory 
system of mammals is found in the anterior olfactory nucleus which sends efferent 
projections to the region of extremely high PAC1 receptor expression, the granule 
cell layer of olfactory bulb (Fig.  29.3 ; [ 48 – 51 ]). In addition, PACAP is expressed in 
the mature mitral and tufted projection neurons within the olfactory bulb as well as 
scattered cells in the granule cell layer [ 49 ]. The presence of both PACAP and PAC1 

  Fig. 29.3    In situ hybridization (ISH) of PACAP and PAC1 receptor expression in P4 mouse brain. 
( a ,  c ) In situ hybridization shows PACAP expression in mitral cell layer (ML) and anterior olfac-
tory nucleus (AON). ( b ,  d ) In situ hybridization shows PAC1 receptor expression in glomerular 
(GL), ML, and granule cell layers (GCL). ( e ) Sagittal section of P4 mouse brain showing migra-
tory path from subventricular zone to olfactory bulb (OB) via the rostral migratory stream (RMS). 
Scale bars:  b  = 500 μm;  d  = 250 μm,  e  = 1 cm. Modifi ed with permission from the [ 49 ]       
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receptors in mitral cells suggests both paracrine and autocrine signaling within the 
mitral cell layer (Fig.  29.3 ).

       PACAP KO Mice Show Defi cits in Olfactory/Vomeronasal 
Mediated Social Behaviors 

 Behavioral tests of both PAC1 −/−  and PACAP −/−  mice reveal that loss of PACAP 
signaling increased motor activity and reduced anxiety behavior leading to increased 
novelty seeking behaviors [ 52 ,  53 ] while enhanced PACAP signaling in humans is 
thought to increase anxiety and be associated with post-traumatic stress disorder 
[ 54 ]. Mice in which PAC1 receptors are knocked out are still capable of odorant 
detection suggesting that PACAP is not an absolute requirement for a functioning 
olfactory system [ 53 ]. However, a number of olfactory and vomeronasal mediated 
behaviors, especially those dealing with social and sexual recognition are markedly 
abnormal without PACAP signaling [ 52 ,  53 ,  55 ]. Specifi cally, female PAC1 −/−  mice 
show reduced affi liative behavior towards males and low fertility [ 53 ]. Male PAC1 −/−  
mice show reduced intruder responses, abnormal gender identifi cation, and 
decreased investigation of female urine [ 53 ]. Although our unpublished observa-
tions found that PACAP is present in the vomeronasal organ, and the expression 
profi le of PACAP and PAC1 receptors in the accessory olfactory bulb is similar to 
the main olfactory bulb [ 49 ], there are as yet no physiological studies on PACAP in 
the vomeronasal system.  

    Physiological and Anatomical Studies of PACAP 
in Developing Olfactory Bulb 

 Surprisingly, despite the high levels of PAC1 receptors in olfactory bulb [ 2 ,  3 ,  7 ,  9 , 
 48 – 51 ,  56 ], and impairment of olfactory/vomeronasal pathways in knockout mod-
els, there have been very few physiological studies of PACAP in the olfactory bulb. 
During brain development, PACAP is expressed in the postmitotic neurons and 
PAC1 receptors are expressed in regions of ongoing proliferation as well as in later 
stages of migrating neuroblasts to promote the switch from migration to maturation 
[ 50 ]. Specifi cally, in migrating cerebellar granule cells, PACAP slows migration and 
promotes neurite outgrowth via activation of cAMP pathways and release of tissue-
type plasminogen activator (tPA) [ 57 ,  58 ]. Likewise, immunohistochemistry studies 
in developing olfactory bulb, revealed that the PAC1 receptor protein is present 
before cells begin to migrate from the subventricular zone, is absent in the rostral 
migratory stream (RMS) and reappears as migrating neuroblasts enter the olfactory 
bulb [ 56 ]. The fi rst biochemical studies of PACAP in olfactory bulb were those using 
PACAP-induced cAMP signaling as a positive control for cAMP activation and used 
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PAC1 receptors as a site of modulation for examination of the transduction pathway 
used by GABA B  receptors in olfactory bulb interneurons [ 59 – 61 ]. Presumably, 
PACAP was used because of its robust and reproducible cAMP response profi le. 
More recently, a physiological study of PACAP in developing mouse olfactory bulb 
has confi rmed that PACAP and PAC1 receptors are functional in the early postnatal 
mouse olfactory bulb [ 62 ]. Dynamic confocal calcium imaging of genetically 
identifi ed migrating precursor neurons within P2-P5 slices of mouse olfactory bulb 
were used to test the hypothesis that PACAP triggers developmentally important 
intracellular Ca 2+  concentration ([Ca 2+ ] i ) oscillations that help establish the complex 
circuitry of the olfactory bulb. By recording PACAP-induced calcium responses in 
the presence and absence of neurotransmission, the authors showed that one third of 
the PACAP-responsive granule cells are directly activated by PACAP while the 
majority are recruited through PACAP effects on the developing network via 
PACAP-induced neurotransmitter release of both glutamate and GABA [ 62 ]. 
Consistent with this functional observation, immunostaining of PAC1 receptors 
labeled one third of the GABAergic cells of the same age range [ 62 ]. 

 In a second series of experiments, the authors used both functionally and geneti-
cally identifi ed granule cells to study the time course for development of PACAP 
responsiveness in mouse olfactory bulb. The functional experiments took advantage 
of the fact that immature migrating neuroblasts contain high concentrations of intra-
cellular Cl - , depolarize with GABAergic stimulation, and open voltage-gated Ca 2+  
channels while mature granule cells hyperpolarize to GABA and do not increase 
[Ca 2+ ] i  [ 63 ,  64 ]. Thus, maturation state and PACAP responsiveness were measured 
in the same genetically identifi ed cells (based on DLX2 or GAD65 promoter driven 
expression of td-Tomato) using Ca 2+  imaging. Consistent with immunological stud-
ies of PAC1 receptors in developing olfactory bulb [ 56 ], three populations of geneti-
cally identifi ed GABAergic cells in slices of P2-P5 mice were identifi ed: (1) 
immature migrating neuroblasts that do not express functional PAC1 receptors 
(unresponsive to PACAP) but showed excitatory Ca 2+  responses to GABA, (2) 
maturing granule cells that express both functional PAC1 receptors and show excit-
atory GABA responses, and (3) mature granule cells that respond to PACAP but not 
GABA. The balance of each cell type shifted over the 4 day window from a majority 
of immature migrating neuroblasts to a majority of mature granule cells. Interestingly, 
not all migrating GABAergic neuroblasts showed the same developmental shift in 
PACAP responsiveness. GABAergic neurons in olfactory bulb express, either 
GAD65 or GAD67 with some cells expressing both. Genetic labeling of the 
GABAergic neurons with GFP revealed that during the early postnatal window, 
only the GAD67 neurons which take up early residency in the granule cell layer of 
the olfactory bulb expressed PAC1 receptors and switched to mature neurons. The 
GAD65 neurons which migrate through the granule cell layer until they reach the 
glomerular layer did not change their developmental profi le by P5. These observa-
tions further support the fi ndings in cerebellum that PACAP plays a role in the 
inhibition of migration and neuroblast maturation [ 57 ,  65 ] however, the mechanism 
for delayed expression of PAC1 receptors in subsets of migrating olfactory bulb 
neuroblasts has yet to be determined. Based on Allen Developing Mouse Brain 
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Expression profi les, it appears that once migrating GABAergic neuroblasts reach 
the glomerular layer, PAC1 receptors are expressed (Fig.  29.3b, d ). 

 The initial studies of PACAP in the development of the OE and olfactory bulb 
confi rm that PACAP signaling in early olfactory development is functional and 
robust. However, based on its neuroprotective and neuroregenerative properties, 
PACAP may play an even more important role in protection and regeneration of the 
olfactory neurons in adults. The insights gained from study of the developmental 
pathways especially in terms of technical approaches for identifying cell types and 
functional maturity, lay the foundation for future studies.  

    Future Studies of PACAP in the Olfactory System 

 The Ca 2+  imaging of PACAP responses in olfactory bulb revealed complex calcium 
signaling that ranged from single transient or sustained increases in [Ca 2+ ] i  to Ca 2+  
oscillations that lasted from minutes to hours (Fig.  29.4 ). How might these Ca 2+  oscil-
lations affect migration of olfactory bulb neuroblasts? In cerebellar neurons, reduc-
tion of Ca 2+  oscillation amplitudes was associated with decreased migration and 
increased differentiation [ 65 ]. Do spontaneous oscillations in granule cells of olfac-
tory bulb reduce amplitude in the presence of PACAP? Given the importance of 
PACAP in the suprachiasmatic nucleus [ 66 ] and the observation that PACAP or 
PAC1 knock out mice have altered circadian rhythms [ 67 – 73 ], what role might the 
PACAP-induced long term changes in Ca 2+  oscillations play in the circadian clock 
intrinsic to the olfactory bulb? PACAP/PAC1 knockout mice will be useful for exam-
ining abnormalities in olfactory bulb circuitry especially in terms of migration and 
integration of GABAergic neuroblasts that continually move from the subventricular 
zone, through the rostral migratory stream to the olfactory bulb (Fig.  29.3e ). As the 
availability of mice with genetically identifi ed olfactory bulb neuronal subtypes 
becomes more available, the cell specifi city and signifi cance of PACAP signaling in 
developing and adult olfactory bulb networks will be easier to tease out. In addition, 
the physiology and circuitry of olfactory bulbs in nonmammalian organisms such as 
frog [ 74 ,  75 ], catfi sh [ 76 ], and zebrafi sh [ 77 ] are well studied and could become 
excellent models for physiological studies of PACAP. Some questions that might be 
addressed in the future include the role of PACAP in signaling between the anterior 
olfactory nucleus which expresses high levels of PACAP (Fig.  29.3a, c ) and the gran-
ule cell layer of olfactory bulb which expresses PAC1 receptors (Fig.  29.3b, d ).

   The observation that PACAP promotes both GABA and glutamate release in 
olfactory bulb suggests a modulatory effect of PACAP on network excitability [ 62 ]. 
What are the effects of PACAP on modulating release of other neurotransmitters 
such as norepinephrine, acetylcholine, dopamine, or serotonin? In vivo optogenetic 
studies could visualize modulatory PACAP effects by optical stimulation of efferent 
brain regions (locus coeruleus for norepinephrine) and record Ca 2+  responses from 
granule cells of olfactory bulb in the presence and absence of PAC1 receptor ago-
nists or antagonists. Similar experiments could be performed in PACAP or PAC1 
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  Fig. 29.4    PACAP-induced Ca 2+  responses in neonatal olfactory bulb (OB) are heterogeneous. 
A time series of confocal images from a fl uo-4-loaded slice of postnatal day (P) 4 mouse OB 
shows the changes in [Ca 2+ ] i  in response to 40 nM PACAP. Traces in ( A – D ) refl ect the % fl uores-
cence intensity changes (%∆F/F) over time for the regions of interest (ROIs) marked ( A – D ) at top. 
 Dashed lines  match the images to the time points on the traces. The PACAP-induced calcium 
oscillations of 1413 cells (from 37 pups) were categorized into four main groups: ( A ) 17 % of 
cells; slow saw tooth oscillation, ( B ) 5 % of cells; fast saw tooth oscillation, ( C ) 56 % of cells; 
sustained response, ( D ) 22 % of cells; single transient (returns to baseline within 100 s), ( E ) HK 
(50 mM K + ) used to confi rm the vitality of the cells, and ( F ) 0.1 % BSA is the PACAP vehicle 
control. Modifi ed from Irwin M, Greig A, Tvrdik P, Lucero MT. PACAP modulation of calcium 
ion activity in developing granule cells of the neonatal mouse olfactory bulb . J Neurophysiol  113: 
1237, Fig. 2 2015 [ 62 ]       
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knockout mice to further explore the modulatory effects of PACAP on network 
excitability. The olfactory bulb is ideally situated for such recordings [ 78 – 81 ]. 

 The abnormal social recognition of PAC1 knockout mice poses interesting ques-
tions regarding the links between PACAP signaling in the hypothalamic/pituitary 
system, the immune system, and the olfactory system. Recently it has been shown 
that an important component of social recognition involves major urinary proteins 
(MUPs) excreted in the urine and receptors present in the vomeronasal organ [ 82 ]. 
Sensitivity to social cues can be up or down regulated at the level of sensory neu-
rons. For example, non-estrous female rodents which have high progesterone are 
not able to smell male odors as well as estrous females with low progesterone due 
to inhibitory progesterone effects on sensory neurons [ 83 ]. Does PACAP somehow 
interface between its effects on hypothalamic gonadotropin release [ 84 ], ovarian 
progestin production [ 85 ] and its effects on odor sensitivity either through altering 
intracellular Ca 2+  or cAMP in OSNs or vomeronasal neurons? 

 The growing interest in understanding the development, regenerative capabili-
ties, circuitry, coding, and modulation of the olfactory system combined with the 
studies showing that PACAP and PAC1 receptors are abundant and functional in the 
olfactory system from development to adulthood makes it clear that more studies of 
PACAP and its receptors should focus on the olfactory system.     
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    Chapter 30   
 Protective Effects of PACAP in the Retina                     
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    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) is a widespread 
neuropeptide that is well known for its general cytoprotective effects in different neu-
ronal injuries, such as traumatic brain and spinal cord injury, models of neurodegenera-
tive diseases, and cerebral ischemia. PACAP and its receptors also occur in the retina. 
In this review, we summarize the retinoprotective effects of PACAP. In vitro, PACAP 
is protective against glutamate, thapsigargin, anisomycin, oxidative stress, UV light, 
high glucose, infl ammation, and anoxia. Both the neural retina and the pigment epithe-
lial cells can be protected by PACAP in various experimental paradigms. In vivo, the 
protective effects of intravitreal PACAP treatment have been shown in the following 
models in rats and mice: excitotoxic injury induced by glutamate,  N -methyl- D -aspartate 
(NMDA) or kainate, ischemic injury induced by carotid artery ligation and high intra-
ocular pressure, degeneration caused by UV-A light, optic nerve transection, and strep-
tozotocin-induced diabetic retinopathy as well as retinopathy of prematurity. Molecular 
biological methods have revealed that PACAP activates anti-apoptotic, while inhibits 
pro-apoptotic signaling pathways, and it also stimulates an anti-infl ammatory environ-
ment in the retina. Altogether, PACAP is suggested to be a potential therapeutic retino-
protective agent in various retinal diseases.  

  Keywords     Retina   •   Diabetic retinopathy   •   Ischemia   •   Excitotoxic injury   
•   Retinopathy of prematurity  
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  Abbreviations 

   6-OHDA    6-hydroxydopamine   
  AIF    Apoptosis inducing factor   
  AMPA receptor    α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor   
  Bad    Bcl-2-associated death promoter   
  Bax    Bcl-2-associated X protein   
  BBB    Blood–brain barrier   
  BCCAO    Bilateral common carotid artery occlusion   
  Bcl-2    B-cell lymphoma 2   
  Bcl-xl    B-cell lymphoma-extra large   
  cAMP/PKA/CREB    Cyclic AMP/protein-kinase A/cAMP response element- 

binding protein   
  CIAP-1    Cellular inhibitor of apoptosis protein-1   
  CINC    Cytokine-induced neutrophil chemoattractant   
  CNS    Central nervous system   
  CNTF    Ciliary neurotrophic factor   
  CtBP2    C-terminal binding protein 2   
  DR    Diabetic retinopathy   
  eNOS    Endothelial nitric oxide synthase   
  ERG    Electroretinography   
  ERK    Extracellular signal-regulated kinase   
  Fas TNFR    Fas tumor necrosis factor receptor   
  FITC    Fluorescein isothiocyanate   
  GCL    Ganglion cell layer   
  GFAP    Glial fi brillary acidic protein   
  HIF1α, 2α, 3α    Hypoxia-inducible factor 1-alpha, 2-alpha, 3-alpha   
  HO-1    Heme oxygenase-1   
  HSP-27    Heat shock protein-27   
  IL-1β    Interleukin-1 beta   
  INL    Inner nuclear layer   
  IP3    Inositol trisphosphate   
  IPL    Inner plexiform layer   
  JNK    c-Jun N-terminal kinase   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinase   
  MIP-1    Macrophage infl ammatory protein 1   
  MSG    Monosodium glutamate   
  NBL    Neuroblast layer   
  NF-kB    Nuclear factor-kB   
  NFL    Nerve fi ber layer   
  NMDA     N -methyl- D -aspartate   
  NPY    Neuropeptide Y   
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  OLM-ILM    Outer limiting membrane-inner limiting membrane   
  ONL    Outer nuclear layer   
  OPL    Outer plexiform layer   
  Ops    Oscillatory potentials   
  PAC1    PACAP receptor 1   
  PACAP    Pituitary adenylate cyclase activating polypeptide   
  PACAP KO    PACAP knockout   
  PKCα    Protein kinase C alpha   
  PLC gamma-1    Phospholipase C gamma-1   
  RANTES    Regulated on activation normal T cell expressed and secreted   
  RGCs    Retinal ganglion cells   
  ROP    Retinopathy of prematurity   
  ROS    Reactive oxygen species   
  RPE    Retinal pigment epithelial   
  RSK1/2    Ribosomal s6 kinase 1, 2   
  sICAM    Soluble intercellular adhesion molecule   
  STAT4    Signal transducer and activator of transcription 4   
  TGF-β    Transforming growth factor beta   
  TH    Tyrosine hydroxylase   
  TIMP-1    Tissue inhibitor metallopeptidase inhibitor-1   
  Trail R2 DR5    TRAIL receptor 2—death receptor 5   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end 

labeling   
  UV-A, B    Ultraviolet A, ultraviolet B   
  VEGF    Vascular endothelial growth factor   
  VGAT    Vesicular GABA transporter   
  VGLUT1    Vesicular glutamate transporter 1   
  VIP    Vasoactive intestinal peptide   
  VPAC1    Vasoactive intestinal peptide (VIP) receptor type 1   
  VPAC2    Vasoactive intestinal peptide (VIP) receptor type 2   
  ZO-1    Zona occludens protein 1   

        Pituitary Adenylate Cyclase Activating Polypeptide (PACAP) 

 Pituitary adenylate cyclase activating polypeptide (PACAP) was isolated from ovine 
hypothalamus based on its stimulating effect on adenylate cyclase enzyme in ante-
rior pituitary cells [ 1 ,  2 ]. PACAP has two isoforms: PACAP1-27 and PACAP1- 38, 
containing 27 and 38 amino acids, respectively. PACAP is a member of the vasoac-
tive intestinal peptide (VIP)/secretin/glucagon superfamily [ 3 ]. Its receptors can be 
divided into two groups, PAC1 receptor and VPAC receptors (VPAC1 and VPAC2) 
[ 4 ]. The biological effects of PACAP are diverse [ 4 ], but one of the most studied 
actions of the peptide is its potent neuroprotective effect. Earlier studies have shown 
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that PACAP protects neurons in vitro against various toxic agents (glutamate, 
6-OHDA, oxidative stress, etc.). The neuroprotective role of PACAP has been also 
demonstrated in vivo in different animal models, such as cerebral ischemia, trau-
matic brain injury, spinal cord injury, and Parkinson’s disease. These neuroprotec-
tive effects have been summarized in several reviews by different authors [ 4 – 11 ]. 

 PACAP is also protective in sensory organs, including the auditory and visual 
systems [ 12 – 14 ]. The retina is a special tissue, an extension of the central nervous 
system (CNS) containing different neurons, and it also provides an excellent model 
to measure neuronal degenerations. PACAP has been shown to protect the different 
neurons of the retina in numerous in vitro and in vivo models of retinal degenera-
tions. The purpose of the present review is to summarize the current knowledge of 
the retinoprotective functions of PACAP. The retinoprotective effects of PACAP 
provide a new, exciting area of research, and several novel data have been published 
since the appearance of the fi rst two extensive reviews on the retinoprotective effects 
of PACAP [ 12 ,  15 ]. Therefore, we briefl y summarize retinoprotective effects until 
2010 and discuss fi ndings in the last 5 years more in detail.  

    Distribution of PACAP in the Retina 

 Several studies have described the presence of PACAP and PACAP receptors in the rat 
retina. PACAP immunopositive cell bodies were found in amacrine, horizontal cells in 
the inner nuclear layer (INL), in the ganglion cell layer (GCL) and also in the Muller 
glial cells. PACAP positive nerve fi bers were also present in the nerve fi ber layer 
(NFL), and also in the inner plexiform layer (IPL), but no PACAP positivity was found 
in the outer nuclear layer (ONL) or the retinal pigment epithelium (RPE) layer [ 16 – 20 ]. 
The presence of PACAP was also found in the mouse [ 21 ], teleost [ 22 ], turtle [ 23 ], and 
chicken retina [ 24 ]. PACAP appearance showed in a subset of retinal ganglion cells, 
which cells are photosensitive due to expression of melanopsin. The PACAP expression 
in this subset of ganglion cells is partly controlled by dopamine, while it is not affected 
by photoreceptor degeneration [ 25 ,  26 ]. Melanopsin-containing retinal ganglion cells 
are known to be more resistant in various types of degeneration, such as axonal injury 
[ 27 ], and it has been proven by numerous studies that these melanopsin-containing 
cells almost all co-store PACAP, which might contribute to the highly resistant nature 
of these cells [ 28 – 30 ]. PACAP- and melanopsin-containing retinal ganglion cells play 
an important role in several light-activated non-image-forming functions of the retina 
and the complimentary signaling due to PACAP neurotransmission has been shown to 
be important in addition to the glutamatergic signaling [ 31 ,  32 ]. 

 PACAP immunopositivity was also found in the limboretinal pathway [ 33 ]. PACAP 
and its receptors were also described in the developing retina of mammals [ 34 ]. In devel-
oping chicken retina PACAP was expressed in the INL from embryonic day 8 (E8) [ 35 ]. 
In zebrafi sh during the pharyngula period, at 24 h of post fertilization PACAP-like 
immunoreactivity (PACAP-LI) was detected in the superfi cial layer of the retina, and 
during the hatching period, at 72 h of post fertilization in the GCL [ 36 ]. PACAP-LI was 
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absent from the retina in the zebrafi sh at day 13 of larval development, suggesting that 
PACAP may have a role in the control of cell differentiation and proliferation [ 36 ,  37 ]. 
In the rat, PACAP mRNA was expressed in the GCL in the developing retina at E20 [ 38 ].  

    Distribution of PACAP Receptors in the Retina 

 Earlier studies showed the distribution and localization of PACAP receptors in the 
retina. Nilsson et al. [ 39 ] characterized the receptors of PACAP and their coupling 
to adenylate cyclase in albino rat eye, and D’Agata and Cavallaro also described the 
expression of PACAP/VIP receptor variants and their coupling to phospholipase C 
in the rat retina [ 16 ]. In chicken retina at early stage (E6) PAC1 receptor and its 
mRNA can be found [ 35 ]. The mRNA of PACAP receptors and the protein expres-
sion have also been shown in all the layers of the neonatal rat retina [ 40 ]. Seki and 
coworkers described the localization and strong expression of PAC1 receptor and its 
mRNA in different retinal layers (NFL, INL, GCL), weaker expression in the ONL, 
OPL, IPL, and the outer segments of the photoreceptors in the rat retina [ 41 ,  42 ]. 
Moreover, different PAC1 receptor mRNA variants (short, hop) were found in the 
cell bodies and the processes of ganglion and amacrine cells [ 41 ]. Finally, PAC1 
receptor has been described in Muller glial cells [ 19 ,  43 ]. 

 PACAP also plays a role in retinal development. The expression of the specifi c 
PAC1 receptor and VPAC receptors has been confi rmed in the developing mamma-
lian retina, including the retinal progenitor cells [ 44 ]. A shift in PAC1 receptor iso-
form expression (null, hip, hop1, hiphop1) during development might explain the 
different roles exerted during differentiation of retinal neural elements [ 45 ,  46 ]. 

 PACAP controls the proliferation of retinal progenitor cells through the activa-
tion of all 3 receptors, and the cAMP/PKA/CREB pathway. This activation resulted 
in downregulation of cyclin D1 and the transcription factor Klf4, while p27 kip1  pro-
tein content did not change [ 44 ,  47 ]. The overall effect of these changes was an 
antiproliferative effect.  

    Protective Effects of PACAP in the Retina In Vitro 

 The in vitro protective effects are summarized in Table  30.1 .

      In Vitro Protective Effects in the Neural Retina 

 The fi rst in vitro studies presented that VIP, a related peptide to PACAP [ 48 ], or 
PACAP1-27 and PACAP1-38 [ 49 ] have retinoprotective effect against glutamate 
toxicity using cultured retinal neurons. PACAP1-27, PACAP1-38, and VIP increased 
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   Table 30.1    Summary of the effects of PACAP in the retina in vitro   

 Cell type  Treatments  Observed effect  Reference 

 Retinal cells from 
pups 

 Glutamate-induced 
toxicity, in vitro 
PACAP1-27 and 
PACAP1-38 (10, 
100 nmol–1 μmol, 
dose dependent), 
cultured 

 ↑: Intracellular Ca 2+  and no 
effect by PACAP1-27, 
PACAP1-38 
 ↑: cAMP by VIP 
 ↑: MAPK and cAMP by 
PACAPs, antagonized by 
PACAP6-38 (PACAP antagonist) 
and H-89 (PKA inhibitor) 

 [ 49 ] 

 Retinal explants 
from newborn 

 Cell death by 
anisomycin (1 μg/ml) 
within the neuroblastic 
layer (NBL) 
 1–10 nM PACAP1-38 

 ↓: TUNEL positive and pyknotic 
cells by PACAP1-38, 
PACAP1- 27, or maxadilan 
(PAC1 receptor agonist), blocked 
by PACAP6-38 or Maxd.4 
(PAC1 receptor antagonist) 
 ↑: pCREB by PACAP1-38; 
cAMP but not IP3 by PACAP, 
pyknotic profi les blocked by 
Rp-CAMPS (PKA inhibitor) 

 [ 40 ] 

 Photoreceptor cells  Cell death by 
thapsigargin (10 nmol 
PACAP1-38) 

 ↓: Dead cells  [ 40 ] 

 Turtle horizontal 
cells 

 Anoxic condition 
(PACAP1-38, 0.165 
μmol) 

 ↑: Light response time dependent  [ 50 ] 

 Developing retinal 
explant 

 PACAP1-38, 10 nmol  ↑: cAMP, p-CREB, nuclear Klf4 
 ↓: cyclin D1 
 No change in p27  kip1  

 [ 44 ,  47 ] 

 RGC-5 retinal 
ganglion cells 

 PACAP1-5 
(1–100 nmol); 
UV-B-induced injury 

 ↑: Viability, bcl-2 
 ↓: Bax 

 [ 73 ] 

 RGC-5 retinal 
ganglion cells 

 Cyclic PACAP1-5 
(1–100 μmol), 
UV-B-induced injury 

 ↑: Viability, bcl-2 
 Maintained structural integrity 
 ↓: Apoptosis, ROS, bax, caspase-3 

 [ 73 ,  91 ] 

 ARPE19, human  PACAP1-38 
0.1–1 μmol 
 (IL-1β stimulation) 

 ↓: The IL-1beta stimulated IL-6, 
IL-8, and MCP-1 mRNA and 
protein l, NF-kB 

 [ 51 ] 

 ARPE19, human  Oxidative stress by 
H 2 O 2  
 (PACAP1-38: 
10 pmol–1 μmol) 

 ↑: Viable cells, blocked by 
PACAP6-38 and reduced by 
PI3K/Akt inhibitor but not 
MAPK inhibitors 
 ↓: Apoptosis 

 [ 52 ] 

 ARPE19, human  Oxidative stress by 
 H 2 O 2  
 PACAP1-38 
10–100 nM 

 ↑: pERK/CREB; Akt; Lyn; Yes; 
Src; 
 ↓: p-p38; p-JNK;Bad; Bax; Trail 
R2 DR5; FADD; Fas TNFR; 
HIF1-alpha; HO-1; cIAP-1; 
HSP-27; SMAC/Diablo; p53; 
eNOS, Paxillin, PLCgamma-1, 
STAT4, RSK1/2 

 [ 53 ] 

(continued)
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cAMP, and the protective effects of VIP or PACAP isoforms were antagonized by 
VIP6-28 (VIP antagonist) or PACAP6-38 (PACAP antagonist), respectively. In 
addition, H-89 (PKA inhibitor) also decreased the protective effects of VIP or 
PACAP1-27, PACAP1-38. 

 Silveira et al. [ 40 ] found that anisomycin (1 μg/ml) inhibited protein synthesis 
and induced cell death in the neuroblastic layer of retinal explants from newborn 
rats. PACAP1-27 or PACAP1-38 dose-dependently prevented the anisomycin-
induced cell death. One nanomolar PACAP1-27 or PACAP1-38 administration in 
parallel signifi cantly reduced the number of dead cells with the terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) procedure and the number 
of pyknotic profi les per mm 2  in the neuroblast layer (NBL). A similar retinoprotec-
tive effect was observed with PAC1 receptor agonist maxadilan, but not with gluca-
gon. Neuroprotection by PACAP1-38 was also measured in photoreceptor cell 
death caused by thapsigargin in the ONL [ 40 ]. In the retinal explant model, 
PACAP6-38 and the specifi c PAC1 receptor antagonist Maxd.4 antagonized the 
neuroprotective effect. Molecular and immunohistochemical analysis demonstrated 
that the retinoprotective effects are most probably mediated by the PAC1 receptor, 
which is expressed in all the retinal layers of the neonatal retina. Treatment of 
PACAP1-38 induced CREB immunoreactivity in the NBL. PACAP1-38 adminis-
tration also increased cAMP, but not IP3, and a cAMP-dependent protein kinase 
inhibitor Rp-cAMPS could block the retinoprotective effects of PACAP1-38. 

 In adult turtles, horizontal cells showed light responses 18, 22, 42, and 46 h after 
removal of the eyes. Rabl et al. [ 50 ] demonstrated that the amplitudes of light 
responses were larger in slices at all time-points in PACAP1-38-containing solution 
(0.165 μM PACAP) compared to control retinal slices in anoxic condition. These 
results provide evidence that PACAP1-38 has neuroprotective effects in hypoxic/
anoxic conditions in the adult turtle retina in vitro.  

Table 30.1 (continued)

 Cell type  Treatments  Observed effect  Reference 

 ARPE19, human  Normal and high 
glucose and Il-β1, + 
100 nmol PACAP1-38 
or VIP 

 ↑: Transendothelial resistance, 
claudin and Zo-1 tight junctional 
protein expression 
 ↓: Blood–retinal barrier 
permeability 

 [ 55 ] 

 ARPE19, human  PACAP1-38 1 and 
10 μmol 
 PACAP6-38 1 and 
10 μmol 

 ↑: Semaphorin4a mRNA, protein 
 ↑: pERK 
 PACAP6-38 blocked these 
effects and ↑: IL-6 

 [ 54 ] 

 Retinoblastoma Y79 
cells, human 

 PACAP1-38 and 
PACAP6-38 nmol and 
1–5 μmol 

 Nanomolar: no effect on cell 
viability 
 Micromolar: 
 ↓: Cell viability, further ↓: with 
PACAP6-38; no effect: 
PACAP1-27 and maxadilan 

 [ 115 ] 
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    In Vitro Protective Effects in the Retinal Pigment 
Epithelial Cells 

 Retinal pigment epithelial (RPE) cells play an essential role in photoreceptor sur-
vival and metabolism. Several diseases are associated with malfunction of the pig-
ment cells. The fi rst results concerning the effects of PACAP came from Zhang 
et al. [ 51 ]. Presence of mRNA for PAC1 and VPAC1 receptors was confi rmed in 
unstimulated human RPE cells (ARPE19). VPAC2 mRNA was expressed in cells 
stimulated with IL-1β. PACAP treatment at 0.1–1 μM concentrations inhibited the 
IL-1 β-stimulated IL-6, IL-8, and MCP-1 mRNA and protein levels. The dense 
immunofl uorescence of NF-kB in the nucleus after stimulation with IL-1β was 
decreased by PACAP [ 51 ]. Studies following these fi rst results in pigment cells 
revealed several other effects of PACAP in these retinal cells. 

 ARPE19 cells exposed to PACAP1-38 could be rescued against oxidative stress 
induced by H 2 O 2  in a dose-dependent manner [ 52 ]. Highest effi cacy was observed 
at 100 nM PACAP concentration, but it was effective in a range 10 pM–1 μM, while 
not effective at 1 pM. Using fl ow cytometric and JC-1 assay, PACAP treatment was 
proven to reduce apoptotic cell death. PACAP1-38 and 6-38 alone had no effect on 
cell survival. The survival-promoting effect was inhibited by PI3K/Akt inhibitors, 
but not affected by MAPK inhibitors [ 52 ]. A subsequent study investigated the sig-
naling pathways in oxidative stress-induced pigment epithelial cell damage [ 53 ]. 
Western blot results revealed that PACAP treatment could activate the protective 
ERK/CREB and Akt pathways, while it inhibited the phosphorylation of p38 MAPK 
and JNK. Several cytokines and other apoptotic markers were altered upon oxida-
tive stress, as measured by cytokine and phospho-kinase arrays. PACAP administra-
tion counteracted several of these changes. 10 and 100 nM PACAP decreased the 
oxidative stress-induced increases of the proinfl ammatory and/or proapoptotic fac-
tors Bad; Bax; Trail R2 DR5; FADD; Fas TNFR; HIF-1α; HO-1; cIAP-1; HSP-27; 
SMAC/Diablo; p53; eNOS; Paxillin; PLCgamma-1; STAT4; RSK1/2. In contrast, 
PACAP could increase the protective Lyn; Yes; and Src. 

 A more recent study has reported that PACAP regulates semaphorin4A expres-
sion from RPE cells [ 54 ]. The semaphorin protein family has members that infl u-
ence brain and retinal development, by providing neural guidance. Semaphorin4A 
is expressed in the GCL, INL and RPE cell during the developmental period of 
contact-building between photoreceptors and RPE cells. Human ARPE cells were 
cocultured with PC12 cells (prototype neuronal cells) based on a collagen vitrigel 
membrane. The authors found that in the presence of neural cells the protein and 
mRNA levels of semaphorin4A (but not other semaphorins) were increased, an 
effect mimicked by PACAP (but not VIP, NPY, or enkephalin). Furthermore, this 
effect was also associated with ERK phosphorylation (but not that of JNK or p38 
MAPK). All these effects of PACAP were blocked by the PACAP antagonist 
PACAP6-38. Furthermore, PACAP6-38 downregulated the cytokine IL-6 expres-
sion, indicating that endogenous PACAP participates in the neural cell-induced IL-6 
production (other cytokines out of the tested ones were not infl uenced by the 
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 neuronal co-culture). These results suggest that the PACAP secreted by neural cells 
regulates several factors secreted by RPE cells, important for retinal development 
and homeostasis [ 54 ]. The local secretion of PACAP necessary for these effects is 
supported by the high concentration used in this study (1 μM and 10 μM PACAP, 
lower concentrations were not reported), a concentration much higher than the ones 
reported to exert protective effects against oxidative stress [ 52 ,  53 ]. 

 Another study investigated the potential of PACAP and VIP against the disrup-
tion of tight junctions in the retina, a major factor in macular edema developing in 
diabetic retinopathy [ 55 ]. ARPE19 cells were cultured either in normal glucose or 
in high glucose in combination with the pro-infl ammatory IL-1β. Effects on perme-
ability were evaluated by measuring both apical-to-basolateral movements of fl uo-
rescein isothiocyanate (FITC) dextran and transepithelial electrical resistance [ 55 ]. 
Results of these experiments demonstrated that normal glucose + IL-1β and, to a 
greater extent, high glucose + IL-1β signifi cantly increased FITC-dextran diffusion, 
paralleled by decreased electrical resistance. PACAP or VIP reversed these effects. 
Furthermore, high glucose + IL-1β-induced reduction of claudin-1 and ZO-1 expres-
sion was reversed by PACAP and VIP. Occludin expression was not affected in any 
of the conditions tested. Altogether, these fi ndings show that both peptides counter-
act high glucose + IL-1β-induced damage in ARPE19 cells, suggesting that they 
might be relevant to the maintenance of outer blood–retinal barrier function in 
edema accompanying diabetic retinopathy [ 55 ]. These results are in accordance 
with our earlier observations in an in vitro blood–brain barrier (BBB) model [ 56 ]. 
We found that PACAP treatment improved the barrier properties of the brain endo-
thelium. PACAP induced an increase in the transendothelial electrical resistance, 
which is the most important marker of the tightness of the tight junctions. Moreover, 
PACAP had a protective role against glucose deprivation- and oxidative stress- 
induced junctional damage in microvascular brain endothelial cells [ 56 ].   

    Protective Effects of PACAP in the Retina In Vivo 

 The in vivo protective effects are summarized in Table  30.2 .

       Excitotoxic Injury in the Retina 

 Glutamate, a nonessential amino acid, acts as an excitatory neurotransmitter in the 
retina under normal conditions. However, glutamate in high concentrations can be 
toxic to the retinal cells by overstimulation of the glutamate receptors. Monosodium 
glutamate (MSG) administration given systemically passes the BBB of newborn 
rats and so it can, can injure the retina [ 57 ] and lead to loss of the entire inner retinal 
layers [ 58 ]. The excitotoxic damage of the retina is a main factor in retinal diseases, 
such as glaucoma and ischemia-induced retinopathy. We have previously shown in 
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a number of studies that PACAP is protective against excitotoxicity induced by 
systemic monosodium-glutamate lesion. We showed that, three times intravitreal 
MSG treatment on postnatal days 1, 5 and 9 caused severe neurodegeneration in the 
inner retinal layers in newborn rat pups [ 58 ,  59 ]. Three weeks after the MSG admin-
istration the thickness of the total retina was decreased, the distance of the outer 
limiting membrane-inner limiting membrane (OLM-ILM) was only half of the nor-
mal retina. In addition, the IPL almost disappeared, and the fusion of the INL and 
GCL could be observed. The number of the cells per 100 μm in the GCL was also 
decreased [ 58 – 61 ]. Although PACAP1-38 is able to cross the BBB, systemic 
PACAP1-38 treatment caused insignifi cant improvement of the retinal morphology 
following MSG-induced excitotoxic injury [ 62 ]. In contrast, intravitreally injected 
PACAP1-38 (1–100 pmol) resulted in signifi cant amelioration of this degeneration 
[ 58 ,  59 ,  61 ]. While 1 pmol PACAP1-38 was slightly effective, treatment with 
100 pmol PACAP1-38 was able to signifi cantly attenuate the MSG-induced toxicity 
and the entire retina seemed to be normal. Similar protection could be seen by 
PACAP1-27 treatment [ 60 ]. The application of the two widely used PACAP antago-
nists (PACAP6-38, PACAP6-27) led to a more pronounced degeneration, indicating 
that, endogenously present PACAP plays a key role against retinal toxicity [ 60 ]. A 
similar degree of retinoprotection was found using enriched environment, but com-
bining these two neuroprotective strategies (PACAP and enriched environment) did 
not result in increased neuroprotection in excitotoxic retinal injury [ 63 ]. 

 Cell-type specifi c effects of PACAP were shown in MSG-induced retinal degenera-
tion by means of immunohistochemistry. In the MSG-treated retinas, the cell bodies 
and processes in the INL, IPL, and GCL layers displayed less immunoreactivity for 
vesicular glutamate transporter 1 (VGLUT1), tyrosine hydroxylase (TH), vesicular 
GABA transporter (VGAT), parvalbumin, and calretinin. After MSG treatment the 
calbindin-positive horizontal cells did not appear to be affected. In MSG + PACAP1-38 
co-treated retinas, the immunoreactivity patterns were similar compared to the normal 
eyes. These data suggest that PACAP has a general, but not subtype-specifi c protective 
mechanism against glutamate-induced excitotoxic injury in the rat retina [ 64 ]. 

 We also studied potential protective signaling mechanisms in MSG treated reti-
nas. We found that intravitreal administration of PACAP preceding the MSG treat-
ments induced signifi cant increases in the phosphorylation, that is, the activation of 
ERK1/2 and its downstream target, CREB, 12 h after the treatment compared to the 
contralateral untreated eye during the fi rst two treatments, with no further eleva-
tions 24 h after treatments. These results demonstrate that the degenerative effect of 
MSG and the protective effect of PACAP involve complex kinase signaling path-
ways and are related to cAMP/ERK/CREB activation [ 65 ]. Furthermore, after MSG 
treatment proapoptotic signaling proteins such as caspase-3, JNK, apoptosis induc-
ing factor (AIF) and cytochrome-c increased, and some anti-apoptotic proteins 
(phospho- PKA, phospho-Bad, Bcl-xL, 14-3-3) decreased. Co-treatment with 
PACAP1-38 counteracted the MSG-induced apoptotic effects, the level of pro-
apoptotic signals was signifi cantly decreased, while the anti-apoptotic proteins were 
signifi cantly increased [ 65 – 67 ]. A follow-up study confi rmed the anti-apoptotic 
effect of PACAP in MSG-induced retinal lesion of the newborns by reinforcing that 
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PACAP decreased caspase-3 levels and also demonstrating the decreased level of 
caspase-9 [ 68 ]. In addition, we showed that the PACAP antagonist PACAP6-38 
increased cytochrome-c release, caspase-3, JNK activity and decreased phospho-
Bad, phospho PKA, Bcl-xL, 14-3-3 protein activity [ 66 ,  67 ]. These in vivo observa-
tions, similarly to the results of Atlasz et al. [ 60 ], indicating that endogenously 
present PACAP has retinoprotective effects in glutamate-induced excitotoxicity. 

 We studied the short-term functional consequences of MSG treatment in the 
mouse retina. Spontaneous and light-evoked spikes of retinal ganglion cells (RGCs) 
from wild type mice were recorded using a 60-channel multielectrode array. MSG 
remarkably elevated the free intracellular calcium (Ca 2+ ) concentration and also 
increased the spontaneous spiking 4–5 min after drug application. During this time, 
spike correlations between RGC pairs were reduced. However, after 10–15 min of 
MSG application, the spontaneous activity of most RGCs was dramatically reduced 
or totally eliminated. Pretreatment with PACAP1-38 prevented the MSG effects as 
indicated by little or no change in the spontaneous spiking patterns during the course 
of recordings (up to 60 min). Moreover, the Ca 2+  infl ux was noticeably decreased by 
PACAP1-38. In addition, MSG blocked the light-evoked responses of all recorded 
cells. Based on these data, application of PACAP1-38, rescued RGCs from the 
short-term MSG-induced insults [ 69 ]. 

 Kainic acid is a glutamate receptor agonist, which leads to excitotoxic cell death 
in the CNS, including the retina [ 43 ]. It was found that 5 nmol kainic acid caused an 
extensive loss of AMPA/kainate receptors expressing ganglion cells [ 70 ]. Previously 
we showed that microiontophoretically applied PACAP1-38 could block the excit-
atory effects of kainic acid in several brain areas in vivo [ 71 ]. In the rat retina, 
pretreatment with 10 pmol intravitreal PACAP1-38 was neuroprotective against 
kainic-acid induced neurotoxicity, as shown by the attenuated ganglion cell loss [ 43 ]. 

  N -methyl- D -aspartate (NMDA) treatment also leads to similar lesions. A radio-
immunoassay analysis showed that in contrast to VIP, retinal PACAP levels do not 
change after intravitreal NMDA injection, which might be caused by a compensa-
tory upregulation [ 72 ]. A recent study has confi rmed that PACAP-mediated path-
ways are protective in NMDA-induced retinal lesion. Cheng et al. [ 73 ] showed that 
intravitreal NMDA injection led to a decrease in light aversion, and decreases in the 
a and b-waves in the electroretinogram accompanied by a photopic negative 
response. These alterations were reversed by cyclic PACAP1-5 treatment. This 
treatment also resulted in decreased ganglion cell loss and apoptosis assessed by 
TUNEL-staining [ 73 ]. 

 A similar protective effect was described in mice with PACAP1-38, at a concen-
tration of 100 pmol. The PACAP-attenuated NMDA-induced retinal damage in 
mice was associated with modulation of the microglia/macrophage status into an 
acquired deactivation subtype [ 74 ]. NMDA injection led to an increase in microglia/
macrophage number, while PACAP co-administration attenuated this effect in addition 
to the diminished ganglion cell loss. The co-injection of the antagonist PACAP6-38 
counteracted these protective effects and the benefi cial effects were not observed in 
IL-10 knockout mice. PACAP administration also led to elevated expression of the 
mRNA for the protective cytokines IL-10 and TGF-β [ 74 ]. In summary, these results 
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show that acquired deactivation type of the microglia/macrophage cells favors 
neuroprotection in the retina and this is stimulated by PACAP. 

 The question was raised whether these apparent morphological improvements by 
PACAP administration also lead to functional amelioration in MSG-induced retinal 
damage [ 75 ]. Electroretinographic recordings revealed a marked decrease in both 
the b- and a-wave values after MSG treatment, refl ecting the function of the inner 
retinal layers and the photoreceptors, respectively. In retinas receiving intravitreal 
PACAP treatment, these values were signifi cantly increased. Thus, the functional 
outcome, although not parallel with the morphology, was signifi cantly improved 
after PACAP treatment. These observations are important from the clinical point of 
view, showing, that PACAP treatment is able to improve the functional properties of 
the retina in excitotoxic damage [ 75 ].  

    Ischemic Injury in the Retina 

 Retina is one of the most sensitive tissues to hypoxia in the human body. Several 
diseases such as artery occlusion, diabetic retinopathy and high intraocular pressure 
cause hypoperfusion in the retina. Depending on the rat strain, permanent bilateral 
common carotid artery occlusion (BCCAO) leads to reduction in the cerebral blood 
fl ow, causes hypoperfusion-induced biochemical and behavioral changing and also 
produces retinal degeneration [ 76 ,  77 ]. Our research group showed in a series of 
experiments that intravitreal PACAP is highly protective in ischemic retinal lesion. 
We found that BCCAO caused severe damage in all layers of the retina. Two weeks 
after permanent carotid artery ligation, the thickness of the plexiform layers was 
markedly decreased, and as a consequence, the distance between the OLM-ILM 
was signifi cantly less compared to the control retina. In several treated animals, in 
the IPL some dots of about 1 μm in diameter were seen. Based on the relatively even 
distribution, these dots seemed to be degenerating bipolar cell terminals. In addi-
tion, the outer segments of the photoreceptors became shorter, and their structure 
was also damaged after the insult [ 76 ]. Intravitreal PACAP1-38 treatment following 
BCCAO led to a nearly intact appearance of the retinal layers, which is well refl ected 
by the morphometric analysis. The thickness of all retinal layers, but not the number 
of cells in the GCL, was preserved in PACAP1-38 treated animals. PACAP antago-
nist PACAP6-38 signifi cantly attenuated the protective effects of PACAP1-38. 

 In 2010, we provided immunohistochemical description of several retinal cell 
types that were damaged by BCCAO and could be partially or fully rescued by 
intravitreal PACAP1-38 treatment. Using the cell type specifi c markers (VGLUT1, 
TH, VGAT, parvalbumin, calbindin, calretinin, PKCα, and GFAP) marked changes 
were detected after BCCAO, and the alterations observed in the immunostaining for 
all examined antisera were counteracted by intravitreal PACAP1-38 treatment [ 13 ]. 
These studies provided the basis for the promising therapeutic potential of PACAP 
in ischemic retinal diseases [ 78 ]. 

 Subsequent studies confi rmed these original observations. Seki et al. [ 79 ] showed 
that intravitreal PACAP treatment protected ganglion cells against a different kind 
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of ischemic lesion induced by high intraocular pressure. In this model, PACAP 
exerted a bimodal protective effect with peaks at 10 fM and 10–100 pM. The protec-
tive effect was blocked by cAMP antagonist at both high and low protective doses, 
while a MAP kinase inhibitor only blocked the effects of PACAP at a low dose, 
suggesting that the protective effects of PACAP are mediated by different signaling 
at low and high doses [ 79 ]. 

 In a series of studies, we confi rmed these fi ndings and compared the effi cacy of 
several analogs and related peptides to PACAP1-38 [ 80 ,  81 ]. We investigated the 
effects of the following PACAP fragments: PACAP 4-13, 4-22, 6-10, 6-15, 11-15, 
and 20-31 and three related peptides (VIP, secretin, glucagon) in BCCAO-induced 
ischemic retinopathy. We confi rmed that the most effective molecule is PACAP1-38, 
while the other fragments or related peptides did not lead to retinoprotection [ 81 ]. 
The only exception was VIP, which showed retinoprotection in a dose ten times 
higher than that of PACAP [ 80 ]. In addition, our preliminary results demonstrate 
that even in form of eye-drops, PACAP can lead to retinoprotective effects in isch-
emic retinopathy, a route of application with major possible clinical relevance [ 82 ]. 

 In order to elucidate some of the molecular mechanisms, we studied MAP 
kinases and Akt expression as well as cytokines in BCCAO-induced retinal isch-
emia in rats [ 83 ]. We revealed that PACAP treatment alone did not infl uence the 
phosphorylation of Akt or the MAPKs, but decreased the hypoperfusion-induced 
activation of both p38MAPK and JNK and increased the activation of the protective 
Akt and ERK1/2 in hypoperfused retinas. The cytokine profi le dramatically changed 
after BCCAO, with most cytokines and chemokines (such as CINC, CNTF, fractal-
kine, sICAM, IL-1, LIX, Selectin, MIP-1, RANTES, and TIMP-1) increased, a 
result attenuated by PACAP. In addition, PACAP increased the expression of vascu-
lar endothelial growth factor (VEGF) and thymus chemokine. These results pro-
vided further insight into the neuroprotective mechanism induced by PACAP in 
ischemic retinal injuries, showing that PACAP ameliorated hypoperfusion injury 
involving Akt, MAPK pathways and anti-infl ammatory actions [ 83 ]. 

 Whether the morphological amelioration is accompanied by functional improve-
ment was tested using electroretinography (ERG) in another set of experiments 
[ 84 ]. Retinal damage and protective effects of PACAP were quantifi ed by the 
changes in the waveforms and amplitudes. BCCAO-induced functional retinal 
degeneration was already observed on postoperative days 2 and lasted throughout 
the entire observation period. Intravitreal injection of PACAP immediately after 
BCCAO resulted in a more retained retinal function as assessed by average ERG 
waveforms compared to the BCCAO-operated groups on both postoperative 2nd 
and 14th days. ERGs of PACAP-treated ischemic eyes were similar to the intact 
controls in contrast to the ERGs of saline-treated BCCAO retinas. PACAP treatment 
signifi cantly counteracted the ischemia-induced alterations in the amplitudes of 
both the “a” and “b” waves of the ERG on postoperative day 14. The elapse time of 
the major oscillatory potentials (OPs) was reduced in the BCCAO-ischemic group, 
but PACAP treatment led to signifi cant protection. The results confi rm that the pre-
viously described morphological protection induced by PACAP treatment is 
refl ected in functional improvement in ischemic retinal lesions [ 84 ]. 
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 A recent study has revealed several metabolomics changes induced by PACAP in 
ex vivo retinal ischemia induced by sodium azide treatment for various periods of 
time [ 85 ]. PACAP induced several changes in addition to the reduction of ischemia- 
induced cell death, VEGF overexpression, and glutamate release. Apoptosis, as 
evaluated by TUNEL staining, was reduced in the ONL, INL, and GCL. Elevated 
levels of caspase-3 mRNA were also reversed by PACAP treatment. Glutamine, a 
precursor of glutamate, was signifi cantly elevated in ischemic conditions, and 
reversed by PACAP administration. Ischemia is associated with oxidative injury and 
so the authors evaluated the oxidative status of the retinal explants. It was found that 
PACAP had a positive effect on glutathione while it reduced the oxidized glutathi-
one levels, and counteracted the increased gamma-glutamyl cysteins levels with 
accompanying increase of cysteine. The accumulation of pro-infl ammatory factors 
and peroxidized lipids was prevented by PACAP. Three nitric oxide metabolites 
were found to be upregulated in ischemic retinas: arginine, ornithine and citrulline. 
Treatment with PACAP reversed these changes. The signifi cantly decreased level of 
cAMP was restored by PACAP treatment and glycolytic fl ues were normalized pre-
venting the over-accumulation of lactate or promoting the downregulation of the 
glyoxalate antioxidant system. Upregulated inositol levels were also abolished. 
PACAP seemed to promote a shift towards pentose-phosphate pathway while main-
taining higher levels of NADPH compared to ischemic controls. It also led to a 
downregulation of purine metabolism. This study concluded that peptidergic sys-
tems, such as PACAP, deserve attention in treating retinal ischemia [ 85 ]. 

 Thanks to all these results, PACAP is now on the list of potential neuroprotective 
molecules in combating ischemic retinopathy [ 78 ,  86 ].  

    Optic Nerve Injury in the Retina 

 Optic nerve transection is a model of apoptotic neuronal cell death in the adult CNS 
[ 87 ]. Seki et al. [ 88 ] reported that optic nerve trauma resulted approximately 55 % 
loss of cells in the GCL. In this model, the number of cells in the GCL in animals 
treated before the operation with PACAP1-38 at 10 and 100 pmol in 3 μl saline 
(dose-dependent) intravitreally, was signifi cantly increased compared with the con-
trol group on the 14th day after surgery [ 88 ], providing evidence that PACAP is 
protective in this injury model.  

    UV Radiation Injury in the Retina 

 We showed, for the fi rst time, that PACAP protected against two different kinds (dif-
fused and focused) of ultraviolet (UV)-A induced degenerations. Thickness of all lay-
ers as well as the number of cells in the ONL and INL and in the GCL was evaluated 
by standard morphological and morphometrical analyses. After diffuse UV-A 
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irradiation, signifi cant decrease of the number of the cells in the GCL was observed. 
In addition, severe degeneration in the ONL and INL was seen, and the IPL was swol-
len. PACAP1-38 treatment after the UV-A irradiation signifi cantly ameliorated the 
light-induced degeneration, the ONL and INL thickness seemed to be normal, and the 
number of cells in INL, ONL, and GCL was signifi cantly increased [ 89 ]. In a model of 
focused UV-A irradiation, the shape of the laser focus was observed on the retina, tis-
sue gaps were found in the ONL and in the photoreceptor layer, and the IPL was 
reduced. The total thickness of the retina was signifi cantly less than in unaffected areas. 
We observed protective effects of PACAP in all of the different retinal layers [ 90 ]. 

 Succeeding studies confi rmed this effect in several different models. In an 
in vitro model of UV-B irradiation, PACAP was shown to protect RGC-5 retinal 
ganglion cells expressing PAC1 receptors [ 73 ,  91 ]. This effect was mimicked also 
by a cyclic PACAP derivative, cyclic PACAP1-5 [ 73 ]. Furthermore, pretreatment 
with this short derivative effectively blocked apoptosis, maintained structural integ-
rity, and decreased production of reactive oxygen species (ROS). Both PACAP and 
cyclic PACAP1-5 counteracted the UV-B-induced decrease in the protective Bcl-2 
and the increase in the deleterious Bax protein levels [ 73 ].  

    Diabetic Retinopathy in the Retina 

 Our recent studies have shown that PACAP is also protective in diabetic retinopathy 
(DR), a major microangiopathy affecting the vision of diabetic patients. Our fi rst 
results demonstrated that in the early stages of diabetic retinopathy, amacrine cells 
underwent characteristic degeneration, especially the dopaminergic amacrine cells. 
PACAP prevented the typical alterations induced in 1-month diabetes: the degenera-
tion in arborization and synapses of tyrosine-hydroxylase positive dopaminergic ama-
crine cells [ 13 ]. In a rat model of streptozotocin-induced diabetic retinopathy, early 
signs do not include overall changes in thickness of retinal layers, but the decrease in 
the number of ganglion cells and the upregulation of GFAP as a sign of Müller glial 
cell activation, can be observed. These changes were counteracted by three times 
100 pmol/5 μl intravitreal PACAP administration [ 92 ]. Furthermore, the degeneration 
of the photoreceptor outer segments and terminals was attenuated in PACAP-treated 
rats. PACAP increased the levels of PAC1-receptor and TH determined with molecular 
biological methods. These early results suggested a therapeutic potential in DR. 

 Subsequently, our research group and others confi rmed these early fi ndings [ 93 ]. 
Intraocular PACAP injection markedly attenuated diabetic retinal injury: increased 
levels of the anti-apoptotic p-Akt, p-ERK1, p-ERK2, PKC, Bcl-2, while decreased 
levels of the pro-apoptotic p-p38MAPK and activated caspases (8, 3, 12) were detected. 
The number of apoptotic cells increased in all nuclear layers of diabetic retinas, but 
signifi cantly decreased after PACAP treatment. Our results clearly demonstrated that 
the protective effects of PACAP are mediated, at least partly, by  attenuating apoptosis, 
including also that of the dopaminergic amacrine cells [ 93 ]. Our most recent study 
shed further light on this PACAP-induced retinoprotection. Electron microscopic 
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analysis revealed that retinal pigment epithelium, the ribbon synapses and other syn-
aptic profi les suffered alterations in diabetes. However, in PACAP-treated diabetic 
retinas more bipolar ribbon synapses were found intact in the inner plexiform layer 
than in DR animals. The ribbon synapse was marked with C-terminal binding protein 
2 (CtBP2)/Bassoon and formed horseshoe-shape ribbons, which were more retained 
in PACAP-treated diabetic retinas than in DR rats. These results are supported by 
molecular biological data. The selective degeneration of related structures such as 
bipolar and ganglion cells could be ameliorated by PACAP treatment. In summary, 
intravitreal administration of PACAP may have therapeutic potential in streptozotocin-
induced DR through maintaining synapse integrity in the vertical pathway [ 94 ]. 

 D’Amico and coworkers [ 95 ] analyzed the expression of hypoxia-induced fac-
tors (HIF) in DR 3 weeks after the induction of diabetes with streptozotocin. They 
found that the expression of HIF-1α and HIF-2α signifi cantly increased in diabetic 
rats, but not after 1 intravitreal PACAP treatment. Conversely, the expression of 
HIF-3α was signifi cantly downregulated in retinas of diabetic rats, and increased 
after PACAP treatment. These results suggest that the retinoprotective effects of 
PACAP are partially mediated by interfering with the expression of HIFs that play 
an important role in pathological vasculogenesis occurring in DR [ 95 ]. 

 These studies, together with the results demonstrating the effects of PACAP on 
the blood–retinal barrier properties in vitro (see above), show that PACAP has ther-
apeutic potential in DR [ 96 – 98 ]. Several experiments support the effi cacy of PACAP 
treatment in animal models of diabetes-related diseases, such as DR, another major 
microangiopathic complication of diabetes [ 99 ,  100 ]. Thus, PACAP is among the 
emerging molecules to fi ght diabetic complications, similarly to VEGF antagonists, 
antioxidants, anti- infl ammatory agents, and other neuropeptides [ 96 ,  101 ,  102 ]. 

    Retinopathy of Prematurity (ROP) 

 ROP is a major complication in premature newborns. It is a vasoproliferative disorder, 
the main features of which are well depicted in a rat model of oxygen-induced reti-
nopathy. Our preliminary studies have shown that PACAP is able to reverse some of 
the deleterious effects of this retinopathy. Intravitreal PACAP1-38 treatment amelio-
rated the vascular extent of the retinopathic eyes without alterations in vessel morphol-
ogy. Moreover, cytokine expression profi les indicate that PACAP may block the new 
vessel formation and have a positive infl uence on the remodeling of the tissue [ 103 ].  

    Studies in PACAP and Receptor Gene Modifi ed Animals 

 We have described that although PACAP defi cient mice have normal retinas at 
young age, aging signs appear earlier than in their wild-type mates [ 104 ]. As it has 
been shown in numerous models, PACAP knockout (KO) mice are more 
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vulnerable to different types of tissue injuries from ischemia to oxidative stress 
and even trauma [ 105 ]. In our experiments, PACAP KO mice that underwent 
10 min of BCCAO followed by 2-week reperfusion period had signifi cantly greater 
retinal damage, as shown by the thickness of the whole retina, the morphometric 
analysis of the individual retinal layers, and the cell numbers in the INL and GCL. 
Exogenous PACAP administration could partially protect against this retinal 
degeneration in the KO mice. These results clearly show that endogenous PACAP 
reacts as a stress-response peptide that is necessary for endogenous protection 
against different retinal insults [ 106 ]. 

 The higher vulnerability of PACAP defi cient mice against lesions was confi rmed 
by another study by Endo et al. [ 107 ]. The authors found, in accordance with our 
results, that under normal circumstances, there was no difference in the number of 
retinal ganglion cells in heterozygous PACAP defi cient mice and wild-type counter-
parts [ 107 ]. However, when these mice were subjected to NMDA-induced toxicity, 
PACAP heterozygous mice reacted with increased loss of ganglion cells [ 107 ]. The 
number of apoptotic cells, as measured by TUNEL staining, peaked on day 1 in 
heterozygous mice, while the peak was on day 3 in wild types, suggesting that apop-
totic cell death began earlier in mice defi cient in PACAP. These effects were reversed 
by simultaneous injection of PACAP in heterozygous mice. These results confi rm 
that endogenous PACAP is protective in the retina and prove that even partial loss 
of PACAP-driven neuroprotection decreases resistance against harmful effects 
[ 107 ]. Our recent, preliminary results also confi rm that endogenous PACAP is pro-
tective in lipopolysaccharide (LPS)-induced retinal infl ammation, as shown by the 
increased infl ammatory status of PACAP KO. Twenty-four hours after LPS treat-
ment several cytokines and chemokines showed signifi cant increase in the PACAP 
knockout mice compared to the normal, wild types [ 108 ]. 

 Little is known about retinal morphology or function in mice with PAC1 receptor 
abnormalities. Engelund and coworkers [ 109 ] described that pupillary light refl ex 
was altered in PAC1 receptor knockout mice. The fi nding that PACAPergic signal-
ing is essential for normal retinal development is also confi rmed by studies with 
transgenic mice. It was described by Lang et al. [ 110 ] during development that over-
expression of the PAC1 receptor led to an early exit from retinal proliferation, 
reduced signaling of GABAergic neurons. Furthermore, this led to decreased visual 
function [ 110 ]. These data show that a proper balance of PACAP signaling is 
required for appropriate retinogenesis and visual acuity.  

    Studies in Tumor Cells 

 PACAP can exert different effects in cells derived from various sources and espe-
cially from tumors. While in most cell types PACAP is protective, in some tumors 
it exerts toxic effects [ 111 ]. Furthermore, PACAP6-38 is in most cell types an antag-
onist, it can also behave as an agonist in some, tumorous and even non-tumorous, 
cells [ 112 ,  113 ]. Retinoblastoma is a malignant tumor of retinal progenitor cells. 
Human retinoblastoma cells are known to express PACAP receptors [ 114 ]. In Y79 

T. Atlasz et al.



521

retinoblastoma cells, PACAP1-38 did not infl uence cell survival at nanomolar con-
centrations, but at 1–5 μM concentrations, it reduced survival [ 115 ]. Interestingly, 
PACAP1-27 and maxadilan had negligible effects, while two membrane- penetrating 
analogs of PACAP also decreased cell viability. The authors also revealed that this 
cytotoxic effect might be via an interaction of p38, MEK1/2, and JNK signaling, 
because inhibitors of these pathways led to an even more expressed cytotoxicity 
[ 115 ]. These results suggest that high concentrations of PACAP1-38 might lead to a 
transmembrane penetration and lead to direct cytotoxicity at sites other than the 
conventional PACAP receptor-mediated signaling.      
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    Chapter 31   
 Pituitary Adenylate Cyclase-Activating 
Polypeptide in the Auditory System                     
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    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuro-
peptide with well-known neurotrophic, neuroprotective, antioxidant, and antiapop-
totic effects. It also exerts protective effects in sensory organs, such as visual and 
olfactory system. In this review we present data regarding the localization and 
effects of PACAP in the auditory system. PACAP and its specifi c receptor (PAC1-R) 
are present in the organ of Corti in hair cells, supporting cells, and different nerve 
fi bers. They are also present in the spiral ganglion showing co-localization with 
efferent fi bers of glutamatergic and adrenergic pathways, probably directly affect-
ing the efferent signal transduction in the inner ear. PACAP and its specifi c receptor 
also occur in the stria vascularis suggesting a role in endolymph production; fur-
thermore, they are present in central pathways of the auditory system such as the 
cochlear nuclei, superior olivary complex, inferior colliculus, and medial geniculate 
body. PAC1-receptor is also present in the inner ear in PACAP-defi cient mice, 
occurring at the same localization but with altered expression compared to wild- 
type mice. PACAP protects hair cells from H 2 O 2 -induced apoptosis in chicken inner 
ear cell cultures in vitro, and the lack of PACAP affects the Ca 2+ -binding protein 
expression in hair cells in PACAP-defi cient mice under control circumstances and 
after ototoxic drug treatment.  
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  Abbreviations 

   AC    Adenylate cyclase   
  ApoD    Apolipoprotein D   
  ApoJ    Apolipoprotein J   
  Bad    bcl-2-associated death promoter   
  Bax    bcl-2-like protein 4   
  Bcl    B-cell lymphoma   
  ChAT    Choline acetyltransferase   
  CREB    cAMP response element-binding protein   
  DBH    Dopamine β-hydroxylase   
  HZ    Heterozygous PACAP-defi cient mice   
  ERK    Extracellular-signal-regulated kinase   
  GluR2/3    Glutamate receptor 2/3   
  JC-1    5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimi- dazolylcarbocyanine 

iodide   
  JNK    c-Jun N-terminal kinase   
  LW    Lateral wall   
  MNTB    Medial nucleus of trapezoid body   
  MTT assay    Colorimetric assay for assessing cell metabolic activity   
  nNOS    Neuronal nitric oxide synthase   
  OC    Organ of Corti   
  p38MAPK    p38 mitogen-activated protein kinases   
  P5    5th postnatal day   
  P7    7th postnatal day   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PACAP KO    Homozygous PACAP-defi cient mice   
  PACAP38    1-38 Amino-acid isoform of PACAP   
  PAC1-R    PAC1-receptor   
  PKA    Protein kinase A   
  PLC    Phospholipase C   
  ROS    Reactive oxygen species   
  RT-PCR    Reverse transcription-polymerase chain reaction   
  SG    Spiral ganglion   
  SOC    Superior olivary complex   
  VIP    Vasoactive intestinal polypeptide   
  WT    Wild type mice   

        Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is known as a general 
cytoprotective factor. It protects neuronal and non-neuronal cells against various 
injuries and also exerts protective effects in sensory organs (Chaps. 29 and 30). In 
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this review we summarize the experiments on the effects of PACAP in the auditory 
system. We describe the occurrence of PACAP, and its specifi c receptor, PAC1- 
receptor (PAC1-R), in the cochlea [ 1 – 3 ] and in the central pathways of the auditory 
system [ 4 – 6 ]. We also present the changes in PAC1-receptor expression in the inner 
ear of PACAP-defi cient mice [ 7 ]. Thereafter, we discuss the functional changes in 
the inner ear related to PACAP. We summarize the effects of PACAP on the endo-
lymph composition [ 8 ], on apoptosis in chicken inner ear cell cultures in vitro [ 9 ], 
and its effects on Ca 2+ -binding protein expression in hair cells [ 7 ,  10 ].  

    PACAP and PAC1-R in the Cochlea 

 Kawano et al. [ 3 ] studied the expression of PACAP mRNA in the cochlea of Wistar 
rats using RT-PCR and in situ hybridization techniques. The RT-PCR primers 
designed against PACAP mRNA yielded the expected 553 bp RNA sequence. In 
situ hybridization returned cytoplasmic labeling, in most cells of the spiral ganglion 
and in the marginal cells of stria vascularis in the lateral wall. 

 Abu-Hamdan et al. [ 1 ] investigated the expression of PACAP and different splice 
variants of PAC1-R in rat cochlea. They divided the cochlea into three subfractions, 
such as organ of Corti (OC), spiral ganglion (SG), and lateral wall (LW) (Fig.  31.1 ). 

  Fig. 31.1    Schematic drawing of the cochlea showing lateral wall (LW), organ of Corti (OC), and 
spiral ganglion (SG) subfractions       
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They were working with ACI Black Agouti (Harlan Sprague-Dawley) rats of both 
sexes. First they examined the expression of PACAP in the cochlea of 20-day-old 
rats using RT-PCR. Amplifi cation products of predicted size were present in all 
three cochlear subfractions. For PAC1-R all the three subfractions contained mRNA 
for the short splice variant (~842 bp) of the third intracellular loop. Additional 
amplifi cation products were found in the LW fraction, which represents other splice 
variants such as formerly known hop1, hop2, hip, and a new hop1 variant with a 
193 bp deletion in the carboxyl-terminal corresponding region. Western blot tech-
nique confi rmed the presence of PAC1-R short splice variant in 6-week-old rats 
with a ~53 kDa band in all three subfractions and a ~49 kDa in the LW fraction, 
which might represent the novel hop1 variant. Hip-hop1 or hip-hop2 variants were 
not present in the cochlear subfractions based on sequencing results. The primers 
designed against the amino terminus corresponding region showed the presence of 
one amplifi cation product at ~500 bp in all three subfractions in accordance with 
previously described sequences [ 11 ]. This was also confi rmed by Western blot, 
showing a band at ~70 kDa in all three subfractions. Additionally they found a new 
variant in the OC subfraction with a 7-amino acid deletion. There were no amplifi -
cation products indicating the presence of other, previously described splice vari-
ants [ 12 ,  13 ]. Further Western blot examinations suggested that PAC1-R splice 
variants are glycosylated in LW and OC subfractions.

   They also used immunohistology in the LW subfraction in 2-month-old rats 
where PACAP and PAC1-R were found mainly in the stria vascularis. The immuno-
reactivity increased from basal to apical turns. Immunoreactivity is shown in the 
basolateral extension of marginal cells as predicted from earlier in situ hybridization 
of the mRNA of PACAP preprotein by Kawano et al. [ 3 ]. No PACAP immunoreac-
tivity was detected in the apical membrane of the marginal cells, basal cells, capil-
laries, nor in fi broblasts of the spiral ligament. PAC1-R was associated with the 
basolateral extension of the marginal cells in the stria vascularis. PAC1-R immuno-
reactivity was also present in the capillary endothelium, and between the marginal 
cells close to the apical surface in the region of tight junctions. However, there was 
no PAC1-R immunoreactivity either in the basal cells or in the apical membrane of 
the marginal cells. The co-expression of PACAP and its receptor on the marginal 
cells suggests an autocrine/intracrine mechanism of PACAP which was described 
earlier in several other cell types [ 14 ]. PACAP either might be secreted from the 
marginal cells or could enter from blood plasma. The activation of PAC1-R in the 
lateral membranes of marginal cells may lead to the activation of protein kinase A 
(PKA), which mediates the phosphorylation of claudin-3, which is a protein respon-
sible for tight-junction integrity [ 15 – 17 ]. This can affect tight junction functions, 
which play a role in cell permeability, polarity, and possibly also establishing the 
endolymphatic potential. The proximity of K +  channels to PAC1-R suggests the role 
of PACAP in the regulation of the K +  transport by affecting the IsK K + -channels at 
the apical and Na + -K + -Cl - -cotransporter and/or Na + -K + -ATPase at the basolateral 
extensions of the marginal cells through the cAMP-PKA signaling pathway [ 15 ]. 

 Drescher et al. [ 2 ] examined the localization of PACAP, PAC1-R, and several 
afferent and efferent neuronal markers [choline acetyltransferase (ChAT), gluta-
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mate receptor 2/3 (GluR2/3), dopamine β-hydroxylase (DBH)] with immunohisto-
chemistry in the cochlea of 2-month-old ACI Black Agouti rats. Their aim was to 
show the localization of PACAP and PAC1-R in the organ of Corti (Figs.  31.2 ,  31.3 , 
and  31.4 ) and spiral ganglion, and elucidate the role of PACAP in the afferent and 
efferent signaling of the inner ear.

     PACAP was found at the base of outer hair cells in the basal and middle turns, in 
small-caliber nerve fi bers under and lateral of inner hair cells forming an efferent 

  Fig. 31.2    Localization of PACAP and PAC1-R in the organ of Corti in the apical turn of the 
cochlea. PACAP immunoreactivity: cup under the inner hair cell (#), between inner hair cell and 
inner pillar cell (+), reticular lamina at the outer hair cell region (¤), Hensen’s cell region (×). 
PAC1-R immunoreactivity: sites at the apical part of the outer hair cells (*), inverted V form at the 
apical site of the inner hair cell (^), base of the outer hair cells ( o ), reticular lamina in the outer and 
inner hair cell regions (¤), Hensen’s cell region (x), Claudius’ cell region (o).  green circle : colocal-
ization with GluR2/3;  purple circle : colocalization with ChAT;  brown circle : colocalization with 
DBH       

  Fig. 31.3    Localization of PACAP and PAC1-R in the organ of Corti in the middle turn of the 
cochlea. PACAP immunoreactivity: cup under the inner hair cell (#), between inner hair cell and 
inner pillar cell (+), base of the outer hair cells ( o ). PAC1-R immunoreactivity: sites at the apical 
part of the outer hair cells (*), base of the outer hair cells ( o ), inverted V form at the apical site of 
the inner hair cell (^).  purple circle : colocalization with ChAT;  brown circle : colocalization with 
DBH       
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cup in all three turns. ChAT showed colocalization with PACAP in these regions 
and in the middle turn they also showed colocalization with DBH. PACAP immu-
noreactivity was found in small-caliber nerve fi bers approaching and crossing the 
habenula perforata, and at the apical sites of the outer hair cells in the basal turns. 
The fi bers at the apical sites of the outer hair cells may represent PACAP containing 
efferent fi bers. PACAP was also present in the reticular lamina at the outer hair cell 
region and in the Hensen’s cell region in the apical turn (Figs.  31.2 ,  31.3 , and  31.4 ). 
Colocalization of PACAP and ChAT was also shown in the intraganglionic efferent 
fi bers of the spiral ganglion. PACAP also showed colocalization with DBH, in simi-
lar regions, refl ecting probably adrenergic neurons. Strong PACAP immunostaining 
was found in the cochlear nerve in the axons of afferents leaving the spiral ganglion 
(Fig.  31.1 ), corresponding to previous PACAP preprotein mRNA fi ndings of 
Kawano et al. [ 3 ]. Although type I axons had high immunoreactivity the cell bodies 
showed low density of immunoreactivity which suggests afferent axonal transport 
of PACAP in these cells, presumably to modulate excitatory amino acid release at 
the axon terminals of the afferent cells in the cochlear nucleus. The efferent intra-
ganglionic spiral bundle showed also PACAP immunoreactivity. These small- 
caliber nerve fi bers were overlapping type I/II afferent cell bodies and showing 
colocalization with ChAT. 

 PAC1-R immunoreactivity was found in small-caliber nerve fi bers approaching 
the habenula perforata in the basal turn. It was also found as an inverted V form at 
the apical site of the inner hair cells in all three turns, showing colocalization with 
GluR2/3 in the basal and with DBH in the apical turns. PAC1-R was also found at 
the base and at the apical part of the outer hair cells in all three turns, at the base 
colocalizing with Glu2/3 in the basal and apical turns. It was also found in nerve 

  Fig. 31.4    Localization of PACAP and PAC1-R in the organ of Corti in the basal turn of the 
cochlea. PACAP immunoreactivity: cup under the inner hair cell (#), lateral from inner hair cell 
(+), base of the outer hair cells ( o ), apical part of the outer hair cells (*), habenula perforata ( fi lled 
triangle ). PAC1-R immunoreactivity: sites at the apical part of the outer hair cells (*), inverted V 
form at the apical site of the inner hair cell (^), habenula perforata ( fi lled triangle ), base of the outer 
hair cells ( o ), apical site of Deiters’ cells (§), head of the inner and outer pillar cells (P), diagonal 
fi bers under the inner hair cell (S).  green circle : colocalization with GluR2/3;  purple circle : colo-
calization with ChAT       
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fi bers at the head of the inner and outer pillar cells in the basal turn also colocalizing 
with GluR2/3. It was also found in the reticular lamina in the outer hair cell regions 
in the apical turn, showing colocalization with DBH, and in diagonal fi bers under 
the inner hair cell in the basal turn. Regarding the supporting cells there was PAC-1R 
immunopositivity at the apical site of Deiters’ cells in the basal turn (GluR2/3 colo-
calization), and in the Hensen’s and Claudius’ cell region in the apical turns colocal-
izing with DBH (Figs.  31.2 ,  31.3  and  31.4 ). PAC1-R immunoreactivity was found 
in type I afferent cells in the spiral ganglion, in small-caliber nerve fi bers in the 
spiral limbus, and in the cochlear nerve. 

 PACAP showed colocalization with ChAT and DBH in the efferent cholinergic 
and adrenergic fi bers suggesting that PACAP acts as an efferent neuromodulator in 
the inner ear. It is known that type I afferents of the inner hair cells get cholinergic 
and partially dopaminergic afferentation from lateral olivocochlear fi bers [ 18 ,  19 ]. 
Dopamine acts as a protective neurotransmitter in case of excitotoxicity for type I 
afferents [ 20 ,  21 ] and PACAP is able to upregulate dopaminergic functions [ 22 ]. 
Drescher et al. [ 2 ] showed more evidence for the previous fi ndings of Spoendlin 
[ 23 ], that adrenergic efferent innervation is also present in different sites of the 
organ of Corti, such as supranuclear sites of inner and outer hair cells, and Deiters’ 
and Hensen’s cell regions. PACAP is associated with adrenergic nerve terminals 
[ 24 ] and takes part in the modifi cation of adrenergic functions [ 25 ]. 

 Glutamate is the primary neurotransmitter in the cochlea [ 18 ,  26 ] and the release 
of glutamate in acoustic trauma/ischemia may lead to cell death and destruction of 
the afferent nerve endings [ 27 ,  28 ]. Morio et al. [ 29 ] showed that in neuronal cells 
PACAP suppressed glutamate-induced cell death. Drescher et al. [ 2 ] demonstrated 
the presence of PAC1-R in cell bodies and dendrites of type I afferent cells in the 
spiral ganglion. It also showed colocalization with GluR2/3 under the outer hair 
cells in the organ of Corti suggesting that PACAP interacts directly with glutamate- 
mediated signal transduction in the auditory system. Based on these fi nding PACAP 
may prevent glutamate-induced cell death in the inner ear upon various insults. 

 Our research group examined the inner ear of wild type (WT), heterozygous 
(HZ) and homozygous PACAP-defi cient (KO) mice [ 7 ]. The gross anatomical mor-
phology of PACAP-defi cient mice is similar to the WT mice, but they maintain an 
increased vulnerability against various insults and have an altered behavior, 
decreased reproductive function and several biochemical alterations [ 30 ]. Partial 
lack of PACAP also leads to higher vulnerability of heterozygous PACAP-defi cient 
mice [ 31 – 35 ]. We used hematoxylin-eosin staining to show the microscopic struc-
ture of the inner ear, and immunofl uorescent staining against PAC1-R. The mor-
phology of the inner ear showed no differences between the homozygous 
PACAP-defi cient and WT mice. Our research group found PAC1-R immunopositiv-
ity in both inner and outer hair cells, outer phalangeal cells (Deiters’ cells), and 
pillar cells in accordance with the previous results of Kawano et al. [ 3 ], Abu- 
Hamdan et al. [ 1 ] and Drescher et al. [ 2 ]. The localization of PAC1-R immunoreac-
tivity did not show any differences between homozygous PACAP-defi cient and WT 
mice, but in PACAP-defi cient mice the hair cells and outer phalangeal cells showed 
lower intensity of PAC1-R immunoreactivity compared to WT mice.  
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    PACAP in the Brainstem and Thalamus 

 Hannibal [ 4 ] used mouse monoclonal antibody to show PACAP immunoreactivity 
in the adult rat brain (Fig.  31.5 ). The cell bodies and nerve fi bers of the cochlear 
nuclei (especially the ventral cochlear nuclei) showed moderate PACAP expression. 
Furthermore the root of the cochlear nerve showed also PACAP immunoreactivity. 
The deep layer of inferior colliculus contained also weak PACAP positive cell bod-
ies and nerve fi bers. Nerve fi bers showed weak PACAP immunoreactivity in the 
medial geniculate body (Fig.  31.5 ). Palkovits et al. [ 36 ] also found PACAP in the 
inferior colliculus and medial geniculate nucleus in human brain samples with 
radioimmunoassay examination.

   Kausz et al. [ 5 ] found PACAP immunoreactive cell bodies in the dorsal and ventral 
cochlear nucleus, superior olivary complex (SOC), and trapezoid nucleus (Fig.  31.5 ). 
Reuss et al. [ 6 ] described the localization of PACAP, vasoactive  intestinal polypeptide 

Medial geniculate body

Inferior colliculus

Dorsal cochlear nucleus

Ventral cochlear nucleus

Superior olivary
complex

Trapezoid body

Inferior olive

Pyramidal tract

  Fig. 31.5    Schematic picture of the auditory pathway showing the occurrence of PACAP in the 
brainstem and thalamus. PACAP immunoreactivity was present in cell bodies and nerve fi bers of 
dorsal and ventral cochlear nuclei. It was also found in several parts of the superior olivary com-
plex (SOC), such as the medial nucleus of the trapezoid body (MNTB), medial superior olive, 
ventral nucleus of the trapezoid body. PACAP immunopositive cell bodies were also found in the 
inferior colliculus, and PACAP immunoreactive nerve fi bers in the medial geniculate body       
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(VIP), neuronal nitric oxide synthase (nNOS) and other neurotransmitters in the SOC 
in adult male Djungarian hamsters (phodopus sungorus) using immunohistochemistry 
and retrograde tracing. PACAP immunoreactivity was found in approximately one third 
of all neurons, whereas VIP was not present in the neurons of the SOC. PACAP was 
present in many large neurons of the medial nucleus of the trapezoid body (MNTB) and 
in the medial superior olive. These cells are suggested to project to the lateral superior 
olive, periolivary regions, and inferior colliculus [ 37 ]. The large PACAP-immunopositive 
neurons of the medial superior olive were also nNOS positive. One fourth of all neurons 
contained PACAP in the lateral superior olive and in the periolivary regions. 40 % of the 
olivocochlear neurons, which were positive with fl uorochrome after the retrograde trac-
ing in MNTB and ventral nucleus of the trapezoid body, were also positive for PACAP, 
such as some periolivary neurons (Fig.  31.5 ). Therefore, these cells could serve as the 
origin of PACAP found in the cochlea by Kawano et al. [ 3 ]. PACAP was found in the 
medial olivocochlear efferents, which target the outer hair cells, but not in the lateral 
olivocochlear efferents, which target the inner hair cells. This further substantiates the 
theory of Drescher et al. [ 2 ] that PACAP plays a greater role in the efferent signaling of 
the cochlea, and through it an indirect effect on the afferent signaling.  

    Functional Studies 

    Effects of PACAP on the Endolymph Composition 

 Our research group examined the protein composition of chicken endolymph after 
PACAP38 treatment [ 8 ]. We treated 1-day-old chicken with intraperitoneal 
PACAP38 injection. Endolymph was collected 1, 6, and 24 h after PACAP38 injec-
tion. Then we removed the membranous labyrinth and the endolymph was squeezed 
to a sterile paper strip. Then we utilized microchip electrophoresis using protein 230 
Plus LabChip Kit evaluated with Agilent 2100 Bioanalyzer System [ 8 ]. 

 Endolymph, which fi lls the membranous labyrinth, is produced in the stria vas-
cularis, it is rich in potassium and poor in sodium. However, perilymph, which fi lls 
the scala tympani and vestibuli, is rich in sodium and poor in potassium. Although 
endolymph is derived from the plasma, its composition resembles more the compo-
sition of the intracellular fl uid. Endolymph affects several physiological and patho-
logical functions of the labyrinth [ 38 ,  39 ]. Several neuropeptides have an infl uence 
on endolymph secretion, e.g., substance P, vasopressin, and somatostatin [ 40 ,  41 ]. 
Abu-Hamdan et al. [ 1 ] described the presence of PACAP and PAC1-R in the stria 
vascularis. The expression of the peptide and its receptor increases from basal to 
apical turns. Basal-apical gradient of other components, such as the endolymphatic 
potential [ 42 ] and endolymphatic K +  and Cl −  concentrations [ 43 ] in the cochlea had 
already been described. The gradient present in both PACAP and PAC1-R might be 
partly the cause for these gradients, as they could contribute to the maintenance of 
endolymphatic potential through regulating the tight junction permeability in the 
stria vascularis. Based on these results we aimed at elucidating the role of PACAP 
in endolymph production. 
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 However, there are no data for the protein composition of chicken endolymph, it 
is well described in other species. It has been studied mostly in human and guinea 
pigs samples. It yields a complex protein composition containing albumin, 
α-chymotrypsin, α-antitrypsin, transferrin, apolipoprotein D (ApoD), apolipopro-
tein J (ApoJ), fetuin, and other proteins. The composition of these proteins is similar 
to the perilymph, but the level of proteins is approximately the 15–20 % of the peri-
lymph levels. That could be based on the mechanism of production, such as the 
proteins of the endolymph are fi ltered from the perilymph through the basal and 
marginal cells of the spiral ligament. Endolymph is rich in ApoD and ApoJ proteins 
which are at higher levels in the perilymph and liquor but low in the blood plasma. 
Their function is presumably to protect the integrity of the extracellular membranes 
bordering the endolymphatic space. 

 In our experiment we found several protein peaks between 14 and 80 kDa, the 
range where the majority of the above mentioned proteins are located. There was no 
signifi cant difference between control and PACAP-treated groups at any given time. 
Based on these results we can conclude that under the given circumstances there was 
no change on the composition of the endolymph proteins after PACAP treatment. 
However, these negative fi ndings can be a consequence of the chosen circumstances. 
We could not exclude that other species, route of PACAP administration or applied 
dose would cause signifi cant changes in the protein composition of the endolymph.  

    Effects of PACAP on Apoptosis in an Inner Ear Cell Culture 
In Vitro 

 Although physiological apoptosis is essential in the development of the inner ear, 
increased apoptosis, caused by toxins, acoustic overstimulation, oxidative stress, 
infections, etc., leads to permanent cell damage and loss of hearing [ 44 ,  45 ]. Oxidative 
stress is highly involved in these pathological conditions, hence antioxidative and 
antiapoptotic drugs, among others PACAP [ 46 – 48 ], could be used as inner ear pro-
tecting factors [ 49 ,  50 ]. Our research group studied the effects of PACAP on apopto-
sis in a chicken in vitro cell culture model [ 9 ] which contained both sensory hair cells 
and supporting cells. We used 6 series of 40 newly hatched chickens for this study. 
Chicken cochlea is simpler and easier to dissect, therefore, a favorite model for 
cochlear experiments, since the reactive oxygen species (ROS) generation and apop-
totic reaction to toxic agents (e.g., aminoglycoside) is similar to mammals [ 51 – 53 ]. 
We used H 2 O 2  as a ROS generating molecule for causing cell death via oxidative 
stress. Treatment lasted 2 hours, and evaluation followed immediately thereafter. 

 MTT assay showed that there were more than 90 % living cells in the control 
group and PACAP treatment alone did not result in signifi cant alterations. It also 
showed that H 2 O 2  treatment led to a signifi cant drop in cell viability and an increase 
in the number of apoptotic and necrotic cells. Cell viability signifi cantly increased 
when H O -treated cells were co-incubated with PACAP. JC-1 assay is for the detec-
tion of apoptosis, and this staining also showed higher cell viability in case of H 2 O 2  
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and PACAP co-administration compared to H 2 O 2  treatment. AnnexinV and propid-
ium iodide co-staining verifi ed these results: co-administration of PACAP with 
H 2 O 2  resulted in a signifi cant increase of living cells, and signifi cant decrease of 
apoptotic cells compared to the H 2 O 2 -treated group. There was also a decrease in the 
number of necrotic cells compared to the H 2 O 2 -treated group, but the difference was 
not signifi cant. The protected cells are suggested to be primarily sensory hair cells, 
as the used H 2 O 2  concentration causes damage to the hair cells with no injury to 
other neuroepithelial cells [ 54 ]. 

 These antiapoptotic effects of PACAP were verifi ed by the regression of the acti-
vation of the caspase-3 apoptotic protein in case of PACAP and H 2 O 2  co-treatment 
compared to the H 2 O 2 -treated cells. The protective effect of PACAP is based on 
several molecular signaling pathways. Most of these effects is mediated by PAC1-R 
[ 55 ,  56 ]. PAC1-R activates adenylate cyclase (AC) and phospholipase C (PLC). AC 
activation leads to the activation of the PKA signaling pathways resulting in the 
elevation of the antiapoptotic extracellular-signal-regulated kinase (ERK), phos-
phorylation of cAMP response element-binding protein (CREB), and inhibition of 
proapoptotic c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein 
kinases (p38MAPK). PACAP also affects the intrinsic mitochondrial pathway of 
apoptosis, through activation of the antiapoptotic members of the Bcl peptide family 
(Bcl-2, Bcl-xL) and inhibition of the proapoptotic Bad, Bax. These effects are mod-
erated partly through the 14-3-3 protein, which phosphorylates Bad, therefore, it is 
not able to bind and inactivate Bcl-2 and Bcl-xL. These effects result in decreased 
release of cytochrome  c  from the mitochondria, which also results in the inhibition 
of apoptosis. PLC activation leads to decreased caspase activation through inositol 
trisphosphate and diacylglycerol pathways. The antiapoptotic effects and the inhibi-
tion of caspase-3 activation could provide the molecular background, how PACAP 
can protect the inner ear cells against glutamatergic excitotoxicity, aminoglycoside, 
or other drug effects, during acoustic overstimulation or in other pathological 
conditions.  

    Effects of PACAP on Ca 2+ -Binding Protein Expression 
of Hair Cells 

 We investigated the effects of endogenous PACAP on hair cell Ca 2+ -binding protein 
composition under control circumstances and in kanamycin induced ototoxicity [ 7 , 
 10 ]. The Ca 2+ -concentration in the endolymph and the intracellular Ca 2+  concentra-
tion in the hair cells are strictly regulated and important for normal hearing processes 
[ 57 ]. Several pathological conditions lead to elevated Ca 2+  concentration in endo-
lymph and hair cells, such as acoustic overstimulation [ 58 ,  59 ], drug induced ototox-
icity [ 60 ], vestibular labyrinth destruction [ 57 ], and surgically induced endolymphatic 
hydrops [ 61 ]. The subsequent high intracellular Ca 2+  concentration is toxic to cells 
[ 62 ,  63 ]. Ca 2+ -buffering proteins (calretinin, parvalbumin, calbindin, etc.) presum-
ably play an essential role in regulating the Ca 2+  level of hair cells and may protect 
them against the toxic effects of high intracellular Ca 2+  concentration [ 64 – 68 ]. 

31 Pituitary Adenylate Cyclase-Activating Polypeptide in the Auditory System



540

 We used 5-day-old (P5) and 7-day-old (P7) WT, HZ, and PACAP KO mice in the 
experiments. We chose this age group because the development of the inner ear of 
mice still goes on during this period of time and all three Ca 2+ -binding proteins are 
present in the inner and outer hair cells on these postnatal days based on previous 
studies in various animal species [ 65 ]. To model toxic insults to the inner ear we 
chose kanamycin as an ototoxic agent. It is a member of the aminoglycoside antibi-
otics, which are widely used in the clinical practice together with the platinum based 
chemotherapeutics although possibly causing permanent cochlear damage [ 69 ]. 
Kanamycin causes hair cell damage mainly through ROS production; hence anti-
oxidant and antiapoptotic drugs (such as PACAP) can be possibly used as otoprotec-
tive agents [ 69 ,  70 ]. 

 We used immunofl uorescent staining against Ca 2+ -binding proteins on sections 
produced from the cochlea on P5 and P7. Mice sacrifi ced on P5 did not receive any 
treatment, mice sacrifi ced on P7 were treated with one dose of kanamycin (1 mg/g 
body weight) or physiological saline as a control on P5. The localization of parval-
bumin, calretinin, and calbindin was in accordance with previously described results 
and did not show any differences between the groups. However, we found signifi -
cant alterations in the Ca 2+ -binding protein density. All three Ca 2+ -binding proteins 
showed stronger immunopositivity in the hair cells of homozygous PACAP-defi cient 
mice, than in WT mice on P5. We found similar results for parvalbumin (Fig.  31.6a, e ) 
and calretinin (Fig.  31.7 :a, e) on P7 in the physiological saline treated groups (cal-
bindin was not examined on P7). Parvalbumin and calretinin immunopositivity was 
especially pronounced in the hair bundles of the hair cells. Heterozygous PACAP-
defi cient animals in the physiological saline group also showed higher expression of 
calretinin (Fig.  31.7a, c ) in inner and outer hair cells, and higher expression of par-
valbumin in the outer hair cells compared to WT mice (Fig.  31.6a, c ) on P7.

    Parvalbumin expression in the hair cells of both WT and heterozygous PACAP- 
defi cient mice was elevated after kanamycin treatment on P7, and the expression was 
signifi cantly higher in the heterozygous PACAP-defi cient mice, compared to WT 
mice (Fig.  31.6a–d ). The baseline stronger parvalbumin immunopositivity of homo-
zygous PACAP-defi cient mice did not increase further upon kanamycin treatment 
(Fig.  31.6e, f ). Calretinin immunolabeling yielded similar results in WT and homozy-
gous PACAP-defi cient mice (Fig.  31.7a, b, e, f ) on P7 as parvalbumin. Heterozygous 
PACAP-defi cient mice, similarly to homozygous PACAP-defi cient mice showed high 
immunoreactivity of calretinin under control circumstances; therefore, after kanamy-
cin treatment this higher baseline immunofl uorescence did not increase further 
(Fig.  31.7c, d ). 

 Apoptosis is caused by ROS generation in aminoglycoside induced ototoxicity, 
and leads to cell death through an extrinsic, death-receptor-mediated pathway and 
an intrinsic, mitochondria-mediated pathway [ 69 ,  71 ]. In case of aminoglycoside- 
induced ototoxicity the intrinsic pathway has a greater role by activating G proteins 
followed by stress-activated protein kinase activation (JNK). Subsequently cyto-
chrome  c  release, caspase-8 and 9 activation and elevation of intracellular Ca 2+  
concentration follows [ 62 ,  63 ]. The elevation of Ca 2+  concentration and the activa-
tion of proapoptotic pathways can be prevented by increased expression of Ca 2+ -
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binding proteins. When the buffer capacity of the Ca 2+ -binding proteins reaches its 
maximum the intracellular Ca 2+  concentration increases and leads to the activation 
of apoptotic pathways [ 72 ]. 

 Although the direct effect of PACAP is to elevate the intracellular Ca 2+  concen-
tration through PLC signaling [ 73 ] it was also shown in hippocampal neurons that 
PACAP can protect the cells against the glutamate-induced toxic Ca 2+  concentration 
elevation [ 74 ]. Our results show that in the lack of PACAP the Ca 2+ -binding protein 
expression increases in the inner and outer hair cells, which is a probable endoge-
nous compensatory mechanism against the elevated Ca 2+  level in the hair cells 
caused by the lack of PACAP. However, the elevated Ca 2+ -binding protein level can-
not be further upregulated upon ototoxic insults, as the Ca 2+ -binding protein expres-
sion reaches its maximum level.   

  Fig. 31.6    Parvalbumin expression in inner and outer hair cells in wild-type (WT), heterozygous 
(HZ), and homozygous PACAP-defi cient (KO) mice under control circumstances and after kana-
mycin treatment. + mild, ++ moderate, +++ strong immunoreactivity       
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    Discussion 

 PACAP and PAC1-R were described in several parts of the auditory system. They 
are present in the organ of Corti in hair cells, supporting cells, and different nerve 
fi bers. They were also showed in spiral ganglion and stria vascularis. Their presence 
in the stria vascularis suggests a role of PACAP affecting endolymph production 
which we tried to prove by studying the endolymph protein composition in chicken 
cochlea after PACAP treatment but we did not fi nd any differences in this experi-
mental setup. Colocalization of PACAP and PAC1-R with GluR2/3 and DBH in 
several structures in the cochlea, mostly efferent nerve fi bers, suggests that PACAP 

  Fig. 31.7    Calretinin expression in inner and outer hair cells in wild-type (WT), heterozygous 
(HZ), and homozygous PACAP-defi cient (KO) mice under control circumstances and after kana-
mycin treatment. + mild, ++ moderate, +++ strong immunoreactivity       
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could theoretically modulate glutamatergic, dopaminergic, cholinergic, and adren-
ergic efferents of hair cells, whereby they would also take place in the regulation of 
the afferent signaling. The presence of PACAP and its receptor PAC1-R was shown 
in several parts of the auditory pathway (cochlear nuclei, SOC, inferior colliculus, 
medial geniculate body). PACAP was found in the olivocochlear neurons in the 
SOC, which could serve as the origin of PACAP found in the cochlea. 

 PACAP protects the hair cells from H 2 O 2  toxicity in vitro, increasing the number 
of living cells mostly through decreasing apoptosis. In PACAP-defi cient mice there 
is a higher concentration of Ca 2+ -binding proteins in the hair cells, which is proba-
bly a protective mechanism against the hypothesized higher intracellular Ca 2+  con-
centration caused by the pathological conditions in the lack of PACAP. Kanamycin 
treatment causes also Ca 2+ -binding protein level elevation in WT and HZ PACAP- 
defi cient mice, but there is no further elevation in homozygous PACAP-defi cient 
mice, where the baseline Ca 2+ -binding protein level is already elevated. 

 In summary, PACAP and PAC1-R are present and cause functional changes in 
the cochlea. With further examination we hope to prove the protective effects of the 
exogenous PACAP in ototoxicity in vivo and examine its role throughout various 
clinical studies.     

  Acknowledgement   MTA-PTE “Lendulet” Program, OTKA K104984, 119759, Arimura 
Foundation, TAMOP 4.2.4.A/2-11-1-2012-0001 “National Excellence Program,” New National 
Excellence Program (UNKP), Janos Bolyai Research Scholarship of Hungarian Academy of 
Sciences. This work is dedicated to the 650th anniversary of the University of Pecs.  

   References 

       1.    Abu-Hamdan MD, Drescher MJ, Ramakrishnan NA, Khan KM, Toma VS, Hatfi eld JS, et al. 
Pituitary adenylyl cyclase-activating polypeptide (PACAP) and its receptor (PAC1- R) in the 
cochlea: evidence for specifi c transcript expression of PAC1-R splice variants in rat microdis-
sected cochlear subfractions. Neuroscience. 2006;140:147–61.  

        2.    Drescher MJ, Drescher DG, Khan KM, Hatfi eld JS, Ramakrishnan NA, Abu-Hamdan MD, 
et al. Pituitary adenylyl cyclase-activating polypeptide (PACAP) and its receptor (PAC1- R) are 
positioned to modulate afferent signaling in the cochlea. Neuroscience. 2006;142:139–64.  

         3.    Kawano H, Shimozono M, Tono T, Miyata A, Komune S. Expression of pituitary adenylate 
cyclase-activating polypeptide mRNA in the cochlea of rats. Mol Brain Res. 2001;94:200–3.  

     4.    Hannibal J. Pituitary adenylate cyclase-activating peptide in the rat central nervous system: an 
immunohistochemical and in situ hybridization study. J Comp Neurol. 2002;453:389–417.  

    5.    Kausz M, Murai Z, Arimura A, Koves K. Distribution of pituitary adenylate cyclase activating 
polypeptide (PACAP) immunoreactive elements in the brain stem of rats studied by immuno-
histochemistry. Neurobiology. 1999;7:19–31.  

     6.    Reuss S, Disque-Kaiser U, Antoniou-Lipfert P, Gholi MN, Riemann E, Riemann R. Neurochemistry 
of olivocochlear neurons in the hamster. Anat Rec (Hoboken). 2009;292:461–71.  

       7.   Tamas A, Szabadfi  K, Nemeth A, Fulop B, Kiss P, Atlasz T, et al. Comparative examination of 
inner ear in wild type and pituitary adenylate cyclase activating polypeptide (PACAP)-defi cient 
mice. Neurotox Res. 2012;21:435–44.  

      8.    Gaal V, Mark L, Kiss P, Kustos I, Tamas A, Kocsis B, et al. Investigation of the effects of 
PACAP on the composition of tear and endolymph proteins. J Mol Neurosci. 2008;36:321–9.  

31 Pituitary Adenylate Cyclase-Activating Polypeptide in the Auditory System



544

     9.    Racz B, Horvath G, Reglodi D, Gasz B, Kiss P, Gallyas Jr F, et al. PACAP ameliorates oxida-
tive stress in the chicken inner ear: an in vitro study. Regul Pept. 2010;160:91–8.  

     10.    Nemeth A, Szabadfi  K, Fulop B, Reglodi D, Kiss P, Farkas J, et al. Examination of calcium- 
binding protein expression in the inner ear of wild-type, heterozygous and homozygous pitu-
itary adenylate cyclase-activating polypeptide (PACAP)-knockout mice in kanamycin-induced 
ototoxicity. Neurotox Res. 2014;25:57–67.  

    11.    Spengler D, Waeber C, Pantaloni C, Holsboer F, Boekaert J, Seeburg PH, et al. Differential 
signal transduction by fi ve splice variants of the PACAP receptor. Nature. 1993;365:170–5.  

    12.    Chatterjee TK, Sharma RV, Fisher RA. Molecular cloning of a novel variant of the pituitary 
adenylate cyclase-activating polypeptide (PACAP) receptor that stimulates calcium infl ux by 
activation of L-type calcium channels. J Biol Chem. 1996;271:32226–32.  

    13.    Dautzenberg FM, Mevenkamp G, Wille S, Hauger RL. N-terminal splice variants of the type I 
PACAP receptor: isolation, characterization and ligand binding/selectivity determinants. 
J Neuroendocrinol. 1999;11:941–9.  

    14.    Shintani N, Suetake S, Hashimoto H, Koga K, Kasai A, Kawaguchi C, et al. Neuroprotective 
action of endogenous PACAP in cultured rat cortical neurons. Regul Pept. 2005;126:123–8.  

     15.    Drescher MJ, Khan KM, Hatfi eld JS, Shakir AH, Drescher DG. Immunohistochemical local-
ization of adenylyl cyclase isoforms in the lateral wall of the rat cochlea. Mol Brain Res. 
2000;76:289–98.  

   16.    Florian P, Amasheh S, Lessidrensky M, Todt I, Bloedow A, Ernst A, et al. Claudins in the tight 
junctions of stria vascularis marginal cells. Biochem Biophys Res Commun. 2003;304:5–10.  

    17.    Kitajiri S, Furuse M, Morita K, Saishin-Kiuchi Y, Kido H, Ito J, et al. Expression patterns of 
claudins tight junction adhesion molecules in the inner ear. Hear Res. 2004;187:25–34.  

     18.    Eybalin M. Neurotransmitters and neuromodulators of the mammalian cochlea. Physiol Rev. 
1993;73:309–73.  

    19.    Morley BJ, Li H-S, Hiel H, Drescher DG, Elgoyhen AB. Identifi cation of the subunits of the 
nicotinic cholinergic receptors in the rat cochlea using RT-PCR and in situ hybridization. Mol 
Brain Res. 1998;53:78–87.  

    20.    D’Aldin C, Puel JL, Leducq R, Crambes O, Eybalin M, Pujol R. Effects of a dopaminergic 
agonist in the guinea pig cochlea. Hear Res. 1995;90:202–11.  

    21.    Pujol R, Puel JL. Excitotoxicity, synaptic repair, and functional recovery in the mammalian 
cochlea: a review of recent fi ndings. Ann N Y Acad Sci. 1999;884:249–54.  

    22.    Anderson ST, Kusters DHL, Clarke IJ, Pow DV, Curlewis JD. Expression of pituitary adenylate 
cyclase activating polypeptide type 1 receptor (PAC1R) in the ewe hypothalamus: distribution 
and colocalization with tyrosine hydroxylase-immunoreactive neurones. J Neuroendocrinol. 
2005;17:298–305.  

    23.    Spoendlin H. Primary neurons and synapses. In: Friedmann I, Ballantyne J, editors. 
Ultrastructural atlas of the inner ear. London: Butterworths; 1984. p. 133–64.  

    24.    Shioda S, Yada T, Muroya S, Uramura S, Nakajo S, Ohtaki H, et al. Functional signifi cance of 
colocalization of PACAP and catecholamine in nerve terminals. Ann N Y Acad Sci. 
2000;921:211–7.  

    25.    May V, Beaudet MM, Parsons RL, Hardwick JC, Gauthier EA, Durda JP, et al. Mechanisms of 
pituitary adenylate cyclase activating polypeptide (PACAP)-induced depolarization of sympa-
thetic superior cervical ganglion (SCG) neurons. Ann N Y Acad Sci. 1998;865:164–75.  

    26.    Matsubara A, Laake JH, Davanger S, Usami S, Ottersen OP. Organization of AMPA receptor 
subunits at a glutamate synapse: a quantitative immunogold analysis of hair cell synapses in 
the rat organ of Corti. J Neurosci. 1996;16:4457–67.  

    27.    Puel JL. Chemical synaptic transmission in the cochlea. Prog Neurobiol. 1995;47:449–76.  
    28.    Pujol R, Puel JL, Gervais d’Aldin C, Eybalin M. Pathophysiology of the glutamatergic syn-

apses in the cochlea. Acta Otolaryngol Stockh. 1993;113:330–4.  
    29.    Morio H, Tatsuno I, Hirai A, Tamura Y, Saito Y. Pituitary adenylate cyclase-activating poly-

peptide protects rat-cultured cortical neurons from glutamate-induced cytotoxicity. Brain Res. 
1996;741:82–8.  

B.D. Fulop et al.



545

    30.    Reglodi D, Kiss P, Szabadfi  K, Atlasz T, Gabriel R, Horvath G, et al. PACAP is an endogenous 
protective factor-insights from PACAP-defi cient mice. J Mol Neurosci. 2012;48:482–92.  

    31.    Endo K, Nakamachi T, Seki T, Kagami N, Wada Y, Nakamura K, et al. Neuroprotective effect of 
PACAP against NMDA-induced retinal damage in the mouse. J Mol Neurosci. 2011;43:22–9.  

   32.    May V, Vizzard MA. Bladder dysfunction and altered somatic sensitivity inPACAP-/- mice. 
J Urol. 2010;183:772–9.  

   33.    Nakamachi T, Ohtaki H, Yofu S, Watanabe J, Mori H, Sato A, et al. Endogenous pituitary 
adenylate cyclase activating polypeptide is involved in suppression of edema in the ischemic 
brain. Acta Neurochir Suppl. 2010;106:43–6.  

   34.    Ohtaki H, Nakamachi T, Dohi K, Aizawa Y, Takaki A, Hodoyama K, et al. Pituitary adenylate 
cyclase-activating polypeptide (PACAP) decreases ischemic neuronal cell death in association 
with IL-6. Proc Natl Acad Sci U S A. 2006;103:7488–93.  

    35.    Tsuchikawa D, Nakamachi T, Tsuchida M, Wada Y, Hori M, Farkas J, et al. Neuroprotective 
effect of endogenous pituitary adenylate cyclase-activating polypeptide on spinal cord injury. 
J Mol Neurosci. 2012;48:508–17.  

    36.    Palkovits M, Somogyvari-Vigh A, Arimura A. Concentrations of pituitary adenylate cyclase 
activating polypeptide (PACAP) in human brain nuclei. Brain Res. 1995;699:116–20.  

    37.    Schwartz IR. The superior olivary complex and lateral lemniscal nuclei. In: Webster DB, 
Popper AN, Fay RF, editors. The mammalian auditory pathway: neuroanatomy. New York: 
Springer; 1992. p. 117–67.  

    38.    Fukushima K, Takeda T, Kakigi A, Takeda S, Sawada S, Nishioka R, et al. Effects of lithium 
on endolymph homeostasis and experimentally induced endolymphatic hydrops. ORL 
J Otorhinolaryngol Relat Spec. 2005;67:282–8.  

    39.    Hanner P, Jennische E, Lange S, Lonnroth I, Wahlstrom B. Increased antisecretory factor 
reduces vertigo in patients with Meniere’s disease: a pilot study. Hear Res. 2004;190:31–6.  

    40.    Ferrary E, Sterkers O. Mechanisms of endolymph secretion. Kidney Int Suppl. 
1998;65:S98–103.  

    41.    Kitano H, Suzuki M, Kitanishi T, Yazawa Y, Kitajima K, Isono T, et al. Regulation of inner ear 
fl uid in the rat by vasopressin. Neuroreport. 1999;10:1205–7.  

    42.    Misrahy GA, Hildreth KM, Shinabarger EW, Gannon WJ. Electrical properties of wall of 
endolymphatic space of the cochlea (guinea pig). Am J Physiol. 1958;194:396–402.  

    43.    Sterkers O, Ferrary E, Amiel C. Inter- and intracompartmental osmotic gradients within the rat 
cochlea. Am J Physiol. 1984;247:F602–6.  

    44.    Huang T, Cheng AG, Stupak H, Liu W, Kim A, Staecker H, et al. Oxidative stress-induced apop-
tosis of cochlear sensory cells: otoprotective strategies. Int J Dev Neurosci. 2000;18:259–70.  

    45.    Yehoash R. Cochlear pathology, sensory cell death and regeneration. Br Med Bull. 
2002;63:25–38.  

    46.    Ohtaki H, Nakamachi T, Dohi K, Shioda S. Role of PACAP in ischemic neural death. J Mol 
Neurosci. 2008;36:16–25.  

   47.    Reglodi D, Fabian ZS, Tamas A, Lubics A, Szeberenyi J, Alexy T, et al. Effects of PACAP on 
in vitro and in vivo neuronal cell death, platelet aggregation, and production of reactive oxygen 
radicals. Regul Pept. 2004;123:51–9.  

    48.    Reglodi D, Kiss P, Lubics A, Tamas A. Review on the protective effects of PACAP in models 
of neurodegenerative diseases in vitro and in vivo. Curr Pharm Des. 2011;17:962–72.  

    49.    Kopke RD, Liu W, Gabaiyadeh R, Jacono A, Feghali J, Spray D, et al. Use of organotypic 
cultures of Corti’s organ to study the protective effects of antioxidant molecules on cisplatinin-
duced damage of auditory hair cells. Am J Otol. 1997;18:559–71.  

    50.    Seidman MD, Vivek P. Intratympanic treatment of hearing loss with novel and traditional 
agents. Otolaryngol Clin North Am. 2004;37:973–90.  

    51.    Cheng AG, Cunningham LL, Rubel EW. Hair cell death in the avian basilar papilla: character-
ization of the in vitro model and caspase activation. J Assoc Res Otolaryngol. 2003;4:91–105.  

   52.    Hirose K, Westrum LE, Stone JS, Zirpel L, Rubel EW. Dynamic studies of ototoxicity in 
mature avian auditory epithelium. Ann N Y Acad Sci. 1999;884:389–409.  

31 Pituitary Adenylate Cyclase-Activating Polypeptide in the Auditory System



546

    53.   Matsui JI, Gale JE, Warchol ME. Critical signaling events during the aminoglycoside-induced 
death of sensory hair cells in vitro. J Neurobiol. 2004;61:250–66.  

    54.    Dehne N, Lautermann J, ten Cate WJ, Rauen U, de Grott H. In vitro effects of hydrogen per-
oxide on the cochlear neurosensory epithelium of guinea pig. Hear Res. 2000;143:162–70.  

    55.    Dejda A, Jolivel V, Bourgault S, Seaborn T, Fournier A, Vaudry H, et al. Inhibitory effect of 
PACAP on caspase activity in neuronal apoptosis: a better understanding towards therapeutic 
applications in neurodegenerative diseases. J Mol Neurosci. 2008;36:26–37.  

    56.   Pantaloni C, Brabet P, Bilanges B, Dumuis A, Houssami S, Spengler D, et al. Alternative splic-
ing in the N-terminal extracellular domain of the pituitary adenylate cyclaseactivating poly-
peptide (PACAP) receptor modulates receptor selectivity and relative potencies of PACAP-27 
and PACAP-38 in phospholipase C activation. J Biol Chem. 1996;271:22146–51.  

     57.    Ikeda R, Nakaya K, Oshima T, Kawase T, Kobayashi T. Calcium concentration in cochlear 
endolymph after vestibular labyrinth injury. Neuroreport. 2010;21:651–5.  

    58.    Ikeda K, Kusakari J, Takasaka T. Ionic changes in cochlear endolymph of the guinea pig 
induced by acoustic injury. Hear Res. 1988;32:103–10.  

    59.    Lendvai B, Halmos GB, Polony G, Kapocsi J, Horvath T, Aller M, et al. Chemical neuropro-
tection in the cochlea: the modulation of dopamine release from lateral olivocochlear efferents. 
Neurochem Int. 2011;59:150–8.  

    60.    Li Y, Ding D, Jiang H, Fu Y, Salvi R. Co-administration of cisplatin and furosemide causes 
rapid and massive loss of cochlear hair cells in mice. Neurotox Res. 2011;20:307–19.  

    61.    Salt AN, DeMott J. Endolymph calcium increases with time after surgical induction of hydrops 
in guinea-pigs. Hear Res. 1994;74:115–21.  

     62.    Orrenius S, McCabe Jr MJ, Nicotera P. Ca(2+)-dependent mechanisms of cytotoxicity and 
programmed cell death. Toxicol Lett. 1992;64–65:357–64.  

     63.    Trump BF, Berezesky IK. The role of altered [Ca2+]i regulation in apoptosis, oncosis, and 
necrosis. Biochim Biophys Acta. 1996;1313:173–8.  

    64.    Gilbert RJ, Pothoulakis C, LaMont JT, Yakubovich M. Clostridium diffi cile toxin B activates cal-
cium infl ux required for actin disassembly during cytotoxicity. Am J Physiol. 1995;268:G487–95.  

    65.    Hackney CM, Mahendrasingam S, Penn A, Fettiplace R. The concentrations of calcium buff-
ering proteins in mammalian cochlear hair cells. J Neurosci. 2005;25:7867–75.  

   66.    Heizmann CW. Calcium-binding proteins: basic concepts and clinical implications. Gen 
Physiol Biophys. 1992;11:411–25.  

   67.    Iacopino A, Christakos S, German D, Sonsalla PK, Altar CA. Calbindin-D28K-containing 
neurons in animal models of neurodegeneration:possible protection from excitotoxicity. Brain 
Res Mol Brain Res. 1992;13:251–61.  

    68.    Idrizbegovic E, Salman H, Niu X, Canlon B. Presbyacusis and calcium-binding protein immu-
noreactivity in the cochlear nucleus of BALB/c mice. Hear Res. 2006;216–17:198–206.  

      69.    Rybak LP, Whitworth CA. Ototoxicity: therapeutic opportunities. Drug Discov Today. 
2005;10:1313–21.  

    70.    Poirrier AL, Van den Ackerveken P, Kim TS, Vandenbosch R, Nguyen L, Lefebvre PP, et al. 
Ototoxic drugs: difference in sensitivity between mice and guinea pigs. Toxicol Lett. 
2010;193:41–9.  

    71.   Huth ME, Ricci AJ, Cheng AG. Mechanisms of aminoglycoside ototoxicity and targets of hair 
cell protection. Int J Otolaryngol. 2011;937861.  

    72.    Tombal B, Denmeade SR, Gillis JM, Isaacs JT. A supramicromolar elevation of intracellular 
free calcium ([Ca(2+)](i)) is consistently required to induce the execution phase of apoptosis. 
Cell Death Differ. 2002;9:561–73.  

    73.    Vaudry D, Falluel-Morel A, Bourgault A, Basille M, Burel D, Wurtz O, et al. Pituitary adenyl-
ate cyclase activating polypeptide and its receptors: 20 years after the discovery. Pharm Rev. 
2009;61:283–357.  

    74.    Dong Y, Tang TS, Lu CL, He C, Dong JB, Huang XY, et al. Pituitary adenylate cyclase activating 
polypeptide ameliorates the damage and inhibits the increase of intracellular calcium concentra-
tion in cultured hippocampal neurons induced by glutamate. Sheng Li Xue Bao. 2000;52:402–6.    

B.D. Fulop et al.



   Part X 
   Neuroprotective Effects of PACAP        



549© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_32

    Chapter 32   
 PACAP Signaling in Neuroprotection                     
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    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) exerts its 
 neuroprotective effects mainly through its PACAP-preferring receptor PAC1. Upon 
binding to this receptor and stimulation of adenylate cyclase and phospholipase C 
through G proteins, PACAP activates multiple signaling cascades to promote its neu-
roprotective actions. The neuroprotective function of PACAP has been demonstrated 
in vitro and in vivo during neuronal differentiation, in neurodegenerative disease mod-
els, and after administration of toxic molecules. PACAP neuroprotective activity 
mainly involves different kinases including protein kinase A, extracellular regulated 
kinase, AMP kinase, or phosphatidylinositol-3′OH kinase which in turn activate sev-
eral transcription factors such as the cAMP response element- binding protein, activat-
ing transcription factor 2, or nuclear factor kappa B to regulate different genes involved 
in cell survival. PACAP also induces neuroprotection via indirect pathways involving 
other neurotrophic factors, cytokines or chemokines. These different pathways acti-
vated by PACAP converge to inhibit caspases and therefore apoptosis during neurode-
velopment or in various pathological conditions of the central nervous system.  

  Keywords     Cell signaling   •   Protein kinase   •   Neuron survival   •   Neuroprotection   • 
  G protein-coupled receptor  

      Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) exerts its various 
effects through three seven-transmembrane G protein-coupled receptors [ 1 – 4 ]. 
These receptors have been classifi ed into two categories according to their relative 
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affi nity for PACAP and VIP and the signaling pathways they stimulate [ 5 ]. Type one 
PACAP receptor (PAC1) has an affi nity for PACAP 100- to 10,000-fold greater than 
for VIP. This receptor is positively coupled to adenylate cyclase (AC) and phospho-
lipase C (PLC) whereas type 2 receptors (VPAC1 and VPAC2) bind PACAP and 
VIP with the same affi nity and are coupled to AC but are ineffective on PLC. The 
ubiquitous distribution of PACAP and its receptors is consistent with a pleiotropic 
role of the peptide in many physiological functions. This review summarizes briefl y 
the neurotrophic and neuroprotective effects of PACAP and describes the signaling 
pathways that trigger its neuroprotective effects.  

    PACAP Neurotrophic and Neuroprotective Actions 

    Neurotrophic Effects 

 It has been shown that PACAP exerts multiple trophic effects on neurons and glial 
cells in sensory, sympathetic, and central nervous systems. Evidence indicates that 
PACAP can both stimulate and inhibit nerve cell proliferation. Indeed, PACAP 
stimulates astrocyte, sympathetic neuroblast, and stem cell proliferation [ 6 – 8 ], 
while it inhibits cerebral cortical precursor and neural tube cell proliferation [ 6 ,  9 –
 12 ]. These opposite effects may involve the expression of different variants of PAC1 
receptor [ 6 ,  13 ]. Furthermore, PACAP is able to induce neuronal-like differentiation 
in vitro of different types of stem cells [ 14 ,  15 ] and cell lines derived from neuro-
blastoma [ 16 ], cortical precursors [ 6 ], immature cerebellar granular cells [ 17 ], neu-
roepithelial cells [ 18 ,  19 ], and pheochromocytoma [ 20 ,  21 ].  

    Neuroprotective Effects 

 Besides its trophic function, PACAP exerts neuroprotective effects in physiological 
and pathological conditions. For instance, PACAP inhibits programmed cell death 
in cerebellar granular cells, which naturally occurs during cerebellar ontogenesis 
[ 22 – 26 ]. PACAP also protects cerebellar cells from apoptosis induced by 
4-hydroxynonenal [ 27 ], ethanol [ 28 – 30 ], ceramides [ 31 ,  32 ], cisplatin [ 33 ], or 
hydrogen peroxide-induced oxidative stress [ 34 – 36 ]. 

 PACAP is also neuroprotective in many neurodegenerative disease models and 
experimental injuries. In these conditions, it has been shown that PACAP concentra-
tion is increased in neuronal cells, indicating that this peptide could be implicated in 
protective mechanisms [ 37 ,  38 ]. For example, intracerebroventricular or intrave-
nous injection of PACAP in rat before or after permanent occlusion of middle cere-
bral artery signifi cantly reduces infarct size [ 39 ,  40 ]. In fact, the blood–brain barrier 
is temporarily more permeable to PACAP after ischemia, a condition which might 
facilitate the effect of the peptide [ 41 ]. 
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 In a rat Parkinson’s disease model, PACAP protects dopaminergic cells from 
apoptosis, reduces neurologic defi cits, and improves behavioral impairments [ 42 , 
 43 ]. In vitro, PACAP inhibits apoptosis induced by several compounds that trigger 
neurotoxicity and that are used to model neurodegenerative diseases such as rote-
none or 6-hydroxydopamine [ 44 ,  45 ] for Parkinson’s disease or β-amyloid peptide 
for Alzheimer’s disease [ 46 ]. In a mouse model of Alzheimer’s disease, PACAP has 
been shown to ameliorate cognitive defi cits [ 47 ].   

    PACAP Signaling in Neuroprotection 

 PACAP protective effects involve mainly the PAC1 receptor and its variants. The 
G-protein (Gs and Gq)-coupled PAC1 receptor is positively linked to different 
cAMP-regulated protein kinases and to PLC, and both pathways mediate the neuro-
protective effects of PACAP (Fig.  32.1 ).

      Signaling Through cAMP-Regulated Kinases 

 Stimulation of AC by PACAP receptors produces cAMP and thus activates cAMP- 
dependent protein kinase (PKA). In many cell types, it has been demonstrated that 
PACAP neuroprotective function can be mimicked by cAMP analogs and abolished 
by PKA inhibitors, implying that the cAMP/PKA pathway is key to PACAP-induced 
neuroprotection [ 25 ,  45 ,  46 ,  48 ,  49 ]. In fact, studies performed in many cell models 
showed that the neuroprotective effects of PACAP are mainly exerted through 
cAMP-activated PKA and mitogen-activated protein kinases (MAPK) [ 26 ,  48 ,  50 , 
 51 ]. Indeed, analysis of apoptosis induced by potassium withdrawal in primary cul-
tures of rat cerebellar granule cells and by rotenone in PC12 cells showed that 
PACAP activates ERK signaling via cAMP stimulation in order to protect neuronal 
cells [ 26 ,  45 ,  52 ]. ERK activation is achieved through the recruitment of two small 
GTPases within the plasma membrane: Ras and Rap 1 [ 53 – 56 ]. These small 
GTPases can be activated by PKA or by a protein called Epac via a PKA-independent 
pathway [ 57 ]. Ras and Rap1 initiate the activation of the MAPK cascade and lead 
to the stimulation of the MAPK kinase kinase Raf which in turn phosphorylates the 
MAPK kinase MEK which is ultimately responsible for ERK phosphorylation. 
Activated phospho-ERK is able to regulate the activity of specifi c transcription fac-
tors involved in neuroprotection [ 26 ,  45 ,  52 ]. Upon ERK activation, PACAP is able 
to stimulate anti-apoptotic proteins via the regulation of specifi c transcription fac-
tors. Thus, PACAP protects rat cerebellar granule cell cultures from C2-ceramide- 
induced apoptosis via ERK-mediated increase of activator protein-1 (AP-1) DNA 
binding. PACAP increases both c-Fos gene expression and the proportion of c-Fos- 
containing AP-1 dimers that stimulate the expression of the proto-oncogene B-cell 
lymphoma protein 2 (Bcl-2) in cerebellar granule neurons [ 33 ,  58 ,  59 ]. Bcl-2 is a 
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  Fig. 32.1    Schematic representation of the main intracellular signaling pathways that seem to be 
involved in the neuroprotective functions of PACAP in different cell types.  AC  adenylyl cyclase, 
 Akt  enzyme member of the serine/threonine-specifi c protein kinase family,  AMPK  adenosine 
monophosphate-activated protein kinase,  ATF2  activating transcription factor-2,  Bad  Bcl-2- 
associated death promoter,  Bax  Bcl-2-associated X protein,  Bcl-2  B-cell lymphoma 2,  Bcl-xL  
B-cell lymphoma-extra large, Ca 2+  calcium,  cAMP  cyclic adenosine monophosphate,  cFos  Finkel 
Biskis Jinkins osteosarcoma-related oncogene,  cJun  jun oncogene,  CREB  cAMP response 
element- binding protein,  caspase  cysteinyl-aspartate-cleaving proteases,  cytoC  cytochrome c, 
 DAG  diacylglycerol,  Epac  exchange factor directly activated by cAMP,  ERK  extracellular signal- 
regulated kinase,  Gs  class s GTP-binding protein,  Gq  class q GTP-binding protein,  IP3  inositol 
1,4,5-trisphosphate,  JNK  c-jun amino-terminal protein kinase, K +  potassium ion,  LKB1  serine–
threonine liver kinase B1,  MEK  mitogen-activated protein kinase ERK kinase (MEK),  NF-kB  
nuclear factor of kappa light chain in B cell,  NRF-1  nuclear respiratory factor 1,  PACAP  pituitary 
adenylate cyclase-activating polypeptide,  PAC  PACAP-specifi c receptor,  PGC1α  peroxisome 
proliferator- activated receptor-γ-coactivator-1α,  PI3K  phosphatidylinositol-3′OH kinase,  PIP2  
phosphatidylinositol bisphosphate,  PKA  protein kinase A,  PKB  protein kinase B,  PKC  protein 
kinase C,  PLC  phospholipase C,  Raf  Raf proto-oncogene serine/threonine-protein kinase,  Rap  
small GTPase of the RAS oncogene family,  Ras  retrovirus-associated DNA sequences,  ROS  reac-
tive oxygen species,  SelT  selenoprotein T       
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member of a family of proteins named Bcl-2 family, which are implicated in the 
regulation of apoptosis. Bcl-2 inhibits Bcl-2-associated X protein (Bax), a pro-
apoptotic Bcl-2 family member [ 60 ]. Bcl-2 has been shown to be implicated in 
PACAP-induced neuroprotection after focal ischemia in mice and after alcohol 
administration in rats [ 29 ,  61 ]. Other regulators of Bcl-2 family members are regu-
lated by PACAP in order to inhibit apoptosis. Thus, during glutamate-induced apop-
tosis, PACAP promotes cell survival via the stimulation of Bcl-2-associated death 
promoter (Bad) protein and 14-3-3 proteins in a PKA/Bad/14-3-3- and Akt/Bad/14- 
3- 3-dependent cascades that increase the expression of Bcl-2 and the Bcl-2 homo-
log B-cell lymphoma-extra large (Bcl-xL) [ 62 ,  63 ]. The transcription factor c-Jun is 
another AP-1 family member whose phosphorylation by c-Jun N-terminal kinase 
(JNK), also called stress-activated kinases (SAPK), is implicated in neuronal apop-
tosis induced by various factors or conditions including ethanol [ 29 ], ischemia [ 64 , 
 65 ], and glutamate [ 62 ] in animals, or growth factor withdrawal in PC12 cells [ 66 ]. 
It has been shown that neuroprotective/anti-apoptotic effects exerted by PACAP in 
these models involve the inhibition of JNK and the activation of c-jun. Although the 
signaling pathways recruited by PACAP to reduce JNK activity have not been 
clearly established yet, it is thought that PKA stimulation could be responsible for 
JNK down-regulation. In fact, it has been shown in PC12 cells that PKA activity is 
reduced in apoptotic cells and that the induction of PKA activity by the cAMP ago-
nist dibutyryl cAMP reduces JNK activity, leading to inhibition of apoptosis [ 67 ]. 
Neuroprotection through JNK inhibition could be part of the PKA/Bad/14-3-3 neu-
roprotective cascade since, after ischemia, apoptosis is induced by inhibition of Bad 
by JNK [ 68 ,  69 ]. 

 There is now good evidence that potassium (K + ) channels play an important role 
in the regulation of apoptosis [ 70 ,  71 ]. Indeed, various studies have shown that pro-
grammed cell death is accompanied by potassium ion outfl ow in many cell types 
including neurons [ 72 – 76 ], suggesting that enhancement of K +  currents may induce 
cell death while reduction of K +  outfl ow would promote cell survival. In cultured rat 
cerebellar granule cells, PACAP-induced cAMP/PKA pathway reduces potassium 
effl ux via the inhibition of the delayed rectifi er K current (I K ). This inhibition of I K  
current reduces caspase activity and participates in PACAP-protective effects in 
these cells [ 49 ]. 

 Gene expression analyses of PACAP-induced neuronal differentiation using 
microarray data revealed the activation of precedently unsuspected signaling com-
ponents recruited by PACAP to promote neuroprotection. We have recently identi-
fi ed selenoprotein T (SelT) as a PACAP-regulated gene via cAMP/PKA pathway 
stimulation, which protects neuronal cells against oxidative stress in vitro and 
in vivo (77, 78, and unpublished results). Interestingly, PACAP stimulates the gene 
expression of SelT by activating the AMP kinase/peroxisome proliferator activated 
receptor y coactivator-1α (PGC-1α) in a cAMP/PKA-dependent manner (manu-
script in preparation). Since PGC-1α is a key regulator of mitochondrial gene tran-
scription, this fi nding highlights the importance of PACAP and the underlying 
signaling pathways for neuronal cell metabolism and survival. 
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 At the transcriptional level, several studies showed that PACAP neuroprotective 
action involves the activation of the cAMP response element-binding protein 
(CREB), a transcription factor whose activity is stimulated by PKA [ 79 ,  80 ]. 
Analysis of PACAP-protective effect in glutamate-induced retinal degeneration 
revealed that ERK activity is responsible for CREB activation [ 81 ]. Following tran-
sient global ischemia in rat, PACAP reduces oxidative DNA damage and hippocam-
pal neuronal death via the stimulation of apurinic/apyrimidinic endonuclease 1 
(APE1), an enzyme involved in the DNA base excision repair pathway. The stimula-
tion of APE1 gene expression by PACAP requires the activation of CREB and acti-
vating transcription factor-2 via PKA and p38 stimulation [ 82 ]. Finally, it has been 
shown that activation of the PI3K-dependent serine/threonine protein kinase Akt, 
also known as protein kinase B (PKB), by Gαq protein following PACAP stimula-
tion also leads to increased neuronal survival [ 28 ,  66 ], probably by activating CREB 
as it has been shown in Schwann cells [ 66 ,  83 ]. Besides CREB, we showed in a 
recent study that PACAP promotes PC12 cell survival by stimulating both the gene 
expression and nuclear translocation of the anti-apoptotic c-Rel and p52/p105 sub-
units of the NF-kB transcription factor. This effect is mediated by ERK activation 
and involves several components of the NF-kB pathway [ 84 ].  

    Signaling Through PLC 

 Activation of PLC by PAC1 receptor induces the hydrolysis of the plasma mem-
brane lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) into two second messen-
gers, inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). Cytosolic IP 3  
triggers the release of calcium (Ca 2+ ) from intracellular stores through the IP 3  recep-
tor (IP 3 R), whereas membrane DAG activates protein kinase C (PKC). 

    PKC-Mediated Signaling 

 Controversial results have been reported regarding the implication of PKC in 
PACAP-mediated neuroprotection. For instance, PACAP-promoted PC12 cell sur-
vival in the presence of rotenone or the prion protein fragments 106–126 has been 
shown to be independent of PKC [ 45 ,  85 ]. On the contrary, other studies showed 
that PACAP and PAC1 receptor activation of PKC stimulates ERK in PC12 cells, 
which is known to promote the survival of these cells [ 26 ,  45 ,  52 ,  53 ,  84 ,  86 ]. 
Furthermore, PKC has been linked to PACAP-induced neuroprotection in rat cere-
bellar granule cell cultures [ 25 ]. 

 As mentioned above, K +  outfl ow is implicated in apoptosis mechanisms. Like the 
cAMP/PKA pathway, PLC/PKC signaling plays a role in PACAP-mediated inhibi-
tion of K +  outfl ows. Indeed, PLC and both downstream PKC and Ca 2+  inhibit A-type 
K +  currents and participate in neuroprotective effects of PACAP on olfactory recep-
tor neurons [ 87 ,  88 ].  
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    Calcium-Mediated Signaling 

 PACAP-mediated increase in intracellular Ca 2+  has also been described as a signal-
ing messenger for neuroprotection, although only a few studies have addressed this 
issue. Thus, it has been shown that PACAP induces a rapid and long-lasting PKA- 
dependent increase in action potential fi ring associated to Ca 2+  transients, which are 
essential for the anti-apoptotic actions of PACAP [ 78 ]. It has also been shown that 
Ca 2+  is involved in ERK-mediated activation of the NF-kB pathway, which leads to 
PC12 cell survival [ 70 ].    

    Indirect Neuroprotective Pathways 

 PACAP regulates other effectors like growth factors, cytokines, or chemokines to 
achieve neuroprotection (Fig.  32.2 ). The most described indirect neuroprotective 
effect of PACAP is through the regulation of brain-derived neurotrophic factor 
(BDNF). Indeed, it has been reported that the protective effect of PACAP is partially 
due to the stimulation of the gene expression and secretion of BDNF, which is 
reduced after injury. Thus, in primary cultures of rat cerebral cortex cells, the exci-
totoxic NMDA and serum deprivation reduce BDNF expression. In both conditions, 
BDNF inhibition is prevented by PACAP, indicating that the neuroprotective effect 
of PACAP is at least partially mediated by the stimulation of BDNF expression [ 89 ]. 
Similarly, BDNF is down-regulated in response to the toxicity induced by 
 infl ammatory mediators or by oligomeric Aβ42 peptides in human neuroblastoma 
cells, and PACAP treatment attenuates these effects and subsequent CREB 

  Fig. 32.2    Schematic 
representation of PACAP 
indirect neuroprotection. 
PACAP stimulates release 
of trophic factors BDNF, 
CTNF, and LIF, cytokines 
IL-6, RANTES, MIP-1α, 
and MI1β and inhibits 
release of deleterious 
cytokines TNF and IL-1. 
PACAP also regulates 
neuronal release of TNF 
and BDNF       
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down-regulation [ 47 ,  90 ]. In an Alzheimer’s disease transgenic mouse model, 
PACAP administration increases the expression of protective proteins including 
BDNF, and enhances the non-amyloidogenic pathway of APP processing [ 47 ]. It 
has been shown that PC12 cells express and release the pro-infl ammatory cytokine 
tumor necrosis factor (TNF), which can act in an autocrine manner to inhibit cell 
viability via its death receptor TNFR1. In these cells, PACAP-mediated survival is 
associated to inhibition of TNF mRNA expression and protein release [ 91 ]. In vivo, 
it has been shown that PACAP exerts neuroprotective effects through the regulation 
of glial cell activity and neuronal microenvironment. Indeed, PACAP protects corti-
cal cells from sodium nitroprusside and the envelope protein gp120 of the human 
immunodefi ciency virus at least in part through the induction of the release of che-
mokines such as regulated on activation normal T expressed and secreted (RANTES) 
and macrophage infl ammatory protein 1 (MIP)-1 α and β from astrocytes [ 92 ,  93 ]. 
After ischemia-induced apoptosis of neurons in mice hippocampus, administration 
of PACAP inhibits the release of deleterious factors like interleukin (IL)-1 and TNF 
by microglial cells, and enhances the release of the protective factors IL-6, ciliary 
neurotrophic factor (CNTF), and leukemia inhibitory factor (LIF) from astrocytes 
which in turn, akin to PACAP, can protect neurons via the inhibition of JNK or the 
activation of ERK [ 65 ,  94 ].

       Conclusion 

 PACAP promotes neuronal survival by directly or indirectly inhibiting apoptosis in 
both physiological and pathological conditions. Currently, several signal transduc-
tion pathways activated by PACAP and leading to cell survival in normal or patho-
logical conditions have been identifi ed. Although complex signaling transduction 
mechanisms have been already characterized, new protagonists are continuing to be 
discovered. A better understanding of PACAP signaling pathways will undoubtedly 
help fi nding better ways to use this anti- apoptotic factor as a potential treatment for 
neurodegenerative pathologies or ischemic insults.   
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    Chapter 33   
 PACAP Expression and Plasticity 
in the Peripheral Nervous System                     

     Karen     M.     Braas    ,     Rodney     L.     Parsons    ,     Margaret     A.     Vizzard    , 
    James     A.     Waschek    , and     Victor     May    

    Abstract     Pituitary adenylate cyclase activating polypeptide ( Adcyap1 ; PACAP) is 
a well-studied neural and endocrine pleiotropic peptide important in development 
and the homeostatic regulation of many physiological systems. Accordingly, 
PACAP and its cognate PAC1 receptor ( Adcyap1r1 ) are localized in many central 
nervous system (CNS) regions and widely distributed in the peripheral nervous sys-
tem (PNS). PACAP has been identifi ed in a population of small nociceptive neurons 
in the dorsal root ganglion (DRG) targeting many peripheral tissues. PACAP- 
immunoreactive preganglionic sympathetic and parasympathetic nerve fi bers 
densely innervate a variety of autonomic and enteric ganglia. Furthermore, a small 
fraction of the autonomic and enteric postganglionic neurons also endogenously 
express PACAP. Notably, PACAP belongs to a cohort of neuroplasticity peptides, 
and PNS insult invariably induces PACAP expression in the affected neurons. 
Axotomy, nerve crush, infl ammation, and neural tissue explant paradigms can dra-
matically induce neuronal PACAP transcripts, immunoreactivity, content, and cell 
numbers. This plasticity in PACAP expression has been best appreciated in studies 
using the PACAP-EGFP transgenic mouse line. The mechanisms driving PACAP 
expression after insults are not well understood, but likely refl ect the aggregate 
effects of cytokine/infl ammatory activation signals at the injury site and an abroga-
tion of retrograde signaling from the target tissues. The few comparative studies 
suggest that the mechanistic signatures for peptide induction may differ among the 
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various neural systems. This induction of PACAP expression in physiological 
insults has been implicated to participate in fi ber regeneration and anti- infl ammatory 
responses, but PACAP neuroplasticity may also have broader roles in maintaining 
neurocircuit homeostasis.  

  Keywords     PACAP   •   PAC1 receptor   •   Sensory   •   Dorsal root ganglion (DRG)   • 
  Autonomic   •   Sympathetic   •   Parasympathetic   •   Superior cervical ganglion (SCG)   • 
  Cardiac ganglion   •   Phenotypic plasticity   •   Injury   •   Infl ammation  

      Introduction 

 Many studies have comprehensively examined the distribution and expression of 
pituitary adenylate cyclase activating polypeptide ( Adcyap1 ; PACAP) in the cen-
tral nervous system. These surveys can be accessed in a number of excellent pri-
mary investigations and reviews [ 1 – 4 ], and from inspection of the Allen Brain 
Atlas (  http://www.brain-map.org/    ). There are fewer critical studies of PACAP 
expression and plasticity in the peripheral nervous system and this chapter aims to 
provide an annotated overview of that literature supplemented with primary data 
from our laboratories. 

 In examining the publications reporting PACAP distribution, we have been 
mindful of several issues. For many peptidergic systems, including PACAP, the 
immunocytochemical localizations often identifi ed only neuronal fi bers, varicosi-
ties, and terminals, without signifi cant signal detection in neuronal soma. These 
localization patterns likely refl ected the preferential antibody binding to the fully 
post-translationally processed mature peptides  en route  to the terminals, rather than 
the peptide precursor protein molecules in the cell bodies. Consequently, the origins 
of tissue PACAP fi bers were sometimes misinterpreted until clarifi cation by in situ 
hybridization of neuronal PACAP transcripts. Finally, while the endogenous expres-
sion of PACAP in many neuronal tissues is unequivocal, some of the early studies 
were performed in colchicine-treated animals. Though colchicine disrupted micro-
tubule polymerization and blocked axonal vesicular transport, facilitating peptide 
immunocytochemical localization in the cell soma, colchicine likely instilled cel-
lular stress- and injury-induced responses. The resulting induction of PACAP 
expression may have altered distribution estimates from both immunocytochemis-
try and in situ hybridization analyses. Hence the sections below will not contain 
exhaustive information but attempt to generalize consensus data from the many 
studies. From the many investigations, PACAP has been shown to be widely distrib-
uted in sensory ganglia, participating in nociception, and autonomic/enteric neural 
systems, regulating diverse functions including cardiac and respiratory output, 
stress responses, gastrointestinal secretion and motility, and urogenital activities. 
With a number of other peptides, PACAP also demonstrates neurophenotypic plas-
ticity in responses to a variety of physiological challenges.  
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    Sensory Systems 

 PACAP has long been appreciated to be a sensory peptide. Under normal basal 
conditions, PACAP immunoreactivity and transcripts were identifi ed in a subpopu-
lation (approximately 10 %) of dorsal root ganglion (DRG) neurons, which appeared 
to represent predominantly small caliber unmyelinated C-nociceptors [ 5 – 8 ]. PACAP 
was largely co-localized with substance P- and calcitonin gene-related peptide 
(CGRP)-expressing sensory neurons which has been corroborated in recent single 
cell RNA sequencing studies [ 9 ]. However, the overall fraction of neurons express-
ing PACAP was considerably smaller than that for either substance P or CGRP [ 6 , 
 10 ]. In the spinal cord, the PACAPergic DRG central fi bers were localized predomi-
nantly to nociceptive targets in laminae I and II of the dorsal horn [ 5 ,  11 ]. Further, 
sensory neuron degeneration upon capsaicin treatments diminished PACAP immu-
noreactivity in both central and peripheral axons, and decreased PACAP content in 
parallel with CGRP depletion, further supporting PACAP expression in CGRP- 
containing nociceptive C-fi bers [ 5 ]. As in DRG, PACAP immunoreactivity and/or 
transcripts were also identifi ed in subpopulations of trigeminal and nodose ganglia 
neurons with CGRP [ 5 ,  6 ,  12 ,  13 ]. Accordingly, sensory fi bers co-expressing 
PACAP and CGRP have been shown to be widely distributed in peripheral tissues 
including skin, cerebral vessels, pineal gland, eye, submandibular salivary ducts, 
tongue, trachea, larynx, urinary bladder and urogenital organs, and the gastrointes-
tinal tract [ 5 ,  14 – 18 ].  

    Autonomic Nervous System 

    Sympathetic Nervous System 

 As observed in sensory ganglia, PACAP immunoreactivity and precursor protein 
transcripts were identifi ed in autonomic ganglia and fi bers during late embryonic 
development (E14–E18) [ 19 ]. Immunocytochemical processing for PACAP in 
the superior cervical ganglion (SCG) at the head of the paravertebral sympa-
thetic trunk revealed intense staining of dense fi ber networks circumscribing the 
postganglionic neurons, suggesting the presence of PACAP in sympathetic pre-
ganglionic neurons and fi bers [ 20 ]. Although the sources of the SCG fi bers con-
taining PACAP were initially unclear, in situ hybridization coupled with 
retrograde fl uorogold tracing from the sympathetic trunk demonstrated unequiv-
ocally that sympathetic preganglionic PACAP-expressing neurons in the inter-
mediolateral cell column of the thoracic cord project to sympathetic ganglia [ 19 , 
 21 ,  22 ]. As nearly all of the SCG postganglionic neurons express PAC1 receptors 
and PACAP potently and effi caciously stimulated SCG catecholamine and neu-
ropeptide Y (NPY) secretion [ 20 ,  23 ,  24 ], PACAP represents one of the pregan-
glionic noncholinergic regulators of sympathetic function. Preganglionic PACAP 
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fi bers were also found to innervate stellate, celiac, and mesenteric ganglia [ 25 , 
 26 ]. In good agreement, PACAP was identifi ed in preganglionic abdominal 
splanchnic nerves that target the adrenal medulla for epinephrine release [ 27 , 
 28 ]. In aggregate, the high levels of PACAP expression in sympathetic systems 
implicate roles in stress responses, which has been supported in physiological 
and transgenic animal studies. 

 A small population of postganglionic sympathetic ganglia neurons also express 
PACAP endogenously under normal physiological states [ 20 ,  29 ]. Although PACAP 
immunoreactivity was detected in developing SCG neurons, and PACAP transcript 
and peptide levels were reported in adult SCG by quantitative PCR and radioimmu-
noassay, respectively, SCG neurons with endogenous PACAP identifi ed by in situ 
hybridization analyses represented only a very small fraction of the total population 
(1–3 %). To obviate non-neuronal sources of SCG PACAP production, highly enriched 
SCG neurons free of contaminating background cells were maintained in serum-free 
cultures. Even under these conditions, SCG PACAP transcripts and peptides were 
readily measured, supporting endogenous neuronal SCG PACAP synthesis. But as in 
many neuronal systems, endogenous PACAP expression exhibits plasticity and can be 
dramatically induced under different physiological challenges (see below).  

    Parasympathetic Nervous System 

 PACAP also participates in parasympathetic function. For these investigations, the 
accessibility of the guinea pig cardiac ganglia model has been invaluable for detailed 
cellular, molecular, and electrophysiological studies. As for SCG, immunocytochemi-
cal inspection of cardiac ganglia whole mount preparations demonstrated dense peri-
cellular PACAP networks surrounding the postganglionic neurons [ 30 ]. The 
PACAP-immunoreactive fi bers degenerated upon culture of cardiac ganglion explants 
demonstrating their extrinsic nature. These PACAP-containing fi bers were co-localized 
with choline-acetyltransferase (ChAT)-immunoreactivity, implicating vagal pregangli-
onic origins, but not with either NPY- or substance P-immunoreactivity, which served 
as markers for sympathetic and sensory fi bers, respectively. Furthermore, in the brain-
stem, in situ hybridization analyses identifi ed PACAP transcript expression in neurons 
of the nucleus ambiguus and dorsal motor nucleus of the vagus. Hence, despite PACAP 
identifi cation in nodose sensory ganglia, these results in aggregate demonstrated that 
PACAP innervation of guinea pig cardiac ganglia neurons was largely via vagal pre-
ganglionic parasympathetic fi bers. These observations implicated vagal PACAP regu-
lation of cardiac output and function [ 31 – 33 ], and inferred PACAP vagal regulation of 
other visceral parasympathetic ganglia in respiratory, gastric, pancreatic, and gastroin-
testinal physiology. PACAP fi ber networks have also been described in the cranial cili-
ary, sphenopalatine, submandibular, and otic parasympathetic ganglia, which were 
consistent with PACAP/PAC1 receptor-specifi c effects in the head and neck. 

 Similar to sympathetic ganglia, a small population of parasympathetic cardiac 
ganglion neurons (4 %) expressed PACAP endogenously. Intrinsic PACAP was also 
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identifi ed in all four cranial parasympathetic ganglia by immunocytochemistry and in 
situ hybridization [ 12 ,  19 ]. Noteworthy, unlike sensory or other autonomic ganglia 
where endogenous PACAP-expressing neurons represented a small fraction of the 
population, nearly all of the postganglionic parasympathetic neurons in the otic and 
sphenopalatine ganglia expressed PACAP under normal baseline conditions [ 12 ]. 
The functional implications of prevalent postganglionic parasympathetic innervation 
of head and neck structures are unclear but recently, sphenopalatine PACAP fi ber 
innervation of the middle meningeal artery has been implicated in migraine.  

    Mixed Sympathetic and Parasympathetic Ganglion 

 The major pelvic ganglion (MPG) is a mixed parasympathetic and sympathetic gan-
glion identifi ed by a composite of cholinergic and catecholaminergic neurons, respec-
tively, that provide major autonomic input to urogenital organs and the lower bowel. 
Although low levels of MPG PACAP transcripts were identifi ed in normal control 
tissues by PCR, no PACAP-immunoreactive fi bers or neurons were identifi ed in the 
ganglion [ 34 ]. This contrasted with the prevalent expression of vasoactive intestinal 
peptide (VIP) neurons and fi bers in MPG parasympathetic cholinergic neurons. 
However, unlike VIP in which the levels appeared relatively stable, PACAP expression 
was induced in some MPG neurons following experimental manipulations.  

    Enteric Nervous System 

 The enteric nervous system of the gastrointestinal tract is composed of ganglionated 
fi ber networks in the myenteric plexus and the submucosal plexus. PACAP- 
immunoreactive fi bers were identifi ed in both myenteric and submucosal plexi, often 
co-localized with CGRP and other sensory peptides implicating extrinsic PACAP 
origins from DRG or vagal projections. However, capsaicin-induced neurodegenera-
tion or extrinsic denervation only diminished gut PACAP content and immunoreac-
tive fi bers, implicating some endogenous PACAP production from intrinsic sources. 
Accordingly, both immunocytochemistry and in situ hybridization studies identifi ed 
endogenous PACAP expression in the myenteric plexus throughout the gastrointesti-
nal tract and in the submucosal plexus of the small and large intestine [ 15 ].   

    PACAP Neuroplasticity 

 Many neuronal systems exhibit phenotypic neuroplasticity under a variety of experimen-
tal paradigms in vitro and in vivo that can sometimes result in rather dramatic changes in 
neurotransmitter and neuropeptide expression. These neurophenotypic plasticity 
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responses are important in development and in adult tissues to maintain neurocircuit 
homeostasis, which can impact a broad range of activities including behavior [ 35 – 38 ]. 
For peripheral transmitters, the perturbations can alter the relative levels of tissue cate-
cholaminergic- versus cholinergic-producing neurons [ 39 ,  40 ]. For neuropeptides, the 
physiological challenges in neuronal injuries or infl ammation can reduce the levels of 
some peptides, but dramatically induce the expression of others from levels that might 
have otherwise appeared negligible or absent [ 41 ,  42 ]. VIP and PACAP fall into the latter 
category, and are invariably highly induced in sensory, autonomic, and motor neurons. 
The plasticity in PACAP expression is illustrated in the following few examples. 

    Sensory Neurons 

 The dynamics in DRG PACAP expression have been well described. As noted earlier, 
approximately 10 % of DRG neurons express PACAP immunoreactivity and transcripts, 
mostly in small (<35 μm diameter) C-fi ber nociceptors. A variety of nerve injury (tran-
section, crush, or chronic constriction injury) and infl ammation (adjuvant, cyclophos-
phamide) models dramatically increased DRG PACAP transcripts, immunoreactivity, 
and neurons in a time-dependent manner [ 7 ,  8 ,  11 ,  43 – 45 ]. From the small population of 
DRG PACAP neurons under baseline conditions, the increase in PACAP-expressing 
DRG neurons after sciatic nerve transection, for example, could be detected within a day 
after physiological challenge, reaching 50 % after 3 days, and a maximal sustained peak 
of more than 75 % after 10 days [ 7 ]. Notably, the DRG populations demonstrating 
PACAP induction appeared to depend on the nature of the injury. The increase in DRG 
PACAP neurons after sciatic nerve transection largely refl ected heightened PACAP 
expression in large DRG neurons (>35 μm diameter), which was accompanied by a mod-
est PACAP reduction in the small caliber DRG neuronal population (<35 μm diameter) 
[ 7 ,  11 ]. These observations were mirrored by increased PACAP-immunoreactive fi ber 
density in the deep laminae (large DRG neuronal projections) of the spinal cord dorsal 
horn and decreased central PACAP fi bers to the superfi cial layers (small C-fi ber nocicep-
tor projections). The induction of DRG PACAP-expressing neurons following infl amma-
tory insult was confi ned to the small-sized neuronal population [ 46 ] with corresponding 
increases in PACAP-immunoreactive fi ber staining in the superfi cial layers of the dorsal 
horn [ 45 ], whereas nerve compression increased PACAP levels in both small and large 
DRG neuronal populations [ 43 ]. Transection of the masseteric nerve produced a similar 
temporal increase in PACAP expression in the trigeminal ganglion [ 47 ].  

    Sympathetic Neurons 

 Injury to other peripheral neuronal tissues elicited the same PACAP induction 
responses. From the 1 to 3 % of postganglionic sympathetic SCG neurons that 
express PACAP under basal states, axotomy of the internal and/or external carotid 
nerves [ 20 ] or placing SCG ganglia in explant cultures augmented the SCG PACAP 
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neuronal population to nearly 40 % (>10-fold increase) which was matched by a 30- 
to 50-fold increase in SCG PACAP transcript levels and a 30-fold augmentation of 
ganglionic PACAP peptide content (Fig.  33.1 ). Similar peptide induction responses 
were produced following chemical sympathectomy with 6- hydroxydopamine [ 20 , 
 48 ] or nerve growth factor (NGF) neutralizing antisera treatments [ 49 ]. By contrast, 
the induction of PACAP and other peptides was far lower following SCG deafferen-
tation or decentralization injury, after transection of sympathetic preganglionic fi bers 
in the sympathetic trunk, from damage to the few sympathetic postganglionic axons 
that backtracked into the sympathetic chain [ 20 ,  50 ] (Fig.  33.1 ).

       Parasympathetic Neurons 

 Placing postganglionic parasympathetic cardiac ganglia in explant cultures for 2–4 
days changed the number of PACAP-expressing neurons from 1 to 4 % to a maximal 
increase of 25–35 %, in parallel with a 15-fold induction in PACAP precursor pro-
tein transcripts [ 30 ,  51 ]. Compared to other peripheral ganglia and peptides, in which 
axotomy or tissue explantation can produce double-digit fold changes, the PACAP 
transcript changes in the mixed autonomic major pelvic ganglia were smaller (<5 %) 
in explants and appeared absent following transection of the cavernous nerve [ 52 ].   

    PACAP Neuroplasticity in PACAP-EGFP Mice 

 The recent availability of a PACAP-EGFP transgenic mouse line has allowed studies 
of PACAP neuroplasticity with high resolution. In this model, expression of the 
EGFP cassette, inserted upstream of the PACAP ATG initiation codon and under 
PACAP gene ( Adcyap1 ) promoter control, has allowed detailed central and periph-
eral nervous system PACAP regulation and induction studies under a variety of 
physiological paradigms (Fig.  33.2 ). Under baseline conditions, native PACAP-
EGFP fl uorescence was low or absent in a variety of peripheral tissues. Placing the 
SCG and MPG into explant cultures also dramatically induced PACAP- EGFP 
expression (Fig.  33.2C–F ); the number of MPG PACAP-expressing neurons 
appeared greater than levels indicated in previous PCR analyses. Comparable to 
previous studies, chronic constriction injury by partial sciatic nerve ligation dra-
matically induced the number of PACAP-expressing neurons in the ipsilateral DRG, 
compared to the contralateral sham control ganglion (Fig.  33.2A, B ); the increases 
in DRG PACAP expression were refl ected by increased PACAP-EGFP fi ber fl uo-
rescence in the sciatic nerve, proximal to the ligation, and in the DRG central axons 
to the ipsilateral dorsal horn (Fig.  33.2G ). Similar to previous studies, the dense 
injury- induced PACAP-immunoreactive fi bers were prevalent in the ipsilateral 
gracile fasciculus and deeper laminae (II–IV) of the dorsal horn (Fig.  33.2G ) which 
implicated preferential PACAP induction in the large (>35 μm diameter) DRG neu-
rons. There were no apparent changes in the number of second order PACAP-EGFP 
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  Fig. 33.1    Superior cervical ganglion (SCG) axotomy increases PACAP transcript expression. Adult 
male rat SCGs were axotomized by transection of the internal and external carotid nerves (ICN and 
ECN, respectively) or decentralized (Dcx) by transection of the sympathetic trunk (schematic in inset). 
Control SCGs were from unoperated animals and sham ganglia were surgically exposed but untouched. 
Following 7 days postsurgical recovery, the rats were euthanized by decapitation and the harvested 
SCG immediately frozen on dry ice. ( A ) The SCGs were homogenized in 5N acetic acid with protease 
inhibitors; the extracts were lyophilized and reconstituted in assay buffer for PACAP38 radioimmuno-
assay [ 29 ]. Axotomy increased SCG PACAP content nearly 30-fold; PACAP induction following 
decentralization was more modest (threefold). Data expressed either as mean fmol/ganglion ( left axis ) 
or fold change from control ( right axis ) ± SEM.  n  = 5 per group. ( B ) SCG RNA was also prepared for 
Northern analysis as previously described [ 29 ]. Axotomy dramatically induced SCG PACAP mRNA 
levels. The blots were exposed to fi lm with intensifying screens for either 143 h ( left panel ) or 120 h 
( right panel ), demonstrating PACAP mRNA levels in control SCG and relative induction of the 2.2 
and 0.9 kb PACAP transcripts after axotomy. Each lane represents RNA from an individual ganglion       

Fig. 33.2 (continued) ipsilateral dorsal horn (DH) and gracile fasciculus (GF, panel  G , right half 
of spinal cord). Notably, CCI also induced PACAP-EGFP expression in motor neurons of the ven-
tral horn (VH). ( C ,  D ) Compared to control SCGs which were frozen immediately after harvest for 
cryosectioning ( C ), explantation of intact PACAP-EGFP SCG in NGF-free medium for 24 h 
increased PACAP expression ( D ). ( E , F  ) Similarly, explant culture of the mixed sympathetic/ 
parasympathetic major pelvic ganglion (MPG) induced PACAP-EGFP expression ( F ) compared to 
control ganglion ( E )       
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  Fig. 33.2    Peripheral ganglia PACAP expression in transgenic PACAP-EGFP mice is induced 
after nerve injury or explantation. PACAP-EGFP mice received unilateral partial sciatic nerve liga-
tion for chronic constriction injury (CCI, 14 days). The mice were deeply anesthetized and eutha-
nized by 4 % paraformaldehyde perfusion fi xation, and tissue cryosections were prepared for 
native EGFP fl uorescence microscopy. ( A ,  B ) Compared to sham control L4 dorsal root ganglion 
(DRG,  A ), CCI induced dramatically the number of PACAP-EGFP neurons in the ipsilateral DRG 
( B ). The increase in DRG PACAP-EGFP was refl ected in the increased PACAP fi ber density in the 
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neurons in the superfi cial (lamina I) layer of the dorsal horn compared to the contra-
lateral sham control side. In agreement with sciatic nerve transection results [ 22 ], 
chronic constriction injury also increased PACAP transcript expression in ventral 
horn motor neurons (Fig.  33.2G ). These studies demonstrate the utility of PACAP-
EGFP mice to unambiguously identify induced PACAPergic neurons and pathways 
under different physiological states.

       Mechanisms of PACAP Neuroplasticity 

 The regulatory mechanisms underlying PACAP expression and injury-induced plas-
ticity are not completely understood. As in other peptidergic systems, multiple fac-
tors and signaling mechanisms undoubtedly participate in the endogenous baseline 
and induced levels of PACAP expression. 

    Neuronal Activity, Trophic Factors, and Transcriptional 
Regulators of PACAP Expression 

 Neuronal activity and the resulting changes in calcium infl ux can regulate neuronal 
transmitter and peptide identity and respecifi cation [ 36 ,  37 ]. The expression of 
galanin, VIP, substance P, and PACAP, for example, can be dramatically induced 
upon depolarization of cultured neurons [ 29 ,  53 ,  54 ]. The PACAP mRNA in ner-
vous tissues is typically 2.2 kb in size and interestingly, depolarization not only 
augmented the 2.2 kb PACAP transcript but induced the expression of a smaller 
0.9 kb form which appeared to refl ect the use of a variant 3' UTR hexamer signal 
sequence for alternative transcript polyadenylation [ 55 ]. SCG axotomy similarly 
produced a shortened form of the PACAP transcript (Fig.  33.1 ). The short PACAP 
transcript variant appeared to demonstrate enhanced stability, but whether the ~1 kb 
deletion sequence also harbors transcriptional regulatory elements and/or impacts 
PACAP mRNA folding to regulate expression is currently unclear. 

 A variety of other factors infl uence PACAP expression. The glass bottom boat 
class of bone morphogenetic proteins (BMP), especially BMP6, can suppress neu-
ronal PACAP expression, but reciprocally upregulate VIP levels [ 56 ]. The effects of 
neurotrophins on PACAP expression are complex. Signaling by NGF through the 
high affi nity TrkA receptor can stimulate PC12 and DRG nociceptor PACAP 
expression [ 46 ,  57 ,  58 ] but repress SCG PACAP levels (see below). Neurotrophin-3 
(NT-3) appears to suppress PACAP expression in a subpopulation of DRG neurons 
following injury [ 57 ]. The PACAP gene has two neural-restrictive silencer-like ele-
ments (NRSLE) [ 59 ,  60 ], suggesting that it can be repressed by RE-1 silencing 
transcriptional factor (REST). Other regulators include the gp130 cytokines [ 61 ] 
(see below), thyroid transcriptional factor-1 (TTF-1) [ 62 ], and T-cell leukemia 
homeobox protein 1/3 (Tlx1/3) [ 63 ]. The roles of Tlx1/3 are notable as Tlx1/3 coor-
dinates PACAP and glutaminergic neuronal identities.  
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    Activation Mechanisms in Injury/Infl ammation-Induced 
PACAP Expression 

 Roles for activation and repressive retrograde signals have been postulated in models 
regulating neurophenotypic plasticity elicited by injury or infl ammation. Each model 
was championed at various times, but both mechanisms undoubtedly contribute to the 
plasticity process. The activation model has emphasized the roles of the neuropoietic 
cytokines, including leukemia inhibitory factor (LIF), ciliary neurotrophic factor 
(CNTF), interleukin-6 (IL-6), interleukin-11 (IL-11), oncostatin M, and cardiotro-
phin-1, with the canonical gp130 receptor—JAK/STAT signaling pathway in neuro-
peptide induction. This process has been well reviewed [ 61 ]. SCG axotomy increased 
ganglia LIF and IL-6 expression in the supporting satellite and Schwann cells without 
effects on SCG gp130 transcript levels [ 64 ,  65 ]. Furthermore, conditioned medium 
stimulation of sympathetic culture VIP expression was blocked by preabsorption 
with anti-LIF [ 66 ], and SCG axotomy of LIF−/− animals attenuated VIP, galanin, and 
neurokinin A expression [ 67 ]. However, in vivo SCG exposure to LIF or axotomy of 
the facial motor nucleus in LIF−/− or IL-6−/− mice had no effects on galanin or VIP/
PACAP induction, respectively [ 49 ,  68 ]. In accord, direct application of LIF, CNTF, 
or IL-6 to primary sympathetic cultures had no or only modest (<2-fold) effects on 
PACAP expression. These results implicated roles for other gp130 cytokines; how-
ever to obviate the testing of each potential mediator, a transgenic model was used in 
which gp130 fl /fl   animals were crossed with dopamine- beta- hydroxylase (DBH)-cre 
mice to delete gp130 from catecholaminergic neurons, including gp130 receptors in 
the SCG. Axotomy of the gp130 DBHcre  mouse SCG failed to demonstrate injury-
induced VIP or PACAP expression [ 65 ], but paradoxically, cholecystokinin transcript 
levels were still augmented despite the previous demonstration of regulation by 
LIF. The cytokines may not be derived solely from endogenous ganglia non-neuronal 
cells. In injuries, immune cells can release a variety of cytokines and mediators gen-
erating an infl ammatory milieu that can infl uence neuronal function and phenotypic 
responses [ 69 ,  70 ]. In support of this concept, axotomy of the facial motor nucleus 
failed to induce PACAP expression in the immunodefi cient SCID mouse; however, 
VIP induction was not affected. The abrogated PACAP injury response in the SCID 
mouse could be reversed upon infusion of splenocytes, consistent with roles for 
infl ammatory agents [ 68 ]. These studies in aggregate suggest that cytokines and 
infl ammatory factors, from endogenous ganglia or exogenous immune cell origins, 
can participate in injury-induced peptidergic plasticity.  

    Abrogation of Retrograde Mechanisms in Injury/Infl ammation- 
Mediated PACAP Expression 

 Other studies have suggested additional modes of peptide induction in injury. Using 
the SCG as example, numerous studies have shown that only axotomy of the internal 
or external carotid nerves are able to dramatically increase SCG VIP, PACAP, and 
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galanin expression; SCG decentralization, as described above, produced only modest 
changes from axotomy of the few postganglionic SCG fi bers traveling in the sympa-
thetic trunk. If the SCG peptidergic responses were dependent on satellite/Schwann 
cells or immune responses, it is unclear how the cellular mediators would distinguish 
the two forms of injury. Further, it is unclear how long distance axonal or terminal 
damage can generate responses back at the soma. As examples, mid- thigh sciatic 
nerve contusions, catecholaminergic nerve terminal injuries with 6-hydroxydopa-
mine, or TRPV1-mediated sensory nerve terminal damage with capsaicin or the ago-
nist resiniferatoxin dramatically induces peptide expression and plasticity—yet how 
do the corresponding SCG or DRG neuronal cell bodies recognize the injuries to 
mount plasticity responses? One mechanism relates to neuronal connectivity with the 
cognate peripheral target tissues and the retrograde transport of target-derived neuro-
trophic factors. The retrograde transport of NGF via TrkA receptors at sympathetic 
nerve terminals back to the soma has been well studied to generate survival signals 
via CREB signaling [ 71 – 74 ]. In congruence, immunosympathectomy with NGF neu-
tralizing antisera to unoperated SCG recapitulated many of the peptide induction 
responses observed in axotomy [ 49 ]. These observations suggest that retrograde tar-
get tissue signaling represents a repressive neurotrophic signal and that axotomy, in 
relieving that neurotrophic support, activates a stress signal for PACAP induction. 

 Our own PACAP studies with sympathetic neuronal cultures have supported many 
of these observations. Primary sympathetic neurons, free of contaminating support 
cells, can be cultured in defi ned medium supplemented with NGF. The low levels of 
endogenous PACAP expression under these culture conditions could be induced over 
eightfold upon NGF withdrawal in a rapid time-dependent manner, and suppressed 
again upon the reintroduction of NGF into the culture medium (Fig.  33.3 ). The levels 
of SCG PACAP expression were exquisitely sensitive to NGF concentration and 
could be blocked with NGF neutralizing antisera or with the Trk receptor signaling 
inhibitor K252a (Fig.  33.4A ). NGF/TrkA signaling takes place not only at the plasma 
membrane but continues in signaling endosomes upon endocytosis. Hence, the block-
ade of either clathrin- or caveolae-mediated internalization mechanisms also stimu-
lated PACAP transcript expression (Fig.  33.4A ). The roles of NGF/TrkA retrograde 
signaling were tested in compartmentalized Campenot chambers in which the SCG 
soma were separated from the axons, and in this model the withdrawal of NGF from 
the axonal compartment alone was suffi cient to induce PACAP transcript expression 
in the cell bodies (Fig.  33.4C–D ). NGF withdrawal placed the cultures into modes of 
cellular stress as refl ected by an increase in neuronal JNK phosphorylation; suppres-
sion of JNK activation with the inhibitor SP600125 completely blocked the induction 
in PACAP expression during NGF withdrawal (Fig.  33.4B ). By contrast, NGF had a 
lesser effect on VIP expression; withdrawal of cultured sympathetic neuron NGF 
augmented VIP transcript levels approximately 50 %. These VIP levels were mark-
edly different from those after SCG axotomy in which VIP induction was typically 
equal or greater than that for PACAP. Consistent with other studies, cultured SCG 
neuron treatment with LIF, CNTF, or IL-6 had no effects on PACAP expression.

    Despite the apparent roles of NGF in regulation of SCG PACAP levels, NGF may 
not be the principal retrograde neuroplasticity signal for all peptides or neuronal 
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systems. Neonatal sympathetic neurons are sensitive to NGF levels for trophic sup-
port, and accordingly the cultures are more responsive to cellular stress following 
neurotrophin withdrawal to initiate phenotypic responses. Adult sympathetic neu-
rons may be more resilient to changes in NGF levels, and the relative contribution of 
abrogated retrograde NGF/TrkA signaling to other signals (i.e., infl ammatory cyto-
kines) may be different. Notably, one study demonstrated that the concurrent addi-

  Fig. 33.3    NGF withdrawal from SCG cultures induces neuronal PACAP expression. Primary neo-
natal rat SCGs were enzymatically dissociated and seeded into 24-well culture plates; the cultures 
were treated with arabinoside cytosine to remove background cells and maintained in defi ned 
serum-free medium containing 50 ng/ml NGF as previously described [ 29 ]. ( A ) After 7 days 
in vitro, NGF was withdrawn from the sympathetic cultures and the cells were harvested at the 
times shown for RNA extraction and semi-quantitative PCR assessments of PACAP transcript 
levels ( left panel ). After 24 h in NGF-free medium, NGF was returned back to the replicate plates 
and the cultures harvested at the times shown after growth factor add-back ( right panel ). NGF 
withdrawal increased SCG culture PACAP transcript expression in a time-dependent manner; con-
versely NGF add-back gradually diminished PACAP transcript levels over 12 h. ( B ) SCG neurons 
were cultured in 50 ng/ml NGF and after 7 days, the defi ned medium was replaced with fresh 
medium containing the indicated NGF concentrations; the neurons were maintained in culture for 
an additional 12 h before harvesting for PCR analyses. Decreasing NGF concentrations increased 
culture PACAP transcript levels in a concentration-dependent manner. Each lane represents an 
individual replicate culture well. ( C ) SCG cultures were maintained in NGF-supplemented 
(+NGF) or NGF-free (-NGF) defi ned medium for 24 h before fi xation and processing for PACAP 
immunocytochemistry using a Cy3-conjugated secondary antibody. NGF withdrawal increased 
the number of PACAP-immunoreactive neurons in the SCG cultures       
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  Fig. 33.4    Abrogation of retrograde NGF signaling and JNK activation increases SCG PACAP 
expression. ( A ) SCG neurons were cultured in defi ned medium containing 50 ng/ml NGF for 7 days 
before addition of the neurotrophin Trk receptor tyrosine kinase inhibitor K252a (100 nM) or NGF 
neutralizing antibody (nAb, 1 μg/ml) for 24 h. Replicate cultures were also treated with endocytosis 
inhibitors chlorpromazine (CPZ, 10 μg/ml, clathrin endocytosis inhibitor), monodansylcadaverine 
(MDC, 200 μM, clathrin endocytosis inhibitor), or fi lipin (2 μg/ml, caveolae endocytosis inhibitor). 
Blockade of NGF/Trk signaling and endocytosis/traffi cking induced SCG neuronal PACAP tran-
script expression examined by PCR analyses. ( B ) NGF withdrawal from sympathetic cultures stimu-
lated JNK activation [ 76 ]. To assess the roles of JNK/c-jun signaling in PACAP expression, SCG 
cultures were withdrawn from NGF, and treated simultaneously with the JNK inhibitor SP600125 or 
an unrelated p38 MAPK inhibitor SB203580. NGF removal induced culture PACAP transcripts 
(Vehicle) compared to control NGF-supplemented cultures (Control). The addition of the JNK inhib-
itor to the NGF-free cultures blocked PACAP induction; the unrelated p38 MAPK inhibitor had no 
effects on PACAP induction. ( C ) Schematic of SCG Campenot compartmentalized culture prepara-
tion. The SCG neurons were seeded onto a 1 mm wide compartment (Soma,  left ) and the axons were 
allowed to tunnel through a vacuum grease-sealed tefl on barrier to reach the NGF-saturated axonal 
compartment (Axons,  right ). Hence, the SCG neuronal somas were compartmentalized from the 
axons.  Dotted lines  depict the width of the tefl on barrier. ( D ) Sympathetic neuron somal PACAP 
mRNA levels from Campenot cultures maintained with NGF (50 ng/ml) in the axonal compartment 
(+NGF) were compared to those in which NGF was withdrawn from the axonal compartment for 
24 h (-NGF). The neuronal soma compartments contained 10 ng/ml NGF (minimal survival dose) in 
all conditions. NGF withdrawal from the axonal compartment and resulting abrogation of NGF/TrkA 
retrograde neurotrophin signaling were suffi cient to induce neuronal PACAP transcript expression       
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tion of anti-NGF and LIF to unoperated SCG induced peptide expression levels 
beyond those of anti-NGF alone, suggesting that dual activation signals and loss of 
target tissue factors are synergistic for neuropeptide plasticity [ 49 ]. Unlike sympa-
thetic neurons, neonatal DRG neurons can be maintained in culture without NGF 
and by contrast, NGF treatments facilitated DRG PACAP expression in vitro ,  which 
appeared consistent with the stimulatory effects of NGF on DRG PACAP in vivo 
[ 46 ,  57 ,  75 ]. Indeed, NGF-induced DRG peptidergic plasticity has been associated 
with small caliber C-nociceptor hyperalgesia in tissue infl ammation [ 75 ]. These 
results suggest NGF has different mechanisms of action on neuropeptide plasticity 
in different tissues; NGF suppresses PACAP expression in sympathetic neurons 
through neurotrophic signaling, but augments PACAP levels in DRG sensory neu-
rons. For DRG and other autonomic tissues, the abrogation of different retrograde 
target tissue factors, in combination with activation mechanisms, may be important 
for axotomy-induced peptidergic plasticity. Described earlier, DRG PACAP expres-
sion is sensitive to NT-3/TrkC signaling [ 57 ]. In agreement, the induction of PACAP 
expression in guinea pig cardiac ganglion explants was not suppressed with NGF 
treatments but by the glial cell line-derived neurotrophic factor neurturin, implicat-
ing glial-derived neurotrophic factor (GDNF) receptor alpha2 (GFRalpha2) signal-
ing in the regulation of cardiac neuron PACAP expression [ 51 ]. These observations 
suggest that there may not be a unifying mechanism underlying neurotransmitter/
neuropeptide phenotypic plasticity. Rather, these studies in aggregate illustrate that 
neuropeptidergic plasticity mechanisms are complex; there are different mecha-
nisms underlying injury- and infl ammation-induced neurophenotypic plasticity, and 
the induction of each peptide may have a unique mechanistic signature. Accordingly, 
the totality of the peripheral nervous system peptide plasticity responses to the many 
physiological challenges represents an aggregate of these mechanisms.   

    Functional Roles of PACAP in Neuropeptidergic Plasticity 

 The induction of specifi c peptides in neuroplasticity has long been suggested to repre-
sent a reprogramming of cellular functions from neurotransmission to neuroprotection 
and regeneration. Many of the induced peptidergic systems, including PACAP, can 
engage neurotrophic signaling pathways [ 2 ,  76 ]; however, unequivocal evidence for 
these functions has proven somewhat elusive. Sciatic nerve transection in galanin−/− 
mice delayed nerve regeneration as assessed by toe spreading [ 77 ]. Axotomy of the 
facial nerve in PACAP−/− mice had no apparent effects on neuronal survival and dem-
onstrated modest impairments in nerve regeneration, but enhanced infl ammatory 
responses at the injury site [ 78 ]. Among other potential roles, these studies implicated 
injury-induced PACAP expression for anti-infl ammatory processes. 

 However, injury- and infl ammation-induced neuropeptidergic plasticity may also 
be viewed broadly as intrinsic neuronal mechanisms to maintain neural system 
homeostasis [ 36 ]. The balance of excitatory and inhibitory neurocircuit signaling has 
little margin for error, which is essential for proper activities in developing and mature 
networks. Under system perturbations such as stress, injury, or disease, the abilities of 
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subpopulations of neurons to undergo neurochemical dynamics and plasticity may be 
a means of maintaining system homeostatic responsiveness. Congruently, PACAP 
signaling has clear roles in neuronal excitability [ 32 ,  79 – 81 ]. Noteworthy, JNK/c-jun 
regulation of the homeobox gene  tlx3  may coordinate PACAP and glutaminergic phe-
notypic identities in some neuronal systems [ 63 ,  82 ], and PACAP can modulate glu-
taminergic signaling by regulating cell surface NMDA and mGlu receptor expression. 
Hence, one potential function of DRG PACAP induction in injury and infl ammation 
may be the initiation of adaptive mechanisms to maintain homeostatic signaling and 
responsiveness in the dorsal horn. Whether PACAP neuroplasticity has comparable 
homeostatic functions in other neuronal systems remains to be studied.  

    Conclusions 

 PACAP is widely distributed in sensory, autonomic, and enteric neurons. The popu-
lation of endogenous PACAP-expressing neurons in these ganglia can be increased 
dramatically from the low number under basal conditions in parallel with height-
ened levels of PACAP transcripts, immunoreactivity, and content after experimental 
neuronal injury or infl ammation. The mechanisms underlying the neuronal plastic-
ity of PACAP and other peptides have not been fully elucidated, but likely involve 
multiple signals from the abrogation of retrograde target tissue regulators and an 
augmentation of stimulatory cytokine/infl ammatory factors. The differential induc-
tion of PACAP, VIP, and other peptides may require distinct mechanistic signatures 
for the various neural tissues. Among roles including neurotrophic and anti-infl am-
matory responses, PACAP neuroplasticity may be an intrinsic mechanism required 
to maintain neurocircuit homeostasis.   
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    Chapter 34   
 The Neuropeptide PACAP, a Potent Disease 
Modifi er Candidate for Brain Stroke 
Treatment                     

     Coralie     Brifault    ,     David     Vaudry    , and     Olivier     Wurtz    

    Abstract     Despite years of intense research, acute ischemic stroke remains a lead-
ing cause of death and long-term disabilities worldwide. Although preclinical stud-
ies lead to the identifi cation of over 1000 potential neuroprotective compounds, the 
current treatments for brain ischemia only rely on clot thrombolysis through injec-
tion of recombinant- tissue plasminogen activator (r-tPA) or mechanical revascular-
ization, which benefi t to less than 10 % of stroke victims due to a narrow therapeutical 
time window and side effects. Consequently, there is a crucial need for the identifi -
cation of new molecules and the development of other strategies that could target 
later phases of the pathophysiological cascade of mechanisms following stroke. 
Indeed, because stroke initiates a complex series of pathophysiological events 
evolving both in time and location, putative therapeutic molecules need to be effec-
tive on several of the biochemical processes evoked by stroke. Pituitary adenylate 
cyclase- activating polypeptide (PACAP) has been reported to decrease infarct vol-
ume and improve functional recovery in several models of global and focal brain 
ischemia. The unique particularity of PACAP relies on its ability to act on various 
pathological processes of cerebral ischemia. PACAP can counteract excitotoxicity, 
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inhibit apoptosis, reduce oxidative stress, modulate infl ammation, and promote 
brain repair mechanisms. Nevertheless, due to several limitations, the pertinence of 
a potential therapeutical use of PACAP is still under investigation to successfully 
ensure the bench to bedside continuum.  

  Keywords     PACAP   •   Brain stroke   •   Ischemia   •   Neuroprotection   •   Therapeutical 
drug   •   Infl ammation  

  Abbreviations 

   AEPO    Asialo-erythropoietin   
  AIF    Apoptosis inducing factor   
  AIS    Acute ischemic stroke   
  BBB    Blood brain barrier   
  CBF    Cerebral blood fl ow   
  CNS    Central nervous system   
  CRMP2    Collapsing response mediator protein 2   
  DPP-IV    Dipeptidyl peptidase IV   
  EPO    Erythropoietin   
  GHRH    Growth hormone-releasing hormone   
  GPx-1    Glutathione peroxidase-1   
  HIF-1α    Hypoxic inducible factor-1α   
  i.c.v.    Intracerebroventricular   
  i.p.    Intraperitoneal   
  i.v.    Intravenous   
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  MCA    Middle cerebral artery   
  MCAO    Middle cerebral artery occlusion   
  NOS2    Nitric oxide synthase 2   
  PACAP    Pituitary adenylate cyclase-activating polypeptide   
  PEG    Polyethylene glycol   
  PLA    Polylactic acid   
  PLGA    Poly(lactic-co-glycolic acid) copolymer   
  PTS-6    Peptide transporter system 6   
  r-tPA    Recombinant-tissue plasminogen activator   
  SOD2    Superoxide dismutase-2   
  TNF    Tumor necrosis factor   
  VEGF    Vascular endothelial growth factor   
  VIP    Vasoactive intestinal peptide   
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        Brain Stroke 

    Defi nition and Epidemiology 

 Stroke is a cerebrovascular accident caused by an abrupt reduction of cerebral 
blood fl ow (CBF) generating irreversible cerebral tissue damages. Although stroke 
can sometimes be due to intracerebral hemorrhage, the ischemic origin accounts 
for 87 % of the cases and results from the occlusion of an arterial cerebral vessel 
responsible for sudden focal neurological defi cits. According to the World Health 
Organization, stroke encompasses the transient ischemic attack defi ned as neuro-
logical defi cits disappearing spontaneously in less than 1 h without neither sequel 
nor brain imaging abnormalities, and the acute ischemic stroke (AIS) correspond-
ing to clinical symptoms persisting beyond 24 h which will be in the scope of this 
review article. 

 In the United States, 795,000 Americans experience a new or recurrent stroke 
with 610,000 fi rst-ever cases each year. It represents one stroke victim every 40 s and 
it is responsible for one death every 4 min. We assume that 6.6 million Americans 
already experienced a stroke event, an estimated stroke prevalence of 2.6 % on the 
2009–2012 period. Stroke is considered as the third cause of death after heart dis-
eases and cancer, the second cause of dementia after Alzheimer’s disease, and the 
fi rst cause of nontraumatic acquired disability in adults. The consequences after 
cerebral ischemia vary, but are often dramatic. Mortality rate was 20 % at 1 month 
and from 32 to 60 % after 3 years. While 25 % of patients recover without apparent 
sequel, 75 % of stroke survivors have various physical and psychological handicaps 
depending on the location and severity of the lesions. Among people bearing irre-
versible defi cits, 30 % will not be autonomous in their daily activities and 40 % will 
not be able to resume their work. The management of stroke victims represents 
therefore a signifi cant societal cost. In Europe, about 3–4 % of public health expen-
ditures are dedicated to stroke, which represents a total of 64 billion € each year 
[ 1 ,  2 ]. The incidence and prevalence of stroke being closely associated with the 
aging of the population in industrialized countries, the projections for 2030 foresee 
a 20.5 % increase in prevalence of stroke in the United States [ 3 ]. Thus, it becomes 
obvious that stroke victims will represent a major public health and economic 
concerns.  

    Pathophysiology 

 Representing 2 % of the total body weight but consuming 20 % of cardiac output, the 
brain is particularly dependent on the continuous supply of oxygen and nutrients. 
The transient or permanent decrease in CBF observed in stroke results in 30 % of 
cases from occlusion of the middle cerebral artery (MCA) or one of its collaterals. 
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The consecutive energetic depletion initiates a complex series of pathophysiological 
events, which evolve in a spatiotemporal fashion and lead to a massive and progres-
sive neurodegeneration responsible for disabling functional defi cits [ 4 ]. 

 From the spatial point of view, the hypoperfusion gradient from the periphery to 
the ischemic core delimits two distinct zones. The ischemic core, where energy sup-
ply is insuffi cient to allow cell survival, is the location of rapid and irreversible cell 
death, whereas the penumbra area, surrounding the ischemic core, is defi ned as an 
electrically silent but metabolically active tissue, thanks to the presence of arterial 
collaterals suffi cient to support cell survival at least for a short period of time. 

 From the temporal point of view, the cascade of pathophysiological events respon-
sible for the extension of the lesions, spreading from the ischemic core toward the 
penumbra, can be seen as a set of entangled processes taking place in two phases: an 
acute phase occurring during the fi rst hours after the occlusion which mainly involves 
excitotoxic and oxidative stress processes, and a chronic phase developing over days 
and weeks after the stroke onset which includes apoptotic and infl ammatory mecha-
nisms. All these events lead to cerebral infarction whose size and location determine 
the nature and severity of the neurological defi cits among stroke’s victims. 

 Despite years of intense research and preclinical identifi cation of numerous 
potential neuroprotective compounds, the current treatments for brain ischemia 
only rely on clot thrombolysis through injection of recombinant-tissue plasminogen 
activator (r-tPA) or mechanical revascularization. However, these treatments benefi t 
to less than 10 % of stroke victims due to a narrow therapeutical time window and 
side effects [ 5 ]. Consequently, there is a crucial need for the development of other 
strategies that could target the overall pathophysiological cascade of events follow-
ing stroke in the acute and chronic phases.   

    The PACAPergic System, an Endogenous Mechanism 
for Cell Protection After Stroke 

    The PACAPergic System 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) was fi rst isolated by 
Arimura and his colleagues from ovine hypothalamus extracts on the basis of its 
capacity to stimulate adenylate cyclase activity [ 6 ]. This neuropeptide exists in two 
forms, with a 38-amino acid peptide (PACAP38) and a truncated 27-residue frag-
ment (PACAP27). PACAP, which exhibits 68 % sequence identity with vasoactive 
intestinal peptide (VIP), was classifi ed as a member of the secretin/glucagon/growth 
hormone-releasing hormone (GHRH) superfamily [ 7 ]. Interestingly, the biologi-
cally active region of PACAP, i.e., its N-terminal part, has been highly conserved 
during evolution, from fi sh to mammals, suggesting that this neuropeptide must 
exert essential biological functions. 

 PACAP binds to three different seven-transmembrane G protein-coupled recep-
tors named by the International Union of Pharmacology PAC1, VPAC1, and VPAC2 
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receptors according to their respective affi nity toward PACAP and VIP [ 8 ]. Indeed 
PAC1 receptor exhibits a high affi nity for both PACAP isoforms and a much lower 
affi nity for VIP [ 9 ] whereas VPAC1 and VPAC2 receptors show similar affi nity for 
PACAP and VIP [ 7 ]. More detailed information on PACAP and its receptors has 
already been published and is available in other published reviews [ 7 ,  10 ]. 

 Several studies have reported the wide distribution of PACAP and its receptors in 
the central nervous system (CNS) and in peripheral tissues, supporting the hypoth-
esis that PACAP exerts important biological activities. In fact, in the developing 
brain, PACAP exerts neurotrophic effects by modulating cell proliferation [ 11 ,  12 ], 
enhancing neuronal differentiation [ 13 ,  14 ] and blocking apoptosis [ 15 – 17 ]. In 
peripheral organs, PACAP has a strong dilatory activity on the vascular system [ 18 ] 
and bronchi [ 19 ]. Moreover, in vitro and in vivo studies have revealed that PACAP 
acts as a potent regulator of the immune system, exerting a general anti- infl ammatory 
effect on innate [ 20 ,  21 ] and adaptive responses [ 21 – 23 ]. Altogether, these data 
indicate that PACAP is a unique neuropeptide which acts through a complex inter-
play of cellular and molecular mechanisms to inhibit cell death, promote neuro-
trophic activities, and regulate infl ammatory responses.  

    Endogenous PACAP Expression After Cerebral Ischemia 

 Several studies have shown that PACAP expression is rapidly upregulated after 
brain artery occlusion, suggesting that the neuropeptide may play a role in the early 
pathophysiological events of ischemia. In a permanent model of MCA occlusion 
(MCAO), Stumm et al. have identifi ed a biphasic regulation of PACAP in rat corti-
cal pyramidal cells. They demonstrated that PACAP mRNA level in the fronto- 
parietal cortex was increased by 95 % 6 h after artery occlusion but was reduced by 
74 % 2 days after ischemia as compared with sham-operated animals [ 24 ]. A similar 
pattern of expression was also observed after transient MCAO in mice with an 
increase of PACAP mRNA by 251 % after 6 h [ 24 ], suggesting that the rapid upreg-
ulation of PACAP is independent of the stroke model. In accordance with this 
hypothesis, an increase of PACAP transcript is also observed in a mouse model of 
global ischemia, with a very strong elevation of PACAP mRNA expression in the 
granule cell layer of the dentate gyrus of the hippocampus 1 and 3 days after stroke 
[ 25 ]. According to these reports, PACAP mRNAs are essentially localized in corti-
cal and pyramidal neurons [ 24 ,  25 ], suggesting that neurons are the main source of 
PACAP after stroke. Nevertheless, recent data revealed that in the penumbral region, 
PACAP upregulation is not restricted to neurons but can also be observed in astro-
cytes and endothelial cells. Interestingly, some blood-derived CD34 +  cells may also 
produce the neuropeptide upon infi ltration in ischemic brain regions and can con-
tribute to the elevated PACAP expression observed in human brain samples from 
patients who died 1–3 days after stroke [ 26 ]. Finally, the importance of endogenous 
PACAP expression in stroke models has been highlighted in PACAP-defi cient mice 
which exhibit increased infarct volumes and functional defi cits when compared to 
their control littermates [ 27 ,  28 ]. 
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 Although the molecular mechanisms of PACAP upregulation are still unclear, it 
is likely that PACAP may be expressed in response to stress-related environmental 
factors appearing in ischemic conditions. Stumm et al. showed that PACAP upregu-
lation is mediated by the activation of the NMDA receptor and excessive glutama-
tergic neurotransmission, a hallmark of the initial ischemic cascade [ 24 ]. Another 
mechanism by which PACAP expression may increase is through activation of the 
hypoxic inducible factor-1α (HIF-1α) transcription factor whose transcriptional 
activity is strongly enhanced in hypoxic conditions. Indeed, no increased PACAP 
expression can be observed in HIF-1α defi cient mice or after chemical inhibition 
during experimental ischemia [ 26 ]. In parallel, Zhang et al. demonstrated that 
PACAP expression is upregulated in sensory neurons in a model of adjuvant- 
induced infl ammation in rat paw, suggesting that infl ammatory conditions stimulate 
PACAP expression in neuronal cells [ 29 ]. 

 Thus, these observations lead to the conclusion that in pathological conditions, 
endogenous PACAP expression is triggered in response to stress-related cues such 
as cell death, tissue lesion, or local infl ammation, suggesting that the PACAPergic 
system could be part of an endogenous mechanism of protection aimed to support 
cell survival and to modulate the infl ammatory response.  

    Expression of PACAP Receptors After Stroke 

 If less data are available regarding expression of PACAP receptors after stroke, they 
also support the idea that the endogenous PACAPergic system contributes to a 
mechanism of protection initiated after brain injury. Indeed, from day 1 to day 3 
after ischemia, a transient increase of the PAC1 mRNA expression has been 
reported in neurons at the level of the post-ischemic fronto-parietal cortex, primary 
olfactory cortex, and caudate putamen in models of focal cerebral ischemia [ 24 ,  30 , 
 31 ]. Similar results are observed in a mouse model of global ischemia where 
numerous PAC1 positive neurons are detected in the hippocampus 1 day after tran-
sient MCAO. In contrast, transcriptomic analysis revealed a signifi cant decrease of 
VPAC1 mRNA at day 3, while VPAC2 mRNA levels remained unchanged over 
time [ 32 ]. From day 3, the PAC1 receptor is no longer detectable in neurons but its 
expression gradually increases in astrocytes. Indeed, an increase of PAC1 mRNA 
was observed in astrocytes of the corpus callosum in a permanent MCAO model 
[ 24 ]. Nakamachi and collaborators have also reported an elevation of PAC1 mRNA 
in hippocampal astrocytes surrounding the damaged CA1 pyramidal 7 days after 
ischemia [ 32 ], suggesting that the PACAPergic system may play a role in the reac-
tive astrogliosis occurring after brain injury. 

 Altogether, these data reinforce the hypothesis of a participation of the 
PACAPergic system in an endogenous protective mechanism through the targeting 
at different levels of many pathophysiological processes in order to promote cell 
survival.   
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    PACAP’s Therapeutical Potential in Stroke Models: 
Mechanisms of Action 

    Neuroprotective Action of Exogenous PACAP’s Delivery 
After Ischemia 

 Since its discovery, numerous studies using different approaches have demonstrated 
the neuroprotective effects of PACAP against ischemic lesions in various animal 
models of brain ischemia (Table  34.1 ).

    Table 34.1    Reported PACAP’s neuroprotective effects in experimental models of cerebral 
ischemia   

 Species  Model  Route  Doses  Delay  Results  References 

 Rat  4VO   i.c.v   0.1–10 pmol/h  0 h  ↓ Infarct volume  [ 31 ] 
  i.v.   5 nmol/kg + 16 

or 160 pmol/h 
 24 h  ↓ Infarct volume; 

↓ JNK-SAPK; 
↑IL-6 

 Rat  CA   i.c.v.   1 pmol/h  0 h  ↓ Infarct volume  [ 34 ] 
 Rat  tMCAO   i.v.   5 nmol/

kg + 160 pmol/h 
 4, 8 and 
12 h 

 ↓ Infarct volume 
 ↓ Functional 
defi cits 

 [ 36 ] 

 Rat  tMCAO   i.v.   20 nmol/
kg + 160 pmol/h 

 4 h  ↓ Infarct volume  [ 37 ] 

 Rat  pMCAO   i.c.v.   450 pmol  Pre- 
ischemic 

 ↓ Infarct volume  [ 97 ] 

 Rat  CA   i.c.v.   1 pmol/h  Pre- 
ischemic 

 ↓ Infarct volume 
 ↓ TUNEL 
 ↓ 
p38-JNK-SAPK 

 [ 33 ] 

 Rat  pMCAO   i.c.v.   0.25–4 μg  Pre- 
ischemic 

 ↓ Infarct volume 
and functional 
defi cits 

 [ 39 ] 
 2 μg or 2 μg × 7 
days 

 Rat  pMCAO   i.c.v.   2 μg  Pre- 
ischemic 

 ↓ TUNEL  [ 43 ] 

 Mice 
(PACAP 
KO) 

 pMCAO   i.c.v.   1 pmol  0 h  ↑ Infarct volume 
and functional 
defi cits 
 ↑ Cytochrome c; 
↓ Bcl-2 

 [ 28 ] 

 Mice 
(IL-6 KO) 

 tMCAO   i.v.   5 nmol/
kg + 16 pmol/h 

 0 h  No effect of 
PACAP 

 [ 28 ] 

 Mice 
(PACAP 
KO) 

 pMCAO   i.v.   0.75 nmol  1 h  ↑ Infarct volume 
and functional 
defi cits 

 [ 27 ] 
  i.c.v.   40 pmol  1 h 

(continued)
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Table 34.1 (continued)

 Species  Model  Route  Doses  Delay  Results  References 

 Rat  tMCAO   i.v.   0.002–20 μg/kg  1 h  ↓ Infarct volume 
and functional 
defi cits 
 ↓ TNF-α; 
TNFR1; iNOS; 
MIP-1α; NF-kB 

 [ 35 ] 

 Mice  pMCAO   i.c.v.   1 pmol  0 h  ↑ IL-22; IGF-1; 
CTRAM 

 [ 38 ] 

 Mice  pMCAO   i.c.v.   1 pmol  0 h  ↑ S100a5; IL-1β; 
Ccl2; IL-11; 
Cxcr2; FGF-21 
and CRMP2 
 ↓ Prlr 

 [ 58 ] 

 Mice  pMCAO   i.c.v.   Constitutive 
secretion by 
ESC 

 3 Days  ↓ Functional 
defi cits 
 ↓ Pro- 
infl ammatory 
responses 
 ↑ M2 microglia 

 [ 40 ] 

 Rat  tMCAO   i.p.   0.1, 1 or 10 μg/
kg × 5 days 

 4 h  ↓ Infarct volume 
and functional 
defi cits 
 ↑ CD34 +  cells 
homing 
 ↑ Angiogenesis 
and CBF 

 [ 26 ] 

   4VO : 4 vessels occlusion,  CA  cardiac arrest,  tMCAO  transient middle cerebral artery occlusion, 
 pMCAO  permanent cerebral artery occlusion,  KO  knock-out,  i.c.v.  intracerebroventricular,  i.v.  
intravenous,  i.p.  intraperitoneal,  ESC  embryonic stem cells,  CBF  cerebral blood fl ow  

   The therapeutic benefi t of exogenous PACAP administration for the treatment of 
cerebral ischemia was reported for the fi rst time in 1996 in a rat model of transient 
global ischemia. A chronic intracerebroventricular ( i.c.v. ) infusion of PACAP, 
1 pmol/h for 7 days, started immediately after induction of the ischemic lesion sig-
nifi cantly reduced hippocampal neuronal cell death [ 31 ]. Other studies, using global 
ischemia models, confi rmed that  i.c.v.  administration of PACAP before or during 
the ischemia induction correlates with a reduction of infarct volumes [ 33 ,  34 ]. 
Similarly, in animal models of transient focal cerebral ischemia, the intravenous 
( i.v. ) injection of PACAP induces benefi cial effects when administered before the 
induction of ischemia and up to 4 h after arterial occlusion, including a reduction of 
lesion volume and functional defi cits [ 28 ,  35 – 37 ]. Finally, the therapeutic potential 
of PACAP was also confi rmed in permanent models of cerebral ischemia, in which 
PACAP was administrated either  i.v.  or  i.c.v.  up to 1 h after stroke [ 27 ,  28 ,  38 ,  39 ]. 

 These data highlight that PACAP is a potent neuroprotective agent when adminis-
tered during the acute phase of brain ischemia, specifi cally within the fi rst hours after 
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artery occlusion. Nevertheless, a study also reports that a delayed delivery of PACAP 
beyond the acute phase can also improve functional recovery 7 and 14 days after 
stroke. Such effect was obtained using a stem cell-based strategy to deliver PACAP 
in the vicinity of the infarct area 3 days after the stroke onset in a mouse model of 
permanent MCAO and indicates that PACAP may represent an interesting therapeuti-
cal candidate to counteract the delayed pathophysiological processes occurring dur-
ing the chronic phase of cerebral ischemia and therefore constitutes a novel alternative 
for stroke treatment in a currently unexploited therapeutical time window [ 40 ].  

    Antiapoptotic Role of PACAP 

 The impairment of blood supply after vessel occlusion in a brain territory initiates a 
pathophysiological cascade of events leading to a massive neuronal loss. If cell 
death responsible for ischemic lesions has fi rstly been considered only of necrotic 
nature, it is now established that part of the cells also die by apoptosis [ 41 ]. Apoptotic 
processes preferentially develop within the penumbra and participate in the exten-
sion of the lesions from the infarct core toward the ischemic penumbra, therefore 
representing a potentially important therapeutic target [ 42 ]. Several in vitro and 
in vivo studies on ischemia report that the protective effect of PACAP is based on its 
well-recognized antiapoptotic properties as illustrated in rats by a 50 % reduction of 
apoptotic cell death after  i.c.v.  administration of PACAP (2 μg) immediately before 
permanent MCA occlusion [ 43 ]. 

 The antiapoptotic property of the neuropeptide relies on its ability to interfere at 
multiple levels of the neurotoxic cascade that ends to cell apoptosis. The O 2  and 
glucose withdrawal impairs the activity of critical ATP-dependent ionic pumps such 
as ATP-dependent Na + /K +  and Ca 2+  pumps disrupting ionic homeostasis and trans-
membrane gradients resulting in a massive release of excitatory amino acids, espe-
cially glutamate [ 44 ]. Lucas and Newhouse in 1957 and then Olney in 1969 have 
established a correlation between extracellular glutamate concentration and cyto-
toxicity, and shown that glutamate neurotoxicity is due to its excitatory effect, lead-
ing to the concept of excitotoxicity [ 45 – 47 ]. The binding of glutamate to its 
ionotropic NMDA, AMPA, and kainate receptors increases the permeability of 
these channel receptors to Cl - , Na + , and Ca 2+  ions. Furthermore, the intracellular 
accumulation of Ca 2+  triggers molecular events leading to the activation of apoptotic 
processes. At high concentration (above 10 nM), PACAP inhibits glutamate recep-
tors transmission, from NMDA- as well as AMPA-type receptors [ 48 ,  49 ] and 
increases glial glutamate uptake and metabolism in astrocytes by promoting the 
expression of GLT-1, GLAST transporters, and glutamine synthetase [ 50 ]. Thus, 
PACAP can interfere in a fi rst step with this initial excitotoxic cascade by modulat-
ing glutamate signaling (Fig.  34.1 ).

   Consecutively to energetic depletion and associated excitotoxicity, the increased 
cytosolic Ca 2+  concentration initiates the uncoupling of the mitochondrial oxidative 
phosphorylation, leading to deleterious free radicals production. In oxidative stress 
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conditions, such as after hydrogen peroxide exposure [ 17 ], lipopolysaccharide- 
induced dopaminergic neurotoxicity [ 51 ] or controlled cortical impact [ 52 ], PACAP 
reduces the production of reactive oxygen species by inhibiting the activity of 
NADPH oxidase and inducing the expression of Glutathione Peroxidase-1 (GPx-1) 
and Superoxide Dismutase-2 (SOD-2) antioxidant enzymes. Moreover, in a model 
of global ischemia, PACAP counteracts hippocampal CA1 neuronal death 
 consecutive to oxidative DNA damages  via  induction of apurinic/apyrimidinic 
endonuclease 1 DNA repair enzyme [ 53 ]. Therefore, it appears that PACAP’s anti-
apoptotic effect results not only from the modulation of glutamatergic transmission 
but also depends on a powerful antioxidant activity, two of the initial processes 
responsible for the activation of the apoptotic cascade (Fig.  34.1 ). 

 Besides the inhibition of these initial steps of the neurotoxic cascade, the inves-
tigation of the mechanisms involved in the protective action of PACAP revealed its 

  Fig. 34.1    Summary of PACAP’s neuroprotective effects during acute ischemic stroke. PACAP 
acts on the different physiopathological events of the ischemic cascade developing in the early as 
well as the late phase of brain stroke. During the acute phase of ischemia, PACAP prevents neuro-
nal cell death directly by regulating the caspase-dependent apoptotic pathways and indirectly by 
reducing oxidative stress and glutamate excitotoxicity. Moreover, PACAP affects the local infl am-
matory response in both phases of ischemia by modulating the balance between pro- and anti- 
infl ammatory mediators and promoting the redirection of the microglial cell response toward a 
neuroprotective M2 phenotype. In the late phase, the PACAP-dependent redirection of the microg-
lial response combined to the neurotrophic properties of the peptide on neural progenitors ampli-
fi es the post-ischemic neurogenesis and neoangiogenesis processes improving the endogenous 
tissue repair and functional recovery       
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ability to inhibit directly the caspase-dependent mitochondrial apoptotic pathway. 
Western blot analysis performed in PACAP-defi cient mice reported a rapid decrease, 
within 6 h after permanent focal ischemia, of Bcl-2 expression levels in the mito-
chondrial fraction and a concomitant cytosolic accumulation of cytochrome  c  
release [ 28 ]. PACAP can also regulate the expression of other members of the Bcl-2 
family. In particular, in an in vitro model of cortical neurons submitted to oxygen/
glucose deprivation, PACAP promotes cell survival through the phosphorylation 
and therefore the inactivation of Bad [ 24 ]. Similarly, the neuroprotective effect of 
PACAP against monosodium glutamate-induced retinal degeneration is mediated 
by inhibition of pro-apoptotic signaling pathways and relies on the ability of PACAP 
to phosphorylate Bad but also to decrease cytochrome  c  and apoptosis inducing fac-
tor (AIF) release [ 54 ] (Fig.  34.1 ). 

 Altogether, these observations demonstrate that PACAP has a potent antiapop-
totic activity due to combined inhibitory actions on the initiation phase as well as 
the effector phase of the apoptotic pathway.  

    Immunomodulatory Effects of PACAP 

 The post-ischemic infl ammation is a complex process initiated early after the stroke 
onset, sustained over weeks, exerting both detrimental and benefi cial roles and con-
trolled by microglia, a unique immunocompetent cell population in the brain paren-
chyma. A correlation between the neuroprotective effect of PACAP and its 
immunomodulatory role was fi rst proposed in 1998 by Shioda and coworkers. In a 
rodent model of global cerebral ischemia,  i.c.v.  infusion of PACAP for 48 h before 
ischemia causes an increase in interleukin (IL)-6 levels in the cerebrospinal fl uid of 
animals correlated to a decrease of brain lesions [ 34 ]. Immunofl uorescence studies 
highlighting IL-6 production in PAC1-expressing cortical neurons and absence of 
PACAP-mediated neuroprotection in IL-6 knock-out mice following MCAO sug-
gest that PACAP’s neuroprotective properties rely on the PACAP-dependent IL-6 
production (Fig.  34.1 ). Although the mechanisms underlying the protective effects 
of PACAP through the production of IL-6 are not clearly identifi ed to date, such 
results illustrate the close link between modulation of the infl ammatory response 
and neuroprotection. 

 Microarray-based transcriptomic studies showed in a mouse model of permanent 
focal ischemia that  i.c.v.  administration of the neuropeptide PACAP immediately 
after MCA occlusion modulates the expression of numerous genes encoding 
 infl ammatory mediators 6 and 24 h after PACAP injection. Among these genes,  Il-
22  and  Il-11  were found upregulated after PACAP treatment whereas  tumor necro-
sis factor (tnf)  was downregulated [ 38 ] (Fig.  34.1 ). Similarly,  i.v.  administration of 
very low quantity of PACAP (0.02 μg/kg) in a rat model of transient ischemia nega-
tively regulates the expression of pro-infl ammatory compounds such as TNF-α, the 
nitric oxide synthase (NOS)-2, the chemokine MIP-1α, and the transcription factor 
NF-kB (Fig.  34.1 ). Importantly, the modulation of the local infl ammatory response 
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seems to correlate with a reduction in lesion volume and neurological defi cits in 
animals suggesting that the anti-infl ammatory properties of the neuropeptide 
PACAP could account for a large part of its neuroprotective effects [ 35 ]. Interestingly, 
these results have been confi rmed in a model of delayed PACAP delivery 3 days 
after the stroke onset [ 40 ]. In this study, the observed modulation of the local infl am-
matory response after delayed PACAP delivery reveals a PACAP-dependent shift of 
the infl ammatory response toward a resolutive phenotype, supporting cell survival 
and tissue repair, that correlates with decreased neurological defi cits in animals. 
This PACAP- dependent skewing of the infl ammatory response relies, at least partly, 
on direct or indirect neuropeptide’s effects on microglial cells (Fig.  34.1 ). Indeed, 
we report a PACAP-dependent polarization of microglial cell phenotype toward a 
neuroprotective M2-like phenotype as illustrated by an increased number of 
Arginase-1 positive microglial cells in the peri-infarct zone [ 40 ]. 

 Altogether, these studies highlight that therapeutical strategies aimed at targeting 
the infl ammatory process in the early phase as well as in the late phase of stroke and 
more specifi cally by skewing the microglial response toward a neuroprotective 
response rather than simply inhibiting infl ammation could improve functional 
recovery in stroke victims.  

    Neurotrophic Properties of PACAP 

 PACAP exerts other important biological activities capable of interfering with the 
delayed pathophysiological events following stroke. More particularly, PACAP could 
mobilize different endogenous mechanisms of tissue repair including modulation of 
infl ammation but also processes such as neurogenesis and angiogenesis, which in 
concert improve tissue homeostasis, neuroplasticity, and neuronal functions. 

 Following stroke, neurogenesis processes, which promote the generation of new 
parenchymal cells from neural stem cells and progenitor cells, are increased in the 
subventricular zone and in the dentate gyrus of the hippocampus. However, only 
0.2 % of dead neurons are effi ciently replaced by newborn cells [ 55 ], which is insuf-
fi cient to achieve a complete functional recovery. Although there is no direct dem-
onstration of a benefi cial effect of PACAP in the neurogenic processes in in vivo 
models of ischemia, evidence from in vivo and in vitro studies using neural cells 
indicates that PACAP, due to its neurotrophic properties, may represent a promising 
pharmacological tool to improve such mechanisms. Indeed, besides an in vitro 
 pro- mitogenic effect of PACAP on various cell types including neural stem/progeni-
tor cells [ 56 ,  57 ],  i.c.v.  PACAP administration in naive mice as well as delayed 
PACAP delivery 3 days after ischemia (unpublished observations) increase the 
number of BrdU-positive cells in the subventricular zone and in the dentate gyrus 
[ 12 ,  56 ], indicating that PACAP enhances in vivo adult neurogenesis. Although the 
molecular mechanisms involved are not clearly identifi ed so far, the pro-mitogenic 
effect of PACAP seems mediated through the PAC1 receptor which is expressed in 
the neurogenic areas [ 56 ]. 
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 Confi rming further the potential of PACAP to enhance neurogenesis, several 
studies also report that PACAP signaling can guide stem/progenitor cell differentia-
tion toward a neuronal phenotype. In particular, in the presence of PACAP, embry-
onic stem (ES) cells grown as embryoid bodies present an increased number of 
neuritic extensions compared to control cells, refl ecting the neurogenic effect of the 
neuropeptide in the earliest stages of development. Furthermore, electrophysiologi-
cal data demonstrate that PACAP enhances the amplitude of outward currents in 
these embryoid bodies-derived cells after 2 weeks of treatment [ 13 ], illustrating the 
functionality of the newly formed neurons. Furthermore, recent work revealed that 
in a murine stroke model, PACAP increases the expression of the  collapsing 
response mediator protein 2  (CRMP2), known to participate in axonal growth and 
neuronal differentiation, suggesting that PACAP could promote neuroregeneration 
through CRMP2 induction [ 58 ]. The fact that migration and differentiation of neu-
ral cells contribute to the mechanisms associated with endogenous neurogenesis to 
improve functional recovery [ 59 ,  60 ] suggests that PACAP could enhance post- 
stroke neurogenesis and consequently improve neurological and functional out-
comes (Fig.  34.1 ). 

 Another mechanism that plays a critical role in improving long-term recovery 
after stroke is the reestablishment of a functional microvasculature in the ischemic 
penumbra. Indeed, neuronal function is critically dependent on regulation of CBF 
[ 61 ]. Among the numerous factors regulating angiogenesis and vascular matura-
tion, the vascular endothelial growth factor (VEGF) appears to be a key player. In 
rodents, VEGFc and its receptors are overexpressed during the fi rst 7–10 days after 
transient MCA occlusion and would be involved in post-ischemic revascularization 
processes [ 62 ,  63 ]. Previous investigations have demonstrated that PACAP stimu-
lates VEGF production in rat pituitary folliculostellate cells [ 64 ], suggesting that it 
may play an important role in angiogenesis. Such pro-angiogenic properties of 
PACAP have recently been confi rmed in a transient model of MCAO in rat where 
intraperitoneal ( i.p. ) injections of PACAP for 5 consecutive days after MCA liga-
tion lead to a higher cerebral microvascular perfusion and to an increased number 
of cerebral blood vessels in the penumbral area compared with control animals, as 
visualized with FITC-dextran. Moreover, a signifi cant elevation of CBF in the isch-
emic cortex of PACAP-treated animals was observed 1 week after ischemia [ 26 ], 
confi rming that PACAP may be considered as a potent angiogenic factor after 
stroke (Fig.  34.1 ).   

    PACAP Therapeutical Potential for Stroke Treatment: 
Limitations and Possibilities 

 All the above-mentioned observations indicate that PACAP could be useful as a 
therapeutic agent to reduce cell loss and promote neurological and functional recov-
ery after ischemic stroke. However, its clinical use may be compromised by a poor 
bioavailability, a short half-life, and potential side effects as discussed below. 
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    Time Window for PACAP Administration 

 Although PACAP represents a very interesting candidate for stroke treatment, its 
ability to induce tissue protection and functional recovery has mainly been investi-
gated early after administration of the peptide, i.e., within the fi rst 4 h after the 
stroke onset [ 33 ,  35 ,  36 ,  38 ]. It should be remembered that a narrow time window 
of only 4.5 h is one of the most important limitations of the current available treat-
ments for brain ischemia which are only given to about 10 % of stroke victims. As a 
consequence, the development of therapeutical strategies with enlarged time win-
dow is a priority and in this context, our recent fi ndings of a benefi cial effect of 
PACAP 3 days after the stroke onset offer new avenues for the use of PACAP as a 
therapeutic drug with unexploited therapeutical window that could benefi t to a 
larger number of stroke patients [ 40 ].  

    PACAP Bioavailability and Administration Route 

 Numerous studies using rodent models of cerebral ischemia demonstrate promising 
results after an intravenous injection of PACAP, as illustrated in Table  34.1 . In human 
however, strategies based on a systemic administration of pharmacological agents are 
restricted by the diffi culties to access the damaged cerebral tissues especially after 
cerebrovascular disruption. Interestingly, while the passage of numerous molecules 
is restricted by the blood brain barrier (BBB), PACAP38 crosses the BBB  via  the 
specifi c peptide transporter system 6 (PTS-6) [ 65 ]. Moreover, in two different models 
of brain ischemia, one caused by cardiac arrest and the other by MCAO, a rapid tran-
sient increase of PACAP infl ux into the brain within 4 h after  i.v.  injection has been 
shown [ 66 ,  67 ]. Although the exact mechanisms involved in the observed infl ux of 
PACAP have not been directly demonstrated, these changes of PACAP permeability 
are more likely attributable to an enhanced PTS-6 activity across the BBB rather than 
the ischemia-induced increased BBB permeability. This ability of PACAP to rapidly 
enter the brain may account for the neuroprotective effects observed early after the 
stroke onset [ 35 – 37 ]. Nevertheless, treatment with the native peptide starting 8 or 
12 h after occlusion did not result in reduced infarct or improve functional recovery 
[ 35 – 37 ], which could be explained by the decreased entry of PACAP beginning 6 h 
after ischemia [ 66 ]. Thus it appears that while intravenous PACAP injection at early 
time points after ischemia may represent a relevant approach for neuroprotection, 
after the fi rst 4 h,  i.v.  PACAP injections do not reach effi ciently the brain parenchyma 
to promote neurological improvement and functional recovery. Thus, alternative 
strategies to improve the delivery of PACAP in the vicinity of the infarct area, such 
as stem cell-expressing PACAP injected 3 days after stroke [ 40 ], may be of great 
interest. Moreover, by enhancing the rate of entry of PACAP in the CNS, neuropro-
tection would be achieved with lower doses of the peptide, leading to a reduction of 
the adverse side effects associated with an  i.v.  injection.  
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    PACAP Stability 

 In the systemic circulation, PACAP, as most natural peptides, is rapidly degraded by 
plasmatic enzymes including carboxypeptidase and endopeptidase, greatly reduc-
ing its biological half-life and therefore restricting its use as a therapeutical agent. 
Furthermore, in vitro and in vivo studies revealed that PACAP is rapidly metabo-
lized by dipeptidyl peptidase-IV (DPP-IV), a ubiquitous aminopeptidase that 
releases dipeptides from the N-terminal fragment of diverse peptides. Thus, after 
intravenous injection to mice, the half-life of PACAP in plasma is less than 2 min 
[ 68 ]. In human, a case study in an elderly male patient estimated PACAP blood half- 
life between 5 and 10 min [ 69 ], while in healthy volunteers PACAP exhibits a mean 
plasma half-life of 3.5 ± 1.3 min [ 70 ]. Moreover, the cleavage of PACAP by DPP-IV 
generates two metabolites PACAP(3-38) and PACAP(5-38) [ 68 ] that behave as 
PAC1 antagonists [ 71 ], reducing further the biological effects of PACAP. As a con-
sequence, obtaining an effective therapeutical dose of PACAP in the ischemic terri-
tory may be hampered by this low metabolic stability.  

    Potential Side Effects 

 PACAP and its receptors are widely distributed throughout the CNS and periph-
eral tissues. Such a large distribution implies that this neuropeptide exerts numer-
ous biological activities [ 7 ], some of them being potential side effects when 
injected systemically, therefore preventing the safe therapeutic use of the peptide. 
For instance, PACAP and its receptors are expressed in the cardiovascular system 
[ 72 – 74 ]. Considering that cerebral ischemia results from vascular impairment, 
potential effects of PACAP on the cardiovascular system have to be considered 
very carefully. In fact, in healthy volunteers, intravenous infusion of PACAP (10 
pmol/kg/min) for 20 min signifi cantly increases heart rate [ 70 ]. As PACAP was 
reported to be a potent and long-lasting vasodilator, this tachycardia probably 
results from the peripheral vasodilatation caused by the peptide [ 75 ,  76 ]. It has 
also been showed that PACAP in a dose-dependent manner can cause tachycardia, 
bradycardia, and auricular fi brillation [ 77 ], various events that may lead to the 
occurrence of ischemic stroke. Moreover, it is worth noting that in human, all 
subjects who received an  i.v.  injection of PACAP experienced a sustained skin 
fl ushing on the face and chest [ 70 ] and some of them were subjected to headache 
[ 78 ]. Because such physiological responses may impede the use of PACAP as a 
safe therapeutical drug for stroke treatment, the development of approaches to 
limit PACAP side effects represents an important goal. As discussed below, differ-
ent strategies may be considered to counteract the limitations associated with 
PACAP poor bioavailability and side effects, including the design of stable ana-
logs of PACAP with improved selectivity and the development of strategies to 
enhance its specifi c brain delivery.  
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    Development of Stable Analogs 

 One possibility to increase PACAP metabolic stability is to develop PACAP stable 
analogs presenting a reduced sensitivity to plasmatic endopeptidase and DPP-IV. In 
this attempt, chemical modifi cations at potential peptidase cleavage sites into the 
peptide sequence can drastically improve its resistance to enzymatic degradation. 
For instance, the sequence of PACAP contains two potential cleavage sites for plas-
matic endopeptidases represented by two dibasic pairs Arg 14 -Lys 15  and Lys 20 -Lys 21  
[ 79 ]. Therefore, the replacement of the Lysine amino acid by an Alanine residue 
confers an increased resistance to enzymatic digestion. Similarly, N-terminal acety-
lation of the peptide abolished its degradation by DPP-IV. Structure-activity rela-
tionship studies led to the development of two metabolically stable PACAP analogs, 
i.e., acetyl-[Ala 15 , Ala 20 ]PACAP38-propylamide and acetyl-PACAP27-propylamide 
that exhibit a complete resistance to DPP-IV degradation and an increased plasmatic 
half-life while remaining highly active [ 79 ]. It has been shown in a rat model of 
transient cerebral ischemia that PACAP38 and its analog acetyl-[Ala 15 , Ala 20 ]
PACAP38-propylamide, when administered intravenously at very low dose (0.02 μg/
kg), present similar potency and act through same mechanisms to reduce neuronal 
cell loss and functional defi cits [ 35 ]. These results indicate that picomolar doses of 
PACAP and analogs are suffi cient to exert maximal neuroprotective activities in case 
of stroke and it is tempting to speculate that at such low doses, side effects associ-
ated with the systemic administration of PACAP would be considerably reduced. 

 Nevertheless, PACAP analogs have also shown detrimental effects in animal stroke 
models. As a matter of fact, the administration of a VPAC2 agonist worsens neuronal 
damages after stroke [ 80 ]. Therefore, development of Ac-[Phe( p I) 6 , Nle 17 ]PACAP(1-
27) which activates PAC1 and VPAC1 receptors but not VPAC2 could be a new tool 
to reduce PACAP side effects [ 81 ]. Actually, in an in vivo model of Parkinson disease, 
this analog was as potent as PACAP to restore tyrosine hydroxylase expression and to 
modulate the infl ammatory response in the  substantia nigra  but had signifi cantly less 
effects on mean arterial pressure when compared to PACAP [ 82 ].  

    Enhancement of Brain Delivery 

 Another possible approach to counteract the limitations associated with the plas-
matic instability of PACAP and its potential peripheral side effects is the develop-
ment of strategies aiming at enhancing the specifi c delivery of PACAP within the 
ischemic brain. 

    Intranasal Delivery 

 During the last few decades, the nasal route for drug delivery into the brain has been 
extensively investigated. The “nose-to-brain” delivery is of great interest because 
this route is noninvasive and can deliver drugs directly into the brain, bypassing the 
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BBB which is impermeable for a high percentage of molecules. Additionally, such 
approach avoids rapid metabolism in the systemic circulation as well as peripheral 
side effects, therefore representing a promising hope for counteracting the limita-
tions associated with the intravenous injection of PACAP. Several therapeutic pro-
teins such as granulocyte-colony stimulating factor, transforming growth factor-beta, 
erythropoietin (EPO), and insulin-growth factor-1 have been successfully delivered 
into the brain of rodents in different models of stroke [ 83 – 85 ], indicating that intra-
nasal drug delivery is a promising method to specifi cally provide therapeutical com-
pounds into the ischemic brain. Moreover, different formulations including simple 
drop (nanogel) or nasal spray (insoluble powder or emulsions) can be designed to 
maximize the convenience and comfort of patients. Interestingly, nasal application 
of PACAP can reach the brain rapidly and was effective to slow down Alzheimer’s 
disease-like pathology in a mice transgenic model [ 86 ]. Noteworthy, such adminis-
tration of the peptide has also been reported in human and did not affect heart rate 
and blood pressure in patients [ 86 ], indicating that using the “nose-to-brain” route 
for PACAP delivery can effi ciently avoid the side effects of PACAP on the cardio-
vascular system.  

    Colloidal Carriers 

 The use of colloidal carriers including liposomes and nanoparticles could represent 
another interesting avenue for a selective and prolonged delivery of PACAP and its 
derivatives into the ischemic brain. Colloidal carriers are drug vectors, particles, or 
vesicles in the nanometer size range used for the transport of loaded drugs to a target 
site. These systems are biocompatible, nontoxic, and biodegradable and therefore 
represent a promising tool for a clinical use. They can carry various therapeutic 
agents (hydrophilic, lipophilic, and amphoteric drug molecules) which are gener-
ally encapsulated, entrapped, adsorbed, or chemically attached to the carrier surface 
[ 87 ]. These encapsulation systems offer the advantage to protect drug molecules 
from enzymatic degradation in the blood circulation, signifi cantly increasing their 
bioavailability. The biocompatibility and longevity of such particles can be achieved 
through surface modifi cations involving a coating of biodegradable polymers such 
as chitosan, PLGA (poly(lactic-co-glycolic acid) copolymer), PLA (polylactic 
acid), and PEG (polyethylene glycol) [ 88 ]. In particular, PEGylation of drug-loaded 
liposomes is very effi cient to enhance the longevity of particles in the systemic 
bloodstream [ 89 ]. Such surface modifi cations are also used to achieve tissue speci-
fi city. For example, the biopolymer polysorbate, PLGA, and PEG have been suc-
cessful in delivering therapeutics into the brain parenchyma [ 90 ,  91 ]. Other ligands 
can also be added to specifi cally target the brain including insulin, transferrin, lac-
toferrin, glutathione, and apolipoprotein [ 92 ]. It is worth mentioning that such nano-
carrier formulations also exist for nose-to-brain delivery [ 93 ]. 

 Colloidal vectors, in particular polymeric nanoparticles and liposomes, have 
been used with success to transport therapeutically relevant agents into the brain 
parenchyma in various animal models of brain ischemia. For instance, in a transient 
model of MCAO, chitosan-nanoparticles loaded with the basic fi broblast growth 
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factor and/or with an inhibitor of caspase-3 have been administrated systematically 
just before the induction of ischemia. In this study the authors found that nanopar-
ticles rapidly transport the active molecules to the brain parenchyma in their active 
form, which results in reduced infarct volume and functional impairment [ 94 ]. 
PEGylated liposomes administrated within 3 h after the stroke onset also accumu-
late in the ischemic penumbral area in a time-dependent manner with a peak of 
accumulation at 24 h [ 95 ]. Hence, the long-lasting accumulation of the nanocarriers 
in the vicinity of the infarct area could lead to a prolonged drug delivery and an 
increased therapeutic effi cacy of PACAP. Supporting this hypothesis, asialo- 
erythropoietin (AEPO, a metabolite of EPO) loaded liposomes present higher pro-
tective effect compared to native AEPO [ 95 ]. Furthermore, magnetic resonance 
imaging studies revealed that 100 nm-liposomes, injected intravenously 1 or 2 h 
after permanent MCAO in rats, accumulated in the ipsilateral parenchyma [ 96 ]. 
These results raise the possibility that liposome-based strategies may be possible 
even in the absence of reperfusion and could therefore benefi t to patients who are 
not eligible for r-tPA treatment. All these observations indicate that application of 
such technologies to PACAP could not only enhance its therapeutic effi cacy to 
improve neurological and functional ischemia-induced defi cits, but also enable a 
reduction of the dose of peptide which must be administered to achieve a therapeu-
tic response, thus minimizing its adverse side effects. Remarkably, encapsulation 
systems may also present the advantage of targeting PACAP delivery at the cellular 
level. As discussed previously a possible mechanism underlying the benefi cial 
effect of PACAP during cerebral ischemia relies on its immunoregulatory activity 
on microglial cells. Thus, incorporating molecules specifi cally recognized by 
microglial cells in the surface of liposomes or nanoparticles would be of great inter-
est. For instance, it would be interesting to evaluate the therapeutical potential of 
PACAP-loaded particles coated with molecules known to activate microglia phago-
cytic function without triggering a pro-infl ammatory program such as the agonist of 
the TREM2 receptor Hsp60 [ 97 ]. 

 Altogether, these approaches represent alternative strategies for the stabilization 
and development of pharmaceutical formulation of PACAP and its derivatives to 
benefi t from its neuroprotective properties while overcoming its limitations in the 
context of brain stroke.    

    Conclusion 

 In conclusion, there is now clear evidence that PACAP exerts a potent neuroprotec-
tive activity and improves functional recovery in various models of cerebral isch-
emia. PACAP acts at very low doses on the main pathophysiological events 
developing in the early and in the late phases of brain stroke, making PACAP a 
potential therapeutical candidate for stroke treatment even in still unexploited thera-
peutical windows. Interestingly, several pathophysiological processes modulated by 
PACAP in stroke models are known to be involved in many other neurodegenerative 
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diseases among which Parkinson’s disease, multiple sclerosis, spinal cord injury, or 
Alzheimer’s disease, suggesting that PACAP could represent also a novel alterna-
tive for the treatment of these neurological troubles. Nevertheless, because of the 
wide distribution of PACAP and its receptors, a systemic delivery of the peptide 
would have many peripheral actions responsible for numerous side effects limiting 
the PACAP’s therapeutical use. Therefore, it is now necessary to develop selective 
analogs and effi cient route of administration to specifi cally and locally target the 
signaling mechanisms and cell responses relaying the protective effects of PACAP 
without affecting peripheral organs.   
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Pathophysiology                     

     Lars     Edvinsson    

    Abstract     Pituitary adenylate cyclase activating peptide (PACAP) can be found in 
the trigeminal (TG) and the spenopalatine ganglia (SPG), and in the trigeminocervi-
cal complex. In the SPG it is co-stored with vasoactive intestinal peptide (VIP) and 
nitric oxide synthase, while it is co-stored with calcitonin gene-related peptide 
(CGRP) in the trigeminal system. PACAP has been shown to trigger migraine in 
patients without marked vasodilator effects. Recently, it has been found that PACAP 
levels are elevated in migraineurs during headache compared to interictal samples 
in the external jugular vein. The elevation signifi cantly reduced after sumatriptan 
treatment. In addition, the PACAP receptors (PAC 1 , VPAC 1 , and VPAC 2 ) are present 
in sensory neurons and in vascular smooth muscle related to the trigeminovascular 
system. Since PACAP is elevated in cats and humans following trigeminovascular 
activation, and this change is reduced when headache is treated, PACAP or its 
receptors may be a promising target for migraine therapeutics.  
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  VIP   •   NOS   •   Otic ganglion   •   Sphenopalatine ganglion   •   Trigeminal nucleus caudalis  

  Abbreviations 

   BBB    Blood–brain barrier   
  CGRP    Calcitonin gene-related peptide   
  PACAP    Pituitary adenylate cyclase-activating peptide   
  VIP    Vasoactive intestinal peptide   

        L.   Edvinsson      (*) 
  Department of Medicine, Institute of Clinical Sciences ,  Lund University , 
  Lund   221 84 ,  Sweden   
 e-mail: lars.edvinsson@med.lu.se  

mailto:lars.edvinsson@med.lu.se


610

        Introduction 

 Migraine is a complex disorder that is infl uenced by genetic and environmental fac-
tors; it is among the most common disorders in the world and the most common 
cause of neurological disability worldwide [ 1 ]. The pathophysiology behind 
migraine is still unclear, but current view strongly suggests that it is primarily a 
brain disorder [ 2 ,  3 ] associated with several extracerebral aspects such as sensitiza-
tion at peripheral and central sensory nerve endings [ 4 ]. Although the acute attack 
starts in the central nervous system (CNS) aspects of the peripheral nervous system 
(PNS), in particular via the sensory trigeminal ganglion (TG), are important for the 
complete attack with for example pain. It is here the cranial autonomic and sensory 
nervous systems come into play, in particular the parasympathetic sphenopalatine 
(SPG) and otic ganglia (OTG), and the sensory TG [ 5 ]. Extensive neuroanatomical 
mapping and selective denervation studies have shown that the TG contains calcito-
nin gene-related peptide (CGRP), amylin, neurokinins, pituitary adenylate cyclase 
activating peptide (PACAP), and nitric oxide synthase (NOS), while the SPG and 
the OTG store vasoactive intestinal peptide (VIP), PACAP, and NOS, with a minor 
contribution of acetylcholine [ 5 ,  6 ]. Their central connections are to the trigemino-
cervical complex and the superior and inferior salivatory nuclei, respectively. 

 We have previously shown that direct activation of the trigeminovascular system 
causes the release of the vasodilator neuropeptide CGRP and substance P [ 7 ]. CGRP 
has been shown to be elevated in humans during spontaneous migraine attacks [ 8 ] 
while cluster headache attacks show release of both CGRP and VIP [ 9 ]. Interestingly, 
treatment of migraine or cluster headache attacks with sumatriptan results in reduc-
tion in headache and in normalization of the elevated CGRP levels [ 9 ,  10 ]. CGRP is 
also elevated during nitroglycerine-triggered migraine attacks [ 11 ] and reduced 
with sumatriptan treatment [ 12 ]. CGRP is reported elevated in chronic migraine 
[ 13 ] while systemic CGRP infusion can trigger migraine-like attacks [ 14 ]. Thus, 
translational efforts from identifi cation of the transmitter CGRP, demonstration of 
its neuroanatomical localization and release in genuine migraine attacks formed the 
basis for the development of CGRP receptor antagonists and demonstration of their 
role as a target for novel migraine therapeutics [ 15 ]. 

 Peripheral sensory neurons serve a dual role as afferent neurons, conveying sen-
sory information from the periphery to the CNS, and as efferent effectors mediating, 
e.g., neurogenic infl ammation. In this context neuropeptides are crucial for both these 
functions in primary sensory neurons. In the afferent functions, they act as messengers 
and modulators in addition to a principal transmitter. Upon release at peripheral nerve 
terminals, they induce an efferent response, “neurogenic infl ammation,” which com-
prises vasodilatation, plasma extravasation, and recruitment of immune cells. In this 
context PACAP, which is a VIP-resembling peptide, has been established as a sensory 
neuropeptide with localization in TG and in dorsal root ganglia [ 16 ]. In relation to 
migraine related tissues PACAP has been found in different parts of the human 
trigeminocervical complex [ 17 ,  18 ] and the SPG and OTG [ 19 ,  20 ].  
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    PACAP in TG and SPG 

 PACAP is a member of a superfamily of structurally related peptides which share 
many functions, the VIP-glucagon-growth hormone releasing factor-secretin super-
family of signaling peptides [ 21 ]. PACAP is encoded by the ADCYAP1 gene, 
resulting in a propeptide of 175 amino acids. Following truncation, PACAP is 
expressed in one of two forms containing either 27 or 38 amino acids, PACAP-27 
and PACAP-38, respectively. PACAP-38 is more prevalent, representing about 90 % 
of the PACAP forms in mammalian tissues [ 22 ]. PACAP is expressed throughout 
the CNS, as well as in peripheral organs and glands [ 23 ]. 

 Early studies in relation to pain structures revealed PACAP immunoreactive 
nerve fi bers in the superfi cial layer of the dorsal horns of the spinal cord, in nerve 
cell bodies (mostly of small size) of the spinal ganglia and the TG [ 16 ]. In addition, 
PACAP mRNA was found in the nerve cell bodies. Interestingly the PACAP labeled 
neurons constituted 10 % of the total number of nerve cell bodies in the dorsal root 
ganglia while the population of CGRP mRNA labeled nerve cell bodies constituted 
46 % [ 24 ]. This agrees well with later immunocytochemical work on the TG [ 5 ]. 
Furthermore, PACAP mRNA was seen in a small number of single nerve cell bodies 
of small size that also were labeled by the CGRP mRNA probe [ 24 ]. Neurograms 
obtained following stimulation of the ipsilateral peroneal nerve or the sciatic nerve 
suggested that intrathecal PACAP may act as a neurotransmitter or modulator in 
sensory C-fi bers and possibly with a contribution of A-fi bers [ 25 ]. Interestingly 
PACAP-27 was more potent than PACAP-38 or VIP at this function. Further sup-
port for a sensory role of PACAP in the rat spinal cord came from capsaicin admin-
istration in vivo [ 26 ]. Capsaicin administration resulted in elevated cisternal 
concentrations of PACAP-27 by 177 %, PACAP-38 by 93 % and CGRP by 692 % 
[ 26 ], supporting their role in nociception. 

 PACAP has been found in intracranial migraine related tissues such as nerve 
fi bers in intracranial blood vessels, in SPG and in TG, in the trigeminal nucleus 
caudalis (TNC) [ 17 – 20 ]. Most of the neurons in the OTG and SPG co-store VIP/
PACAP and NOS; and, a small population of cells also contain choline acetyltrans-
ferase, the enzyme that synthesizes acetylcholine [ 5 ]. Denervation studies revealed 
that the main part of perivascular PACAP originates in the parasympathetic ganglia 
[ 27 ]. The TG contains a subpopulation of neurons that store PACAP (about 10 %), 
but not VIP [ 19 ,  20 ]. The TNC and the dorsal roots at C1-2 contain the central fi bers 
which also store PACAP in the superfi cial layers [ 17 ,  28 ]. Interestingly, sensory 
CGRP-containing C- fi bers (probably from the TG) project to the cranial 
 parasympathetic ganglia, and there are CGRP receptors on satellite glial cells (SGC) 
in the SPG [ 29 ]. The SGC are closely attached to the neurons via gap junctions 
which provide possibilities for interactions. These fi ndings show morphological 
evidence for an interaction between the intracranial parasympathetic and sensory 
systems.  
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    Involvement of PACAP in Migraine 

 PACAP has a widespread distribution in the brain, the brainstem, and spinal cord as 
well as in dorsal root ganglia [ 30 ,  31 ]. These include several regions of interest in 
the discussions of migraine pathophysiology [ 2 ] such as midbrain, hypothalamus 
and thalamus, as well as raphe nuclei and locus coeruleus and TNC [ 31 ]. Intrathecal 
administration of PACAP elicited a dose-dependent decrease in the tail-fl ick latency, 
while higher doses resulted in biting and scratching; these behaviors were inter-
preted as pain-like syndrome and supported a role of PACAP as a sensory neu-
rotransmitter involved in nociception [ 32 ]. 

 A role for PACAP in migraine has been suggested by four main observations; (1) 
PACAP levels are increased in the cranial circulation of the cat upon nociceptive 
stimulation of the superior sagittal sinus [ 33 ,  34 ] (2). PACAP levels in the external 
jugular vein are reduced with amelioration of migraine headache when subjects 
were treated with sumatriptan, and lower levels of PACAP occur between attacks 
when compared with attacks [ 34 ] (3). The plasma levels of PACAP-38 are altered in 
ictal and interictal periods of migraine patients [ 35 ] (4). The intravenous infusion of 
PACAP-38 in subjects known to have migraine results in migraine-like headache 
[ 36 ]. The obvious, but unanswered, questions are; what are the sources of endoge-
nous PACAP and how can systemic PACAP induce migraine? There are at present 
two possibilities; (1) PACAPs do not pass the wall of cerebral arteries as studied in 
isolated perfused middle cerebral arteries. This may agree with the view that the 
peptide is a large molecule with vasodilator effects but does not pass the blood–
brain barrier (BBB) [ 37 ,  38 ]. (2) However, Banks suggests that it does pass the BBB 
and provides evidence in his chapter in this book (see below). Tuka and colleagues 
[38a] reported that stimulation of the TG or systemic nitroglycerol injection 
increases the level of PACAP in the TNC. In addition PACAP-38 was elevated in 
plasma after TG stimulation. Thus, the relevant target of systemically administered 
PACAP is still not settled. It is my view that the elevated plasma level of PACAP 
reported in several studies probably originates in structures located outside the BBB 
but it needs to be clarifi ed. Recently it was observed that infusion of PACAP-38 
resulted in marked dilatation of extracranial arteries (branch of the main trunk of the 
maxillary artery) but not the intracranial middle cerebral arteries [ 39 ]. In support, 
this response preceded the onset of migraine-like headache and was sensitive to 
triptan administration [ 39 ,  40 ].  

    PACAP Receptors 

 When released, PACAP may bind to three different G-protein coupled receptors 
which also can bind VIP as well. VIP, PACAP-38 and PACAP-27 all have equal 
affi nity in binding to the VIP/PACAP receptors VPAC 1  and VPAC 2  receptors. The 
third receptor, PAC 1 , has high affi nity for both forms of PACAP, but has 100- to 
1000-fold lower affi nity for VIP [ 41 ]. The principal effect of VPAC 1 /VPAC 2  or PAC 1  
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receptor stimulation is an increase in cAMP through adenylyl cyclase activation. 
Activation of other second messenger systems, including phospholipase C and 
phospholipase D, has been implicated and may occur along with adenylyl cyclase 
activation. Clinical experiments have shown that PACAP-38 but not VIP elicits a 
migraine-like headache [ 36 ], thus implicating the PAC 1  receptor as a putative anti- 
migraine target. Systemic administration of nitroglycerol or PACAP-38 produced 
photophobia and meningeal vasodilatation in wild-type but not in PACAP-knockout 
mice [ 42 ]. Those effects and an increased activation 4 h later in the TG and in the 
TNC were attributed to stimulation of the peripheral terminals of PACAP-ergic 
trigeminal sensory nerves in the meningeal region in the wild-type but not in the 
PACAP-knockout mice. 

 All three PACAP receptors have been found in migraine-related SPG and TG 
ganglia and on intracranial blood vessels [ 37 ,  38 ,  43 ]. In support for a more specifi c 
role of PACAP was suggested by Walker and colleagues who quantifi ed PACAP- 
related signaling in primary cell cultures from TG (neurons and glia) and showed 
that PACAP, but not VIP, induced cAMP production [ 44 ]. The response was antago-
nized by PACAP(6-38), which is consistent with PAC 1  receptor pharmacology [ 45 ]. 
Interestingly, PACAP-38, but not PACAP-27 or VIP, in addition caused ERK1/2 
activation in cultured glial cells but not in neurons. The task of in-depth analysis of 
PAC 1  receptor pharmacology and development of specifi c receptor blockers will not 
be easy because ten splice variants displaying different intracellular coupling have 
been reported [ 46 ]. The development of a specifi c PAC1 receptor antagonist with or 
without BBB permeability might provide novel insights into the pathophysiology of 
migraine and provide a novel target for drug development.     
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    Chapter 36   
 PACAP Regulation of Vascular Tone: 
Differential Mechanism Among Vascular Beds                     

     Arsalan     U.     Syed    ,     Masayo     Koide    ,     Victor     May    , and     George     C.     Wellman     

    Abstract     The homeostatic control of cranial and cerebral blood fl ow is essential 
for normal brain function. Brain surface (cerebral) and meningeal (cranial) arteries/
arterioles are densely innervated by sensory and autonomic fi bers containing a vari-
ety of vasoactive peptides including pituitary adenylate cyclase activating polypep-
tide (PACAP,  Adcyap1 ) which has been shown to exert potent vasodilatory effects 
in a variety of vascular beds. Recent studies have demonstrated that PACAP potency, 
activation of PACAP receptor subtypes, and signaling to potassium channels to 
mediate vasodilatory responses are different between cerebral and cranial arteries, 
such as the cerebellar artery and the middle meningeal artery (MMA). PACAP dem-
onstrates exquisite picomolar potency at the PACAP-selective PAC1 receptor 
( Adcyap1r1 ) to activate ATP-sensitive potassium (K ATP ) channels of the MMA caus-
ing vasodilation. Although PACAP frequently colocalizes with the vasodilatory cal-
citonin gene related peptide (CGRP) in the fi ber networks innervating the MMA, 
PACAP potency is nearly three orders of magnitude greater than that of CGRP. CGRP 
is equipotent in the MMA and cerebral arteries. In contrast, PACAP is a less potent 
vasodilator of cerebral arteries compared to the MMA, with nanomolar concentra-
tions required to activate VPAC receptors leading to K ATP  and large-conductance 
calcium-dependent potassium (BK) channel activation and cerebellar artery dila-
tion. Further, PACAP’s effects on the brain are multidimensional. PACAP signaling 
also exerts direct neurotrophic and neuroprotective effects in the central nervous 
system against degenerative processes or physiological insults. Thus, PACAP regu-
lation of cerebral blood fl ow helps sustains brain metabolic demands, maintains 
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neural physiological functions—including learning and memory, and protects neu-
rons from neurodegeneration in disease and trauma. Coherent with CGRP vascular 
responses and functions, the vasodilatory effects of PACAP in the MMA also impli-
cate a role in genesis of migraine disorders.  

  Keywords     PACAP   •   PAC1 receptor   •   Middle meningeal artery (MMA)   •   Cerebral 
arteries   •   Cranial vessels   •   ATP-sensitive potassium channels (K ATP )   •   Large- 
conductance calcium-activated potassium channels (BK)   •   Vascular smooth muscle   
•   Migraine  

      Introduction 

 Many regulatory peptides, including vasopressin, endothelin, calcitonin gene- related 
peptide (CGRP), angiotensin peptides, natriuretic peptides, substance P, cholecystoki-
nin, neuropeptide Y (NPY), and the vasoactive intestinal peptide (VIP)/pituitary ade-
nylate cyclase-activating polypeptide (PACAP) family of related peptides, have central 
roles in maintaining systemic and cerebrovascular homeostasis [ 1 ,  2 ]. Of these pep-
tides, PACAP has been identifi ed in sensory and autonomic neuronal fi bers along 
diverse arterial beds in numerous species [ 2 – 6 ]. Direct PACAP G protein-coupled 
PAC1 and VPAC receptor signaling within vascular smooth muscle cells has been 
shown to unvaryingly induce vasodilation with high potency and effi cacy [ 6 – 11 ]. 
Among peripheral organs, PACAP fi bers have been found to innervate vascular beds 
of the skin, eye, salivary glands, respiratory airways, cardiac tissues, gastrointestinal 
tract, mesentery, pancreas, kidney, testis, corpus cavernosum, ovary, and placenta 
 [ 11 – 26 ]. From this wide distribution, it is clear that PACAP plays an important role in 
maintaining vascular function throughout a broad spectrum of physiological systems. 

 In addition, there is an increasing appreciation for the roles of PACAP in the 
regulation of cerebral hemodynamics. Due to the high metabolic demands coupled 
with limited energy storage within the CNS, the blood supply to the brain must be 
continuous and operate within a narrow range to maintain structural and functional 
integrity of the brain [ 27 – 29 ]. In this regard, the brain is like no other organ and 
highly susceptible to irreversible damage even upon transient ischemic events. 
Hence, a series of complex regulatory mechanisms preserve cerebrovascular homeo-
stasis. Upon systemic vascular challenges, the brain, through neural and humoral 
control, can redirect and redistribute blood fl ow from the peripheral circulatory sys-
tem to cerebral circulation. Complementary to these changes in blood fl ow dynam-
ics, the cerebrovasculature also has autoregulatory mechanisms that can respond to 
the perturbations in arterial pressure that typically occur in the course of normal 
physiological activities. In addition, cerebral blood fl ow is differentially modulated 
by sensory/autonomic innervation, and astrocytic signaling along the length of the 
cerebral artery [ 30 ,  31 ]. Pial, or brain surface arteries are densely innervated by 
sensory and autonomic sympathetic and parasympathetic fi bers  containing diverse 
regulatory transmitters and peptides for vasodilation (i.e., acetylcholine, CGRP, 
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VIP, PACAP) and vasoconstriction (norepinephrine, NPY) activities [ 1 ,  3 ,  23 ]. 
However, as vessels pass through the Virchow-Robin space and enter the brain 
parenchyma, extrinsic perivascular nerves disappear and intracerebral arterioles 
come under the regulatory control of astrocytic endfeet [ 30 ,  31 ]. Hence, cerebral 
arterial tone is regulated in part by sensory and autonomic peptides. The homeo-
static balance of cerebral blood fl ow is delicate but critical for normal brain func-
tion, and altered cerebrovascular activities from dysregulation, disease or trauma 
have been shown not only to precipitate stroke but contribute in other pathologies 
including neurodegenerative disorders, behavioral abnormalities, and migraine [ 32 , 
 33 ]. The following sections highlight PACAP signaling mechanisms drawing data 
from our work in the middle meningeal and cerebellar arteries to provide insights 
into their potential roles in the regulation of cerebral and cranial blood fl ow [ 9 ,  10 ].  

    PACAP and PACAP Receptors in Cerebral and Cranial 
Vessels 

 The PACAP precursor molecule is endoproteolytically processed to PACAP27 or 
PACAP38 bioactive peptides, which share signifi cant homology with VIP [ 6 ,  34 –
 36 ]. Accordingly, PACAP and VIP share receptor subtypes. PACAP peptides bind 
selectively at PAC1 receptors, but both VIP and PACAP bind with near equal affi n-
ity at VPAC1 and VPAC2 receptors. PAC1 and VPAC receptors have been identifi ed 
in cerebral and cranial arteries by immunocytochemistry, ligand binding studies, 
transcript analyses, and physiological assays [ 1 ,  3 ,  8 ,  37 ,  38 ]. Further, PACAP infu-
sions have been shown to facilitate cerebral artery vasodilation in cranial window 
[ 39 ] and isolated vessel preparations [ 7 ]. However, PACAP signaling mechanisms 
underlying vasodilation can differ among cerebral and cranial vascular beds (see 
below). There are several sources that can supply PACAP to both cerebral and cra-
nial vessels. One is the trigeminal ganglion in which subpopulations of sensory 
neurons express a variety of vasoregulatory peptides including PACAP, VIP or 
CGRP [ 1 ,  23 ]. As in dorsal root ganglion (DRG), PACAP is expressed in approxi-
mately 10 % of the trigeminal neurons and frequently colocalized with CGRP for 
synergistic functions. The other potential sources of PACAP include the parasym-
pathetic sphenopalatine and otic ganglia in the head; but the relative abundance of 
PACAP neurons in these ganglia has been highly variable ranging from 5 to 6 % to 
nearly all neurons in the population [ 3 – 5 ]. The reasons underlying the discrepancy 
are unclear but may refl ect immunocytochemical vs. in situ hybridization methods 
and detection of low PACAP-expressing neurons. Retrograde tracing studies have 
suggested that the majority of the PACAP fi bers in cerebral arteries are derived from 
peripheral trigeminal sensory axons [ 3 ]. Our immunocytochemical studies demon-
strating prevalent dual PACAP and CGRP colocalization in neuronal fi bers along 
the middle meningeal artery are consistent with that interpretation (Fig.  36.1 ), but 
many fi bers also demonstrate PACAP-immunoreactivity alone suggesting that some 
may also be of postganglionic parasympathetic origins.
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   Both PAC1 and VPAC receptors have been described in cerebral and cranial ves-
sels based on ligand binding, transcript analyses and pharmacological assessments. 
The relative abundance of each receptor subtypes in cerebral and cranial arteries has 
not been well characterized but these blood vessels undoubtedly express multiple 
PACAP receptor classes and all are likely to have physiological roles [ 1 ,  8 – 10 ,  23 , 
 39 ]. PACAP peptides bind to all three receptors with high affi nity and hence are 
relevant ligands regardless of receptor subtype expression. The vasodilatory effects 
of PACAP appear to be direct on arterial smooth muscle and largely endothelium 
independent [ 11 ,  37 ,  40 ].  

    PACAP Mediates Middle Meningeal Artery (MMA) 
Vasodilation via PAC1 Receptor Activation and K ATP  Channels 

 Unlike many previous studies, we used an ex vivo pressurized arteriograph system 
to examine the vasodilatory effects of PACAP on the MMA to obviate pharmaco-
logical approaches to pre-constrict the arteries. Myogenic tone (pressure-induced 
constriction) is an intrinsic property of resistance arteries and largely dependent on 

  Fig. 36.1    PACAP and CGRP immunoreactivities are colocalized in fi bers innervating the 
MMA. Rat MMA was dissected from the dura, perfusion fi xed in 4 % paraformaldehyde, and 
immunocytochemically dually processed for PACAP (1:10, Jen Hannibal, Bisperg Hospital, 
Copenhagen Denmark) and CGRP [ 1 – 17 ] (1:1500, Ian Dickerson), Univ Rochester) for visualiza-
tion with Cy3 (PACAP,  red ,  left panel ) and AlexaFluor 488 (CGRP,  green ,  middle panel ), respec-
tively. The fl uorescent signals were merged ( yellow ,  left panel ) to illustrate high levels of 
colocalization; the distribution patterns suggested that the fi bers were sensory in origin from the 
trigeminal ganglion. Occasional fi bers expressed only PACAP or CGRP       
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the intraluminal pressure on the arterial walls. Hence, ex vivo-pressurized arteriog-
raphy utilizes this intrinsic property of the resistance arteries to mimic physiological 
conditions. For these studies, the MMA was dissected from adult male rats and can-
nulated onto glass micropipettes as described previously [ 10 ]. The artery was bathed 
continuously with artifi cial cerebral spinal fl uid (aCSF) at 37 °C and the intralumi-
nal pressure increased to 40 mmHg to allow development of myogenic tone. Upon 
artery constriction and stabilization, the peptides and drugs were added to the bath-
ing solution to assess changes in vessel diameter, and at the end of the treatments, 
the maximum passive diameter of the artery was assessed in Ca 2+ -free aCSF con-
taining vasodilator diltiazem (100 μM) and forskolin (1 μM). 

 Using this approach, we found that PACAP38 potently dilated the MMA in a con-
centration dependent manner with an EC 50  of 1 pM; VIP by contrast was approxi-
mately 1000-fold less potent and induced dilation in MMA with EC 50  of 1.4 nM [ 10 ], 
which suggested that the PACAP effects were mediated by the PACAP selective 
PAC1 receptor. MMA pretreatments with a PAC1/VPAC2 receptor antagonist 
PACAP6-38 (100 nM) completely abolished the vasodilation induced by 3 pM 
PACAP38. However, 100 nM PACAP6-38 attenuated the vasodilatory effects of 3 nM 
PACAP38 by 50 %, which may have refl ected pharmacological mass action effects or 
potential roles for VPAC1 receptor signaling in the MMA. Even though VPAC1 
receptors have been described in cerebral arteries [ 8 ], semi quantitative PCR analyses 
of rat MMA cDNA only detected prominent PAC1 and VPAC2 receptor transcript 
expression. These PCR results were consistent with the peptide potency studies in our 
pressurized vessel preparations, but whether MMA also demonstrates very low levels 
of VPAC1 receptor remains to be evaluated. Further, more detailed diagnostic restric-
tion digest analyses of the PAC1 amplicon revealed that the MMA PAC1 receptor was 
predominantly the PAC1Hop1 receptor variant [ 10 ]. This observation is notable and 
suggests that the MMA PAC1 receptor signaling is capable of engaging multiple 
intracellular second messenger cascades to elicit vascular responses. 

 Potassium channels play a crucial role in arterial tone via regulation of vascular 
smooth muscle membrane potential. Potassium channel activation causes vascular 
smooth muscle membrane hyperpolarization, leading to decreased L-type voltage- 
gated calcium channel (VDCC) open probability and a reduction of intracellular 
calcium to facilitate smooth muscle relaxation and vasodilation (Fig.  36.3 , modifi ed 
from [ 9 ]). From many studies, the PKA-dependent phosphorylation and activation 
of several potassium channels, including ATP-sensitive potassium (K ATP ) channels 
[ 41 ], large conductance calcium-activated potassium (BK) channels [ 42 ] and 
voltage- gated potassium (K V ) channels [ 43 ] can participate in the cerebral vasodila-
tory process. Accordingly, the ability for PAC1Hop1 receptors to engage the adeny-
lyl cyclase/cAMP/PKA pathway for potassium channel phosphorylation and 
activation represents a principal mechanism to stimulate MMA dilation. 

 Among the different potassium channels, our studies have shown that PACAP 
and PAC1 receptor activation of K ATP  channels is suffi cient to induce MMA vasodi-
lation (Fig.  36.2a–c, f ). For these studies, the isolated MMA segments were again 
pressurized to 40 mmHg and allowed to develop myogenic tone, and 3 nM PACAP 
produced a 56.2 ± 7.6 % increase in dilation. However, in the presence of the K ATP  
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channel inhibitor glibenclamide (10 μM) or a vascular selective K ATP  channel inhibi-
tor PNU37883 (10 μM) [ 44 ], the PACAP effects were completely abolished. By 
contrast, MMA treatment with a BK channel inhibitor, paxilline (1 μM), failed to 
attenuate the PACAP vasodilatory responses (Fig.  36.2d, f ). Furthermore, pretreat-

  Fig. 36.2    PACAP-induces MMA vasodilation through K ATP  channel activation. Segments of the 
MMA were cannulated and pressurized for superfusion experiments as described previously [10]. 
MMA perfusions with 3 nM PACAP produced vasodilation ( a ;  n  = 8). The addition of K ATP  channel 
inhibitor glibenclamide ( b ; GLIB, 10 μM,  N  = 4) or the vascular selective K ATP  channel inhibitor 
PNU37883 ( c ; PNU, 10 μM,  n  = 4) blocked the PACAP vasodilatory effect. By contrast, treatments 
with the BK channel inhibitor paxilline ( d ; PAX, 1 μM,  n  = 4) or the nitric oxide synthase inhibitor 
L-NNA ( e ; 100 μM,  n  = 4) had no effect. The data are summarized in ( f ) represent as mean ± SE. 
***, signifi cantly different from PACAP alone (CTRL, control) at  p  < 0.001. One-way ANOVA 
followed by post hoc comparisons of the means using Tukey test       
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ment with the competitive nitric oxide synthase inhibitor nitro-L-arginine (L-NNA, 
100 μM) had no effect on PACAP-mediated MMA vasodilation (Fig.  36.2e, f ). 
Together, these results suggest that PACAP/PAC1 receptor-mediated activation of 
cAMP/PKA and K ATP  channels can regulate MMA tone exclusively without engag-
ing BK channel functionor nitric oxide (NO) production. The spatial and temporal 
regulation of K ATP  channels by PKA requires further investigation but 
 A-kinase- anchoring proteins (AKAPs) have been postulated to play crucial roles in 
conferring the specifi c PKA interactions needed for channel regulatory fi delity [ 45 ].

       PACAP and CGRP Demonstrate Differential Potencies 
in Stimulating MMA Vasodilation 

 Described earlier, PACAP and CGRP are frequently colocalized in the fi ber net-
works around the cerebral arteries including the MMA (Fig.  36.1 ). CGRP also has 
vasodilatory functions via G protein-coupled calcitonin receptor-like receptors 
(CALCR). We have begun to examine whether there are differences between 
PACAP and CGRP in their vasodilatory activities with respect to potency, effi cacy 
or signaling mechanisms. Using the same ex vivo pressurized MMA vessel prepara-
tion, concentration-dependence studies demonstrated that the EC 50  for CGRP- 
induced MMA dilation was 1 nM, which was comparable to the potency of VIP, but 
again 1000-fold lower than that for PACAP-mediated vasodilation (EC 50  1 pM). 
These results appeared to agree with previously published data in which PAC1 
receptor-stimulated increase in cAMP production was 500-fold more potent than 
that of CGRP [ 20 ]. The effi cacy of PACAP and CGRP in MMA vasodilation 
appeared comparable; the mechanisms underlying the differences in potency are 
under study.  

    PACAP Mediates Cerebellar Artery Vasodilation via Different 
Receptors and Channels 

 Unlike the responses in MMA, PACAP and VIP dilated cerebellar arteries with 
equal potency. Using the same ex vivo procedures to perfuse the cannulated cerebel-
lar arterial segments, PACAP38 and VIP induced vasodilation with an EC 50  of 11 
and 6 nM, respectively [ 9 ,  10 ]. All three VIP/PACAP receptor subtypes have been 
identifi ed in cerebral arteries but distinct from the MMA in which PAC1 receptor 
signaling was implicated, the near equal potency of VIP and PACAP in eliciting 
cerebellar arterial dilation indicated that the responses were largely mediated by 
VPAC receptors. 

 In cerebellar arteries, PACAP-mediated stimulation of the cAMP/PKA pathway 
not only activated K ATP  channels but also BK channels to increase spontaneous 
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 transient outward currents (STOCs) for vasodilation [ 9 ,  46 – 49 ]. The BK channels, 
like K ATP  channels, can be activated by direct PKA phosphorylation [ 48 ,  49 ], but 
characteristically, BK channels are regulated by local increases in intracellular cal-
cium (Ca 2+  sparks). PACAP signaling and stimulation of PKA can potentially acti-
vate ryanodine receptors (RyRs) on the sarcoplasmic reticulum (SR) for intracellular 
calcium release, resulting in a localized transient increase in cytosolic calcium up to 
10 μM, termed a calcium spark [ 27 ,  47 ,  48 ]. These calcium spark events in turn can 
lead to localized BK channel activation on the plasma membrane. Additionally, 
PKA can also phosphorylate phospholamban (PLB), a pentameric protein that regu-
lates the sarcoplasmic reticulum calcium-ATPase (SERCA) pump, critical for the 
management of intracellular calcium. PLB in the unphosphorylated state inhibits 
SERCA activity; PACAP activation of PKA and downstream phosphorylation of 
PLB relieve that inhibition to increase SERCA activity and sarcoplasmic reticulum 
calcium load, resulting in increased calcium spark frequency and BK channel activity 
[ 27 ,  47 ,  48 ]. Unlike the MMA studies, the addition of the K ATP  channel blocker 
glibenclamide or the BK channel blocker paxilline only attenuated and did not abolish 

  Fig. 36.3    PACAP-induced dilation in isolated cerebellar artery is mediated via both K ATP  and BK 
channels. ( a ) Representative trace of 3 nM PACAP-induced vasodilation of cerebellar artery. ( b ,  c ) 
Representative traces of 3 nM PACAP-induced vasodilation in the presence of K ATP  channel inhibi-
tor, glibenclamide (Glib) (10 μM) (B) and BK channel inhibitor, paxilline (Pax) (1 μM) ( c ). The 
vasodilation was signifi cantly attenuated but not abolished. ( d ) Representative trace of 3 nM 
PACAP-induced vasodilation in the presence of 10 μM glibenclamide and 1 μM paxilline com-
bined. The combined treatment with glibenclamide and paxilline abolished 3 nM PACAP-induced 
vasodilation in cerebellar artery. ( e ) Summary data of PACAP-induced vasodilation of cerebellar 
artery in the absence and presence of glibenclamide and paxilline ( n  = 4–7). Data are expressed as 
mean ± SE. *  P < 0.05 , ** P < 0.01  vs. PACAP-induced dilation in the absence of K +  channel block-
ers (control). Reproduced and modifi ed with permission from the Journal of Molecular 
Neuroscience (Koide et al. 2014)       
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the PACAP-induced vasodilation in cerebellar arteries (Fig.  36.3b–c, e , modifi ed 
from [ 9 ]). However, the concurrent addition of glibenclamide and paxilline fully 
eliminated the PACAP vasodilatory responses (Fig.  36.3d, e , modifi ed from [ 9 ]). 
These fi ndings suggest that similar to coronary and pulmonary arteries [ 13 ,  14 ], 
PACAP regulates cerebral artery tone via both K ATP  and BK channels, but in contra-
distinction, PACAP only regulates K ATP  channels for MMA vasodilation (Fig.  36.4 ).

  Fig. 36.4    Schematic of PACAP mechanisms in vascular smooth muscle vasodilation. ( a ) PACAP 
binding to PAC1 G protein-coupled receptors stimulates cAMP/PKA pathways, resulting in K ATP  
channel phosphorylation and activation. The ensuing hyperpolarization closes voltage-dependent 
calcium channels (VDCC) and reduces intracellular calcium to facilitate smooth muscle relaxation 
and vasodilation. This is the principal PACAP vasodilatory mechanism in MMA. ( b ) In cerebellar 
arteries, PACAP-mediated cAMP/PKA signaling by binding to VPAC1/2-R, can also activate 
calcium-sensitive potassium (BK) channels by direct channel phosphorylation (not shown), activa-
tion of ryanodine receptors (RyR) or disinhibition of phospholamban (PLB) on the sarcoplasmic 
reticulum ATPase pump (SERCA). The latter mechanisms increase sarcoplasm reticulum calcium 
release and spark generation to activate BK channels. The BK mechanisms are synergistic with 
those via K ATP  for cerebellar artery vasodilation. Reproduced and modifi ed with permission from 
the Journal of Molecular Neuroscience (Koide et al. 2014)       
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        Alternate Mechanism of PACAP-Induced Vasodilation 

 There is evidence suggesting PACAP-induced dilation may also be endothelium 
dependent in certain species. For example in new born pigs, studies using an in vivo 
closed cranial window system suggested that the PACAP-induced vasodilation may 
be mediated partially through cyclooxygenase (COX). Intravenous injections of 
COX1 inhibitor SC-560 (1 mg/kg) appeared to signifi cantly decrease PACAP- 
induced vasodilation whereas treatments with a COX2-specifi c inhibitor NS-398 
(1 mg/kg) had no apparent effects [ 50 ]. The mechanisms by which PACAP signal-
ing can engage COX1 are unclear.  

    Functional Signifi cance of PACAP Regulation 
and Pathophysiology 

 Cerebrovascular homeostasis to maintain blood fl ow is essential for normal brain 
activities. Pial arteries present the greatest resistance to cerebral blood fl ow and 
cerebral artery relaxation after neurotransmitter/neuropeptide release from sensory 
and autonomic nerve terminals can contribute signifi cantly to vasodilation in 
downstream branches [ 51 ]. The dynamic homeostatic changes in cerebral blood 
fl ow is essential to meet metabolic demands, and failures to meet those demands 
from cerebrovascular dysfunction have been associated with impairments in learn-
ing and memory which may lead to vascular dementia, and increased risks for 
Alzheimer’s and related neurodegenerative diseases [ 52 ]. PACAP receptor activa-
tion can engage neurotrophic signaling pathways for neuroprotection against inju-
ries, but the abilities for PACAP to regulate vasodilation and cerebral blood fl ow 
may offer means to mitigate ischemic damage [ 15 ,  17 ,  53 ]. 

 Recently, there has been interest in PACAP signaling in the MMA and migraine. 
Migraine is a complex and often debilitating neurological disorder characterized by 
intense unilateral pulsating headache, frequently accompanied with aura, photopho-
bia, phonophobia, nausea, and related symptoms [ 32 ,  54 ]. The causes of migraine are 
not understood and are likely to be multifactorial. One mechanism that has been 
debated for decades implicates MMA vasodilation from trigeminal sensory and/or 
sphenopalatine parasympathetic fi ber innervation and signaling. A different and more 
recent concept suggests that migraine results from cortical spreading depression [ 55 , 
 56 ]. But regardless whether MMA vasodilation plays a causal or contributory role in 
the pathophysiology of migraine, there is good evidence that vasodilatory peptides 
participate in migraine development. As described in previous work, CGRP is local-
ized to sensory fi bers innervating the MMA, facilitates MMA vasodilation, and can 
induce migraine-like headaches similar to spontaneous migraine attacks. Magnetic 
resonance angiography imaging correlated MMA vasodilation with migraine onset 
upon exogenous CGRP infusions and notably, CGRP receptor antagonists can ame-
liorate migraine headaches [ 32 ,  57 ]. However, clinical trials examining the effi cacy of 
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the CGRP receptor antagonists were halted because of liver toxicity [ 58 ]. More 
recently, plasma PACAP levels have been reported to be elevated in patients with 
migraine [ 59 ]. Further, PACAP is associated with post- traumatic stress disorder 
(PTSD) which is highly comorbid with migraine, suggesting an intersection of 
PACAP mechanisms and neural pathways [ 60 ]. As described above, PACAP is fre-
quently colocalized with CGRP in sensory fi bers innervating the MMA and similar to 
CGRP, exogenous PACAP administration can initiate migraine ipsilateral to the infu-
sion site coincident with MMA vasodilation [ 61 ,  62 ]. Specifi c small molecule PACAP 
receptor antagonists have yet to be identifi ed but blocking MMA PACAP signaling, 
either alone or in combination with CGRP receptor antagonists, may offer means for 
migraine therapeutics. From these examples, a better understanding of PACAP and 
VIP neurocircuits and signaling mechanisms regulating cerebral arterial tone may be 
clinically relevant for a number of neurophysiological disorders and states.  

    Conclusion 

 The regulation of cerebrovascular resistance is essential to meet brain metabolic 
demands and function. PACAP has potent vasodilatory activities in a variety of 
vascular systems including the cerebral and cranial arteries. The PACAP fi bers 
innervating the cerebral arteries are sensory or autonomic in origin, and interest-
ingly, PACAP potency, the PACAP receptor subtypes and the downstream signaling 
mechanisms mediating the vasodilatory effects appear to vary for cranial blood ves-
sels. PACAP signaling via the PAC1 and VPAC receptors in the MMA activates 
exclusively K ATP  channels for vasodilation; the PACAP effects on cerebellar arteries 
appear to be primarily mediated by VPAC receptor regulation of K ATP  and BK chan-
nels. Thus the roles of PACAP in the brain are multidimensional. In addition to its 
direct trophic and protective activities on neurons, the roles of PACAP in regulating 
blood vessel diameter may be important in maintaining learning and memory, and 
mitigating brain damage from ischemic events. Additionally, the vasodilatory 
effects of PACAP on the MMA may have implications in migraine disorders.   
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    Chapter 37   
 PACAP Circuits Mediating the Sensory 
and Behavioral Consequences of Pain                     

     Galen     Missig    ,     Rodney     L.     Parsons    ,     Margaret     A     Vizzard    , 
    Sayamwong     E.     Hammack    ,     Karen     M.     Braas    , and     Victor     May    

    Abstract     The co-prevalence of stress-related psychopathologies with chronic pain 
has implicated common mechanistic underpinnings. PACAP has been associated 
with chronic stress-related behaviors and disorders; the expression and regulation of 
PACAP and PAC1 receptors in sensory pathways have implicated the PACAPergic 
system in nociceptive signaling. Although confl icting effects of PACAP in mediat-
ing anti-nociception or pro-nociception have been reported in peripheral vs. central 
peptide infusion experiments, neuropathic and infl ammatory pain studies using 
PACAP or PAC1 receptor knockout mice have consistently illustrated the pro- 
nociceptive action of PACAP signaling. PACAP has recently been identifi ed in the 
parabrachioamygdaloid tract which transmits nociceptive information from the dor-
sal horn of the spinal cord to the pontine lateral parabrachial nucleus (LPBn), where 
PACAP neurons project to the lateral capsular division of the central amygdala 
(CeLC), or the nociceptive amygdala. The amygdala is the principal integration 
center for emotional responses; hence these observations implicate a neurocircuit in 
which PACAP nociceptive signaling can impact stress-related behaviors. PACAP 
expression was induced along the spino-parabrachioamygdaloid tract in a partial 
sciatic nerve ligation chronic constriction injury (CCI) model of neuropathic pain. 
Amygdala PACAP infusions increased stress-related behaviors concomitant with 
heightened thermal nociceptive sensitivity, and conversely, CCI-induced behavioral 
and pain responses were attenuated upon acute amygdala PACAP receptor antago-
nist administration. Chronic pain increased amygdala ERK activation which could 
be mimicked by PACAP; notably, inhibition of PACAP receptor-mediated ERK 
signaling with drugs that block either MEK or endosomal signaling mitigated 
PACAP- mediated nociceptive hypersensitivity. Accordingly, PACAP signaling and 
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function in the parabrachioamygdaloid tract may be a mediator of the adverse 
emotional consequences of chronic pain.  

  Keywords     PACAP   •   PAC1 receptor   •   Stress-related behavior   •   Nociception   • 
  Lateral parabrachial nucleus (LPBn)   •   Central nucleus of the amygdala (CeA)   • 
  Lateral capsular division of central amygdala (CeLC)   •   Spino-parabrachioamygdaloid 
tract   •   Extracellular signal-regulated kinase (ERK)  

      Introduction 

 A variety of bioactive neuropeptides participate in the formation, transmission, modu-
lation, and perception of pain. Substance P and neurokinin A of the tachykinin family 
of peptides, and calcitonin-gene related peptide (CGRP) for example, have been well 
studied in pain due to their expression patterns along nociceptive pathways, and abili-
ties to initiate and modulate nociceptive transmission. Although appreciated as a sen-
sory peptide within a few years after discovery, the recent accumulation of evidence 
has generated renewed interest in pituitary adenylate cyclase activating polypeptide 
(PACAP,  Adcyap1 ) as a nociceptive peptide critical in mediating the development of 
chronic pain and pain-related behavioral responses. As other chapters will have dis-
cussed, the PACAP precursor molecule can be alternatively post-translationally pro-
cessed to two alpha-amidated bioactive peptides—PACAP27 or PACAP38—which 
belong to the VIP/secretin/glucagon family of peptides [ 1 ,  2 ]. PACAP has high bind-
ing affi nity to three G protein-coupled receptor subtypes. PACAP binds selectively at 
the PAC1 receptor ( Adcyap1r1 ); both PACAP and VIP bind to VPAC1 and VPAC2 
( Vipr1/Vipr2 ) with high affi nity [ 3 – 5 ]. Uniquely, the PAC1 receptor has multiple 
receptor isoforms, resulting from alternative splicing in the gene transcripts corre-
sponding to the third cytoplasmic domain (Hip and/or Hop variants), which exhibit 
differential activation of multiple signal transduction pathways in a tissue-specifi c 
manner [ 5 – 7 ]. The abilities of PACAP and PAC1 receptor signaling to potently trans-
duce both rapid acute and long-term responses provide means for PACAP to effect 
neurotransmitter signaling and trophic support for cellular proliferation, differentia-
tion, and neuroplasticity. These attributes of PACAP/PAC1 receptor signaling may be 
central for neurocircuit dynamics to maintain homeostasis and yet, sustained PACAP 
signaling may contribute to neural maladaptations leading to physiological and behav-
ioral pathologies, including pain- and stress-related disorders.  

    Nociceptive Pathways 

 Nociception is the process by which noxious stimuli are detected by an organism to 
allow for adaptive physiological and behavioral responses essential for survival. 
The cellular and molecular mechanisms of nociception have been well reviewed 
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[ 8 – 11 ] and are briefl y summarized here to facilitate discussions in later sections. 
The detection of noxious stimuli is performed by primary afferent neurons from the 
trigeminal ganglia that carry information from the face and neck, and the dorsal root 
ganglia (DRG) which transduce signals from the rest of the body. Between the two 
major nociceptor classes, myelinated A(delta) medium fi bers are fast-conducting 
and transmit well-localized sharp pain while unmyelinated small caliber C-fi bers 
are largely polymodal and convey more delocalized prolonged slow pain that may 
be related to nociceptive sensitization processes. Specialized channels on these 
nociceptors are critical to this process, including several members of the transient 
receptor potential (TRP) ion channel family such as TRPV1 and TRPA, the dege-
nerin/epithelia sodium channels (DEG/ENaC), and the piezo2 mechanosensitive 
channels [ 9 ,  12 – 14 ]. C-fi bers also have been characterized as heterogeneous in their 
neurochemical profi les as either peptidergic or nonpeptidergic; the peptidergic pop-
ulation has been well described to express CGRP, substance P, and nerve growth 
factor (NGF)-selective TrkA receptors, and the nonpeptidergic population can be 
distinguished by c-RET neurotrophin receptor expression, the presence of the Mrg 
family of G protein-coupled receptors, or IB4 isolectin binding [ 9 ]. 

 The resulting transduction of noxious mechanical, chemical, or thermal stimuli at 
the afferent terminals activates a variety of voltage-gated sodium and potassium chan-
nels for action potential generation and central axon synaptic release of glutamate/
peptide onto second order neurons. In the spinal cord, the DRG A(delta) and peptider-
gic C-fi ber nociceptors terminate primarily onto neurons in the superfi cial layers lami-
nae I and II of the dorsal horn where the integration of complex descending and local 
signals modulate pain transmission to higher centers. The A(delta) and large caliber 
mechanical (touch) A(beta) fi bers also converge onto deeper laminae III–V. The main 
outputs from the secondary projection neurons form organized tracts to the thalamus 
(spinothalamic tract), medulla, and brainstem (spinoreticular, spinoparabrachial, and 
spinomesencephalic tracts) [ 11 ], and within the brain, the intersection of networked 
regions or a pain matrix drives nociceptive processing and pain experience. The matrix 
is not a rigidly defi ned set of structures as pain is a multifactorial subjective experience, 
but acute pain commonly accesses the primary and secondary somatosensory cortices, 
insular cortex, anterior cingulate cortex, and thalamus [ 15 ]. From diversity of pain 
experience and circumstance, the number of regions can be enlarged to include the hip-
pocampus, amygdala, anterior insula, entorhinal complex, and prefrontal, temporal and 
parietal cortices, resulting in the integration of pain and emotional information. The 
associations between stress- related behaviors and chronic pain are well appreciated. 
Unlike acute stress which can produce analgesia, chronic stress can heighten pain 
experiences leading to hyperalgesia [ 16 ]. Conversely, chronic pain is stressful and 
amplifi es  stress- associated behaviors. The high comorbidity of chronic pain and 
stress-related psychopathologies can adversely impact both disorders complicating 
clinical management [ 17 ,  18 ]. The neuroanatomical pathways, neurochemistry, and 
mechanisms underlying persistent pain/nociceptive hypersensitivity and stress-related 
disorders are not well understood but thought to stem from interrelated maladaptive 
processes. The recent appreciation of PACAP signaling in chronic stress and pain 
circuits suggests that the PACAPergic system may participate in that process.  
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    PACAP and PAC1 Receptor Expression and Plasticity 
in Peripheral Nociceptive Pathways 

 The initial evidence that PACAP participates in nociception stemmed from its 
distribution and expression patterns within the peripheral nervous system. 
Complementing other sensory peptides, PACAP immunoreactivity and mRNA 
expression have been identifi ed in both DRG and trigeminal ganglion neurons from 
immunocytochemical and in situ hybridization histochemical studies, respectively 
[ 19 ,  20 ]. Under normal physiological conditions, PACAP immunoreactivity in DRG 
neuronal soma and peripheral axons has been identifi ed in small to medium-sized 
unmyelinated capsaicin-sensitive C-fi ber nociceptor afferents with other sensory 
peptides including CGRP and substance P. PACAP expression within a defi ned sub-
set of peptidergic DRG neurons has been confi rmed in recent classifi cations using 
single-cell RNA sequencing [ 21 ]. In the spinal cord, the central axons of PACAPergic 
DRG neurons are largely confi ned to lamina I and II of the dorsal horn correspond-
ing to projections important for nociceptive transmission [ 20 ,  22 ,  23 ]. The expres-
sion of PACAP in DRG sensory neurons is detailed in a different chapter in this 
volume. In addition to DRG, there is also a population of PACAP-expressing neu-
rons in lamina I and II of the spinal cord dorsal horn presenting the possibility that 
PACAP may be expressed in second order neurons in the nociceptive pathway as 
well [ 24 ,  25 ]. Based on in vitro receptor autoradiography and in situ hybridization, 
PAC1 receptors are densely expressed in laminae I and II of the dorsal horn in cor-
respondence with PACAP DRG central axon projections. While the distribution of 
PACAP fi bers, PACAP neurons, and PAC1 receptors in the superfi cial layers of the 
dorsal horn is suggestive, the potential functional PACAP to PACAP connectivity 
between DRG and second order dorsal horn PACAPergic neurons is still unclear. 
From ultrastructural studies, PACAP signaling on PACAP-expressing neurons has 
been suggested in the enteric nervous systems [ 26 ]. Only a few isolated neurons in 
the ventral horn appear to express PAC1 receptors [ 24 ]; PAC1 receptors are not 
apparent in DRG neurons implying that PACAP does not act in an autocrine or 
paracrine manner in the ganglion or presynaptically in the dorsal horn [ 22 ]. 

 Among several sensory peptides, PACAP demonstrates phenotypic plasticity in 
various peripheral models of injury- and infl ammation-induced pain. Across different 
experimental paradigms including axotomy, nerve compression, and adjuvant treat-
ments, DRG PACAP transcripts, peptide levels, and cell numbers can be dramati-
cally induced [ 22 ,  23 ,  27 – 31 ]. Notably, depending on the nature of insult, there 
appears to be an induction of PACAP within select DRG neuronal populations with 
concurrent changes in central and peripheral axon peptide immunoreactivity. 
PACAP is normally identifi ed to a subpopulation of small and medium-sized noci-
ceptive cells and following infl ammatory insult the induction of PACAP appears to 
be confi ned to the same small-sized neuronal population [ 29 ]. Accordingly, 
infl ammatory cyclophosphamide-induced cystitis augments DRG PACAP neuronal 
numbers and immunoreactive fi ber density in the superfi cial layers of the dorsal 
horn, consistent with projections from DRG small neuron induction of PACAP [ 32 ]. 
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By contrast, axotomy shifts PACAP expression in the different DRG populations 
resulting in apparent decreased levels in small DRG neurons and increased peptide 
expression in the medium and large-sized DRG neurons [ 22 ,  23 ]. Large DRG neu-
rons project to deeper layers of the dorsal horn and in coherence with axotomy- 
mediated induction patterns, immunoreactive PACAP fi bers appear reduced in the 
superfi cial layers of the dorsal horn but enhanced in the deeper laminae. However, 
whether the decrease in PACAP fi ber immunoreactivity in the superfi cial dorsal 
horn laminae refl ected heightened C-fi ber PACAP secretion has not been deter-
mined. Nerve compression increases PACAP levels in both small and large neuronal 
populations [ 30 ]. The mechanisms underlying the various PACAP induction patterns 
to different injuries and the consequences of the dynamics in fi ber projections in 
pain remain unclear but are supported in recent transgenic animal studies (see below). 
Whether the second order PACAP neurons in laminae I and II of the dorsal horn also 
demonstrate plasticity under the different injury models is unknown although no 
overt changes were observed following axotomy [ 24 ]. In contrast to DRG PACAP 
inductions, PACAP binding in the dorsal horn after injury was diminished without 
apparent changes in PAC1 receptor transcript levels [ 22 ]. Although the expression 
patterns for PACAP and PAC1 receptors exhibit an inverse relationship in some 
studies, the loss of PACAP binding may refl ect higher PAC1 receptor internalization 
and turnover following heightened signaling [ 33 ,  34 ]. Likewise, VPAC1 receptor 
expression is decreased but VPAC2 receptors are increased following neuropathic 
pain [ 35 ]. While the changes in PACAP expression in the multiple experimental 
models may be related to enhanced nociceptive neurotransmission, the interpreta-
tions are complicated by cellular stress-induced plasticity responses to the various 
injury challenges. PACAP/PAC1 receptor activation can engage neurotrophic pro-
survival signals to promote regeneration [ 3 ]; hence the induction in DRG PACAP 
expression in the neuropathic and infl ammatory pain paradigms may have distinct, 
dual or overlapping activities in nociception and trophic support.  

    PACAP and PAC1 Receptors in Nociception 

 From PACAP and PAC1 receptor expression, distribution, and plasticity observed in 
experimental injury models, the PACAPergic system was implicated to facilitate 
nociceptive responses. While seemingly straightforward, the PACAP infusion 
studies were in fact equivocal as to whether PACAP was pro- or anti-nociceptive. 
At peripheral nerve terminals the actions of PACAP appeared largely anti-nociceptive. 
While intraplantar PACAP injections alone had no effect on thermal or mechanical 
sensitivity in naïve animals, intraplantar PACAP injections proved anti-allodynic, 
anti-nociceptive, and anti-hyperalgesic in experimental models of somatic and vis-
ceral infl ammatory pain [ 36 ]. However, PACAP at knee joint afferents resulted in 
increased mechanical sensitivity [ 36 ]. Intrathecal PACAP injections inhibited spinal 
and infl ammatory nociceptive responses [ 37 – 39 ] whereas others reported PACAP 
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administration was anti-nociceptive in the early phase of formalin-induced pain, but 
transitioned to pro-nociception in the late phase of the infl ammatory response [ 40 ]. 

 The pro-nociceptive actions of PACAP, however, were compelling. Intrathecal 
PACAP infusions to naïve rats produced hyperalgesia, as revealed in thermal hyper-
sensitivity and tail fl ick latency tests, and amplifi ed pain neurotransmission to the 
dorsal horn via NMDA mechanisms [ 41 ,  42 ]. The intrathecal nociceptive effects of 
PACAP were gradual but long lasting, which were in contradistinction to the rapid 
and transient effects of substance P [ 40 ]. Demonstrating a direct effect of PACAP 
signaling, PACAP application to spinal cord neurons increased excitability of mul-
tireceptive cells in lamina III-V of the dorsal horn [ 43 ]. Importantly, in comparable 
studies, blockade of PACAP signaling with the PAC1/VPAC2 receptor antagonist 
PACAP(6-38) or neutralizing PACAP antibodies attenuated the thermal hypersensi-
tivity and nocifensive responses in a variety of neuropathic and infl ammatory pain 
models [ 41 ,  44 ]. Further, while PACAP(6-38) had no effects alone or upon non- 
noxious stimulation, the receptor antagonist blocked the increased excitation of dor-
sal horn neurons to noxious stimuli [ 35 ]. The effects of C-fi ber stimulation on spinal 
nociceptive refl ex responses were facilitated by PACAP administration and inhib-
ited with a specifi c PAC1 receptor antagonist [ 45 ,  46 ]. The causes for the observed 
discrepancies in the PACAP nociceptive effects are not well understood but may be 
related to dose and temporal parameters, and route or site of PACAP administration, 
especially after pain initiation in the various experimental models. Under specifi c 
circumstances, PACAP may have activated autoregulatory or descending inhibi-
tory pathways or stimulated anti-infl ammatory responses by blocking immune cell 
cytokine release into the peripheral milieu of pain mediators to produce anti-noci-
ceptive effects. Based on PACAP and PAC1 receptor expression and distribution in 
the sensory pathways, and the preponderance of electrophysiological and behav-
ioral data, however, the central effects of PACAP in injury appear to result in system 
sensitization and are pro-nociceptive.  

    Nociception Studies in PACAP/PAC1 Receptor Knockout Mice 

 The most convincing evidence for PACAP involvement in pain stems from studies 
using transgenic PACAP (PACAP−/−) and PAC1 receptor (PAC1R−/−) knockout 
mice which have been coherent in demonstrating the facilitatory roles of PACAP 
signaling in chronic pain. PACAP−/− mice display a range of physiological and 
neuropsychiatric phenotypes including decreased locomotor activities, decreased 
feeding behaviors, altered memory performance, and attenuated stress responses 
refl ecting the multifaceted roles of PACAP [ 47 – 49 ]. In several experimental mod-
els, PACAP−/− mice exhibit important defi cits in neuropathic pain development. 
Under control conditions, naïve PACAP−/− mice showed unaltered or slight 
decreases in sensitivity responses to thermal or mechanical stimuli [ 31 ,  50 ,  51 ]. 
However, in chronic pain models with intraplantar noxious stimuli, PACAP−/− 
mice displayed a marked loss in the induction of mechanical and thermal 
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hypersensitivity, and nocifensive behaviors [ 31 ,  51 ]. Similarly, PACAP−/− mice 
failed to develop thermal or mechanical hypersensitivity in response to spinal nerve 
transection or sciatic nerve ligation, and demonstrated substantially attenuated 
writhing activities in response to intraperitoneal acetic acid injection [ 31 ,  51 ,  52 ]. 
The diminished nociceptive responses in the PACAP−/− mice to either formalin or 
acetic acid treatments were accompanied by decreased c-Fos expression in the 
somatosensory cortex and periaqueductal grey (PAG), indicating a tangible diminution 
in nociceptive transmission rather than an absence of behavioral responses [ 51 ]. 

 PACAP activation of multiple different receptor subtypes and PAC1 receptor- 
mediated intracellular signaling appear central to nociceptive mechanisms. This 
was implied as PACAP nociceptive responses were recapitulated with PAC1 recep-
tor selective agonist maxadilan and blocked by the specifi c receptor antagonist 
max.d.4 [ 46 ]. Accordingly, as in PACAP−/− animals, mice with PAC1 receptor defi -
ciency (PAC1R−/−) under naïve conditions also exhibited normal responses to acute 
thermal or mechanical stimuli, but demonstrated reduced nocifensive responses to 
intraplantar formalin administration and decreased abdominal responses to intra-
peritoneal acetic acid injection [ 53 ,  54 ]. The knockout studies conducted to date 
have not addressed the different potential sites of PACAP/PAC1 receptor action 
mediating the nociceptive responses; however, PAC1 CamKCre2  mice with forebrain- 
specifi c deletions of the PAC1 receptor (PAC1 receptor deletions in the forebrain 
cortical areas, hippocampus and olfactory bulb) did not demonstrate diminished 
chemical and visceral pain responses [ 53 ]. Thus, the nociceptive actions of PACAP 
likely resided within the peripheral pathways, spinal cord and brainstem, or possi-
bly in combination of these regions [ 53 ]. The PACAP knockout studies do not 
exclude possible roles for VIP or PACAP on VPAC1/VPAC2 receptor signaling in 
pain responses as VIP is an important mediator of infl ammatory processes, and VIP 
administration is often potently anti-infl ammatory [ 55 ]. Nevertheless, these studies 
in aggregate implicated PACAP and PAC1 receptor involvement in the development 
of nociceptive hypersensitivity across several modalities of chronic pain.  

    PACAP Sensory Pathways PACAP-EGFP Mice 

 The recent availability of the PACAP-EGFP mouse, in which neuronal EGFP 
expression is under the control of the PACAP promoter, has enabled a unique means 
of examining PACAP expression and plasticity in sensory pathways. Under basal 
conditions, little native EFGP fl uorescence was observed in peripheral DRG neu-
rons and fi bers which may parallel the inherent low levels of PACAP expression. 
However, in recapitulation of prior immunocytochemistry and in situ hybridization 
transcript studies, chronic constriction injury (CCI) and persistent neuropathic pain 
elicited by unilateral partial sciatic nerve ligation in the PACAP-EGFP mice 
dramatically induced PACAP-EGFP neuronal expression in the ipsilateral lumbar 
DRGs with concomitant increases in EGFP fl uorescence in both peripheral sensory 
fi bers in the sciatic nerve proximal to the ligation and central axons projecting into 
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the dorsal horn (see Chap.   33    ). The contralateral DRGs and fi bers were devoid or 
demonstrated little basal EGFP signals. Notably, central axons projecting to the 
deeper laminae II–IV of the dorsal horn and gracile fasciculus exhibited induced 
PACAP-EGFP fl uorescence, which appeared consistent with the enhanced PACAP 
staining patterns in the spinal cord following sciatic nerve transection [ 22 ]. The 
fi bers were typically large caliber A(delta) mechanosensory (touch) neurons, but 
how these contribute to chronic pain signaling is still unclear. The second order DRG 
sensory neurons have multiple ascending projections including the spinoparabra-
chial tract which relays nociceptive signals to the lateral parabrachial nucleus 
(LPBn) for subsequent upstream signaling to forebrain targets such as the noci-
ceptive lateral capsular division of the central amygdala (CeLC, Fig.  37.1 ) [ 8 ,  56 –
 58 ]. Hence CCI increases PACAP expression in several neural elements in sensory 
tracts, including elements within the spino-parabrachioamygdaloid pathway impact-
ing the behavioral consequences of chronic pain.

       Central PACAP Signaling at the Intersection of Stress 
and Chronic Pain 

 Altered PACAP/PAC1 receptor expression and signaling participate in stress-
related psychopathologies including posttraumatic stress disorder (PTSD), and 
given the high comorbidity of stress- and pain-related disorders, PACAP could be 
part of the common mechanistic underpinnings linking these disorders [ 17 ,  18 , 
 59 ]. To date, most studies have emphasized PACAP roles in pain signaling at the 
peripheral nociceptor and spinal cord. From expression patterns and function in the 
nociceptive tracts described above, the PACAPergic systems appear contributory to 
the maladaptive neuroplasticity that can facilitate the adverse emotional consequences 
of chronic pain. 

 The CeLC is often termed the nociceptive amygdala and recent studies have 
identifi ed dense PACAP-immunoreactive fi bers in this nucleus (Fig.  37.2 ) [ 60 ]. 
From anterograde tracing and excitotoxic lesion studies, the CeLC PACAP fi bers 
were shown to represent axonal projections from the LPBn; notably, the bed nucleus 
of the stria terminalis (BNST) also received signifi cant PACAP innervation from the 
LPBn (Fig.  37.3 ). As the LPBn receives sensory projections from the dorsal horn, 
these results implicated PACAP nociceptive signaling to the amygdala via the 
spino-parabrachioamygdaloid tract impacting stress- and pain-related behaviors. In 
congruence, CCI induced LPBn PACAP transcript levels and increased transgenic 
mice PACAP-EGFP+ cell number, coinciding with increased PACAP fi ber density 
in the CeLC (data not shown). To assess the roles of PACAP signaling in the CeLC, 
direct PACAP infusion into the CeA of rats resulted in both heightened emotional 
behaviors shown by increased anxiety-like behavior on the elevated plus maze, and 
amplifi ed pain-related responses as indicated by thermal hypersensitivity (Fig.  37.4 ) [ 60 ]. 
The thermal hypersensitivity responses were recapitulated following CeA infusions 
of the PAC1 receptor specifi c agonist maxadilan, which directly implicated PAC1 
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  Fig. 37.1    Schematic of PACAP in the spino-parabrachioamygdaloid tract.  Lower left  ( E ), rep-
resentative L5 spinal cord segment illustrating dorsal root ganglion (DRG) PACAP neurons 
projecting to the dorsal horn, where second order neuronal fi bers from laminae I/II travel in the 
dorsolateral fasciculus to target the LPBn in the brainstem. The third order LPBn PACAP neurons 
project to primary targets in the lateral capsular division of the central amygdala (CeLC, nocicep-
tive amygdala), bed nucleus of the stria terminalis (BNST), and ventromedial hypothalamus 
(VMH). Rat brain levels for the BNST ( A ), CeLC ( B ), VMH ( C ), and LPBn ( D ) are shown with 
the corresponding coronal sections on the  right . Numbers below each coronal denote distance from 
Bregma.  Black dots , neuronal soma.  Colored circles , terminal fi elds in rat brain levels and corre-
sponding coronal section. These PACAP circuits provide means for chronic pain impact emotional 
behavior and feeding. It is unclear whether the second order fi bers are also PACAPergic; the PACAP 
primary afferents also travel in the gracile fasciculus of the spinal cord       
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receptor activation in these responses. These observations aligned with previous 
work in which CeA PACAP infusions were shown to increase passive coping strate-
gies in the shock probe test and resulted in decreased food intake with a delayed 
time course [ 61 ,  62 ]. But importantly, demonstrating the consequences of PACAP 
signaling in these processes in vivo, the CCI-induced stress and pain-related 
behaviors could be blocked or attenuated upon acute CeA infusions with the 
PACAP receptor antagonist PACAP(6-38). These observations implied sustained 
PACAP signaling during CCI, impacting pain and emotion, and that even acute 
PACAP receptor antagonism during injury progression may attenuate the responses 
for clinical benefi ts.

  Fig. 37.2    PACAP and CRH immunoreactivities are differentially distributed and regulated in the 
CeA. Tissue sections from control ( A ) and chronically stressed ( B ) rats were examined for CeA 
PACAP (Cy2,  green ) and CRH (Cy3,  red ) staining patterns. In both groups, CeA fi ber PACAP 
immunoreactivity was predominantly in the lateral capsular region (CeLC) with diffuse staining 
extending into the lateral division (CeL); CRH immunoreactivity was localized predominantly to the 
CeL. From quantitative image analyses, only CRH immunoreactivity was augmented by chronic 
variate stress ( c ,  n  = 3). Data represent mean ± SEM.  Asterisk , signifi cantly different from control at 
 p  < 0.05. Scale bar, 250 μm. Reproduced with permission from the journal  Neuropharmacology        

Fig. 37.3 (continued) immunoreactivity (Cy3,  red ) to assess the specifi city and extent of the 
lesion. Whereas vehicle injections had no apparent effects ( A ), NMDA injections produced sub-
stantial LPBn neuronal loss ( B ,  dashed circled  area). Representative vehicle treated and contralat-
eral NMDA excitotoxic lesioned PBn in the same animal are shown; the lesioned image was 
fl ipped to facilitate comparison. CeA and BNST tissue sections from the NMDA excitotoxic lesioned 
animals were processed for dual PACAP and CGRP immunocytochemical localizations. CGRP has 
roles in stress and pain, and is prominently expressed in the PBn. Tissue sections ipsilateral to 
LPBn—vehicle injections ( left panels ) demonstrated substantial PACAP (Cy3,  red ) and CGRP 
(AlexaFluor 488,  green ) colocalization in the CeLC ( C ,  E ) and BNST ( G ,  I ); colocalization in 
merged micrographs illustrated in  yellow . By contrast, the same CeLC and BNST regions in the 
contralateral half that received LPBn NMDA excitotoxic lesion (PBn—lesion) demonstrated marked 
decreases in both PACAP and CGRP immunoreactivities ( D ,  F ,  H ,  J ). Again, micrographs from the 
stained CeLC and BNST regions from the PBn—lesioned side was fl ipped for comparisons with the 
control vehicle—injected side from the same animals to facilitate comparisons.  scp  superior cerebel-
lar peduncle,  CPu  caudate putamen. Representative fi gures from three separate animals. Scale bar, 
200 μm in corresponding tissues. Reproduced with permission from the journal  Neuropharmacology        
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  Fig. 37.3    Excitotoxic LPBn lesions diminish PACAP and CGRP fi ber immunoreactivities in the 
CeLC and BNST. The LPBn was unilaterally lesioned with NMDA; the contralateral LPBn 
received vehicle. After 7 days, the PBn sections were processed for neuron-specifi c nuclear NeuN 
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         Nociceptive PACAP/PAC1 Receptor Signaling Through ERK 
Activation 

 A signature of nociceptive signaling is extracellular signaling regulated kinase 
(ERK) activation which participates in the neuroplasticity that promotes the mani-
festation of chronic pain and stress-related disorders [ 63 ]. Both infl ammation and 
axotomy injury have been shown to increase pERK+ neurons in the DRG; during 
infl ammatory or neuropathic pain, there are increased pERK levels in lamina I and 
II neurons of the spinal cord and the ensuing hypersensitivity development can be 
abrogated upon blockade of ERK phosphorylation by intrathecal application of an 
immediate upstream mitogen-activated protein kinase kinase (MEK) inhibitor [ 64 ,  65 ]. 
As in other chronic pain models, CCI can increase the number of pERK+ neurons 
in the CeLC. ERK signaling has been shown to contribute to pain-related enhance-
ment of PBn-CeLC synaptic neurotransmission and similarly, inhibition of CeA 
ERK activation attenuates pain-related behavioral hypersensitivity [ 63 ,  66 ,  67 ]. 
PACAP and PAC1 receptor signaling can stimulate and sustain ERK activation 
potently and effi caciously [ 33 ,  68 ] and CeA PACAP infusions recapitulated the 

  Fig. 37.4    CeA PACAP/PAC1 receptor signaling increases thermal sensitivity. ( A ) Rats were 
habituated in Hargreave’s thermal sensitivity apparatus with 2 days of baseline assessments (24 
and 48 h). PACAP was subsequently infused into the CeA (single injection) for thermal testing at 
the indicated time ( shaded area ). Whereas vehicle injection produced no apparent responses 
changes compared to baseline ( white bars ), CeA PACAP infusions consistently decreased thermal 
latency responses ( black bars ) up to 4 h post-treatment. The responses dissipated by 24 h; the small 
but signifi cant decrease in thermal latency at 72 h may refl ect latent plasticity events.  n  = 6–8 per 
group, data represent mean response ± SEM, *, different from corresponding vehicle control, 
 p  < 0.025. ( B ) The PACAP-induced decrease in thermal latency was mirrored in CeA infusions 
with the PAC1 receptor specifi c agonist maxadilan. The maxadilan responses observed at 1 h was 
again dissipated by 24 h.  n  = 7–8 per group, data represent mean response ± SEM, *, different from 
corresponding vehicle control,  p  < 0.002. Reproduced with permission from the journal 
 Neuropharmacology        
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ERK activation and stress/pain-related behaviors associated with CCI, with 
concomitant increases in the neuronal activity marker c-Fos. The relationship 
between PACAP and pERK in nociception was enhanced further by the close appo-
sition of PACAP-immunoreactive fi bers with CeA pERK+ neurons in CCI, and the 
abilities of MEK inhibitors to attenuate PACAP-mediated ERK activation and ther-
mal nociceptive sensitivity. There are multiple intracellular PAC1 receptor effector 
mechanisms that activate ERK including PKA and PKC [ 33 ,  69 ,  70 ], but more 
recently, PAC1 receptor internalization and endosomal signaling have been suggested 
to be a means to sustain cellular ERK levels [ 33 ,  34 ]. In accord, CeA pretreatment 
with the endocytosis inhibitor Pitstop 2 prevented PACAP-induced ERK phosphor-
ylation and thermal hypersensitivity. These results may be examples of how G 
protein- coupled receptor (GPCR) internalization can produce divergent, long term 
and targeted signaling for physiological function and may not always be associated 
with degradation and desensitization. In contrast to the transient effects of other 
sensory peptides, PAC1 receptor endosomal ERK signaling may be one mechanism 
underlying the gradual but sustained actions of PACAP in pain.  

    PACAP and Glutamate Signaling 

 In addition to stimulation of ERK-mediated neuroplasticity, PACAP signaling may 
also regulate postsynaptic neuronal function by modulating glutamatergic neurotrans-
mission. PACAP is coexpressed with glutamate in a variety of systems including 
retina, suprachiasmatic nucleus, central amygdala, and BNST [ 71 ,  72 ]. Furthermore, 
in the developing dorsal horn of the spinal cord, the same transcription factors that 
determine glutamatergic cell fate also appear to control PACAP expression [ 73 ]. The 
co-release of PACAP with glutamate may function to modulate excitatory neurotrans-
mission, as NMDA receptor blockade in the ventromedial hypothalamus (VMH) 
diminished PACAP-induced hypophagia [ 74 ]. The attenuation of fear conditioning by 
intra-BLA PACAP(6-38) administration was mediated through altered NMDA signal-
ing [ 75 ] and intrathecal PACAP-mediated pain resulted in a dose-dependent enhance-
ment of NMDA-induced aversive behaviors and potentiated NMDA currents in dorsal 
horn neurons [ 41 ]. In addition, transgenic PACAP−/− mice failed to develop mechani-
cal allodynia to NMDA, but allodynia could be restored by co-infusion of PACAP 
with NMDA [ 31 ]. There are multiple mechanisms by which PACAP could potentially 
modulate glutamatergic signaling. In the dorsal horn, there is evidence that PACAP 
may promote the functional coupling of nitric oxide synthase to NMDA receptors 
[ 31 ]. In the hippocampus, PACAP was found to enhance synaptic NMDA receptor 
traffi cking and surface expression through Gq, PKC, and Src signaling mechanisms 
[ 76 – 78 ]. In the amygdala, PACAP resulted in potentiation of the BLA-CeA trans-
mission through a postsynaptic mechanism involving synaptic targeting of GluR1 
subunit-containing AMPA receptors [ 79 ]. Alternatively, PACAP may enhance 
glutamate signaling by regulating mGluR function [ 80 ].  
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    Conclusions 

 Pain is a multidimensional experience comprising both somatosensory and affective 
components. There are a number of lines of evidence indicating a role for PACAP 
in pain, including expression within nociceptive pathways, upregulation following 
injury or noxious stimulation, lack of pain development in genetic deletion models, 
and the ability to induce pain-related behaviors upon CeA peptide administration. 
While the role of PACAP in primary sensory neurons in pain has been established, 
recent evidence suggests that this role may extend centrally along nociceptive 
pathways including parabrachial nucleus to amygdala projections to mediate the 
emotional components of pain. 
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    Abstract     Initially defi ned as a defense against infection, the immune system is 
known to function in injury and repair and in age-related neurodegenerative dis-
eases. Because of the capacity of immune cells to execute highly aggressive 
responses, precise control mechanisms are required to prevent collateral damage to 
healthy cells and to facilitate repair. PACAP is a neuropeptide that has evolved to 
function in these latter capacities and appears to do so at multiple levels. While 
PACAP is known to act directly on peripheral immune cells to modify their activi-
ties in vitro and to strongly modify infl ammation and clinical symptomatology in 
rodent models of infl ammatory diseases (see Chap.   7    ), considerable evidence indi-
cates that PACAP is upregulated and acts within the compromised brain to regulate 
infl ammatory and regenerative functions of astrocytes and microglia. Moreover, 
PACAP acts as a neurotransmitter/neuromodulator in the hypothalamus and periph-
eral nervous system and may thereby regulate infl ammation in the periphery via its 
regulation of the hypothalamic pituitary adrenal axis (HPA) and autonomic control 
of immune cells in lymph nodes and other immune organs. While many details 
remain to be elucidated, we will describe in this chapter potential neural circuitries 
and mechanisms by which PACAP might regulate CNS and peripheral infl amma-
tion and immune cell function.  
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  Abbreviations 

   BBB    Blood–brain barrier   
  BNST    Bed nucleus of stria terminalis   
  COX-2    Cyclooxygenase-2   
  CRF    Corticotropin releasing factor   
  HPA    Hypothalamic pituitary adrenal axis   
  IFN-γ    Interferon-γ   
  IL    Interleukin   
  IML    Intermediolateral   
  LPS    Lipopolysaccharide   
  MEK    Mitogen-activated protein kinase kinase   
  NO    Nitric oxide   
  PACAP    Pituitary adenylyl cyclase activating peptide   
  PKA    Protein kinase A   
  PSNS    Parasympathetic nervous system   
  PVN    Paraventricular nucleus of hypothalamus   
  SNpc    Substantia nigra pars compacta   
  SNS    Sympathetic nervous system   
  TJ    Tight junctions   
  TNF-α    Tumor necrosis factor-α   
  VIP    Vasoactive intestinal peptide   

        PACAP Regulation of Systemic Infl ammation 

    Introduction 

 Like the closely related peptide vasoactive intestinal peptide (VIP), PACAP is well 
known to potently inhibit infl ammatory activities of immune cells (see chapter by 
Delgado et al.) and to exert powerful anti-infl ammatory activities when given exog-
enously to animal models of system infl ammatory disease including as collagen- 
induced arthritis [ 1 ] and endotoxic shock [ 2 ]. If one presumes that the actions of 
exogenous PACAP refl ect the activities of the endogenous neuropeptide, what are 
the potential neuronal/hormonal circuits by which PACAP acts? As discussed later, 
PACAP is abundantly expressed in stress circuitries known to regulate immune 
function in the periphery. Although still unproven, we propose that PACAP acts as 

Y. Ago et al.



653

a classical neurotransmitter/neuromodulator within these circuits, and may also be 
locally released from sympathetic nerve terminals in immune organs such as lymph 
nodes and spleen.  

    General Model of CNS Regulation of Systemic Infl ammation 

 The brain regulates nearly all aspects of physiology, so it is not surprising that the 
brain actively regulates peripheral infl ammation. Neural regulation of infl amma-
tion, whether it be a response to infection, injury, or chronic infl ammatory disease 
in a peripheral organ, can be viewed in the general brain organization of stress 
responses (Fig.  38.1 ). In this model of neural circuitry, the brain responds to differ-
ent kinds of stress, such as hemodynamic, metabolic, and emotional, using some 
common pathways. Stress signals in the periphery fi rst reach the CNS by way of 
ascending neuronal pathways in the spinal cord and brainstem [ 3 ]. With respect to 
infl ammatory stress, a well-described example of an ascending pathway is that uti-
lized by peripheral cytokines, which signal to the brain by way of vagal afferents to 
the nucleus tractus solitarius in the brainstem [ 4 ]. In an alternative humoral path-
way, cytokines released into the blood may directly enter the brain circumventricu-
lar organs (which exhibit a relatively porous blood–brain barrier). Stress signals 
reaching the hindbrain are transmitted to the hypothalamus either directly or routed 
indirectly through the cortex or limbic system, where they regulate the 

  Fig. 38.1    A block diagram for the illustration of the central organization of stress responses 
(adapted from Kvetnansky et al. [ 3 ]) (1) Viscero- and somatosensory stressful stimuli; (2) ascend-
ing pathways from spinal and medullary noncatecholamine (CA) and medullary CA neurons to 
integrative centers in the hypothalamus, limbic system, and the cerebral cortex; (3) hypothalamo–
pituitary–adrenal (HPA) axis, ultimately releasing corticosterone (CORT); (4) circulating adreno-
corticotropic hormone infl uences adrenaline (ADR) synthesis in adrenal medullary chromaffi n 
cells; (5) hypothalamic projections to descending CA neurons in the pons-medulla; (6) premotor 
sympathetic projections from the hypothalamus; (7) premotor sympathetic neurons from the 
descending CA cell groups to the intermediolateral cell column (IML); (8) sympatho- 
adrenomedullary system; (9) sympatho-neural system; (10) varicosities in the sympathetic post-
ganglionic nerve terminals. The output of the HPA axis is boxed in  blue ; the sympathoadrenal axis 
in  red . The latter includes the sympathetic neurons and the catecholaminergic cells of the adrenal 
medulla. The catecholaminergic cells of the adrenal medulla are regulated in a manner analogous 
to sympathetic neurons, i.e., by the equivalent of sympathetic preganglionic innervation       
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hypothalamic–pituitary–adrenal and the sympathoadrenal axes. These are arguably 
the most critical systems that respond to systemic homeostatic challenges. The HPA 
and the adrenal component of the sympathoadrenal axis are well known to regulate 
infl ammation in the periphery, most prominently through the release of cortisol and 
catecholamines, respectively, while the sympathetic nervous system (SNS) regu-
lates peripheral infl ammation by way of its innervation of lymphoid organs, includ-
ing the thymus, lymph nodes, bone marrow, spleen, and Peyer’s patches. 
Considerable evidence indicates that PACAP is a major regulator of both the HPA 
and sympathoadrenal axes, and as discussed later, may regulate infl ammation in the 
periphery in this manner.

       PACAP Regulation of the HPA Axis and Potential Impact 
on Infl ammation 

 The HPA axis plays an important role in mediating stress responses via release of 
the corticotropin releasing factor (CRF) from the hypothalamus and extrahypotha-
lamic regions such as the amygdala. CRF is a well-studied 41-amino acid signaling 
peptide that is activated in response to highly arousing or stressful situations. CRF  
acts in the pituitary to release adrenocorticotropic hormone, which acts in the adre-
nal cortex to release glucocorticoids. The paraventricular nucleus of hypothalamus 
(PVN) is known to be the principal source of CRF in the brain. Several types of 
evidence support that PACAP is an important regulator of stress responses, and 
interacts with, and in some cases, controls CRF expression and activity. First, the 
hypothalamus is a major site of PACAP synthesis, exhibiting the highest concentra-
tion of PACAP in the rat brain [ 5 ,  6 ]. Previous immunohistochemical studies (most 
in colchicine-treated animals) and in situ hybridization data indicate that PACAP-
expressing neurons are located in the parvocellular and magnocellular divisions of 
the PVN, and within the supraoptic nuclei and arcuate nucleus [ 7 – 14 ]. Hannibal 
et al. showed that a subpopulation (44–77 %) of PACAP-immunoreactive neurons in 
colchicine-treated rats in the PVN coexpress CRF [ 11 ]. In addition, the hypophysio-
tropic CRF neurons are densely innervated by PACAP nerve fi bers [ 15 ]. Receptors 
for PACAP are also highly expressed in the PVN [ 16 ,  17 ]. 

 Gene knockout and pharmacological studies demonstrate that PACAP and the 
PACAP-selective PAC1 receptors play critical roles in regulating the HPA axis, and 
do so at least in part via actions on the CRF system. For example, restraint stress- 
induced inductions of hypothalamic CRF mRNA and serum corticosterone were 
shown to be reduced in mice that lack PACAP [ 18 ,  19 ]. Moreover, under conditions 
of longer term restraint (14–21 days), elevations in corticosterone and weight loss 
were shown to be reduced in both PACAP- and PAC1 receptor-defi cient mice [ 19 ]. 
In agreement, intracerebroventricular injection of PACAP increased CRF mRNA 
levels, an effect that was blocked by the PACAP receptor antagonist PACAP6-38 [ 20 ]. 
In a different strain of PACAP knockout mice, diminished corticosterone responses 
to restraint stress, and also to open fi eld exposure were observed [ 21 ]. In this latter 
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work, stress-induced inductions in cFos levels in CRF-containing neurons were 
reduced in PACAP-defi cient mice. Overall the data suggest that PACAP acts as an 
autocrine/paracrine factor on CRF neurons to induce CRF gene expression and 
enhance and/or prolong the activity of the HPA axis. It follows that this particular 
PACAP function is also anti-infl ammatory due to the increased release of systemic 
glucocorticoids, which generally act to suppress infl ammation. 

 Evidence suggests that PACAP also acts via extrahypothalamic regions such as 
the bed nucleus of stria terminalis (BNST), amygdala, and possibly hippocampus to 
modulate responses to stress. For example, chronic stress induces PACAP and PAC1 
receptor gene expression in the BNST [ 22 ,  23 ], where this signaling system has 
been shown to be important for regulating stress responses [ 24 – 27 ]. Furthermore, 
PACAP injection into the posterior BNST produces chronic stress responses such as 
anorexia and weight loss [ 25 ], and increased serum corticosterone levels [ 24 ]. These 
effects appear to be mediated by PAC1 receptors [ 27 ]. In another model, a 10-shock 
fear-conditioning protocol signifi cantly induced PAC1 mRNA levels in the amyg-
dala [ 28 ]. The effect of microinjection of PACAP into the central nucleus of the 
amygdala was examined in a shock-probe fear protocol [ 29 ]. Time spent withdrawn 
in the opposite corner of the probe, exploration, locomotion, distance, and velocity 
was all reduced in PACAP injected shock-challenged, but not shock-unchallenged 
rats, suggesting an enhanced fear response. PACAP in the hippocampus and/or 
amygdala also appear to be important for fear learning, because global and forebrain- 
specifi c PAC1-knockout mice showed decreased freezing in contextual fear condi-
tioning without effects on other task performances [ 30 ,  31 ]. 

 Interestingly, the bacterial endotoxin lipopolysaccharide (LPS) and interleukin 
(IL)-1β have been shown to induce PACAP gene expression in neurons of the medial 
parvocellular part of the PVN [ 32 ]. Although the impact of hypothalamic PACAP 
on the immune system is unclear, PACAP actions in these extrahypothalamic sites 
in stress responses are potentially transmitted to the HPA and sympathoadrenal axes 
by the general pathways described in Fig.  38.1 .  

    PACAP in the Autonomic Nervous System Regulation 
of Infl ammation 

 In addition to its regulation of the HPA axis, PACAP may also infl uence infl ammation 
through signaling in the autonomic nervous system (reviewed in [ 33 ]). This system 
can infl uence the immune system primarily through direct innervation and release 
of neuromodulators in primary lymphoid tissues, such as the bone marrow and thy-
mus, and secondary tissues, such as lymph nodes and the spleen (reviewed in [ 4 ,  34 , 
 35 ]). The autonomic nervous system is typically divided into two pathways: the 
sympathetic nervous system (SNS), mediated by ganglia in the thoracic spinal seg-
ments that provide noradrenergic and peptidergic innervation to target organs, and 
the parasympathetic nervous system (PSNS), mediated by ganglia within the head 
and neck and by smaller ganglia located near or within target tissues, and utilizing 
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acetylcholine and other neuroactive molecules. The SNS, rather than the PSNS, is 
believed to constitute the primary descending pathway of the so- called infl amma-
tory refl ex [ 4 ]. In this refl ex circuit, infl ammation is sensed by the peripheral ner-
vous system, and then relayed through autonomic neurons in the hindbrain and 
spinal cord to augment or (usually) suppress infl ammation by release of neuro-
modulators in lymphoid tissues. While PACAP is found in parasympathetic neurons 
[ 36 ], anatomical studies to date have found no conclusive direct parasympathetic 
innervation of lymphoid organs despite acetylcholine receptors present on immune 
cells. For years the question of the source of the acetylcholine in lymphoid tissues 
has puzzled the fi eld. Recent evidence suggests that vagus nerve stimulation of 
celiac or other sympathetic ganglia cause the release of noradrenalin in lymphoid 
organs that results in the release of acetylcholine from specialized T cells (reviewed 
in [ 4 ,  35 ]). Thus, acetylcholine in lymphoid organs may come from T cells rather 
than from a direct autonomic source. There is, however, ample evidence for SNS 
innervation of lymphoid organs [ 34 ], and therefore this system has been the focus 
of studies of autonomic control of immune responses. 

 An abundance of studies have examined the general infl uence of the SNS on 
peripheral infl ammation and the role of catecholamines in particular. Most of 
these studies, as well as studies in which immune cells were treated with norepi-
nephrine receptor analogs in vitro, suggest that norepinephrine acts primarily via 
β-2 adrenergic receptors, and mainly inhibits innate infl ammatory responses, and 
either promotes or inhibits adaptive immunity [ 34 ,  37 ]. However, almost nothing 
is known about peptidergic effects in this system. PACAP is expressed by pregan-
glionic neurons originating in the intermediolateral (IML) region of the spinal 
cord that project to sympathetic ganglia [ 38 ,  39 ]. In fact, a majority of the IML 
projections to the superior cervical ganglia (SCG) express PACAP mRNA [ 38 ]. 
PACAP application to sympathetic nerves in vivo results in increased electrical 
activity [ 40 ] and release of catecholamines [ 41 ]. PACAP action through PAC1 
receptors was shown to upregulate the expression of enzymes involved in the 
synthesis of catecholamines, such as tyrosine hydroxylase expression in the SCG, 
and to stimulate release of catecholamines and neuropeptides from SGC neurons 
[ 41 ]. Moreover, PACAP stimulation of SGC cultured neurons elicits gene expres-
sion and/or release of such factors at potencies two orders of magnitude higher 
than with VIP [ 41 ,  42 ], again implicating PAC1 receptors. Additional evidence 
for PACAP involvement in sympathetic regulation comes from studies involving 
knockout mice. PACAP-defi cient mice have pathological phenotypes related to 
abnormal catecholamine release from the SNS, such as impaired thermoregula-
tion [ 43 ]. Finally, PACAP exposure to cultured postganglionic sympathetic neu-
rons induces expression of both PACAP and VIP, among other secreted factors 
[ 44 ]. These results suggest that PACAP release onto SCG neurons results in fur-
ther downstream release of PACAP and VIP, which potentially act directly via 
their receptors on immune cells in lymphoid tissues. A proposed model of PACAP 
regulation of the SNS is presented in Fig.  38.2 . However, considerable further 
studies will be needed to more closely examine the role of PACAP in the SNS and 
how it may function to alter immune responses.
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   In addition to the SNS, PACAP regulates the related sympathoadrenal axis by way 
of its expression in cholinergic neurons that innervate the adrenal medulla (see 
Fig.  38.1 ). For example, PACAP is detected in the innervation of the adrenal cortex 
and has been shown to stimulate secretion of catecholamines from the adrenal medulla 
[ 45 ]. Furthermore, PACAP-defi cient mice exhibit prolonged hypoglycemia upon 
insulin challenge [ 46 ], a process dependent on sympathetic noradrenalin. Upon fast-
ing and administration of insulin, these mice exhibit signifi cantly lower levels of 
plasma epinephrine than wild-type controls. Although it is not completely clear if 
circulating catecholamines can regulate systemic infl ammation, most immune cells 
express adrenergic receptors and respond to catecholamines in vitro. Mirroring the 
actions in the SNS, PACAP may thus affect the immune system indirectly by regulating 
the synthesis and release of catecholamines from the adrenal medulla.  

    PACAP Regulation of Infl ammation in the Gastrointestinal Tract 

 Due to the prevalence of infl ammatory bowel disease in the human population, it is 
of interest that PACAP is expressed in the extrinsic innervation of the intestine, most 
likely in sensory and vagal afferents, and in both myenteric and submucosal 

  Fig. 38.2    Potential neural circuitry by which PACAP and VIP modulate peripheral immune cell 
activity during infl ammatory stress (adapted from Waschek [ 33 ]). Neurons in the brain stem and 
hypothalamus (not shown) sense infl ammation and activate preganglionic sympathetic neurons in 
the spinal cord interomediolateral (IML) column. PACAP is expressed with acetylcholine (ACh) 
in the preganglionic neurons in thoracic spinal cord IML neurons. When released during stress or 
infl ammation, PACAP acts via PAC1 receptors expressed on sympathetic neurons in cervical/stel-
late ganglia to alter noradrenaline (NA) synthesis and/or activity, and to increase the production of 
VIP and/or PACAP. The latter neuropeptides are released along with NA in peripheral immune 
sites such as the thymus, lymph nodes, and spleen. Once released in these target organs, VIP or 
PACAP may then act directly with VPAC1, VPAC2, or PAC1 receptors on immune cells, or 
indirectly via action on stromal cells expressing these receptors.  Teff  T effector cell (Th1, Th2, 
and Th17),  Treg  regulatory T cell),  DC  dendritic cells,  MΦ  macrophage       
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intrinsic neurons [ 47 ,  48 ]. The local action of PACAP on immune cells within the 
gut has not been well studied, but may be presumed to be anti-infl ammatory. In sup-
port of this, two groups have shown that PACAP-defi cient mice exhibited enhanced 
symptomatology and colonic infl ammation in the dextran sodium sulfate colitis 
model [ 49 ,  50 ], with enhanced and reduced colonic production of proinfl ammatory 
and anti-infl ammatory cytokines, respectively [ 49 ].   

    PACAP Regulation of Infl ammation Within the CNS 

    Introduction 

 PACAP immunoreactivity and gene expression are reported to be induced in cortical 
and other CNS neurons in stroke and traumatic injury models [ 51 – 55 ], suggesting 
that PACAP might act locally within the brain to protect neurons and/or promote 
repair following injury. In this respect, PACAP administration in several models of 
CNS injury has been found to decrease both neuron loss and neurological defi cits 
(see other chapters). Moreover, in at least one case, PACAP administration resulted 
in a pronounced diminution of infl ammatory changes within the brain at the level of 
gene expression [ 56 ]. While PACAP is well known to act directly on neurons in cul-
ture to promote their survival, the latter fi nding suggests that PACAP might act indi-
rectly on other cell types within the brain to modify infl ammation, thereby reducing 
injury and promoting repair. As discussed later, an abundance of data suggests that 
PACAP acts on at least two types of glia, microglia and astrocytes, to regulate their 
infl ammatory state and promote processes involved in protection and repair.  

    Local Immunomodulatory Action of PACAP on Astrocytes 
During Pathological Stress and Injury 

 Astrocytes behave as one of the innate immune effector cells in the CNS, amplify-
ing the effects of infl ammation, but they can also provide support and provide pro-
tection for neurons and other glial cells [ 57 ,  58 ]. Astrocytes also provide functional 
support to neurons by maintaining local ion and pH homeostasis, storing CNS gly-
cogen, and clearing neuronal waste [ 59 ,  60 ]. Astrocyte dysfunction and apoptosis 
may thus contribute to pathogenesis of many acute and chronic neurodegenerative 
disorders, such as ischemia, Alzheimer’s disease, Parkinson’s disease, and multiple 
sclerosis [ 61 – 65 ]. 

 All PACAP/VIP receptors, PAC1, VPAC1, and VPAC2, are reportedly expressed 
in cultured rat astrocytes [ 66 – 70 ]. The presence of PACAP/VIP receptors has also 
been described in both resting and reactive brain astrocytes [ 71 – 73 ], suggesting that 
some of the actions of PACAP and VIP in the brain may be mediated through 
astroglial cells. The following two sections will address putative immunomodulatory 
and neuroprotective actions of PACAP on astrocytes.  
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    PACAP Regulation of Reactive Astrogliosis 

 Although reactive astrogliosis is best known as a process that can impede repair, 
considerable evidence indicates that it evolved as a protective function in CNS. 
Hallmarks of reactive astrogliosis include proliferation, induction of glial fi brillary 
acidic protein (GFAP) expression, and a morphology change to a hypertrophic state. 
Interestingly, PACAP38 was shown to stimulate the proliferation of astrocytes 
in vitro [ 69 ,  74 ], an effect which was completely abolished by the cyclic AMP 
antagonist Rp-cAMP, whereas the protein kinase A (PKA) inhibitor H89 had no 
effect [ 69 ]. These results suggest that PACAP-mediated stimulation of proliferation 
of astrocytes may involve a cAMP-dependent, but PKA-independent, pathway. The 
proliferative effect of PACAP on reactive astrocytes has also been reported in a 
scratch injury model using primary astrocyte cultures [ 75 ]. The percentage of Ki67 
(a marker of proliferating cells) and glial fi brillary acidic protein double-positive 
cells increased in groups treated with PACAP (0.1–10 pM), particularly in the peri- 
injured area where many reactive astrocytes were found. The PACAP receptor 
antagonist PACAP6-38 suppressed the PACAP-induced proliferation of reactive 
astrocytes. In other studies, Masmoudi-Kouki et al. [ 76 ] have shown that subnano-
molar concentrations of PACAP38 dose dependently protects cultured rat astrocytes 
from apoptosis induced by H 2 O 2 . PACAP6-38 totally suppressed the protective 
effect of PACAP. The protective action of PACAP38 was also blocked by the H89, 
the protein kinase C inhibitor chelerythrine and the mitogen-activated protein kinase 
kinase (MEK) inhibitor U0126. PACAP38 stimulated glutathione formation and 
blocked H 2 O 2 -evoked reactive oxygen species accumulation and glutathione con-
tent reduction. Additionally, PACAP38 prevented the decrease of mitochondrial 
activity and caspase 3 activation induced by H 2 O 2 . Together, PACAP exerts a potent 
protective effect against oxidative stress in astrocytes. 

 Astrocytes are known to release numerous cytokines and growth factors into the 
extracellular space [ 77 ,  78 ], and considerable evidence indicates that astrocyte- 
conditioned media support the survival of neurons in vitro [ 79 – 84 ]. It is of interest 
that treatment of cultured cerebellar granule cells with supernatants from astrocytes 
treated with 1 nM PACAP provoked a signifi cant reduction of neuron death induced 
by H 2 O 2  [ 76 ]. Pretreatment with PACAP6-38 attenuated the protective action of 
conditioned medium from PACAP-exposed astrocytes on granule cells. PACAP has 
also been shown to stimulate glial cells to generate various factors such as activity- 
dependent neurotrophic factor, IL-1 and IL-6, macrophage infl ammatory protein, 
neurotrophin-3, protease nexin-1, and CCL5/RANTES (regulated on activation, 
normal T cell expressed and secreted) (reviewed in [ 85 ]). For example, in cultured 
rat astrocytes, very low concentrations of PACAP (0.1 pM) were able to stimulate 
the production of activity-dependent neuroprotective protein, an effect which was 
blocked by a PAC1 receptor antagonist [ 86 ]. PACAP38 was signifi cantly more 
potent in stimulating IL-6 than VIP, and this effect was synergic with that of IL-1 
[ 87 ,  88 ]. PACAP has also been shown to stimulate IL-6 production in cultured rat 
Müller cells, which are the predominant glial element in the retina, and this effect 
was blocked by PACAP6-38 [ 89 ,  90 ]. Although IL-6 is generally considered to be a 
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proinfl ammatory cytokine, several studies indicate its actions on neurons are 
antiapoptotic due its induction of the STAT3 pathway. In support of this hypothesis, 
intracerebroventricular injection of recombinant IL-6 in rats has been demonstrated 
to decrease infarct volume following ischemia [ 91 ], whereas administration of 
IL-6 receptor antibody produced the opposite effect [ 92 ]. These reports suggest that 
IL-6 can have a neuroprotective function in CNS injury. PACAP administration to 
wild- type mice subject to the middle cerebral artery occlusion ischemia provided 
neuroprotection associated with induced IL-6 production, and the neuroprotective 
was abolished in IL-6 defi cient mice [ 93 ]. These fi ndings indicate that PACAP 
prevents neuronal cell death at least in part via IL-6 signaling.  

    Increased Glutamate Uptake and Metabolism by PACAP 
in Astrocytes 

 Glutamate is the major excitatory neurotransmitter in the mammalian CNS and is 
known to be involved in complex processes such as memory formation. However, 
excess levels of extracellular glutamate are considered detrimental in several neu-
rodegenerative disorders [ 94 ]. Astrocytes perform the majority of glutamate 
uptake in the brain [ 95 ]. Following injury, astrocytes upregulate expression of 
glutamate transporters and glutamine synthetase, which allow them to sequester 
glutamate and convert it to glutamine, thus limiting neuronal and oligodendrocyte 
damage [ 96 ]. Downregulation of astrocytic glutamate transporter expression with 
antisense oligonucleotides leads to neurodegeneration and progressive paralysis 
[ 95 ]. Reduced expression of GLAST (EAAT1) and/or GLT-1 (EAAT2) has been 
observed after brain injury as well as in patients suffering from amyotrophic lat-
eral sclerosis, Alzheimer’s disease, and Huntington’s disease and is thought to 
contribute in part to the neuronal cell death associated with these pathological 
conditions [ 97 ]. 

 PACAP38 was shown to induce a robust increase in mRNA and protein levels of 
both GLT-1 and GLAST in cultured astrocytes derived from the cerebral cortex [ 98 ] 
and striatum [ 99 ]. The PACAP-induced increase in glutamate transporter levels 
 correlated with an increase in the maximal velocity of the glutamate uptake [ 98 ]. 
PACAP also increased the  K  m  of the uptake process. In addition, PACAP38 robustly 
induced the expression of glutamine synthetase. Because the effects of PACAP38 
on glial glutamate transporter expression were attenuated in the presence of 
PACAP6- 38, PACAP promotes glial glutamate turnover via the PAC1 or VPAC2 
receptor. Interestingly, the PKA inhibitor H89 almost completely abolished the 
PACAP- induced expression of GLAST and also decreased, although to a lesser 
extent, the PACAP induction of GLT-1 expression [ 98 ]. On the other hand, the PKC 
inhibitor Gö6976 did not interfere with the effects of PACAP on GLAST expression 
but resulted in a robust inhibition of PACAP-induced GLT-1 expression. Together, 
these fi ndings suggest that PACAP differentially affects the expression of GLAST 
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and GLT-1 via PKA and PKC in astrocytes. Importantly, PAC1 receptor expression 
is upregulated in astrocytes in several CNS injury models such as global ischemia 
[ 100 ], contusion spinal cord injury [ 54 ], and cortical stab injury [ 73 ]. These fi ndings 
suggest that PAC1 receptors in these cells might provide some protective functions 
via astrocytes.  

    PACAP Regulation of Microglia Function 

 Just as macrophages respond to injury in peripheral tissues, microglia—the resident 
macrophages of the nervous system—become activated in the injured brain. While 
this is important for protection and repair, overactive microglial release of proin-
fl ammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin 
(IL)-1β, IL-6, IL-12, cyclooxygenase-2 (COX-2), and other factors such as nitric 
oxide (NO), reactive oxygen species, prostaglandin E2 (PGE2), and superoxide, is 
believed to contribute to the manifestation of neurodegenerative diseases, stroke, 
and CNS traumatic injury [ 101 ,  102 ]. Like for macrophages in non-CNS sites (see 
Chap.   7    ), PACAP is reported to inhibit the production of proinfl ammatory factors in 
activated microglia in culture. For example, PACAP was found to inhibit LPS- 
induced microglial production of TNF-α, IL-6, IL-1 β, NO, and COX-2 in a dose- 
and time-dependent manner [ 103 ,  104 ]. This anti-infl ammatory activity was 
reported to be mediated by both VPAC1 [ 103 ] and PAC1 receptors [ 105 ]. Likewise, 
in an oxygen and glucose deprivation/reoxygenation microglia cell line model, 
PACAP was found to inhibit TNF-α in association with a reduction in NF-kB sig-
naling [ 106 ]. In other studies, PACAP was found to inhibit interferon-γ (IFN-γ)-
induced Jak1/2 and STAT1 phosphorylation in cultured microglia and to lower 
mRNA levels of IFN regulatory factor-1 [ 103 ]. PACAP also inhibits LPS-induced 
microglia costimulatory activation molecule CD40 expression by increasing IL-10 
production [ 107 ]. The production of chemotactic factors has also been shown to be 
regulated by PACAP. For example, interaction of PACAP with the VPAC1 receptor 
in microglia was shown to inhibit the LPS-induced production of the CXC chemo-
kines MIP-2 and KC, and the CC chemokines MIP-1α, MIP-1β, MCP-1, and 
RANTES [ 108 ]. Overall, the in vitro studies suggest that PACAP can regulate mul-
tiple immune processes via action on microglia. 

 In vivo studies also support a role of PACAP in microglia activation. In a focal 
ischemia mouse stroke model, mice given a stereotaxic intracerebraventricular 
injection of embryonic stem (ES) cells expressing PACAP had decreased levels of 
proinfl ammatory TNF-α in the infarcted hemisphere, and increased levels of anti- 
infl ammatory IL-10, as compared to mice injected with saline or control ES cells 
[ 56 ]. Furthermore, mice that had received PACAP-producing ES cells exhibited 
microglia with reduced cell body size, increased number of fi ber processes, and 
increased expression of arginase-1, a well-established marker of a “M2” anti- 
infl ammatory macrophage phenotype [ 56 ]. Interestingly, in naïve PACAP-defi cient 
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mice, microglia in the substantia nigra pars compacta (SNpc, the main location of 
the dopaminergic vulnerable cells in Parkinson’s Disease patients), exhibited an 
altered morphology, suggestive of a preactivated state [ 109 ]. When these mice were 
challenged with paraquat, an environmental pesticide associated with increased 
Parkinson’s Disease risk, tyrosine hydroxylase staining in the SNpc was signifi -
cantly reduced compared to paraquat-treated wild-type controls, and this was asso-
ciated with increased expression of TNF-α gene expression in this brain region 
[ 109 ]. Finally, in a facial nerve crush model, microglia activation was more pro-
nounced in the facial motor nucleus of PACAP-defi cient vs. control mice [ 110 ]. 
This activation was associated with increased gene expression of TNF-α, IL-6, and 
IFN-γ RNA; a reduction in IL-4 RNA levels; and a delay in axon regeneration. 
These studies provide in vivo evidence that PACAP promotes an anti-infl ammatory 
microglia phenotype with a potential impact on nerve regeneration.  

    PACAP Regulation of the Blood–Brain Barrier 

 The blood–brain barrier [BBB] is the major physical barrier that contributes to the 
immune privileged environment of the CNS. Composed of microvascular endo-
thelial cells in close association with pericytes and astrocytic end feet, the BBB 
acts as a molecular sieve that prevents leukocytes and unwanted molecules from 
entering the CNS. Cerebral endothelial cells are characterized by tight junctions 
that block the passage of macromolecules from the blood into the brain. Tight 
junctions (TJ) regulate paracellular permeability and also contribute to the tran-
sendothelial electrical resistance. While a saturable mechanism has been identi-
fi ed that regulates PACAP transit across the BBB ([ 111 ] and see Chap.   2    ), there is 
a paucity of studies to investigate the effects of PACAP or the related peptide VIP 
on the transit of leukocytes and molecules across the BBB. PACAP nerve fi bers 
are found surrounding the blood vessels in sheep brain [ 112 ] and in adventitia and 
adventitia-media border of cat cerebral arteries [ 113 ]. PACAP has been shown to 
signifi cantly increase transendothelial electrical resistance, and was reported to 
increase expression of junctional proteins in cerebral microvessels [ 114 ]. Scuderi 
et al. demonstrated that PACAP counteracted the damaging effects of high glu-
cose and cytokines by augmenting/restoring the expression of TJ proteins like 
ZO-1 and caludin-1 in a model of outer blood retinal barrier dysfunction [ 115 ]. 
The ability of PACAP to regulate chemokine production in microglia and astro-
cytes (see above and depicted in Fig.  38.3 ) is also likely to impact the transmi-
gration of leukocytes into brain, and might be involved in homing microglia to 
sites of CNS injury or neurodegeneration. The BBB and immune cell fl ux in the 
brain has great importance in CNS injury, multiple sclerosis, and many neuro-
logic diseases, so further investigation of PACAP in these specifi c processes seem 
warranted.
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        Conclusions 

 PACAP and it receptors are expressed in neural circuits that mediate different types 
of stress, including infl ammatory stress. While an abundance of data indicate that 
PACAP can act regulate infl ammatory and the mechanisms involved remain unclear. 
However, PACAP expression is upregulated in multiple types of neurons in various 
nervous system injury models and by infl ammation stimuli. This chapter posits that 
PACAP acts to control systemic infl ammation by way of both the HPA and the sym-
pathoadrenal axis, and controls local infl ammation within the brain, primarily by 
way of high affi nity receptors expressed on microglia and astrocytes.
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    Chapter 39   
 PACAP Regulation of Infl ammatory 
and Free Radical Networks in Neuronal 
and Nonneuronal Diseases                     

     Hirokazu     Ohtaki      and     Seiji     Shioda   

    Abstract     Experimental and clinical evidence suggests that under conditions of 
acute and chronic infl ammation, many organs and tissues are subjected to consider-
able oxidative stress induced by oxygen- and nitrogen-derived free radicals and/or 
reactive oxygen species (ROS). However, free radicals and ROS are essential in the 
fi rst line of defense tools against infective agents, including bacteria and viruses. 
Moreover, a free radical, nitric oxide (NO) acts as an intra- and extracellular signal 
transducer. Thus, depending on the situation, free radicals and ROS can protect or 
damage cells and cellular processes. Pituitary adenylate cyclase-activating polypep-
tide (PACAP) has been shown to suppress infl ammation by suppressing proinfl am-
matory cytokines in diseases of the central nervous system (CNS) and other tissues 
and organs, with most of these diseases involving the oxidative stress. Recent stud-
ies have suggested that PACAP may regulate oxidative stress. This chapter sum-
marizes free radicals and ROS and then the current knowledge on the effects of 
PACAP on CNS and non-CNS diseases that involve oxidative stress and infl amma-
tory response.  
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      Introduction 

 Experimental and clinical evidence suggests that under conditions of acute and 
chronic infl ammation, many organs and tissues are subjected to considerable oxida-
tive stress induced by oxygen- and nitrogen-derived free radicals and/or reactive 
oxygen species (ROS). However, free radicals and ROS are essential in the fi rst line 
of defense tools against infective agents, including bacteria and viruses. Moreover, 
a free radical, nitric oxide (NO) acts as an intra- and extracellular signal transducer. 
Thus, depending on the situation, free radicals and ROS can protect or damage cells 
and cellular processes. 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide 
involved in cytokine networks during immune/infl ammatory responses. PACAP has 
been shown to suppress infl ammation by decreasing proinfl ammatory cytokines in 
diseases of the central nervous system (CNS), including ischemia, traumatic brain 
injury (TBI), spinal cord injury (SCI), and neurodegenerative diseases. Moreover, 
PACAP has been reported to suppress infl ammation in diseases of other tissues and 
organs, with most of these diseases involving oxidative stress. Recent studies have 
suggested that PACAP may regulate oxidative stress. This chapter summarizes cur-
rent knowledge on the effects of PACAP on CNS and non-CNS diseases that involve 
oxidative stress.  

    Free Radicals and Reactive Oxygen Species (ROS) 

 To understand role of PACAP in free radical networks, it is important to defi ne free 
radical and ROS, terms frequently used interchangeably. ROS is a generic descrip-
tion of oxygen species more reactive than ordinary oxygen molecules (O 2 ); these 
include singlet oxygen ( 1 O 2 ), hydrogen peroxide (H 2 O 2 ), superoxide anion (O 2  •− ), 
and hydroxyl radical (HO • ). Free radicals are chemical species with an unpaired 
electron. Thus, of the four ROS, O 2  •−  and HO •  are free radicals, whereas H 2 O 2  and 
 1 O 2  are not. Free radicals also include other oxygen species, including lipid perox-
ides such as alkoxyl radical (LO • ) and peroxyl radical (LOO • ), reactive nitrogen 
species (RNS) such as NO (more correctly, NO • ) and peroxynitrite (ONOO − ), as 
well as carbon, sulfur, and halogens [ 1 ] (Fig.  39.1 ).

  Fig. 39.1    Free radicals 
and ROS       
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       Metabolism of Free Radicals and Reactive Oxygen Species 

 In eukaryotes, more than 90 % of the O 2  consumed under aerobic conditions is 
reduced directly to water by cytochrome oxidase, situated on the internal mitochon-
drial membrane, in an electron-transport chain involving four electrons [ 1 – 3 ]. This 
electron-transport chain is coupled with oxidative phosphorylation to produce 
energy in the form of ATP. The remaining O 2 , however, amounting to less than 10 %, 
undergoes a one electron reduction, yielding O 2  •− , the primary free radical molecule. 
It is impossible to completely prevent the production of free radicals in body. 
The O 2  •−  is formed by other metabolic processes, including hydroxylation by 
NADPH cytochrome P450 reductase in the endoplasmic reticulum. During defense 
responses, neutrophils and macrophages produce O 2  •−  by activating NADPH oxi-
dase on the plasma membrane. Although most of the O 2  •−  generated is released into 
phagocytic vehicles for germicidal activity, some O 2  •−  is released extracellularly and 
may enhance infl ammation [ 4 ]. The metabolism of O 2  •−  within the body is illus-
trated in Fig.  39.2 . Although O 2  •−  is not a strong oxidant, it can easily react with NO 
to produce the oxidative metabolite, ONOO − , a much stronger oxidant and highly 
toxic reactive nitrogen species (RNS). The production of ONOO −  and the overme-
tabolism of NO can be prevented by superoxide dismutase (SOD), which metabo-
lizes O 2  •−  to H 2 O 2 . H 2 O 2 , in turn, undergoes autolysis due to the low binding energy 
between its oxygen atoms, yielding HO •  and lipid peroxides. HO •  is also a very 
strong oxidant, which reacts with and oxidizes components within the body, includ-
ing sugars, proteins, lipids, and DNA, impairing their functions. Because the reac-
tions of HO •  are extremely rapid, there are no specifi c radical scavengers for this 
molecule in the body. However, the proform of HO • , H 2 O 2 , is hydrolyzed to water 
(H 2 O) by catalase and glutathione peroxidases (GPx). Therefore, catalase and GPx 
suppress HO •  toxicity. Oxidation of sugars, proteins, lipids, and DNA by ONOO −  
and HO •  reduces cell and tissue activity and may impair bodily homeostasis [ 1 ].

  Fig. 39.2    Schematic illustration of reactive oxygen metabolism.  PNM  polymorphonuclear leukocyte, 
 Mϕ  macrophages,  SM  smooth muscles,  EC  endothelial cells,  L  -Arg   L -Arginine       
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       Regulation of Oxidative Stress in the Body 

 Many antioxidative molecules and enzymes can inhibit the toxicity of constitutively 
generated free radicals and ROS. Antioxidative molecules include glutathione, 
vitamin C ( L -ascorbic acid), and vitamin E ( D -α-tocopherol) and its analogs. The 
major antioxidative enzymes include SOD, catalase, and GPx, which contribute to 
the O 2  •−  metabolic pathway and ultimately produce H 2 O. Under healthy condition, 
bodies and cells maintain a homeostatic balance between ROS and free radical syn-
thesis and scavenging. However, aging and unusual conditions, including ischemia/
reperfusion, infl ammation, exposure to X-ray and ultraviolet radiation, and exposure 
to toxins, can alter bodily homeostasis, resulting in ROS and free radical synthesis 
dominating over scavenging. This imbalance is defi ned as oxidative stress [ 1 ].  

    Infl ammation and Oxidative Stress 

 PACAP has been reported to suppress tissue damage in various physically and chem-
ically induced pathological models that result from infl ammatory responses. 
Infl ammation consists of three principal components: (1) increased blood supply to 
the infected/damaged area, (2) increased permeability of blood vessels, and (3) 
migration of leukocytes from the venules to the surrounding tissues. These migrating 
leukocytes, which include immune system cells such as macrophages and neutro-
phils, as well as parenchymal cells, respond and cross-talk with each other via path-
ways mediated by cytokines, chemokines, and release free radicals.  

    CNS 

 Endogenous and exogenous PACAP has been shown to suppress CNS neural dam-
age resulting from brain ischemia and ischemia/reperfusion [ 5 – 8 ] and from trau-
matic brain injury (TBI) [ 9 – 11 ], spinal cord injury (SCI) [ 12 – 14 ], multiple sclerosis 
(MS) [ 15 ], amyotrophic lateral sclerosis (ALS) [ 16 ], Alzheimer’s disease (AD), and 
Parkinson’s disease (PD) [ 17 ]. The progression of all of these diseases involves 
increased infl ammation and oxidative stress [ 18 – 22 ]. The  adcyap1  gene, which 
encodes PACAP, is upregulated in neurons and immune cells after injury and/or 
infl ammation, with PACAP shown to protect neurons and have powerful in vivo 
immunomodulatory activities, including inhibiting the production and release of 
proinfl ammatory mediators such as tumor necrosis factor (TNF)-α and interferon 
(IFN)-γ in macrophages and microglia, and polarizing T-cell responses away from 
Type 1 helper (Th1) and Th17 phenotypes and toward a Th2 phenotype [ 23 ].  
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    Cerebral Ischemia 

 The neuroprotective effect of PACAP on the CNS was fi rst reported in ischemic 
diseases [ 8 ]. However, the contribution of PACAP-associated anti-infl ammation to 
the suppression of neural damage is unclear, because PACAP has shown antiapop-
totic activity. On the other hands, PACAP has been suggested to involve in cytokine 
network in immune and infl ammatory cells [ 24 ,  25 ]. For example, in the presence 
of IL-1β, PACAP enhanced IL-6 secretion from astrocytes culture [ 26 ]. Indeed, 
exogenous PACAP did not have neuroprotective effects against ischemia of IL-6 
gene defi cient (KO) mice, suggesting that IL-6 production is a neurotrophic path-
way of PACAP [ 5 ]. More recently, injection of PACAP and its analog was shown to 
have direct anti-infl ammatory activity in ischemia, with both molecules suppressing 
the expression of genes encoding macrophage infl ammatory protein-1α (MIP-1α, 
 Ccl3 ), inducible NO synthase (iNOS,  Nos2 ), TNFα ( Tnf ), while enhancing the 
expression of IL-6 ( Il6 ) [ 27 ].  

    TBI 

 The immunoreactivity of PACAP has been reported in postmortem traumatized 
human brains [ 28 ]. PACAP27 and 38 immunoreactions were reduced in the core- 
region of the cortex, but were increased in the pericontusional cortex, after 
TBI. PACAP immunoreactions were observed in neurons and in astrocytes positive 
for glial fi brillary acidic protein (GFAP). Conversely, 2′,3′-cyclic-nucleotide 
3′-phosphodiesterase (CNPase)-positive oligodendrocytes temporary decreased 
PACAP immunoreactions [ 28 ]. PACAP treatment of rats after the induction of TBI 
resulted in a signifi cant reduction in brain [ 9 – 11 ] and axonal [ 29 ] damage. 
Pretreatment with PACAP signifi cantly increased CD4-positive and decreased 
CD8-positive T-lymphocytes in the blood and spleen [ 9 ]. Pretreatment with PACAP 
suppressed toll-like receptor 4 (TLR4) upregulation, which was induced by TBI, 
and prevented intracellular NF-kB signaling by downregulating MyD88, phos-
phorylated IkB, and NF-kB. PACAP also suppressed increases in proinfl ammatory 
cytokines, such as IL-1β and TNFα, in the brain parenchyma around the injured 
regions [ 10 ]. 

 We directly demonstrated that PACAP increased the levels of antioxidative 
enzymes, reducing oxidative stress. Intravenous injection of PACAP reduced the 
region positive for injury, accompanied by the ONOO −  oxidative metabolite, 
3-nitrotyrosine. PACAP increased manganese-SOD (Mn-SOD) and GPx-1 in neo-
cortical regions, consistent with an increase in O 2  •−  and prior to oxidative damage in 
the traumatized region (Fig.  39.3 ) [ 30 ].
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       SCI 

 The expression of  adcyap1  was increased in the spinal cord after SCI [ 13 ,  14 ,  31 , 
 32 ]. Treatment with PACAP suppressed the injury [ 12 ,  13 ], whereas PACAP hetero-
zygous KO mice showed an increase in injured region after SCI [ 14 ,  33 ]. These 
fi ndings suggested that endogenous and exogenous PACAP play suppressive roles 
after SCI. 

 Recently, two different groups, including ours, have shown that PACAP was 
involved in the attenuation of SCI by human mesenchymal stem/stromal cells 
(hMSCs) [ 33 ,  34 ]. Bone marrow derived hMSCs have been shown to suppress CNS 
injury, including brain ischemia [ 35 ,  36 ], TBI [ 37 ], and SCI [ 33 ,  38 ]. Injection of 
immortalized hMSCs or PACAP suppressed SCI, whereas their combination acted 
synergistically, increasing the activity of the antioxidative enzymes, Mn-SOD and 
peroxiredoxin-1/6 (Prxs, Prx-1 and -6) [ 34 ]. These results suggested that PACAP 
and hMSCs suppressed SCI by enhancing antioxidative activity. In contrast, we 
found that, although hMSCs transplanted into wild-type spinal cord after SCI sig-
nifi cantly reduce the size of the injury and the impairment of motor function, trans-
plantation of hMSCs into PACAP heterozygous KO mice did not have protective 
effects [ 33 ]. Transplantation of hMSCs reduced the expression of the  il1b  (IL-1β), 
 tnf ,  Il10  and  tgfb  (TGFβ) gene, and increased the expression of the IL-4 gene ( il4 ). 
However, transplantation of hMSCs into PACAP KO mice abolished the effect of 
PACAP on the expression of the  il1b ,  tgfb , and  il4 . Naive hMSCs in vitro did not 
express  ADCYAP1  and  ADCYAP1R1  (which encodes PAC1), but did express 
 ADCYAP1  and  ADCYAP1R1  after treatment with IFNγ. Therefore, hMSCs may 
have suppressed some infl ammatory responses mediated by PACAP [ 33 ].  

  Fig. 39.3    PACAP enhancement of antioxidant activity after TBI [ 11 ]. Western blotting image of 
3 h TBI at ipsilateral and contralateral hemisphere. PACAP38 increased Mn-SOD and Gpx-1 com-
pared with vehicle administration at both ipsilateral and contralateral hemisphere       
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    Neurodegenerative Diseases 

 Neuroinfl ammation is a major risk factor in PD. PACAP treatment ameliorated the 
symptoms of PD in rodent models [ 39 ,  40 ]. PACAP27 reduced dopaminergic neu-
ron loss and motor defi cits induced by Prostaglandin J2 (PGJ2) injection, without 
preventing microglial activation [ 40 ]. PGJ2 is derived from PGD2, the principal 
product of cyclooxygenase, which is synthesized by nonenzymatic dehydration in 
the mammalian CNS. Dopaminergic neurons in the substantia nigra pars compact 
(SNpc) of PACAP KO mice were found to be vulnerable against paraquat-induced 
damage. Relative to control mice, the SNpc in PACAP KO mice showed greater  tnf  
expression and a number of Th17 cells but impaired induction of Treg cells [ 41 ]. 

 Postmortem examination of patients with AD showed reduced PACAP expres-
sion [ 42 ,  43 ], whereas treatment with PACAP ameliorated AD symptoms [ 17 ]. 
Because AD accompanies infl ammatory responses, the neuroprotective effects of 
PACAP may involve anti-infl ammatory and antioxidative mechanisms. However, 
the direct contribution of PACAP to these mechanisms is unclear. 

 ALS is a neurodegenerative disease, which induces the death of motor neurons 
and results in the impairment of muscular functions. The gene encoding an antioxi-
dative enzyme SOD1 (Zn/Cu-SOD,  SOD1 ) is mutated in about 20 % of patients with 
familial ALS. Hemizygous transgenic mice containing the G93A mutant (glycine 93 
changed to alanine) form of SOD1 (SOD1(G93A)) developed ALS. PACAP- 
defi cient SOD1(G93A) mice showed greater preganglionic parasympathetic neuro-
nal loss than SOD1(G93A) mice, and microglia that switched from an amoeboid to 
a hypertrophic phenotype were observed in SOD1(G93A) mice. However, these 
alterations in phenotype were not observed in PACAP-defi cient SOD1(G93A) mice. 
Taken together, the fi ndings suggest a protective role of endogenous PACAP, along 
with the suppression of microglial activation [ 16 ]. 

 Experimental autoimmune encephalomyelitis (EAE) is the most commonly used 
experimental model of the human infl ammatory demyelinating disease, multiple 
sclerosis (MS). Immunization of PACAP KO mice with myelin oligodendrocyte 
glycoprotein (MOG) exacerbated the clinical and pathological symptoms of EAE 
compared with wild-type mice. The increased sensitivity was accompanied by 
enhanced expression in the spinal cord of genes encoding the proinfl ammatory cyto-
kines [ tnf ,  il6 ,  ifng  (IFNγ),  il12a  (IL-12p35),  il23a  (IL-23p19), and  il17 ], chemo-
kines [ ccl2  (MCP-1/CCL2),  ccl3  (MIP-1alpha/CCL3), and  ccl5  (RANTES/CCL5)], 
and chemotactic factor receptors, along with the downregulation of genes encoding 
anti-infl ammatory cytokines ( il4 ,  il10 , and  tgfb ) [ 15 ]. PACAP injection ameliorated 
both the clinical and pathological manifestations of EAE. Ex vivo examination 
showed that the MOG35-55-specifi c Th1 response was signifi cantly inhibited in 
mice treated with PACAP. In vitro analysis revealed that PACAP suppressed the 
production of proinfl ammatory cytokines, including  tnf ,  il1b , and  il12 , and the 
costimulatory factor B7-2 ( cd86 ) by macrophages and microglia, which may function 
as antigen-presenting cells (APC) in the CNS [ 44 ].  
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    Human Immunodefi ciency Virus Type-1 (HIV) Infection 

 HIV infection of the CNS promotes neuronal injury and apoptosis, culminating in 
HIV-associated neurocognitive disorders (HAND). Viral proteins, such as transacti-
vator of transcription (Tat) and gp120, have emerged as leading candidates to 
explain HIV-mediated neurotoxicity. PACAP was the most potent secretagogue for 
RANTES on astrocytes cultures. Gp120-mediated neuronal cell death was pre-
vented by cotreatment with PACAP38 [ 45 ]. Tat induced the production of ROS, and 
other indices of mitochondrial destabilization, within a few hours. In addition, Tat 
induced DNA double-stranded breaks (DSBs). Injection of PACAP27 inhibited all 
Tat-mediated toxic effects, including DNA DSBs. Importantly, PACAP27 prevented 
the induction of neuronal loss induced by Tat. The neuroprotective effect of 
PACAP27 correlated with its ability to release RANTES, which acts as an antiapop-
totic chemokine [ 46 ].  

    Microglial Activation 

 PACAP and VIP (PACAP/VIP) have anti-infl ammatory effects, both in innate and 
adaptive immunity. In innate immunity, VIP/PACAP inhibited the production of 
proinfl ammatory cytokines and chemokines by macrophages, microglia, and den-
dritic cells. In addition, VIP/PACAP reduced the expression of costimulatory mol-
ecules (particularly CD80 and CD86) on antigen-presenting cells (APC), thereby 
suppressing the stimulation of antigen-specifi c CD4-positive T-lymphocytes [ 25 ]. 

 IFNγ activates microglia to generate the classically activating (M1) phenotype, 
resulting in the production of proinfl ammatory cytokines and ROS, mediated by the 
JAK/STAT1 pathway [ 4 ,  47 ,  48 ]. PACAP deactivated M1 microglia and inhibited JAK/
STAT phosphorylation. STAT1 binds to the IFNγ activated site motif in IFN regulatory 
factor-1 and the CD40 promoter and to the IFN-stimulated response element motif of 
the IP-10 promoter. PACAP modulated expression of the genes encoding IP-10, CD40, 
and iNOS, with these effects of PACAP mediated through the specifi c receptor VPAC1 
and the cAMP/protein kinase A transduction pathway [ 49 ]. PACAP inhibited TNFα, 
IL-1β, IL-6, and NO production by lipopolysaccharide (LPS)-activated microglia. LPS 
is a ligand of toll-like receptor 4 (TRL4) and induces the M1 phenotype in microglia/
macrophages, an induction mediated by the NFkB pathway. PACAP was found to 
regulate proinfl ammatory factors by inhibiting p65 nuclear translocation and NFkB-
DNA binding [ 50 ]. PACAP also inhibited the expression of the macrophage-derived 
CXC chemokines macrophage infl ammatory protein-2 (MIP-2) and KC (IL-8), and of 
the CC chemokines MIP-1α, MIP-1β, MIP-1, and RANTES in vivo and in vitro. Its 
inhibition of chemokine gene expression correlated with the PACAP inhibition of 
NFkB binding and transactivating activity [ 51 ]. These fi ndings were supported by 
in vivo study evidence in mice with ischemia and SCI, in that microglial activation was 
affected by PACAP injection or PACAP KO [ 27 ,  33 ,  52 ].  
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    Peripheral Nervous System (PNS) 

 Peripheral nerve infl ammation frequently accompanies nerve injury and occurs in 
several diseases, including Guillain–Barre syndrome, and acute and chronic infl am-
matory demyelinating polyneuropathy. The effect of PACAP on the PNS was deter-
mined using a mouse model of facial nerve injury [ 53 – 55 ]. Although neural injury 
did not differ signifi cantly in PACAP KO and wild-type mice, axon regeneration 
after crush injury was signifi cantly delayed in PACAP KO mice. This impaired 
regeneration was associated with increased expression of genes encoding the proin-
fl ammatory cytokines, including  tnf ,  ifng ,  il6 , and decreased expression of the gene 
encoding the anti-infl ammatory cytokine  il4  at the site of injury. Similar changes in 
cytokine expression and increased microglial responses were observed in the brain-
stem facial motor nucleus [ 53 ].  Adcyap1  expression in motor neurons in the facial 
motor nucleus increased after the injury; however, the number of motor neurons 
expressing  adcyap1  after the injury was signifi cantly reduced in mice with severe 
combined immunodefi ciency (SCID).  Adcyap1  expression was fully reversed by an 
infusion of normal splenocytes, suggesting that  adcyap1  induction requires infl am-
matory mediators [ 54 ,  55 ].  Adcyap1  induction, however, was observed in mice lack-
ing leukemia inhibitory factor (LIF) and IL-6, and in mice lacking both receptors for 
TNFα. These results suggested that an infl ammatory response, probably involving 
T lymphocytes, was necessary for the axotomy-induced increase in PACAP but not 
in VIP [ 55 ].  

    Retina 

 PACAP also ameliorated retinal damage in rodents induced by injection of 
 N -methyl-  D -aspartate (NMDA) [ 56 – 58 ]. The NMDA receptor is an ionotropic 
glutamate receptor that mediates excitotoxicity. Cell protection by PACAP was 
not observed when PACAP was injected into IL-10 KO mice, an effect that may 
contribute to microglia/macrophage activation [ 58 ]. PACAP and PACAP frag-
ments 1–5 increased the viability of the retinal ganglion cell line RGC-5 exposed 
to ultraviolet irradiation. PACAP fragments 1–5 also reduced ROS production in 
situ [ 56 ], and PACAP and PACAP fragments 1–5 reduced Bax and increased 
Bcl-2 expression. 

 PACAP was found to protect human pigment epithelial cells (ARPE-19 cells) 
against H 2 O 2 -induced injury. Oxidative stress activated several markers of apopto-
sis, including Bad, Bax, HIF-1α, several heat shock proteins, TNF-related 
apoptosis- inducing ligand, and Fas-associated protein with death domain, with all 
of these effects reversed by PACAP treatment. Furthermore, PACAP activated the 
protective Akt pathway, as well as reversing the effects of oxidative stress on several 
other signaling molecules, such as Chk2, Yes, Lyn, paxillin, p53, PLC, STAT4, and 
RSK [ 59 ].  
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    Nonneural Cell Infl ammation and PACAP 

    Aging 

  Adcyap1  expression was found to decrease with age in rat cerebromicrovascular 
endothelial cells (CMVECs), along with a reduction in formation of capillary-like 
structures and increases in O 2  •−  and apoptosis. Knock down of  adcyap1  by RNA 
interference also impaired tube formation in young CMVECs [ 60 ]. 

 The level of reactive oxygen metabolites (ROMs) in mouse serum increased with 
physiological aging. PACAP KO mice were more susceptible to age-associated 
increases in ROMs but, conversely, exhibited lower biological antioxidative poten-
tial (BAP) with aging (Fig.  39.4 ). While PACAP did not directly affect radical scav-
enging activity in vitro, intravenous PACAP treatment of wild-type mice decreased 
ROMs and increased serum BAP within a few hours in a dose-dependent fashion, 
with ROMs and BAP returning to basal levels at 24 h. These effects were not 

  Fig. 39.4    The plasma of 
aged PACAP KO mice 
displayed increased 
oxidative metabolites [ 61 ]. 
Plasma samples of PACAP 
+/+, +/− and −/− mice were 
analyzed for oxidative 
metabolites. ( a ) The ROMs 
value was highly correlated 
with age. ( b ) Mean plasma 
ROMs in younger (50–100 
days old) or older 
(150–220 days old) mice 
revealed signifi cantly 
greater oxidative stress in 
the older PACAP −/− 
animals than in their 
wild-type (PACAP +/+) 
littermates       
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observed with VIP or PACAP 6–38, suggesting that PACAP suppressed oxidative 
stress through de novo synthesis mediated by PAC1 receptor [ 61 ].

   Levels of advanced glycation end products (AGEs) have been shown to increase 
with age, especially in individuals with diabetes. The recognition of receptor for 
AGEs (RAGE) is involved in infl ammation and oxidative stress including diabetic 
infl ammation and AD. Therefore, RAGE shedding is considered a therapeutic tar-
get. PACAP27 was found to induce RAGE shedding in vitro, a process mediated by 
Ca 2+  signaling, PKCα/PKCβ1, CAMKII, PI3 kinase, and MAP kinase. Moreover, 
ADAM10 and matrix metalloproteinase-9 (MMP-9) were shown to play important 
roles in PACAP-induced RAGE shedding [ 62 ]. 

 PACAP was found to delay testicular aging [ 63 ]. PACAP KO mice showed 
impaired steroidogenesis. Interestingly, aged (15-month old) PACAP KO mice 
showed decreased ONOO −  in germ cells, had low number of apoptotic cells, and 
had well conserved testicular structure.   

    Systemic Infl ammation Such as Shock 

 PACAP was found to inhibit the release and cytokine activity of high mobility group 
box 1 (HMGB1) and to improve survival during lethal endotoxemia. PACAP also 
suppressed HMGB1 release induced by TNFα or IFNγ [ 64 ]. PACAP also inhibited 
the expression of LPS-induced tissue factor (TF), which is expressed on the surface 
of activated monocytes and is the major procoagulant that initiates thrombus forma-
tion in sepsis. VIP and PACAP blocked both the migration of c-Rel/p65 and the 
phosphorylation of p38 and JNK, as demonstrated by immunoblotting [ 65 ]. PACAP 
decreased LPS-induced IL-6 production, neutrophil infi ltration and the expression 
of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 
(VCAM-1), and fi brinogen through PAC1 receptor [ 66 ]. 

 PACAP protected mice from lethal endotoxemia by inhibiting IL-6 and TNF 
[ 67 ]. PAC1KO mice exhibited high mortality, which could not be reversed by 
injection of VIP or PACAP. The PAC1 receptor acted in vivo as an anti-infl am-
matory receptor, at least in part, by attenuating LPS-induced IL-6 production 
[ 68 ,  69 ].  

    Nephropathy 

 PACAP has been reported to ameliorate nephropathy [ 70 – 76 ]. PACAP attenuated 
contrast agent-induced nephropathy in HK-2 human renal proximal tubule epithe-
lial cells and in endothelial NOS gene ( nos3 ) defi cient mice. PACAP decreased the 
expression of proinfl ammatory cytokines such as TNFα and IFNγ, as well as mac-
rophage markers and  nos2  [ 75 ,  76 ]. Primary kidney cells obtained from PACAP KO 
mice showed reduced viability following exposure to oxidative stress induced by 
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H 2 O 2  and hypoxia induced by CoCl 2 , effects reversed by exogenous PACAP [ 72 ,  73 ]. 
PACAP injection into mice subjected to renal ischemic/reperfusion increased mito-
chondrial expression of the antiapoptotic factor bcl-2 and suppressed the expression 
of anti-infl ammatory cytokines such as TIMP-1 and RANTES [ 77 ]. PACAP and the 
VPAC1 gene, but not the PAC1 gene, were expressed in kidneys. TLRs, the princi-
pal mediators of innate immunity, were localized to podocytes of glomeruli and 
endothelial cells. LPS-induced expression of IL-6 and MCP-1 was signifi cantly 
attenuated in the presence of PACAP [ 78 ]. 

 PACAP38 inhibited myeloma light chain-induced proinfl ammatory cytokine 
expression with greater potency than dexamethasone, and attenuated the resulting 
damage to renal proximal tubule epithelial cells. These results indicated that the 
effects of PACAP38 are mediated through the inhibition of p38 MAPK phosphory-
lation and nuclear translocation of the p50 subunit of NFkB via both PAC1 and 
VPAC1 receptors. PACAP was also shown to be effective in other in vivo animal 
models of kidney hypertrophy, including streptozotocin-induced diabetic nephropa-
thy and gentamicin-induced nephrotoxicity [ 79 ].  

    Heart 

 PACAP enhanced the viability of cardiomyocytes subjected to H 2 O 2 -induced oxidative 
stress by suppressing mitochondrial apoptotic signaling [ 80 ,  81 ]. Compared with 
wild-type mice, PACAP (+/−) KO mice with doxorubicin-induced cardiomyopathy 
had higher serum ROM levels, and their hearts had higher numbers of TUNEL-
positive apoptotic cells and 8-hydroxy-2′-deoxyguanosine (8-OHdG), an oxidative 
metabolite of DNA [ 82 ]. All of these effects, however, were prevented by exoge-
nous PACAP.  

    Skin 

 PACAP and PAC1R mRNA and proteins are expressed in plantar skin, dorsal paw, 
and ears and are increased during neurogenic infl ammatory responses induced by 
capsaicin and transient receptor potential vanilloid 1 (TRPV1) receptor agonist 
[ 83 ]. Mice defi cient in the PACAP gene had signifi cantly smaller areas of capsaicin- 
induced neurogenic paw edema than wild-type mice, but not of complete Freund’s 
adjuvant (CFA)-induced edema, suggesting that PACAP may infl uence TRPV1- 
mediated acute neurogenic edema. However, the selective PAC1 receptor agonist 
maxadilan inhibited neurogenic vasodilation and edema formation in the ear due to 
mustard oil-induced TRPA1 receptor activation [ 84 ].  
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    Joints 

 Osteoarthritis (OA) is the most common form of degenerative joint disease and has 
been associated with infl ammation and hypocellularity resulting from chondrocyte 
apoptosis. Changes in PACAP distribution in cartilage and in synovial fl uid (SF) 
were assessed by immunohistochemistry and ELISA. PACAP abundance in carti-
lage tissue and SF was high in healthy controls. Rats with anterior cruciate ligament 
transection (ACLT)-induced OA showed increased IL-1β and decreased PACAP 
levels in SF. In vitro, PACAP prevented IL-1β-induced chondrocyte apoptosis, and 
reduced expression of apoptosis-related proteins, iNOS and cyclooxygenase 2 
(COX2), suggesting that PACAP has anti-infl ammatory effects [ 85 ]. PACAP greatly 
reduced the frequency and severity of collagen-induced arthritis in mice, improving 
clinical symptoms and ameliorating joint damage, by blocking infl ammatory cyto-
kines and chemokines such as TNF-α, IL-6, IL-12, iNOS, IL-18, IL-1β, IL-1α, 
RANTES, MCP-1, MIP-1α, MIP-1β, and MIP-2. PACAP also altered the Th1/Th2 
balance, resulting in a Th2 dominant response. 

 PACAP KO mice with experimental arthritis induced by K/BxN serum transfer 
showed lower levels of edema formation, mechanical hyperalgesia and macrophage- 
derived superoxide activity levels in joints than wild-type mice [ 86 ]. PACAP defi -
ciency reduced early accumulation of neutrophils by slowing their extravasation 
from the vessels, but facilitated their function in later phases. In addition, PACAP 
reduced activity and ROS production and promoted infl ammation-induced patho-
logic bone neoformation. Taken together, these fi ndings suggested that PACAP has 
complex infl ammatory regulatory function in joints.  

    Digestive Tissues 

 PACAP ameliorated acute ileitis induced by  T. gondii  infection in mice, a model of 
infl ammatory bowel disease. PACAP treated mice showed lower levels of ileal 
T-lymphocytes, neutrophils, monocytes, and macrophages, accompanied by lower 
levels of proinfl ammatory cytokines such as IL-23p19, IL-22, IFNγ, and MCP-1, 
and higher levels of the anti-infl ammatory cytokine IL-4 in spleen and serum. The 
PACAP-induced reduction of intestinal proinfl ammatory responses was also 
revealed by the lower IFN-γ and NO concentrations in mesenteric lymph nodes 
(MLNs). NO levels in MLNs were lower following PACAP than PLC treatment 
[ 87 ]. Hepatocellular damage after ischemia and reperfusion of the liver, mediated 
by the cAMP-PKA pathway, was exacerbated in PACAP KO mice, but these effects 
were inhibited by treatment with PACAP27 or 38. PACAP treatment resulted in 
neutrophil/macrophage infi ltration and activation, reduced hepatocyte necrosis/
apoptosis, and augmented hepatic IL-10 expression [ 88 ]. PACAP (−/−) KO mice 
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had signifi cantly poorer histopathological scores upon challenge with the colitis- 
inducing agent, dextran sulfate sodium (DSS). DSS signifi cantly upregulated the 
production of IL-1β and IL-6 in the proximal colon, as well as signifi cantly increas-
ing the production of IFNγ, IL-1β, IL-6, IL-12, and KC (CXCL1) in the distal colon, 
of PACAP (−/−) KO compared with wild-type mice [ 89 ]. 

 Over-expression of PACAP aggravated cerulein-induced acute pancreatitis in 
mice. PACAP-transgenic (Tg) mice exhibited more severe pathophysiological 
signs of cerulein-induced pancreatitis, including higher serum amylase and lipase 
levels, accompanied by the exacerbation of pancreatic edema, necrosis, and infl am-
mation. Cerulein treatment resulted in a similar magnitude of increase in mRNA 
expression of several proinfl ammatory cytokines ( tnf ,  il1b , and  il6 ) in wild-type 
and PACAP-Tg mice. In addition, the mRNA and protein levels of regenerating 
gene III beta (RegIIIβ), a key factor in the pancreatic response to acute pancreatitis, 
were upregulated by cerulein in wild-type mice, but were attenuated in PACAP-Tg 
mice [ 90 ]. 

 Neuroinfl ammation driven by the vanilloid-type ion channel receptor transient 
receptor potential vanilloid type 1 (TRPV-1) is thought to play a role in the patho-
physiology of infl ammatory bowel diseases. TPRV-1-defi cient mice showed defects 
in the expression of the anti-infl ammatory neuropeptides, VIP and PACAP, contrib-
uting to the generation of a local proinfl ammatory environment [ 91 ].  

    Respiratory System 

 LPS signifi cantly enhanced intranasal endotoxin-induced subacute airway infl am-
mation in PACAP KO mice, accompanied by more severe infl ammatory histopatho-
logical changes. Polymorphonuclear leucocytes (PNMs) were increased in PACAP 
(−/−) KO mice. In contrast, IL-1β concentrations were similar in PACAP (−/−) KO 
and wild-type mice [ 92 ]. 

 Increased  adcyap1r1  expression in lung tissue was present under infl ammatory 
conditions, and  adcyap1r1  expression was detected on DCs. In ovalbumin-induced 
asthma models, PAC1R defi ciency resulted in infl ammatory effects, while agonistic 
stimulation resulted in anti-infl ammatory effects. Neither the gene-depletion nor the 
pharmacologic studies showed effects on long function [ 93 ].  

    Neutrophils 

 In most infl ammatory models, PACAP has been reported to suppress infl ammation. 
However, in monocytes and neutrophils, PACAP may play a role in VPAC1- mediated 
proinfl ammatory activity dependent on transient increases in Ca 2+  [ 94 – 97 ]. This 
PACAP-induced transient increase in Ca 2+  enhanced H 2 O 2  production and upregu-
lated CD11b. 

H. Ohtaki and S. Shioda



685

 Reduced PMN response to PACAP was observed after cells were exposed to 
inhibitors of the cAMP/protein kinase A, protein kinase C, and PI3K pathways; to 
pertussis toxin and genistein; and after chelation of intracellular calcium or depletion 
of extracellular calcium. In PACAP-treated PMNs, ROS production and CD11b 
membrane upregulation, in contrast to lactoferrin release, were dependent on 
both intra- and extracellular calcium concentrations, whereas MMP-9 release was 
unaffected by extracellular calcium depletion. These results indicate that both extra-
cellular and intracellular calcium play key roles in the proinfl ammatory activities of 
PACAP [ 98 ].     
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    Chapter 40   
 Immunobiology of the Pituitary Adenylate 
Cyclase-Activating Peptide                     

     Mario     Delgado    

    Abstract     The immune system is faced with the daunting job of defending the 
organism against invading pathogens, while at the same time maintaining tolerance 
to the body’s own tissues, thereby preserving its integrity. Loss of immune tolerance 
compromises immune homeostasis and results in the onset of autoimmune disorders. 
Identifi cation of the endogenous factors that control immune tolerance and infl am-
mation is a key goal in the fi eld of immunology. Evidences from the last two decades 
indicate that the neuropeptide pituitary adenylate cyclase-activating peptide 
(PACAP) is one of these endogenous factors. PACAP is produced by immune cells, 
and through its binding to specifi c receptors, it exerts potent anti- infl ammatory 
actions and participates in the maintenance of immune tolerance at multiple levels, 
especially in immunological disorders. Therefore, PACAP is a key element in the 
bidirectional communication that exists between the neuroendocrine and immune 
systems in order to maintain body’s homeostasis.  

  Keywords     Immune system   •   Infl ammation   •   Autoimmunity   •   Lymphocyte   • 
  Macrophage   •   Microglia  

      Introduction: When Neuroendocrine and Immune Systems 
Talk Each Other 

 The immune system responds to pathogen invasion with two temporarily separate 
but physically linked responses, mediated by a variety of cells. The fi rst response, 
named innate immunity, is rapid and involves neutrophils, monocytes/macrophages, 
and dendritic cells (DCs) in the periphery and microglia in the central nervous sys-
tem (CNS). In contrast, the second response, termed adaptive immunity, occurs 
later, following activation of T and B lymphocytes through specific receptors. 
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In contrast to the innate response, adaptive immunity leads to the development of 
memory for a specifi c antigen. The successful elimination of most pathogens 
requires crosstalk between the innate and adaptive arms of the immune system. The 
innate immune system recognizes conserved pathogen-associated molecular pat-
terns through pattern-recognition receptors, such as Toll-like receptors (TLRs), 
which induce the release of proinfl ammatory cytokines, chemokines and free radi-
cals, recruitment of infl ammatory cells to the site of infection, and lysis of infected 
host cells by cytotoxic T lymphocytes and natural killer cells. Following the elimi-
nation of the injurious agent, infl ammation has to be resolved, and cells participat-
ing in innate and adaptive immunity have to be deactivated or eliminated to 
reestablish homeostasis. The consequences of uncontrolled activation of innate and 
adaptive immunity and of sustained production of infl ammatory mediators are del-
eterious for the host [ 1 ]. Acute infl ammation can lead to chronic infl ammation, scar-
ring and tissue destruction, and eventually to organ failure. A further damage arises 
from potential autoimmune responses occurring during chronic infl ammatory 
responses, in which the immune mediators that respond to pathogen-derived anti-
gens can also react to self-antigens. 

 Although there is substantial information on the molecular basis of the initiation 
of an infl ammatory process, the mechanisms that resolve infl ammatory responses 
are much more unknown. It has been recognized that infl ammation is self-controlled 
by endogenous anti-infl ammatory mediators secreted by cells of the host immune 
system during an ongoing process, and that the ability to control an infl ammatory 
state depends on the local balance between pro- and anti-infl ammatory factors [ 1 ]. 
Moreover, the immune response against self-antigens is normally prevented and 
controlled by long-term tolerance, established and regulated by central clonal dele-
tion of self-reactive T cells in the thymus, induction of anergy in self-reactive T cells 
in the periphery and generation of antigen-specifi c regulatory T cells (Treg) which 
suppress the activity of self-reactive effector T cells [ 2 ]. Only very recently, we have 
started unrevealing the cells and factors involved in the induction and maintenance of 
immune tolerance. A number of traditional immunosuppressive and anti- infl ammatory 
cytokines, such as IL-10, IL-13, and TGF-b1, have been shown to also play an impor-
tant role in tolerance, particularly in the generation of Treg cells [ 2 ]. 

 In the last three decades, it became evident that the immune response is not 
solely mediated by immune cells, and that cells and factors belonging to other 
integrative systems cooperate to regulate the complex immune homeostasis. Thus, 
a bidirectional connection exists between the neuroendocrine and immune sys-
tems, that serves to mount a variety of coordinated responses to external/internal 
danger. The immune system acts as a sixth sense signaling the brain to respond to 
pathogen infection, infl ammation and tissue injury, leading to changes in febrile 
and behavioral responses [ 3 ]. Conversely, the immune system is controlled by the 
CNS, mainly in response to environmental stress. This intimate network is supported 
on a mutual biochemical language, that involves shared ligands (neuropeptides, 
hormones, cytokines) and the respective receptors. For example, glucocorticoids 
and norepinephrine are endogenous immunoregulatory agents produced by the 
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hypothalamic- pituitary-adrenal axis and the sympathetic nervous system, respectively, 
in response to stress or systemic infl ammation [ 3 ]. Moreover, various neuropep-
tides are released at the peripheral peptidergic endings of sensory and efferent 
nerves in close proximity to immune cells in response to various invasive stimuli 
[ 3 ]. The discovery that some neuropeptides are also produced by diverse immune 
cells [ 4 ] is probably the most exciting fi nding added to this crosstalk. After that, it 
was reasonable to assume that these neuropeptides could contribute, in a cytokine- 
like manner, to the regulation of the immune response. From the growing list of 
neuropeptides currently thought to posses immunomodulatory actions (approxi-
mately 50), the family comprising the vasoactive intestinal peptide (VIP) and the 
pituitary adenylate cyclase-activating peptide (PACAP) emerged probably as one 
of the most relevant for various reasons. First, they are produced by immune cells 
during infl ammatory conditions or following antigenic stimulation. Second, they 
exert their effect through various G-protein-coupled receptors (GPCRs) expressed 
in various immune cells. Third, they signal mainly through the activation of cAMP/
protein kinase A (PKA) and downregulate the activation of several transduction 
pathways and transcription factors essential for the expression of most of the 
infl ammatory mediators. In this chapter, I will review the discovery of PACAP in 
the immune system, will focus on recent developments regarding the effects of 
PACAP on immune tolerance and resolution of infl ammation, and will highlight 
the effectiveness of using PACAP in treating several preclinical models of infl am-
matory and autoimmune disorders.  

    PACAP Is Produced by Immune Cells 

 Five years after its discovery by Arimura in the ovine pituitary, Gaytan and cowork-
ers described PACAP-like immunoreactivity in immune cells, apparently with lym-
phocyte morphology, in samples isolated from rat thymus, bone marrow, spleen, and 
lymph nodes [ 5 ]. By using updated molecular techniques, we later confi rmed that 
PACAP was produced by different subsets of lymphocytes, including CD4 + CD8+ 
thymocytes and CD4+ and CD8+ T cells of central (thymus) and peripheral lym-
phoid organs (spleen and lymph nodes) [ 6 ]. The preferential immune localization of 
PACAP in lymphocytes, but not in macrophages, corresponded exactly with those 
described previously for VIP (reviewed in [ 7 ]), suggesting that the two peptides of 
the family could play a major role in these cells, as it was confi rmed later. VIP was 
then described to be specifi cally produced by Th2 cells, but not by Th1 cells, in 
response to antigen stimulation in vitro and in vivo [ 8 ]. However, this interesting fact 
has not been confi rmed for PACAP. Moreover, it is still unsolved whether lympho-
cytes preferentially express any of the two forms of PACAP (PACAP27 or PACAP38), 
as occurs in other tissues and cells. In any case, as discussed later, evidence indicates 
that endogenous PACAP plays a major role in the control of infl ammatory and 
self-reactive immune responses.  
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    PACAP Receptors in Cells of the Immune System 

 The two alternatively processed forms of PACAP, as well as VIP, elicit their biological 
action in immune system through binding to a subset of three specifi c membrane recep-
tors belonging to the large family B of GPCRs: VPAC1 (also known as VIP1, VIP/
PACAP type II, or PVR 2), VPAC2 (also known as VIP2, VIP/PACAP type III, or PVR 
3), and PAC1 (also known as VIP/PACAP type I receptor, or PVR 1) [ 9 ]. In general, 
PACAP receptors in the immune system share the same molecular basis of ligand–
receptor interaction as in other cells and tissues, with an important exception [ 7 ]. Thus, 
VPAC1 and VPAC2 bind VIP and PACAP with equal affi nity ( K d ≈ 0.6 nM). However, 
the PAC1 isoform expressed in immune cells binds VIP and PACAP with similar affi n-
ities ( K d ≈ 100 nM), clearly differing from the PAC1 isoforms expressed in the CNS, 
that show a high affi nity for PACAP-27 and PACAP-38 ( K d ≈ 0.5 nM), but a much 
lower affi nity for VIP ( K d > 500 nM) [ 10 ]. The expression of fully functional VIP/
PACAP receptors in the immune system was fi rst claimed in human peripheral blood 
lymphocytes three decades ago through binding techniques (using  125 I-VIP as a ligand) 
and adenylyl cyclase measurements [ 11 ]. Later on, VIP/PACAP binding sites were 
identifi ed in human peripheral lymphocytes and monocytes and in murine lympho-
cytes and macrophages [ 7 ]. The cloning and molecular characterization of the three 
VIP/PACAP receptor genes allowed the study of the pattern of expression of PACAP 
receptors in immune cells (Table  40.1 ). In general, it is accepted that VPAC1 is consti-
tutively expressed in lymphocytes (including thymocytes, CD4 and CD8 T cells in 
peripheral lymphoid organs), macrophages, monocytes, DCs, microglia, and mast 
cells, and that VPAC2 is scarcely expressed in these cells when they are in a naïve or 
resting state, but its expression is induced following stimulation in lymphocytes, mono-
cytes, and macrophages (Table  40.1 ). PAC1 is only expressed by cells of the macro-
phage/monocyte lineage, including microglia and osteoclasts. Interestingly, the 
expression of PAC1 is lost during differentiation of monocytes or bone marrow precur-
sors to DCs. Similar to other tissues and cells, VPAC1, VPAC2, and PAC1 are coupled 
to adenylate cyclase activation and subsequent activation of PKA pathway in immune 
cells [ 7 ]. Moreover, VIP binding to PAC1 activates phospholipase C and protein kinase 
C (PKC) in macrophages and monocytes.

   Most of the studies using specifi c agonists and antagonists for the different VIP 
receptors have established that VPAC1 is the major mediator in the immunomodula-
tory effects of PACAP, both in vitro and in vivo, with a moderate involvement of 
VPAC2, and minimal or none for PAC1 [ 7 ,  12 ,  13 ]. However, the development of 
mice defi cient for VPAC2 or PAC1 revealed that both receptors must participate in 
the effects of PACAP on the immune system, since increased susceptibility for 
infl ammatory disorders has been described in both PAC1-KO and VPAC2-KO mice 
[ 14 – 19 ]. Although VPAC1-defi cient mice are not presently available due to the 
crucial role played by this receptor during the embryonic development, a critical 
role for VPAC1 in the regulation of immune disorders has been reported in humans. 
Reduced expression of VPAC1 has been associated with reduced responses to its 
ligands (VIP and PACAP) in immune cells of patients with autoimmune and chronic 
infl ammatory disorders such as ankylosing spondylitis, rheumatoid arthritis and 
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osteoarthritis [ 20 – 23 ]. Interestingly, the reduced expression of VPAC1 in patients 
with arthritis was genetically associated with a polymorphism found the 3′UTR 
region of the VPAC1 gene [ 20 ,  22 ,  23 ], and the microRNA 525-5p, which specifi -
cally targets the 3′UTR region of the VPAC1 gene, decreased the expression of 
VPAC1 transcripts in activated monocytes [ 24 ,  25 ]. Moreover, it has been reported 
a decrease in VPAC2 expression in Th1 cells of patients with multiple sclerosis, 
although no associations with genetic polymorphisms were found in this case [ 26 ]. 
In agreement, defi ciency in VPAC2 gene predisposed mice to suffer a more severe 
autoimmune encephalomyelitis, a preclinical model of multiple sclerosis [ 19 ]. 
These data suggest that defects in the VIP/PACAP receptor/signaling system predis-
poses to a higher frequency of infl ammatory and autoimmune disorders.  

    Effects of PACAP on Immune Cells 

 PACAP, together with VIP, are two of the best studied immunoregulatory neuropep-
tides. Many studies indicate that PACAP affects both innate and adaptive immune 
responses (Fig.  40.1 ), and acts as a major anti-infl ammatory factor in experimental 
models of infl ammatory and autoimmune diseases, and evidence identifi ed PACAP 
as a very attractive factor for the design of new therapeutic strategies.

      Effects of PACAP on the Innate Immune Response 

 Early data indicated that PACAP could exert a dual role in regulating innate immune 
response depending on the state of activation of the cell and its environment. Thus, 
PACAP is able to stimulate the phagocytic activity, the adhesion and mobility and 
the release of free radicals, and the infl ammatory cytokine IL-6 by resting macro-
phages [ 27 – 29 ]. This effect could be related with a primary effect on killing patho-
gens, the immediate function of these cells. In agreement, recent data has identifi ed 
PACAP as a potential natural antimicrobial peptide. Based on an amphipathic and 
cationic structure, PACAP binds to the negatively charged surface of pathogens and 
kills them through various mechanisms that involve loss of membrane integrity and 
energetic collapse of the pathogen [ 30 ]. 

Fig. 40.1 (continued) of Treg cells with suppressive effects on activated T cells through two 
mechanisms that imply indirect actions on the generation of tolerogenic DCs and probably 
direct effects on naïve T cells and expansion of Treg cells. The impairment on Th17 responses 
has been only observed in vivo. As a consequence, the PACAP effects on the innate and adaptive 
immune responses result in diminished infl ammation and organ-specifi c autoimmunity and in 
restoration of immune tolerance, which could be therapeutically exploited on autoimmune and 
infl ammatory diseases       
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  Fig. 40.1    PACAP regulates key events of the innate and adaptive immune responses. PACAP is 
released in the context of an immune response through different sources: nerves release PACAP as 
a neuropeptide in lymphoid organs, lymphocytes secrete PACAP under stimulation, and blood 
contains variable amounts of PACAP as a consequence of endocrine secretion or a therapeutic 
systemic administration of the peptide. PACAP can impair the infl ammatory response directly act-
ing on macrophages, monocytes, and microglia by inhibiting the production of infl ammatory 
mediators (cytokines, chemokines CKs, lipids, and free radicals) and by inducing the production 
of the anti-infl ammatory cytokine IL-10. In addition, PACAP deactivates the costimulatory 
response of macrophages and DCs on T cells, limiting the clonal expansion of Th1 cells under 
infl ammatory conditions. On the other hand, PACAP regulates the adaptive response in different 
ways. First, PACAP inhibits the differentiation of Th1 cells and favors the expansion of Th2 cells 
through various nonexcluding mechanisms that involve regulation of DC functions, Th1- 
differentiating factors, chemokines, and apoptosis. B cell responses and switching IgG isotype are 
indirectly affected by this PACAP effect vias Th2-responses. Second, PACAP induces the emergence 
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 In contrast, under an infl ammatory milieu, PACAP plays an important role in the 
successful resolution of the ongoing infl ammatory response. Treatment with PACAP 
inhibits the production of the infl ammatory cytokines TNF, IL-6, IL-12, and stimu-
lates the production of the anti-infl ammatory cytokine IL-10 in LPS-stimulated 
macrophages and microglia [ 31 – 39 ]. In addition, recent reports indicate that PACAP 
inhibits the production of the infl ammatory mediators prostaglandin E2 (PGE2) and 
nitric oxide in LPS/IFNγ-activated macrophages, DCs, and microglia, by impairing 
the expression of their respective inducible enzymes cycloxygenase 2 (COX2) and 
nitric oxide synthase 2 (iNOS) [ 40 ,  41 ]. Moreover, PACAP regulates the accumula-
tion of immune cells at the site of pathogen invasion by inhibiting the release of a 
plethora of infl ammatory chemokines, i.e., CXCL1/KC, CXCL2, CCL2, CCL3, 
CCL4, and CCL5, by mouse macrophages and microglia, and IL-8 in human periph-
eral blood monocytes stimulated with bacterial endotoxin [ 42 – 44 ]. In agreement 
with the effect on chemokines, PACAP administration led to a signifi cant reduction 
in neutrophil, macrophage, and lymphocyte recruitment to the peritoneal cavity in a 
model of acute peritonitis [ 42 ]. Importantly, PACAP also downregulates LPS- 
activated macrophage-derived high mobility group box-1 (HMGB1) [ 45 ], an essen-
tial late-occurring cytokine involved in lethal endotoxemia and sepsis. Finally, 
PACAP suppresses the infl ammatory response of microglia exposed to beta- amyloid 
fi brils [ 46 ], which is in agreement with the in vivo studies describing a protective 
effect of PACAP on various models of neuroinfl ammation [ 32 ,  47 ,  48 ]. 

 Beside the effect observed by exogenously added PACAP in the infl ammatory 
response, evidence indicates that endogenous PACAP also plays a major anti- 
infl ammatory effect in various in vivo models. Thus, mice defi cient for PACAP, 
VPAC2, or PAC1 showed increased levels of infl ammatory cytokines and chemokines, 
and decreased amounts of anti-infl ammatory mediators, when subjected to septic 
shock, arthritis, and infl ammatory bowel disease [ 16 – 18 ,  49 – 51 ]. 

 Many studies indicate that the anti-infl ammatory activity of PACAP on mac-
rophages, monocytes, DCs, and microglia are primarily exerted through VPAC1 
and the activation of the cAMP/PKA pathway [ 7 ,  12 ,  31 – 35 ,  40 – 42 ,  44 ,  52 – 54 ], 
which in turn regulates the expression and/or transactivating activity of a pleth-
ora of transcription factors such as AP-1, NFkB, CREB, and IRF-1 (see Fig.  40.2  
for details) that are critical for the gene expression of most infl ammatory media-
tors [ 31 ,  33 ,  34 ,  40 ,  42 ,  44 ,  46 ,  52 ,  55 – 58 ]. In addition, a PKA-independent 
pathway also participates in the PACAP deactivation of macrophages and mono-
cytes by inhibiting the nuclear translocation of the transcription factor NFkB 
[ 59 ], although it does not seem to be involved in the effect of PACAP on microg-
lia and DCs. In addition to the inhibition all these downstream signaling path-
ways, PACAP also reduces the capacity of monocyte/macrophages to detect 
TLR-mediated signaling by inducing membrane shedding of CD14, an essential 
accessory molecule for TLR signaling [ 60 ]. Finally, the participation of PAC1 
and PKC pathway has been demonstrated only in the stimulatory effect of 
PACAP on adherence, migration, phagocytosis, superoxide production, and IL-6 
production in resting macrophages [ 27 – 29 ].
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       Effects of PACAP on the Adaptive Immune T Cell Response 

 In addition to their immediate function in killing pathogens, macrophages, microglia, 
and especially DCs have the capacity to process naïve antigen and initiate an adap-
tive immune response, through stimulatory and costimulatory contacts with naïve 
T cells bearing the appropriate TCR. Following recognition of antigenic peptides 
complexed to MHC class II, CD4 T lymphocytes proliferate and differentiate into 
Th1, Th2, Th17, and inducible peripheral Treg effectors. CD4 T cells are major 
targets for PACAP regulation, with PACAP affecting both activation of naïve T cells 
and their differentiation into effector cells (Fig.  40.1 ). This effect on CD4 T cells is 
partially mediated by regulating the capacity of antigen-presenting cells (APCs), 

  Fig. 40.2    Molecular mechanisms and transcription factors involved in the PACAP signaling during 
infl ammatory response (macrophage, microglia, and DCs). Binding of PACAP to VPAC1 induces 
cAMP and activates PKA, and exerts several effects: (1) inhibition of IFNγ-induced Jak1/Jak2 phos-
phorylation, STAT1 activation, and binding to promoters of infl ammatory genes (CD40, CXCL10, 
iNOS, COX2) which are dependent of the regulation by IRF-1; (2) inhibition of various MAPK 
cascades, initiated with the suppression of MEKK1/MEK4 and of MEKK1/MEK6 activities, and 
subsequent inhibition of Jun-kinase (JNK) and p38 MAPK activities, respectively. Consequently 
there is a change in the composition of transcription factor AP-1 with c-Jun being replaced by JunB, 
and inhibition of TATA-box binding protein (TBP) phosphorylation and nuclear translocation. 
Moreover, through a PKA-independent mechanism, PACAP–VPAC1 interaction inhibits IkB-kinase 
activity and suppresses nuclear translocation and activation of the transcription factor NFkB. AP1, 
TATA-box protein, and NFkB act in concert to activate gene transcription of most of infl ammatory 
cytokines and chemokines as well as costimulatory molecules. In parallel, PACAP-induced PKA 
activation stimulates cAMP-responsive element binding (CREB) factor to compete with NFkB for 
coactivators, such as p300-CBP, required for transcription of infl ammatory genes. LPS, bacterial 
lipopolysaccharide.  Arrows  indicate activation.  Dotted-end lines  indicate inhibition       
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primarily DCs and macrophages, to initiate adaptive immunity. PACAP prevents the 
upregulation of CD80 and CD86 in LPS-activated macrophages and DCs, two 
costimulatory signals that are required for optimal T cell stimulation. This effect of 
PACAP on APCs results in a signifi cantly reduced capacity to stimulate allogeneic 
or antigen-specifi c syngeneic CD4 T cells in vivo and in vitro [ 54 ,  61 ,  62 ]. PACAP 
was also reported to directly affect IL-2 gene expression in activated CD4 T cells 
and to inhibit T cell proliferation induced by mitogenic factors and stimulation 
through TCR, primarily through cAMP induction [ 63 ,  64 ]. 

 Importantly for the defi nition of the fi nal T cell-mediated responses, most studies 
indicate that PACAP inhibits Th1 and favor Th2 differentiation. In vitro, PACAP- 
treated macrophages and DC induce IL-4 and IL-5 (Th2 cytokines) and inhibit IFNγ 
and IL-2 (Th1 cytokines) in primed CD4 T cells [ 62 ]. In vivo, administration of 
PACAP to immunized mice results in a reduction in the number of IFNγ-secreting 
and an increase in the number of IL-4-secreting cells with a memory phenotype 
[ 65 ]. A similar Th2 preference was established in vivo for endogenous PACAP. Thus, 
PACAP-defi cient mice induced to suffer experimental autoimmune encephalomy-
elitis (EAE) showed impaired Th2 responses and exacerbated self-reactive 
 Th1- driven responses [ 66 ]. Moreover, transgenic mice overexpressing the VPAC2 
receptor in CD4 T cells developed increased Th2 responses, whereas the Th1 
response prevailed in VPAC2-defi cient mice [ 14 ,  67 ,  68 ]. A number of nonexcluding 
mechanisms contribute to the PACAP-induced Th2 bias. PACAP affects Th1/Th2 
generation indirectly by inhibiting IL-12 production in activated APCs, and directly 
by blocking IL-12 signaling through the inhibition of JAK2/STAT1 phosphorylation 
[ 31 ,  36 ]. Finally, PACAP also preferentially supports the survival of Th2, but not of 
Th1 effectors through a mechanism that involves the inhibition of FasL and gran-
zyme B expression [ 69 – 72 ]. In addition to promoting Th2 differentiation and sur-
vival, PACAP also affects Th1/Th2 migration in a differential manner. PACAP 
promotes Th2 and inhibits Th1 migration, by promoting antigen-stimulated DC 
production of the Th2-attracting chemokine CCL22 and inhibiting the release of 
CXCL10, a Th1-attracting chemokine [ 53 ,  73 ]. In agreement with the in vitro studies, 
intraperitoneal administration of PACAP-treated DC pulsed with antigen led to the 
preferential accumulation of Th2 effectors in the peritoneal cavity [ 53 ]. 

 Regarding Th17 cells, it remains unsolved whether PACAP affects in vitro the 
activation or differentiation of this lineage of CD4 effector T cells that play a major 
role in autoimmunity [ 74 ]. However, evidence in experimental of autoimmunity 
supports that PACAP reduces the generation of Th17 cells. Thus, mice defi cient in 
PACAP or VPAC2 subjected to autoimmune disorders showed increased numbers 
of Th17 cells in peripheral lymphoid organs and affected tissues [ 19 ,  66 ].  

    PACAP and the Induction of Immune Tolerance 

 Probably one of the most important pieces added recently to the puzzle of immu-
nobiology of PACAP was that identifi ed this neuropeptide as a critical factor 
involved in the induction of immune tolerance. Diverse in vivo studies showed 
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that the administration of PACAP to animals suffering autoimmune and infl am-
matory disorders increased the number of CD4 + FoxP3+ Treg cells concomitant 
with disease amelioration [ 75 ,  76 ]. Similarly, PACAP- and VPAC2-defi cient mice 
suffering autoimmunity have decreased levels of Treg cells in thymus, spleen, and 
lymph nodes [ 19 ,  66 ,  77 ]. The PACAP-mediated increase in Treg cells during the 
ongoing autoimmune response would regulate the activity of self-reactive Th1 
and Th17 clones and subsequent infl ammatory destructive responses. In addition, 
this is a mechanism to induced long-lasting therapeutic responses, even in the 
absence of PACAP. 

 Whether PACAP is able to induce directly this Treg cell population is still 
unknown. However, various recent studies described the capacity of VIP to induce de 
novo the generation of human and mouse IL-10 producing CD4 + FoxP3+ Treg cells 
from a naïve population [ 78 ,  79 ]. Even in patients with sarcoidosis, the administra-
tion of nebulized VIP resulted in increased numbers of CD4 + FoxP3 + CD127 -  CD25 +  
Treg in the bronchoalveolar lavage [ 79 ]. Because the effects of VIP on the generation 
of Treg cells are mediated through the VPAC1-cAMP-PKA pathway [ 78 ,  80 ], it is 
quite plausible that PACAP would exert a similar action. Interestingly, it has been 
recently observed that thymic and splenic Treg cells isolated from PACAP- defi cient 
mice showed impaired capacity to expand upon stimulation [ 77 ]. This fi nding differs 
from that observed for VIP that showed no effect on the expansion of already generated 
Treg cells [ 78 ,  79 ]. 

 In any case, beside its potential capacity to generate or expand directly Treg 
cells, evidence indicates that PACAP is able to increase the population of Treg 
cells indirectly through its action on DCs. Although DCs are essential for the stim-
ulation of antigen-specifi c T cells, they also function to establish and maintain 
tolerance. DCs regulate the response of effector T cells by causing anergy or dele-
tion of stimulated T cells, and by inducing Treg [ 81 ]. Similar to Treg, tolerogenic 
DC can be divided into natural and inducible tolerogenic DCs. The later are of 
major interest since they can be induced with biological and pharmacological 
agents and manipulated to present specifi c autoantigens. Together with galectin 1, 
vitamin D3, IL-10, and TNF, PACAP belongs to the group of biological agents that 
induce tolerogenic DCs [ 81 ]. This, differentiation of murine bone marrow-derived 
DC in the presence of PACAP led to the development of DC with a tolerogenic 
phenotype, i.e., low expression of CD40/80/86, reduced production of TNF and 
IL-12, and increased secretion of IL-10 following LPS stimulation. The DCs gen-
erated in the presence of PACAP in vitro and in vivo induced IL-10-producing 
CD4 + Foxp3 +  Treg which inhibited the proliferation of allogeneic or syngeneic 
Ag-specifi c T cells and were able to transfer tolerance to naïve recipients [ 82 ,  83 ]. 
Although it remains to be confi rmed for PACAP, similar results were obtained with 
human blood monocyte- derived DC differentiated in the presence of VIP. VIP led 
to the generation of human tolerogenic DC which in turn induced IL-10 producing 
human CD4 and CD8 Treg. Both types of human Treg suppressed the proliferation/
activation of antigen- specifi c Th1 cells [ 84 ], extending the potential application of 
these cells to human disorders.   
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    Potential of PACAP in the Treatment of Infl ammatory 
and Autoimmune Diseases 

 The evidence reviewed in the previous section indicates that, through its potent and 
diverse anti-infl ammatory and/or immunosuppressive actions, PACAP is part of a 
feedback circuit that limits ongoing infl ammatory and immune responses. Recent 
studies proved the relevance of PACAP to human health. Treatment with PACAP 
decreases the frequency and severity of various experimental models of sepsis, ileitis, 
hepatitis, respiratory infl ammatory disorders, neurodegenerative disorders, rheuma-
toid arthritis, infl ammatory bowel disease and multiple sclerosis [ 15 ,  76 ,  85 – 90 ]. 
In disorders characterized by an exacerbated infl ammatory response, such as sepsis, 
infl ammatory pulmonary disease and hepatitis, the benefi cial effect of PACAP is 
exerted through the downregulation of a wide spectrum of infl ammatory cytokines 
(mainly TNF, IL-6, IL-12 and IFNγ), chemokines and mediators of oxidative stress, 
at both systemic and local levels. PACAP have been proven effective in neurodegen-
erative diseases characterized by infl ammation, such as spinal cord injury, brain 
trauma and Parkinson’s disease [ 38 ,  91 – 93 ], by diminishing neuroinfl ammation and 
neurodegeneration, partially through its effect on microglia. 

 In the case of autoimmune disorders, the therapeutic effects of PACAP are associated 
with the reduction of both early events that are associated with the initiation and 
establishment of autoimmunity, and of later phases that are associated with an 
evolving immune and destructive infl ammatory response. PACAP impairs the 
development of self-reactive Th1 and Th17 cells, their entry into the target organs, 
the release of proinfl ammatory cytokines and chemokines, and the subsequent 
recruitment and activation of macrophages and neutrophils. Although PACAP can 
directly regulate the activation of macrophages and T cells, PACAP also regulates 
the immune response through the modulation at multiple levels of the differentia-
tion and activation of DCs and through the induction of Treg cells. 

 Despite the effectiveness of PACAP in experimental models of infl ammation and 
autoimmunity, no clinical trials have been initiated to date to treat immune disor-
ders. In the case of VIP, only two clinical trials have been performed. A phase I 
clinical trial sponsored by the National Institutes of Health (NCT00004494 clinical 
trial,   http://www.ClinicalTrials.gov    ) demonstrated the effectiveness of systemic 
VIP administration in patients with sepsis and pulmonary distress syndrome. 
Moreover, in a recent open label phase II clinical trial, VIP has been proven clini-
cally effective (decrease of infl ammatory markers in the lung and increase of Treg 
cell numbers) in patients with sarcoidosis, a systemic disease of unknown etiology 
characterized by the formation of granulomas especially in the lung that courses 
with both infl ammatory and autoimmune components [ 79 ]. One of the major obsta-
cles for the translation of PACAP-based treatments into viable clinic therapies is 
related to its sensitivity to degradation by peptidases. Many general strategies have 
been proposed to increase the VIP half-life (residue substitutions, combination with 
endopeptidase inhibitors) and to improve its targeted tissue delivery (gene-based 
therapy, insertion in nanoparticles or micelles) with certain success in several exper-
imental models of immune disorders [ 94 ], which should be also extended to PACAP 
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in a near future. We must also keep in mind the possibility of using PACAP to 
generate ex vivo antigen-specifi c tolerogenic DCs and Treg cells for treatments 
related to immune diseases. 

 In summary, PACAP emerges as a key endogenous regulator of the immune 
homeostasis with a great potential to be included in the design of new therapeutic 
strategies to treat immune disorders that course with exacerbated infl ammatory and 
autoimmune responses. However, its fully translation to the clinical practice will 
depend on the development of new tools that improve its stability and/or delivery.     

   References 

     1.    Goodnow CC. Multistep pathogenesis of autoimmune diseases. Cell. 2007;130:25–35.  
     2.    Sakaguchi S, Miyara M, Costantino CM, Hafl er DA. FOXP3+ regulatory T cells in the human 

immune system. Nat Rev Immunol. 2010;10:490–500.  
      3.    Sternberg EM. Neural regulation of innate immunity: a coordinated nonspecifi c host response 

to pathogens. Nat Rev Immunol. 2006;6:318–28.  
    4.    Gonzalez-Rey E, Chorny A, Delgado M. Regulation of immune tolerance by anti- infl ammatory 

neuropeptides. Nat Rev Immunol. 2007;7:52–63.  
    5.    Gaytan F, Martinez-Fuente AJ, Gracia-Navarro F, Vaudry H, Aguilar E. Pituitary adenylate 

cyclase-activating peptide (PACAP) immunolocalization in lymphoid tissues of the rat. Cell 
Tissue Res. 1994;276:223–7.  

    6.    Abad C, Martinez C, Leceta J, Juarranz MG, Delgado M, Gomariz RP. Pituitary adenylate- 
cyclase- activating polypeptide expression in the immune system. Neuroimmunomodulation. 
2002;10:177–86.  

          7.    Delgado M, Pozo D, Ganea D. The signifi cance of vasoactive intestinal peptide in immuno-
modulation. Pharmacol Rev. 2004;56:249–90.  

    8.    Delgado M, Ganea D. Cutting edge: is vasoactive intestinal peptide a type 2 cytokine? 
J Immunol. 2001;166:2907–12.  

    9.    Harmar A, Arimura A, Gozes I, Journot L, Laburthe M, Pisegna J, et al. International Union of 
Pharmacology. XVIII. Nomenclature of receptors for vasoactive intestinal peptide and pitu-
itary adenylate cyclase-activating polypeptide. Pharmacol Rev. 1998;50:265–70.  

    10.    Pozo D, Delgado M, Martinez C, Gomariz RP, Guerrero JM, Calvo JR. Functional character-
ization and mRNA expression of pituitary adenylate cyclase activating polypeptide (PACAP) 
type I receptors in rat peritoneal macrophages. Biochim Biophys Acta. 1997;1359:250–62.  

    11.    Guerrero J, Prieto J, Elorza F, Ramirez R, Goberna R. Interaction of vasoactive intestinal pep-
tide with human blood mononuclear cells. Mol Cell Endocrinol. 1981;21:151–60.  

     12.    Delgado M, Gomariz RP, Martinez C, Abad C, Leceta J. Anti-infl ammatory properties of the 
type 1 and type 2 vasoactive intestinal peptide receptors: role in lethal endotoxic shock. Eur 
J Immunol. 2000;30:3236–46.  

    13.    Gonzalez-Rey E, Delgado M. Anti-infl ammatory neuropeptide receptors: new therapeutic tar-
gets for immune disorders? Trends Pharmacol Sci. 2007;28:482–91.  

     14.    Goetzl EJ, Voice JK, Shen S, Dorsam G, Kong Y, West KM, et al. Enhanced delayed-type hyper-
sensitivity and diminished immediate-type hypersensitivity in mice lacking the inducible VPAC(2) 
receptor for vasoactive intestinal peptide. Proc Natl Acad Sci U S A. 2001;98:13854–9.  

    15.    Lauenstein HD, Quarcoo D, Plappert L, Schleh C, Nassimi M, Pilzner C, et al. Pituitary ade-
nylate cyclase-activating peptide receptor 1 mediates anti-infl ammatory effects in allergic air-
way infl ammation in mice. Clin Exp Allergy. 2011;41:592–601.  

    16.    Martinez C, Abad C, Delgado M, Arranz A, Juarranz MG, Rodriguez-Henche N, et al. Anti- 
infl ammatory role in septic shock of pituitary adenylate cyclase-activating polypeptide recep-
tor. Proc Natl Acad Sci U S A. 2002;99:1053–8.  

40 Immunobiology of the Pituitary Adenylate Cyclase-Activating Peptide



704

   17.    Martínez C, Juarranz Y, Abad C, Arranz A, Miguel BG, Rosignoli F, et al. Analysis of the role 
of the PAC1 receptor in neutrophil recruitment, acute-phase response, and nitric oxide produc-
tion in septic shock. J Leukoc Biol. 2005;77:729–38.  

    18.    Samarasinghe AE, Hoselton SA, Schuh JM. The absence of VPAC2 leads to aberrant antibody 
production in Aspergillus fumigatus sensitized and challenged mice. Peptides. 2011;32:131–7.  

       19.    Tan YV, Abad C, Wang Y, Lopez R, Waschek JA. VPAC2 (vasoactive intestinal peptide recep-
tor type 2) receptor defi cient mice develop exacerbated experimental autoimmune encephalo-
myelitis with increased Th1/Th17 and reduced Th2/Treg responses. Brain Behav Immun. 
2015;44:167–75.  

     20.    Delgado M, Robledo G, Rueda B, Varela N, O'Valle F, Hernandez-Cortes P, et al. Genetic 
association of vasoactive intestinal peptide receptor with rheumatoid arthritis: altered expres-
sion and signal in immune cells. Arthritis Rheum. 2008;58:1010–9.  

   21.    Juarranz Y, Gutierrez-Canas I, Santiago B, Carrion M, Pablos JL, Gomariz RP. Differential 
expression of vasoactive intestinal peptide and its functional receptors in human osteoarthritic 
and rheumatoid synovial fi broblasts. Arthritis Rheum. 2008;58:1086–95.  

    22.    Paladini F, Cocco E, Cauli A, Cascino I, Vacca A, Belfi ore F, et al. A functional polymorphism 
of the vasoactive intestinal peptide receptor 1 gene correlates with the presence of HLA- 
B*2705 in Sardinia. Genes Immun. 2008;9:659–67.  

     23.    Paladini F, Belfi ore F, Cocco E, Carcassi C, Cauli A, Vacca A, et al. HLA-E gene polymor-
phism associates with ankylosing spondylitis in Sardinia. Arthritis Res Ther. 2009;11:R171.  

    24.    Cocco E, Paladini F, Macino G, Fulci V, Fiorillo MT, Sorrentino R. The expression of vasoac-
tive intestinal peptide receptor 1 is negatively modulated by microRNA 525-5p. PLoS One. 
2010;5:e12067.  

    25.    Paladini F, Porciello N, Camilli G, Tuncer S, Cocco E, Fiorillo MT, et al. Single nucleotide 
polymorphisms in the 3′UTR of VPAC-1 cooperate in modulating gene expression and impact 
differently on the interaction with miR525-5p. PLoS One. 2014;9:e112646.  

    26.    Sun W, Hong J, Zang YC, Liu X, Zhang JZ. Altered expression of vasoactive intestinal peptide 
receptors in T lymphocytes and aberrant Th1 immunity in multiple sclerosis. Int Immunol. 
2006;18:1691–700.  

     27.    Delgado M, Garrido E, de la Fuente M, Gomariz RP. Pituitary adenylate cyclase-activating 
polypeptide (PACAP-38) stimulates rat peritoneal macrophage functions. Peptides. 
1996;17:1097–105.  

   28.    Garrido E, Delgado M, Martínez C, Gomariz RP, De la Fuente M. Pituitary adenylate cyclase- 
activating polypeptide (PACAP38) modulates lymphocyte and macrophage functions: stimula-
tion of adherence and opposite effect on mobility. Neuropeptides. 1996;30:583–95.  

     29.    Martínez C, Delgado M, Pozo D, Leceta J, Calvo JR, Ganea D, et al. VIP and PACAP enhance 
IL-6 release and mRNA levels in resting peritoneal macrophages: in vitro and in vivo studies. 
J Neuroimmunol. 1998;85:155–67.  

    30.    Delgado M, Anderson P, Garcia-Salcedo JA, Caro M, Gonzalez-Rey E. Neuropeptides kill 
African trypanosomes by targeting intracellular compartments and inducing autophagic-like 
cell death. Cell Death Differ. 2009;16:406–16.  

       31.    Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating 
polypeptide inhibit interleukin-12 transcription by regulating nuclear factor kappaB and Ets 
activation. J Biol Chem. 1999;274(45):31930–40.  

    32.    Delgado M, Ganea D. Vasoactive intestinal peptide prevents activated microglia-induced neu-
rodegeneration under infl ammatory conditions: potential therapeutic role in brain trauma. 
FASEB J. 2003;7:1922–4.  

    33.    Delgado M, Munoz-Elias EJ, Kan Y, Gozes I, Fridkin M, Brenneman DE, et al. Vasoactive 
intestinal peptide and pituitary adenylate cyclase-activating polypeptide inhibit tumor necrosis 
factor alpha transcriptional activation by regulating nuclear factor-kB and cAMP response 
element-binding protein/c-Jun. J Biol Chem. 1998;273:31427–36.  

    34.    Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D. Vasoactive intestinal peptide and pituitary 
adenylate cyclase-activating polypeptide enhance IL-10 production by murine macrophages: 
in vitro and in vivo studies. J Immunol. 1999;162:1707–16.  

M. Delgado



705

    35.    Delgado M, Pozo D, Martinez C, Leceta J, Calvo JR, Ganea D, et al. Vasoactive intestinal 
peptide and pituitary adenylate cyclase-activating polypeptide inhibit endotoxin-induced 
TNF- alpha production by macrophages: in vitro and in vivo studies. J Immunol. 
1999;162:2358–67.  

    36.    Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D. VIP and PACAP inhibit IL-12 production 
in LPS-stimulated macrophages. Subsequent effect on IFNgamma synthesis by T cells. 
J Neuroimmunol. 1999;96:167–81.  

   37.    Delgado M, Leceta J, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase- 
activating polypeptide inhibit the production of infl ammatory mediators by activated microg-
lia. J Leukoc Biol. 2003;73:155–64.  

    38.    Kim WK, Kan Y, Ganea D, Hart RP, Gozes I, Jonakait GM. Vasoactive intestinal peptide and 
pituitary adenylyl cyclase-activating polypeptide inhibit tumor necrosis factor-alpha produc-
tion in injured spinal cord and in activated microglia via a cAMP-dependent pathway. 
J Neurosci. 2000;20:3622–30.  

    39.    Martínez C, Delgado M, Pozo D, Leceta J, Calvo JR, Ganea D, et al. Vasoactive intestinal 
peptide and pituitary adenylate cyclase-activating polypeptide modulate endotoxin-induced 
IL-6 production by murine peritoneal macrophages. J Leukoc Biol. 1998;63:591–601.  

      40.    Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D. Vasoactive intestinal peptide and pitu-
itary adenylate cyclase-activating polypeptide prevent inducible nitric oxide synthase tran-
scription in macrophages by inhibiting NF-kappa B and IFN regulatory factor 1 activation. 
J Immunol. 1999;162:4685–96.  

    41.    Gonzalez-Rey E, Delgado M. Vasoactive intestinal peptide inhibits cyclooxygenase-2 expres-
sion in activated macrophages, microglia, and dendritic cells. Brain Behav Immun. 
2008;22:35–41.  

       42.    Delgado M, Ganea D. Inhibition of endotoxin-induced macrophage chemokine production by 
vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide in vitro and 
in vivo. J Immunol. 2001;167:966–75.  

   43.    Delgado M, Ganea D. Vasoactive intestinal peptide inhibits IL-8 production in human mono-
cytes. Biochem Biophys Res Commun. 2003;301:825–32.  

      44.    Delgado M, Jonakait GM, Ganea D. Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide inhibit chemokine production in activated microglia. Glia. 
2002;39:148–61.  

    45.    Tang Y, Lv B, Wang H, Xiao X, Zuo X. PACAP inhibit the release and cytokine activity of 
HMGB1 and improve the survival during lethal endotoxemia. Int Immunopharmacol. 
2008;8:1646–51.  

     46.    Delgado M, Varela N, Gonzalez-Rey E. Vasoactive intestinal peptide protects against beta- 
amyloid- induced neurodegeneration by inhibiting microglia activation at multiple levels. Glia. 
2008;56:1091–103.  

    47.    Mao SS, Hua R, Zhao XP, Qin X, Sun ZQ, Zhang Y, et al. Exogenous administration of PACAP 
alleviates traumatic brain injury in rats through a mechanism involving the TLR4/MyD88/
NF-kB pathway. J Neurotrauma. 2012;29:1941–59.  

    48.   Reglodi D, Renaud J, Tamas A, Tizabi Y, Socías B, Del-Bel E, et al. Novel tactics for neuro-
protection in Parkinson’s disease: role of antibiotics, polyphenols and neuropeptides. Prog 
Neurobiol. 2015; pii: S0301-0082(15)00128-8.  

    49.    Azuma YT, Hagi K, Shintani N, Kuwamura M, Nakajima H, Hashimoto H, et al. PACAP 
provides colonic protection against dextran sodium sulphate induced colitis. J Cell Physiol. 
2008;216:111–9.  

   50.    Botz B, Bölcskei K, Kereskai L, Kovács M, Németh T, Szigeti K, et al. Differential regulatory 
role of pituitary adenylate cyclase-activating polypeptide in the serum-transfer arthritis model. 
Arthritis Rheumatol. 2014;66:2739–50.  

    51.    Nemetz N, Abad C, Lawson G, Nobuta H, Chhith S, Duong L, et al. Induction of colitis and 
rapid development of colorectal tumors in mice defi cient in the neuropeptide PACAP. Int 
J Cancer. 2008;122:1803–9.  

40 Immunobiology of the Pituitary Adenylate Cyclase-Activating Peptide



706

     52.    Delgado M. Inhibition of interferon (IFN) gamma-induced Jak-STAT1 activation in microglia 
by vasoactive intestinal peptide: inhibitory effect on CD40, IFN-induced protein-10, and 
inducible nitric-oxide synthase expression. J Biol Chem. 2003;278:27620–9.  

     53.    Delgado M, Gonzalez-Rey E, Ganea D. VIP/PACAP preferentially attract Th2 effectors 
through differential regulation of chemokine production by dendritic cells. FASEB 
J. 2004;18:1453–5.  

     54.    Delgado M, Reduta A, Sharma V, Ganea D. VIP/PACAP oppositely affects immature and 
mature dendritic cell expression of CD80/CD86 and the stimulatory activity for CD4(+) T cells. 
J Leukoc Biol. 2004;75:1122–30.  

    55.    Delgado M. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypep-
tide inhibit the MEKK1/MEK4/JNK signaling pathway in endotoxin-activated microglia. 
Biochem Biophys Res Commun. 2002;293:771–6.  

   56.    Delgado M, Ganea D. Inhibition of IFN-gamma-induced janus kinase-1-STAT1 activation in 
macrophages by vasoactive intestinal peptide and pituitary adenylate cyclase-activating poly-
peptide. J Immunol. 2000;165:3051–7.  

   57.    Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase activating 
polypeptide inhibit the MEKK1/MEK4/JNK signaling pathway in LPS-stimulated macro-
phages. J Neuroimmunol. 2000;110:97–105.  

    58.    Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating 
polypeptide inhibit nuclear factor-kappa B-dependent gene activation at multiple levels in the 
human monocytic cell line THP-1. J Biol Chem. 2001;276:369–80.  

    59.    Chorny A, Gonzalez-Rey E, Varela N, Robledo G, Delgado M. Signaling mechanisms of 
vasoactive intestinal peptide in infl ammatory conditions. Regul Pept. 2006;137:67–74.  

    60.    Delgado M, Leceta J, Abad C, Martinez C, Ganea D, Gomariz RP. Shedding of membrane- 
bound CD14 from lipopolysaccharide-stimulated macrophages by vasoactive intestinal pep-
tide and pituitary adenylate cyclase activating polypeptide. J Neuroimmunol. 
1999;99:61–71.  

    61.    Delgado M, Sun W, Leceta J, Ganea D. VIP and PACAP differentially regulate the costimula-
tory activity of resting and activated macrophages through the modulation of B.71 and B.72 
expression. J Immunol. 1999;163:4213–23.  

     62.    Ganea D, Rodriguez R, Delgado M. Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide: players in innate and adaptive immunity. Cell Mol Biol. 
2003;49:127–42.  

    63.    Martinez C, Delgado M, Gomariz RP, Ganea D. Vasoactive intestinal peptide and pituitary 
adenylate cyclase-activating polypeptide-38 inhibit IL-10 production in murine T lympho-
cytes. J Immunol. 1996;156:4128–36.  

    64.    Wang HY, Jiang XM, Ganea D. The neuropeptides VIP and PACAP inhibit IL-2 transcription 
by decreasing c-Jun and increasing JunB expression in T cells. J Neuroimmunol. 
2000;104:68–78.  

    65.    Delgado M, Leceta J, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase- 
activating polypeptide promote in vivo generation of memory Th2 cells. FASEB 
J. 2002;16:1844–6.  

      66.    Tan YV, Abad C, Lopez R, Dong H, Liu S, Lee A, et al. Pituitary adenylyl cyclase-activating 
polypeptide is an intrinsic regulator of Treg abundance and protects against experimental auto-
immune encephalomyelitis. Proc Natl Acad Sci U S A. 2009;106:2012–7.  

    67.    Voice JK, Grinninger C, Kong Y, Bangale Y, Paul S, Goetzl EJ. Roles of vasoactive intestinal 
peptide (VIP) in the expression of different immune phenotypes by wild-type mice and T cell- 
targeted type II VIP receptor transgenic mice. J Immunol. 2003;170:308–14.  

    68.    Voice J, Donnelly S, Dorsam G, Dolganov G, Paul S, Goetzl EJ. c-Maf and JunB mediation of 
Th2 differentiation induced by the type 2G protein-coupled receptor (VPAC2) for vasoactive 
intestinal peptide. J Immunol. 2004;172:7289–96.  

    69.    Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating 
polypeptide inhibit T cell-mediated cytotoxicity by inhibiting Fas ligand expression. 
J Immunol. 2001;165:114–23.  

M. Delgado



707

   70.    Delgado M, Ganea D. VIP and PACAP inhibit Fas ligand-mediated bystander lysis by CD4(+) 
T cells. J Neuroimmunol. 2001;112:78–88.  

   71.    Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating 
polypeptide inhibit expression of Fas ligand in activated T lymphocytes by regulating c-Myc, 
NF-kappa B, NF-AT, and early growth factors 2/3. J Immunol. 2001;166:1028–40.  

    72.    Sharma V, Delgado M, Ganea D. Granzyme B, a new player in activation-induced cell death, 
is down-regulated by vasoactive intestinal peptide in Th2 but not Th1 effectors. J Immunol. 
2006;176:97–110.  

    73.    Jiang X, Jing H, Ganea D. VIP and PACAP down-regulate CXCL10 (IP-10) and up-regulate 
CCL22 (MDC) in spleen cells. J Neuroimmunol. 2002;133:81–94.  

    74.    Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. Interleukin 
17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 
2 lineages. Nat Immunol. 2005;6:1123–32.  

    75.    Delgado M, Chorny A, Gonzalez-Rey E, Ganea D. Vasoactive intestinal peptide generates 
CD4 + CD25+ regulatory T cells in vivo. J Leukoc Biol. 2005;78:1327–38.  

     76.    Heimesaat MM, Dunay IR, Schulze S, Fischer A, Grundmann U, Alutis M, et al. Pituitary 
adenylate cyclase-activating polypeptide ameliorates experimental acute ileitis and extra- 
intestinal sequelae. PLoS One. 2014;9:e108389.  

     77.    Tan YV, Abad C, Wang Y, Lopez R, Waschek JA. Pituitary adenylate cyclase activating pep-
tide defi cient mice exhibit impaired thymic and extrathymic regulatory T cell proliferation 
during EAE. PLoS One. 2013;8:e61200.  

      78.    Pozo D, Anderson P, Gonzalez-Rey E. Induction of alloantigen-specifi c human T regulatory 
cells by vasoactive intestinal peptide. J Immunol. 2009;183:4346–59.  

       79.    Prasse A, Zissel G, Lutzen N, Schupp J, Schmiedlin R, Gonzalez-Rey E, et al. Inhaled vasoac-
tive intestinal peptide exerts immunoregulatory effects in sarcoidosis. Am J Respir Crit Care 
Med. 2010;182:540–8.  

    80.    Anderson P, Gonzalez-Rey E. Vasoactive intestinal peptide induces cell cycle arrest and regu-
latory functions in human T cells at multiple levels. Mol Cell Biol. 2010;30:2537–51.  

     81.    Maldonado RA, von Andrian UH. How tolerogenic dendritic cells induce regulatory T cells. 
Adv Immunol. 2010;108:111–65.  

    82.    Chorny A, Gonzalez-Rey E, Fernandez-Martin A, Pozo D, Ganea D, Delgado M. Vasoactive 
intestinal peptide induces regulatory dendritic cells with therapeutic effects on autoimmune 
disorders. Proc Natl Acad Sci U S A. 2005;102:13562–7.  

    83.    Delgado M, Gonzalez-Rey E, Ganea D. The neuropeptide vasoactive intestinal peptide gener-
ates tolerogenic dendritic cells. J Immunol. 2005;175:7311–24.  

    84.    Gonzalez-Rey E, Chorny A, Fernandez-Martin A, Ganea D, Delgado M. Vasoactive intestinal 
peptide generates human tolerogenic dendritic cells that induce CD4 and CD8 regulatory 
T cells. Blood. 2006;107:3632–8.  

    85.    Abad C, Martinez C, Leceta J, Gomariz RP, Delgado M. Pituitary adenylate cyclase-activating 
polypeptide inhibits collagen-induced arthritis: an experimental immunomodulatory therapy. 
J Immunol. 2001;167:3182–9.  

   86.    Abad C, Martinez C, Juarranz MG, Arranz A, Leceta J, Delgado M, et al. Therapeutic effects 
of vasoactive intestinal peptide in the trinitrobenzene sulfonic acid mice model of Crohn’s 
disease. Gastroenterology. 2003;124:961–71.  

   87.    Delgado M, Martinez C, Pozo D, Calvo JR, Leceta J, Ganea D, et al. Vasoactive intestinal 
peptide (VIP) and pituitary adenylate cyclase-activation polypeptide (PACAP) protect mice 
from lethal endotoxemia through the inhibition of TNF-alpha and IL-6. J Immunol. 
1999;162:1200–5.  

   88.    Elekes K, Sandor K, Moricz A, Kereskai L, Kemeny A, Szoke E, et al. Pituitary adenylate 
cyclase-activating polypeptide plays an anti-infl ammatory role in endotoxin-induced airway 
infl ammation: in vivo study with gene-deleted mice. Peptides. 2011;32:1439–46.  

   89.    Gonzalez-Rey E, Fernandez-Martin A, Chorny A, Martin J, Pozo D, Ganea D, et al. Therapeutic 
effect of vasoactive intestinal peptide on experimental autoimmune encephalomyelitis: down- 
regulation of infl ammatory and autoimmune responses. Am J Pathol. 2006;168:1179–88.  

40 Immunobiology of the Pituitary Adenylate Cyclase-Activating Peptide



708

    90.    Ji H, Zhang Y, Shen XD, Gao F, Huang CY, Abad C, et al. Neuropeptide PACAP in mouse liver 
ischemia and reperfusion injury: immunomodulation by the cAMP-PKA pathway. Hepatology. 
2013;57:1225–37.  

    91.    Dickinson T, Mitchell R, Robberecht P, Fleetwood-Walker SM. The role of VIP/PACAP recep-
tor subtypes in spinal somatosensory processing in rats with an experimental peripheral mono-
neuropathy. Neuropharmacology. 1999;38:167–80.  

   92.    Favrais G, Couvineau A, Laburthe M, Gressens P, Lelievre V. Involvement of VIP and PACAP 
in neonatal brain lesions generated by a combined excitotoxic/infl ammatory challenge. 
Peptides. 2007;28:1727–37.  

    93.    Reglodi D, Kiss P, Szabadfi  K, Atlasz T, Gabriel R, Horvath G, et al. PACAP is an endogenous 
protective factor-insights from PACAP-defi cient mice. J Mol Neurosci. 2012;48:482–92.  

    94.    Gonzalez-Rey E, Delgado-Maroto V, Souza Moreira L, Delgado M. Neuropeptides as thera-
peutic approach to autoimmune diseases. Curr Pharm Des. 2010;16:3158–72.    

M. Delgado



   Part XIII 
   PACAP in Stress and Mood Disorders        



711© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_41

    Chapter 41   
 PACAPergic Synaptic Signaling and Circuitry 
Mediating Mammalian Responses 
to Psychogenic and Systemic Stressors                     

     Sunny     Z.     Jiang     and     Lee     E.     Eiden    

    Abstract     This short review is focused on the central and peripheral functional neu-
roanatomy of PACAPergic circuitry mediating stress responses, which we defi ne 
here as “circuits mediating catecholamine and corticosterone elevation in response 
to systemic and psychogenic stressors,” and the underlying cell signaling pathways, 
insofar as they are known, through which PACAP signaling in stress occurs. We will 
focus on the underlying neurobiology of PACAP signaling in stress derived from 
studies in rodents, and in human and rodent cells in culture, and consider their 
relevance to PACAPergic neurotransmission in human anxiety, depression, and 
posttraumatic stress disorder (PTSD).  

  Keywords     PACAP-38   •   PAC1   •   GPCR   •   Cyclic AMP   •   ERK   •   NCS/Rapgef2   • 
  Stress circuitry   •   Depressive behavior   •   Anxiety  

      Introduction 

 A comprehensive picture of stress neurotransmission remains to be effectively built 
up from facts about chemical neuroanatomy, neuropharmacology, electrophysiol-
ogy, cell signaling, and biochemistry; genetic effects on these observable properties 
of cells and circuits; and the penetrance of neuronal properties to behaviors, which 
can then be linked to stress-related diseases. Such a comprehensive understanding 
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is likely to result in identifi cation of druggable targets for depression, PTSD, and anxi-
ety disorders. This essentially translational enterprise is a highly integrative one, in 
which correct premises can be followed to highly impactful conclusions, but incor-
rect ones can be amplifi ed to create unhelpful or even false conceptualizations reso-
nating across multiple areas of research. Here, we illustrate how current research on 
PACAPergic neurons and their function in transduction of responses to stressors 
both centrally and peripherally is culminating in testable hypotheses about how 
engagement of agonists and antagonists with central and peripheral PACAP recep-
tor targets might affect behavioral outcomes of chronic stress. 

 The original conceptualization of stress responding, by the founders of the fi eld 
including Cannon and Selye, focused not on behavioral states resulting from chronic 
or traumatic/acute stress, but on physiological responses to ostensibly stressful 
stimuli by the major “stress organs,” the adrenal cortex and medulla, and the sym-
pathetic nervous system, and their secretory products, corticosterone/cortisol 
(CORT) and catecholamines (CAs) [ 1 ,  2 ]. Detailed study of effects of  stressors  
(stimuli or conditions leading to increased CORT and CA secretion) led to the semi-
nal discoveries of the endocrine and neuronal chemical anatomy of the hypothalamo- 
pituitary- adrenal (HPA), and hypothalamo-sympathoadrenal (HSA), comprising the 
adrenomedullary and sympathoneuronal (AHS & SNS) axes (see Fig.  41.1 ). 
Identifi cation of these output circuits led in turn to discovery of central and periph-
eral neurotransmitters, pathways, and circuits infl uencing stressor effects on CORT 
and CA secretion [ 3 ]. Modern conceptualizations of stress responding in mammals, 
particularly when mobilized for clinical understanding of depression, PTSD, and 
anxiety disorders, have generally focused on how pathobehavioral outcomes of 
chronic stress exposure develop from a repertoire of essentially normal homeostatic 
responses to stressors. This has involved the invocation of fear learning, and unlearn-
ing; the role of cortical function in modulating the salience of aversive stimuli; and 
the cumulative effects of environmental training, learning, or catastrophic experi-
encing that can cause chronic overstimulation of homeostatic mechanisms appropri-
ate to survival [ 4 ]. This is called by some allostatic load or allostatic wear and tear 
[ 5 ], and it is considered to erode resilience, or fl exible adaptation to experiencing 
stress (or simply coping with life’s demands). This latter-day formulation of 
stress responding is focused on the affective state of the individual, and the cir-
cuits supporting states of anxiety, fearfulness, or aggression. Hyperactivation, or 
dysfunctional plasticity, within these circuits is deemed, in aggregate, to gener-
ate stress-associated behavioral pathologies. These include self-medication with 
addictive drugs, delusional interactions with others, and even more manifestly dys-
functional outcomes, such as catatonia, other types of breakdown of daily living 
performance, suicidality, and homicidality. The physiological response to stressors 
is of somewhat less importance, from this perspective, than the altered function of 
what could be called the “poststressed brain,” and stimuli that can become embedded 
as triggers for dysfunctional behavior [ 6 ].

   It is our aim here to provide a brief narrative recapitulating how basic research 
focused on the neuropeptide PACAP has added detail to the landscape of stressor 
responding, centrally and peripherally, with some new facts about its chemical 
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neuroanatomy. At the systems and circuit levels this has, somewhat unexpectedly, 
provoked reexamination of the basis for our understanding of interoceptive mecha-
nisms of stress conditioning (vida supra) leading to behavioral pathology. The current 
picture of PACAP signaling within classical stress response circuits is summarized in 
Fig.  41.1  (Fig.  41.1 , left, adapted from [ 7 ]). At the cellular level, recent developments 
in PACAP signaling, primarily through the PAC1 receptor, have provided some 
fresh insights into how PACAP, and potentially other neuropeptides, function 
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  Fig. 41.1    PACAP regulation of central and peripheral stress circuits.  Left panel . Stress circuits are 
defi ned operationally as neuronal and neuroendocrine cell ensembles that mediate adaptation to psycho-
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(NE). PACAPergic synapses operating within these circuits are highlighted in  yellow.  Peripherally, 
PACAP release at the adrenomedullary synapse regulates catecholamine and neuropeptide synthesis 
and release from chromaffi n cells in response to systemic and psychogenic stressors. Centrally, PACAP 
release onto corticotropin-releasing hormone (CRH)-containing neurons of the hypothalamus regulates 
CRH biosynthesis in response to psychogenic stressors.  Right panel . PACAP mediated cAMP signaling 
pathways have been identifi ed in neuronal and endocrine cell culture: cAMP elevation caused by 
PACAP/PAC1 activation, conveys to three distinct cAMP sensors—the neuritogenic cAMP sensor 
(NCS/Rapgef2), protein kinase A (PKA), and Epac, and which mediate downstream signaling to ERK, 
CREB, and p38, respectively. Investigation of PACAPergic neuronal circuits in responses to physiolog-
ical and psychogenic stress in vivo is aimed, in part, at facilitating development of innovative pharma-

cological strategies for treatment of stress-associated disorders. Adapted from [ 7 ].       
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postsynaptically in these circuits. Models for how the PACAP-PACAP receptor 
dyad conveys postsynaptic actions and alters postsynaptic cell plasticity should 
guide, in their signaling specifi cs, dynamics, and pharmacology, translational efforts 
to impinge upon them therapeutically (Fig.  41.1 , right). It is important to note at the 
outset that intracellular signaling schemes and pathways for a given PACAP- 
initiated cellular process (altered gene transcription, neuronal fi ring rates, activation 
of second and third messengers, etc.) may be more relevant to some stress-circuit 
synapses than to others, as cell types can differ substantially in their repertoire, or 
“menu” of possible signal transduction mechanisms and pathways.  

    Peripheral Stress Responding and the Role of PACAP 
as an Autonomic Transmitter 

 A fruitful place to begin a comprehensive consideration of PACAP as a stress- 
transduction neurotransmitter is with a reminder of the key features of neuropeptides 
as metabotropic transmitters (Fig.  41.2 ) [ 8 – 10 ]. A number of anatomical observa-
tions about peptidergic innervation of the chromaffi n cells of the adrenal medulla 
led up to the consideration of PACAP as the major neurotransmitter transducing 
stress responses across the adrenomedullary synapse (reviewed in [ 10 ]). Briefl y, 
PACAP infusion causes epinephrine release from the adrenal medulla in vivo and 
ex vivo, and from chromaffi n cells in culture [ 11 – 13 ]; PACAP is found within 
cholinergic terminals innervating chromaffi n cells [ 14 ]; catecholamine release 
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during systemic stress (insulin shock) is greatly blunted in PACAP-defi cient mice 
[ 14 ]; and electrical stimulation of the splanchnic nerve ex vivo causes catechol-
amine release mimicked by PACAP administration and blocked by PACAP(6–38) 
[ 10 ,  12 ,  14 – 17 ]. There is also a prolifi c literature on PACAPergic transmission 
across sympathetic ganglia in the peripheral nervous system, indicating the expres-
sion of PACAP in preganglionic innervation of the superior cervical ganglion 
(SCG); the existence of PAC1 receptor expression in postganglionic sympathetic 
neurons in the same tissue; and effects of exogenous PACAP on catecholamine and 
neuropeptide release and synthesis in cultured postganglionic principal cells of the 
SCG [ 18 – 22 ]. The actual role of PACAP as a sympathetic preganglionic transmit-
ter in stress transduction in vivo remains, surprisingly, largely undetermined. 
Indirect evidence suggests that PACAP probably acts similarly at sympathoadrenal 
and sympathetic ganglionic synapses [ 18 ,  21 ,  23 ,  24 ]. Nevertheless, there is consid-
erable plasticity of neuropeptide expression throughout the sympathetic nervous 
system, and across species [ 25 ], so that further detailed mapping of the sympathetic 
preganglionic terminals that release PACAP in adult mammals, and the role of 
PACAP in modulating or stimulating the release of norepinephrine from postgan-
glionic sympathetic terminals, especially during stress responses that are biased 
toward the sympathetic, versus the sympathoadrenal systems [ 26 ], is warranted. 
These investigations are of particular interest in light of recent provocative evi-
dence for an apparent role of peripheral PACAP release in human (female) PTSD 
[ 27 ]. A defi ned function for PACAPergic neurotransmission in vegetative (para-
sympathetic) responding to stress likewise remains unexplored in vivo, albeit 
Hannibal et al. have fairly clearly established that PACAP is a preganglionic trans-
mitter at both sympathetic and parasympathetic ganglia [ 28 ].

   PACAP is a sympathoadrenal transmitter, and PAC1 receptors are present on 
chromaffi n cells and cell line congeners such as PC12 cells. This has allowed 
detailed exploration of how PACAP is likely to signal across the adrenomedullary 
synapse to cause both secretion and compensatory increase in the expression of 
genes encoding secretory prohormones, and catecholamine biosynthetic enzymes 
(stimulus-secretion-synthesis coupling). It has been noted earlier that stress-induced 
catecholamine secretion from the adrenal medulla in vivo is PACAP dependent [ 10 , 
 14 ,  15 ]. In addition, the induction of catecholamine biosynthetic enzyme activity, 
and mRNAs encoding catecholamine biosynthetic enzymes, and other secretory 
proteins including progalanin and proNPY are PACAP dependent (i.e., abrogated 
during the stress response in PACAP-defi cient mice), or elevated upon exposure of 
chromaffi n cells to PACAP in cellula and ex vivo [ 29 – 34 ]. It has been demonstrated 
that the adrenal medulla in fact releases into the bloodstream its entire complement 
of catecholamines during several hours of continuous splanchnic stimulation [ 24 ], 
which would clearly lead to exhaustion of catecholamine content in the absence of 
compensatorily increased biosynthesis during acute prolonged stress over a period 
of hours, as well as stress prolonged episodically over a period of several days. 
Thus, the ability of PACAP neurotransmission to support both catecholamine (and 
neuropeptide) secretion, and coupled enhancement of biosynthesis, is key to its role in 
sustained secretion from the adrenal medulla during prolonged stress. 
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 The mechanisms of CA release by PACAP have been studied by many laboratories. 
Smith and colleagues aver, with strong evidence adduced in mouse adrenal slices, 
that PACAP causes calcium infl ux and catecholamine release by a partially depolar-
izing mechanism in which voltage-gated calcium channels (VGCCs) are activated 
by movement of the membrane potential from −70 to around −50 mV, near the 
activation threshold for T- and other calcium channels. Calcium infl ux through these 
channels then causes further movement of the membrane potential to that for activa-
tion of classical (L, P, N, Q) VGCCs that provide suffi cient calcium infl ux to trigger 
exocytosis [ 16 ,  35 ] (see also Fig.  41.3 ). Mustafa et al. have shown that the hop iso-
form of the PAC1 receptor can mediate catecholamine secretion, and calcium infl ux, 
equally blocked by combinations of VGCC inhibitors, consistent with the Smith 
model [ 36 ,  37 ]. Thus, PACAP-induced secretion at the adrenomedullary synapse 
appears to involve, via the PAC1hop receptor, a processive decrease in membrane 
potential ultimately triggering the opening of voltage-dependent calcium channels 
(around −45 mV), calcium infl ux, and exocytotic secretion. May and colleagues 
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have posited that PACAP-dependent release of catecholamines from  sympathetic  
neurons occurs via frank depolarization of sympathetic  neurons [ 21 ,  22 ]. As the lat-
ter experiments have been carried out in developing sympathetic neurons in culture, 
rather than in mature postganglion neurons, it is not yet clear if this mechanism also 
pertains to mature sympathetic neurons responding to PACAP activation of PAC1 
in vivo during stress. This is of particular importance in understanding the neuro-
chemical anatomy of peripheral stress circuits, because clear differences exist 
between sympathoadrenal and sympathetic stimulation by various systemic stress-
ors. Cold stress, for example, likely activates descending autonomic pathways to 
the intermediolateral column that are specifi c for  sympathetic  activation (NE 
release predominates over Epi release), while other stressors (e.g., immobilization), 
more highly correlated with HPA axis activation, are specifi c for  sympathoadrenal  
activation (Epi release predominating over NE release) [ 26 ].

   A reasonable summary of how PACAP causes neurotransmitter release (at least, of 
catecholamine release from chromaffi n cells, Fig.  41.3 ) was advanced by O’Farrell and 
Marley in 1996: “The present study suggests catecholamine secretion induced by 
PACAP requires calcium entry through several different types of voltage- sensitive cal-
cium channels.” Their further comments are both trenchant and prescient: “This raises 
the important question of the molecular mechanism by which a G protein-coupled 
receptor agonist can depolarize chromaffi n cells to activate these voltage-sensitive cal-
cium channels” (VSCCs) [ 38 ]. Surprisingly, 20 years on, we still do not know the exact 
molecular mechanism by which PAC1 receptor occupancy leads to chromaffi n cell 
VSCC activation and catecholamine release [ 39 ], much less how PACAP affects cell 
depolarization and calcium entry in other PACAP-receptive cells within stress-respon-
sive circuits in vivo [ 22 ]. The current unresolved state of PACAP signaling leading to 
neurotransmitter release, and calcium- dependent signaling in general, is likely due in 
equal parts to lack of precise knowledge about the receptor and channel types populating 
the cells in which experiments have been conducted; the specifi c signaling pathways to 
calcium entry available in a given cell type; and a lack of clean pharmacological tools 
for blocking and activating the plethora of ion channels and signaling molecules that can 
cause intracellular calcium mobilization, and plasma membrane calcium channel open-
ing, upon PACAP receptor stimulation in a given cell type. 

 PACAP-induced neurotrophic effects on differentiation and survival of autonomic 
neurons, as well as the synthesis and release of neuropeptide transmitters and cate-
cholamine biosynthetic enzymes, have been carefully studied in neuronal cultures 
of the rat SCG [ 40 ], using PC12 cell lines [ 41 ,  42 ], and in various in vivo paradigms 
[ 23 ]. May and colleagues have posited that PACAP signals largely through an Akt-
dependent pathway to enhance the survival of developing sympathetic neurons [ 40 ]. 
In the neuroendocrine NS-1 cell line, and chromaffi n cells in primary culture, a 
tripartite signaling via PAC1 activation that is wholly cAMP dependent has been 
identifi ed that leads to neuritogenesis, growth arrest, and survival upon serum 
withdrawal via three distinct cAMP sensors: PKA, Epac2, and NCS/Rapgef2 
(see Fig.  41.3 ). Delineating the cell- and synapse-specifi c pathways through which 
PACAP signals for various short- and long-term outcomes is likely to be important 
in understanding how PACAP signaling converges onto PACAP-dependent 
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 behaviors in stress-related disorders [ 43 ]. Therefore, how PACAPergic cellular bio-
chemistry investigated in cells and cell lines in culture apply to specifi c postsynaptic 
actions of PACAP in the adult central nervous system in vivo will be an important 
focus of future research on PACAPergic signaling in stress [ 44 ]. 

 The conceptualization for PACAP/PAC1 signaling in neuronal and endocrine 
cells summarized in Figs.  41.3  and  41.4  is a departure from the classical picture for 
PACAP signaling drawn from a “canonical” view of GPCR signaling in general, 
and is based on cell culture experiments performed in PAC1-expressing cells and 
cell lines (see, e.g., [ 43 ]). This new signaling paradigm highlights the role of NCS/
Rapgef2 in connecting cAMP elevation via Gs-coupled GPCRs such as the PAC1 
receptor to ERK activation in neuronal and endocrine cells. Drawn from experi-
ments conducted with cultured chromaffi n cells, pheochromocytoma-derived cell lines, 
and primary central hypothalamic, hippocampal and cortical neurons, it emphasizes 
the uniqueness of the NCS/Rapgef2-dependent pathway in cAMP- dependent ERK 
activation that is consequential for changes in gene transcription in neuronal and 
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endocrine cells (see, e.g., [ 42 ,  45 ]). PACAP is also reported to signal, via PAC1, to 
ERK convergently via PKC, PKA, and beta-arrestin, and through both Gq and Gs 
coupling [ 46 ,  47 ]. This signaling may be consequential for either cytoplasmic [ 48 ] 
or nuclear [ 45 ,  49 ,  50 ] signaling by ERK. Both Rapgef2/ERK- and PKA/CREB-
dependent gene regulation (for example, of the Stc1 and BDNF genes, respectively) 
seem to be initiated by PACAP in CNS-derived cultured neurons [ 45 ,  51 ]. Which 
modes of PACAP signaling, through both cAMP and calcium, and through PKA, 
Epac, NCS/Rapgef2, Akt and other pathways, are operative in neurons responding 
to PACAP at synapses activated and altered by stress in vivo? This question carries 
import both for PACAP neurotransmission as a paradigm for neuropeptide signaling 
in stress, and for translational focusing of PACAP receptors as targets for stress-
related affective illnesses.

       Central Stress Responding, and the Role of PACAP as a CNS 
Neurotransmitter 

 PACAP release from the splanchnic nerve, and ACTH release from the pituitary, 
constitute the fi nal common pathways for CORT secretion from the adrenal cortex, 
and CA secretion from the adrenal medulla, in response to both systemic stressors 
such as LPS and hypoglycemia, and psychogenic stressors such as immobilization 
and social defeat. However, at the level of CNS modulation of both the HPA axis 
and behaviors elicited by both acute and chronic stress, clear differences between 
the effects of systemic and psychogenic stressors emerge. The relative dependence 
on PACAPergic CNS circuitry has become a key factor in clearly distinguishing 
these pathways. For example, insulin-induced hypoglycemia has a PACAP- 
dependent effect on catecholamine secretion, but CORT elevation following insu-
lin hypoglycemia is unaffected by PACAP (i.e., is similar in wild-type and 
PACAP- defi cient mice) [ 14 ]. Similarly, HPA axis activation after acute (0.5–1 h) 
or prolonged (1–5 h) systemic stressors is unaffected in PACAP-defi cient mice, 
while CORT elevation after prolonged or chronic psychogenic stress is markedly 
PACAP dependent [ 14 ,  34 ,  52 ,  53 ]. 

 Reported effects of PACAP defi ciency on acute HPA axis activation by psychogenic 
stressors such as restraint (CORT elevation within minutes of onset of psychogenic 
stress) originally suggested PACAPergic control, at the level of the paraventricular 
nucleus (PVN), of both CRH secretion and CRH biosynthesis [ 33 ,  34 ,  52 ]. This 
view may now require modifi cation. We have reexamined previous results indicat-
ing a strong PACAPergic component to both acute (0–1 h) and prolonged (1–6 h) 
restraint stress [ 34 ,  52 ], and found that when CORT is measured in blood sampled 
from the tail rather than the trunk (following cervical separation), a dependence of 
CORT elevation on PACAP emerges only after prolonged (>1 h) restraint [ 54 ]. 
PACAP-dependent effects on serum CORT elevation after acute (<1 h) restraint 
stress may be mediated peripherally [ 55 ,  56 ] and are evident only in mice that have 
undergone stress for a suffi cient period to allow PACAP-dependent increase in 
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CORT biosynthesis within the adrenal cortex, and its release upon splanchnic disin-
hibition during cervical separation. In fact, central PACAPergic mechanisms appear 
to drive mainly biosynthesis of CRH, via induction of CRH mRNA, rather than 
CRH secretion in response to stress. This PACAPergic modulation of CRH neurons 
of the PVN becomes apparent, as attenuation of CORT elevation, only following 
 prolonged  (>1 h) or  chronic  (1–2 h daily for several days) psychogenic stress, while 
the  acute  (0–1 h) release of CRH, the proximate trigger for ACTH secretion 
from the pituitary and CORT elevation in serum, is largely PACAP independent 
[ 54 ,  101 ]. Exposure of cultured hypothalamic neurons and hypothalamic CRH 
gene-transcribing cell lines to PACAP suggests that PACAP affects CRH gene tran-
scription via cAMP elevation [ 52 ]. Cyclic AMP activation of ERK through NCS/
Rapgef2 may mediate enhanced transcription of CRH mRNA by PACAP at the level 
of the hypothalamus [ 45 ], although PKA-dependent mechanisms are clearly docu-
mented for CRH gene transcription and may also play a role [ 57 ,  58 ]. Figures  41.3  
and  41.4  summarize the differential effects of PACAP stimulation in peripheral chro-
maffi n cells (stimulus- secretion- synthesis coupling; Fig.  41.3 ) and central CRH neu-
rons (stimulus- transcription coupling; Fig.  41.4 ). 

 For the reasons outlined earlier, the distinction between the PACAP dependence 
of psychogenic, but not systemic, stress may be more properly assigned as a distinc-
tion between stressors causing acute CRH release from the median eminence, and 
stressors causing more prolonged CRH release, the PACAP dependence of the latter 
emerging only when (PACAP-dependent) CRH biosynthesis fails to keep pace with 
(PACAP independent) CRH secretion from the median eminence. Since few systemic 
stressors remain purely nonpsychogenic after a fi rst application, it will be diffi cult 
to fully parse this issue without close experimental examination, perhaps using 
hypoglycemia as a systemic stressor unlikely to provoke aversive enteroceptive 
cues from which the perception of psychogenic stress is presumably communicated 
to amygdalar and cortical CNS components of the stress response. 

 There is a growing body of evidence for involvement of PACAP signaling in the 
behavioral sequelae of psychogenic stress emerging from both fundamental, pre-
clinical, and clinical studies of stress-related behavioral dysfunction. Thus, despite 
potential diffi culties of experimental design, pinning down the multiple synaptic 
loci at which PACAPergic signaling in the CNS mediates separate aspects of stress 
responding is of critical importance. Abrogation of PACAPergic neurotransmission 
(i.e., PACAP knock-out) attenuates or abolishes depressive effects of both chronic 
social defeat (including decreased exploration, social interaction, and mobility in 
the forced swim test) [ 53 ], and chronic restraint stress (including decreased feeding 
and weight loss), and the depressogenic effects of the restraint stress are also signifi -
cantly reduced in PAC1-defi cient mice [ 54 ]. Neuropharmacological data obtained 
in the rat generally reinforce the notion that PACAP, acting as an anxiogenic neu-
ropeptide at the locus of the bed nucleus of the stria terminalis (BNST), as a stimu-
lator of HPA axis activation at the locus of the PVN, or both, is likely to mediate the 
depressogenic effects of chronic psychogenic stress. At least one research group has 
reported antidepressive and anxiogenic, rather than depressive and anxiolytic, 
effects of PACAP defi ciency in mice [ 59 ,  60 ]. These results might be explicable in 
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part due to the use of unstable genetic backgrounds [ 61 ], or due to genuine differ-
ences in strain dependence of the relative roles of PACAP at various brain loci. 
Identifying appropriate animal models to parse the likely effects of PACAP agonists, 
and antagonists, on behavioral pathology associated with chronic stress thus remains 
an ongoing challenge in this fi eld. 

 The translational implications of the linkage between PACAP signaling and the 
depressogenic, and anxiogenic, effects of chronic stress are becoming increasingly 
obvious. Since PACAP defi ciency apparently allows a full acute stress response, 
while blunting only a chronic one, patients are far more likely to tolerate full target 
engagement by PAC1 antagonists than by CRHR1 antagonists [ 62 – 64 ], without 
compromising HPA axis activation required for responding to systemic stressors 
such as sepsis, hypoglycemia, and acute psychogenic stressors such as actual exter-
nal threat. In addition, tracing the neuronal circuitry for PACAP inputs to the PVN 
responsible for HPA axis modulation during chronic psychogenic stress, currently 
believed to arise either in the BNST, other areas of the hypothalamus, or both 
(see [ 43 ]), will likely provide additional anatomical insights relevant to PACAP’s 
dual roles in stress transduction at the level of the hypothalamus, and in control of 
fear and anxiety at the level of the extended amygdala (vide infra). These in turn, 
depending on the PACAP receptors involved, may provide additional avenues for 
translating PACAPergic neuropharmacology into potential treatments for stress-
associated affective illnesses in humans. 

 As mentioned earlier, PACAP has important actions at suprahypothalamic levels, 
and these have been worked out primarily in the rat. The BNST is an important 
extrahypothalamic site of PACAP action [ 65 – 71 ]. PACAP is highly expressed in 
BNST [ 72 ], where its expression, and that of the PAC1 receptor, is up-regulated by 
chronic stress [ 65 ]. PACAP is considered to be anxiogenic when released within, or 
perfused into the BNST [ 65 ,  66 ,  71 ], which is functionally connected with the PVN 
and acts as a relay center for several limbic and neocortical pathways to modulate 
PVN activity [ 73 ]. Neuronal activity within the BNST has been implicated in medi-
ating anxiety-like behaviors in several mammalian species [ 74 – 78 ]. Upregulation of 
mRNA encoding PACAP and PAC1, in both BNST and PVN, is induced by chronic 
stress [ 65 ], reinforcing the hypothesis that PACAPergic neurotransmission within 
both brain nuclei is important in the psychogenic stress response. 

 The BNST has reciprocal connections with the centromedial amygdala and 
receives projections from hippocampus and medial prefrontal cortex (mPFC), 
limbic regions important for fear memory formation [ 79 ]. The CeA has a high level 
of expression of both PACAP and CRH [ 72 ,  80 ], and PACAP-innervated neurons in 
CeA are activated by stress [ 81 ]. PACAP infusion into the CeA is reported to 
increase anxiety-like behaviors (increased passive avoidance) [ 82 ], and PACAP(6–38) 
infusion in BLA blocks consolidation of contextual fear conditioning [ 83 ]. The 
mPFC, which plays an important role in fear consolidation and extinction, provides 
inhibitory control of the PVN response to stress through indirect projections that are 
relayed via the BNST. Interestingly, an increase in PAC1 mRNA was reported in 
amygdala and medial prefrontal cortex during consolidation of fear in male rats [ 27 ]. 
PACAP-defi cient mice exhibit an increase in FosB expression, after chronic stress, 
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in both prefrontal cortex and BNST, that is greater than neuronal activation seen in 
wild-type mice similarly stressed [ 53 ]. Recently, the parabrachial nucleus of the 
brain stem has been suggested as a source of PACAPergic neurons projecting to the 
extended amygdala and regulating pain perception, and pain-related behaviors [ 80 ]. 
How the features of PACAP signaling to neurons of the extended amygdala differ 
from PAC1-dependent PACAP signaling to chromaffi n cells of the adrenal medulla 
(Fig.  41.3 ) and CRH neurons of the PVN (Fig.  41.4 ) is as yet unknown, and under-
scores the need for additional information, at the cellular level, about how extrahy-
pothalamic PACAPergic signaling might act postsynaptically to regulate stress 
responses. 

 A neurochemical–neuroanatomical model in which PACAP causes both anxiety 
and chronic stress-driven depressogenic effects via control of CORT release has 
been considered, based on the Gold-Chrousos hypothesis of a causal role for CORT 
elevation in some types of clinical depression [ 84 – 86 ], and clearly documented 
“feedback-like” effects of CORT treatment in vivo on various features of 
PACAPergic neuronal signaling in the brain [ 70 ]. So has an anatomical model in 
which multiple loci in extended amygdala and hypothalamus could have additional 
effects on stress-associated behaviors beyond direct (hypothalamic) actions on the 
“common fi nal pathway” of the HPA axis [ 79 ]. A further complication is the obser-
vation that PACAP appears to be more critical in modulation of contextual (hippo-
campal dependent), than cue (amygdala dependent) dependent fear conditioning 
[ 87 ,  88 ]. Whether this observation can be integrated into a working model for the 
relationship between fear, anxiety, and potentially PACAP-dependent human psy-
chiatric disorders, including anxiety, depression, and PTSD [ 89 – 91 ] remains to be 
seen. Nevertheless, studies in this area hold the promise of further melding the 
neuroanatomical and neurochemical features of PACAPergic neurons, and the cir-
cuits in which they are embedded, into a fuller understanding of their roles in the 
various behavioral and endocrine responses that determine how acute and chronic 
stressors are homeostatically or allostatically experienced.  

    Pharmacology of PACAP Receptors: Current Status of Tools 

 A lack of comprehensive in vivo pharmacology, and insuffi cient deployment of the 
pharmacology already existing, for PAC1, VPAC1, and VPAC2 receptor activation 
and blockade contribute greatly to the lack of translationally focused progress in 
this area. Specifi c peptide and peptide-based agonists for PAC1 (maxadilan), 
VPAC1 (VIP-GRF hybrid and otherwise modifi ed peptides), and VPAC2 (the cyclic 
VIP analogs Ro25-1392 and Ro24-1553) exist [ 92 ], but have unfavorable pharma-
cological properties for use in vivo. The PAC1 antagonist PACAP(6–38), while 
highly specifi c for PAC1 versus VPAC1 receptors [ 93 ], is however also a potent 
VPAC2 and CART receptor antagonist [ 93 – 95 ], limiting its usefulness for perfusion 
and other in vivo and in cellular investigations of PACAP receptor-specifi c signal-
ing. While maxadilan derivatives have been invaluable as highly specifi c PAC1 
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antagonist agents [ 96 ,  97 ], their decidedly undrug-like properties, like those of the 
various peptide and peptoid PAC/VPAC agonists, have limited their usefulness for 
probing PACAP receptor specifi city in vivo. Thus, small-molecule inhibitors of the 
PAC1, as well as VPAC1 and VPAC2 receptors, are urgently sought for these thera-
peutic targets both centrally and peripherally [ 98 ].  

    Conclusion: Unlocking the Translational Potential of PACAP 
Signaling in Stress 

 The signaling mechanisms underlying PACAP modulation of CRH, catecholaminergic, 
and other stress-transducing neuroendocrine cells, and the molecules that carry them 
out, need to be fully understood as a basis for determining how PACAP agonists might 
be developed as treatments for depression, PTSD, or anxiety. The synaptic locations 
of PACAPergic stress-transducing neurons--both peripherally, and in the brain—also 
require more precise elucidation, in particular those PACAPergic neurons infl uencing 
mainly CRH neurons in the extended amygdala, or those affecting CRH target neu-
rons in PVN. Regiospecifi c knock-out of PACAP and PACAP receptors in mouse 
CNS; development of more specifi c and drug-like receptor agonists and antagonists; 
better behavioral and neurochemical integration of data obtained in mice, rats, pri-
mates, and in the clinic; and more comprehensive analysis of gender as well as species 
differences in PACAPergic stress responding, are all likely to play a role in focusing 
our expanding knowledge of PACAP’s role in stress onto therapeutic targets. More 
complete integration of behavioral and neurochemical information about PACAPergic 
signaling in stress also seems called for, including full “reverse translation” to rodent 
models of the pronounced female specifi city that has been reported in humans; more 
explicit stratifi cation of clinical outcomes with respect to stressor intensity, frequency, 
and type across gender; and full phenocopying of fi ndings obtained in PACAP- 
defi cient mice, in PAC1-, VPAC1-, and VPAC2-defi cient mice, similarly to the 
parsing of the roles of PACAP and VIP and their receptors in circadian regulation 
using multiple-knockout phenocopying [ 99 ,  100 ]. These fi ndings, when they come, 
will guide both a better understanding of the neurobiology of stress responding, and 
the link between stress responding and human psychopathology that may perhaps be 
broken by PACAP receptor-directed therapeutics.
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    Chapter 42   
 Using PACAP Heterozygous Mice as Models 
of the Three Hit Theory of Depression                     

     Jozsef     Farkas    ,     Laszlo     A.     Kovacs    ,     Tamas     Gaszner    , and     Balazs     Gaszner    

    Abstract     Depression and mood disorders belong to the most common reasons for 
disability. Despite several decades of stress research many questions remained to be 
answered. One reason for slow progress in this fi eld may be explained by the lack 
of equivocally accepted, from all points of view reliable animal models. Chronic 
unpredictable stress (CVMS) exposure of rodents as models for environmental chal-
lenges is a commonly used depression model. Early life stress has been also well 
studied. Maternal deprivation of pups induces epigenetic alterations shaping stress 
response in later life. In the last two decades numerous genetically modifi ed mouse 
strains have been generated to assess the effects of gene mutations on mood disor-
ders. All these approaches have some limitations. More recently the three hit theory 
for human depression has become more widely accepted. 

 The aim of our work was to establish a mouse model for depression according to 
the three hit theory. Genetically predisposed (fi rst hit, the lack of one or both normal 
PACAP genes) mice were exposed to maternal deprivation (second hit). CVMS 
(third hit) in adult mice with maternal separation history with mutated PACAP 
allele(s) carry all risk factors. 

 Our results revealed that about half of the PACAP KO mice did not survive the 
triple combination of stress exposure. PACAP heterozygous mice with all risk fac-
tors showed both physical and endocrinological consequences of stress exposure. 
Functional morphological results supported that corticotropin releasing factor 
(CRF) expressing neurons of the oval division of bed nucleus of the stria terminalis 
(BSTov) increased their FosB neuronal activity. In contrast, urocortin1 (Ucn1) 
expressing neurons of the centrally projecting Edinger–Westphal nucleus (cpEW) 
and serotonin (5HT) neurons of the dorsal raphe nucleus (DR) showed blunted neu-
ronal activity in CVMS exposed PACAP HZ mice with maternal deprivation 
history. 

 In summary, the three hit theory of depression seems to be an applicable model 
in PACAP heterozygous mice. Increased BSTov-CRF in addition to blunted cpEW- 
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Ucn1 and 5HT-DR activity proves that at least three players of stress adaptation 
systems may be affected in an inverse manner.  

  Keywords     Chronic stress   •   Maternal deprivation   •   Corticotropin releasing factor   • 
  Urocortin1   •   Serotonin   •   FosB  

   Mood disorders, including major depression, are the most common causes of chronic 
disability [ 1 ] in the communities of Western type. Despite several decades of sci-
entifi c research many questions on the neurobiology of depression remain to be 
answered. For instance, diagnostic criteria of major depression include pairs of 
symptoms resembling in part opposing phenomena supporting the same diagnosis 
(i.e., weight gain vs. loss, hypersomnia vs. insomnia) (DSM 5 [ 2 ]). This suggests that 
the great variance of the clinical symptomatology of major depression is explainable 
by diverse anomalies in multiple stress related adaptation systems. Nevertheless, 
there is only a single widely used pharmacological therapeutic strategy available 
targeting the monoaminergic systems. Not surprisingly, these pharmacons do not 
provide the required effectivity which is exemplifi ed by the high proportion of 
patients who do not respond to the therapy at all, or later, they relapse [ 3 ]. 

 There is no doubt that new therapeutical approaches should be discovered provid-
ing new possible pharmacological targets. Studies on several neuropeptide systems 
have proven that physiology of stress (mal)adaptation is not restricted to the cortico-
tropin releasing factor (CRF) controlled hypothalamic–pituitary–adrenal (HPA) axis 
(for review see ref. [ 4 ]); however, it is clear, that not in all, but in most of the cases it 
is involved [ 5 ,  6 ]. These data further support that major depression is a multifactorial 
condition. Indeed, neuroscience research applies a great variety of animal models to 
replicate the symptoms or biological phenomena found in human disease. 

    Stress Models 

 Environmental stress applied in laboratory animals has been studied for several 
decades. A great variety of acute and chronic stress paradigms have been developed 
to which uncountable modifi cations were applied to increase the effectivity. The 
high number of various protocols used suggests that none of them is equivocally 
accepted. One frequently used stressor is the chronic variable mild stress (CVMS) 
protocol (for review see ref. [ 7 ]). Most of the laboratories report that CVMS exposed 
mice or rats show the physical, endocrinological, and behavioral consequences of 
chronic stress exposure. 

 Body, thymus, and adrenal weight data belong to the physical parameters 
(for reviews see refs. [ 8 ,  9 ]). Due to increased HPA-axis activity the catabolic effect 
of glucocorticoids is refl ected by the weight loss. As adrenals become hypertrophic 
in chronic stress, the body weight corrected adrenal tissue weight also increases. 
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Prolonged high glucocorticoid levels cause decreased thymus size. 
Endocrinologically, the overactivity of the HPA axis may be tested by plasma corti-
costerone measurements. Behavioral assessment of depression level is based mostly 
on forced swim (FST, [ 10 ]), tail suspension (TST [ 11 ]), or sucrose preference tests 
(SPT [ 12 ]). Anxiety levels may be compared using marble burying (MBT [ 13 ]), or 
light–dark box test (LDT [ 14 ]). Animals showing increased immobility time in 
FST and TST, accompanied with reduced consumption of sweetened water are 
postulated to show depression-like behavior. Increased anxiety is characterized in 
animals by high number of marbles buried in MBT and increased time spent in the 
dark chamber of LDT equipment.  

    Epigenetic Factors 

 One of the widely used models for depression applies maternal deprivation of mouse 
or rat pups in the fi rst two weeks of postnatal developmental period (for review see 
refs. [ 15 ,  16 ]). This protocol has deep and long lasting impact on stress adaptation 
ability which infl uences a great variety of players involved in stress adaptation [ 17 ] 
including CRF [ 18 ], Ucn1 [ 19 ], and serotoninergic systems [ 20 ,  21 ] More recent 
studies uncovered that this type of stress exposure shapes gene expression profi les in 
several systems (for review see ref. [ 17 ]), without affecting the genomic sequence 
proper. Now it is no dispute that the long term gene expression regulation depends at 
least in part on enzymatic modifi cations (i.e., acetylation and methylation) of his-
tones. In the last decade the studies of such epigenetic changes have proven that early 
life stress and signifi cant life events may be associated with mood disorders, even 
with transgenerational effects (for reviews see refs. [ 22 ,  23 ]).  

    Genetic Models 

 The observation that relatives of patients suffering on major depression are more 
often affected than others, is not new [ 24 ]. A great number of gene mutations/poly-
morphisms are thought to be associated with psychiatric disorders including major 
depression [ 25 ]. Therefore, genetically modifi ed animals are used often as depres-
sion models (for review see ref. [ 4 ]). Their behavioral phenotype is often evaluated 
by FST, TST SPT and sometimes they show depression-like phenotype without 
stress exposure. Besides many others, pituitary adenylate cyclase-activating poly-
peptide (PACAP) mutant mice (KO) were shown to possess depression-like pheno-
type [ 26 ,  27 ]. Interestingly, PACAP and PAC1 receptor gene polymorphisms were 
shown to occur more frequently in patients suffering on mood disorders [ 28 ,  29 ]. 

 The above listed approaches to use as models are not without limitations. For 
instance, it is well known that experimental animals show individual differences in 
stress vulnerability [ 30 ]. Some strains of mice [ 31 ] and rats [ 32 ] were shown to 
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differ in their stress reactivity. The reliability of behavioral tests was also debated, 
and alternative interpretations may be considered [ 33 ,  34 ]. Another important limitation 
of genetic models is that developmental compensations may occur. For instance, the 
deletion of CRF gene causes the upregulation of the CRF peptide family member 
urocortin 1 (Ucn1) [ 35 ], and in line with this, artifi cial overexpression of CRF 
decreases Ucn1 mRNA expression [ 36 ]. Third, a great number of genes and their 
polymorphisms have been implicated in the pathogenesis of mood disorders (for 
review see ref. [ 37 ]). The inheritance of most of the susceptibility increasing alleles 
does not abolish the gene expression completely, but it leads to a gene product with 
slightly different effectivity. Based on this, the translational value of studies apply-
ing null mice with two mutated alleles, consequently lacking the gene product may 
also be debated. As some depression-related alleles increase the susceptibility in 
heterozygous (HZ) subjects also [ 25 ], the use of HZ animals with one normal and 
one mutated allele may provide a model with greater translational relevance.  

    The Three Hit Theory of Depression 

 The three hit theory of major depression postulates (for reviews see refs. [ 38 – 40 ]) 
that the symptoms are precipitated by (a) genetic predisposition, (b) epigenetic 
changes, and (c) environmental stress. Genetic predisposition causes an increased 
vulnerability in numerous stress adaptation systems. For instance, glucocorticoid 
receptor [ 41 ], serotonin transporter gene [ 42 ], CRF receptor [ 43 ] genes may be 
altered, leading to slightly altered adaptation ability. A signifi cant life event changes 
the epigenome, leading to further anomalies in gene expression and adaptation abil-
ity. Subjects with history of genetic predisposition and altered epigenome may 
develop depression upon chronic stress exposure. Based on this, the triple combina-
tion of genetic, epigenetic, and environmental stress models in rodents may be a 
useful tool to set up and validate an animal model.  

    The Setup of Our Three Hit Model for Depression in Mice 

 Seventy female PACAP HZ mice were mated with 70 PACAP HZ males. Thirty- 
seven females delivered pups within a time period of 36 h. These litters were cross 
fostered, and 9–10 pups were randomly redistributed to the dams. According to the 
Mendelian rules we anticipated that the proportion of genotypes in the offspring 
will be 25 % wild type (WT), 25 % KO, and 50 % HZ. 

 To cause epigenetic alterations litters after the fi rst postnatal day (PD) were 
exposed to the maternal deprivation paradigm [ 19 ,  44 ]. One third of the litters was 
separated from their dams for 180 min from the PD1 to PD14 (i.e., maternal depri-
vation group, MD180). The second third of mouse litters was briefl y (15 min) sepa-
rated (MS15) from the dam for 2 weeks, which represents natural circumstances. 
The dam leaves pups for shorter periods to search for food [ 45 ]. This short separa-
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tion is considered to have benefi cial effect by reducing HPA axis sensitivity [ 44 ]. 
The last third of litters was left undisturbed except the normal cage cleaning according 
to the protocol (animal facility rearing group, AFR). 

 Litters were weaned on PD 28 according to the regular protocol. Only male 
offspring was used in the following part of the study. The genotype of mice was 
determined by PCR on tail tissue samples collected on the tenth postnatal weeks. 
One half of adult offspring in all main groups was exposed to chronic variable mild 
stress (CVMS). Controls were left undisturbed except that they were weighed once a 
week at the time of the regular cage cleaning procedure and that they were subjected 
to a battery of behavioral tests 10 days before perfusion (see details later). The CVMS 
paradigm consists of a mid-day stressor (Fig.  42.1 ) applied between 10 am and 14 pm. 
After this, mice were returned to their original home cages. At 6 pm the overnight 
stressor (“wet bedding” or “social isolation”) was started (Fig.  42.1 ) except for “group 
holding” nights, in which case mice were left undisturbed.

PD 0 PD 1 PD 14

Maternal depriva�on

PD 120 PD 131-134

CTRL
MB, TST, LD, FST

PD 134-137

MS15/MD180
MB, TST, LD, FST

CVMS vs. CTRL

PD 138

PerfusionDOB CF

PD 70

Genotyping

Gesta�on

C

PACAP Hz♂
+

PACAP Hz♀
AFR

MS15
MD180

Day�me stressors: Nigh�me stressors:

Shaker (2h) Wet bedding 

Tilted cage (3h) Social isolation

Dark room (3h) Group holding

Behavioral assessment

  Fig. 42.1    Experimental setup of our three hit model. PACAP heterozygous pairs of mice were 
mated ( C —day of conception). The day of birth ( DOB ) was defi ned as postnatal day ( PD ) zero. On 
PD 1 litters were cross fostered ( CF ). Between PD1 and PD14 15 min maternal separation ( MS15 ) 
or 180 min maternal deprivation ( MD180 ) was applied on the selected litters. The third group was 
left undisturbed and handled according to the routine animal facility protocol: animal facility rear-
ing ( AFR ). On PD70 tail clipping was performed for genotyping. On PD120 the male offspring in 
AFR, MS15, and MD180 groups were equally assigned to chronic variable mild stress ( CVMS ) 
and control ( CTRL ) groups (see also Table  42.1 ). The CVMS consisted of daytime and nighttime 
stressors. Daytime stressors: shaker (cage was placed on a laboratory orbital shaker set to 60 rpm 
for 2 h), tilted cage (the cage was placed obliquely in 45° angle for 3 h), dark room (the cages were 
placed in a completely dark room for 3 h). Nighttime stressors: wet bedding (animals were kept 
overnight in cages where the nesting material was soaked with tap water), social isolation (subjects 
were kept overnight in separate cages), group holding (no stressor was applied). The CTRL groups 
were subjected to behavior tests between PD131 and PD134 (one test per day): marble burying 
( MB ), tail suspension test ( TST ), light–dark test ( LD ), and forced swim test ( FST ). The same tests 
were conducted in CVMS groups between PD134 and PD137 and were considered as daytime 
stressors. On PD138 animals were euthanized and transcardially perfused       

    Table 42.1    Summary of experimental groups in our three hit model   
 Animal facility rearing  15 min maternal separation  180 min maternal deprivation 

 Control  CVMS  Control  CVMS  Control  CVMS 
 WT  HZ  KO  WT  HZ  KO  WT  HZ  KO  WT  HZ  KO  WT  HZ  KO  WT  HZ  KO 

   WT  PACAP wild type,  HZ  PACAP heterozygous type,  KO  PACAP KO,  CMVS  chronic variable 
mild stress  
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   The effects of genetic, epigenetic, and environmental stress factors were also 
studied at behavioral level. In our modifi ed CVMS paradigm as part of the mid-day 
stressor program, a battery of behavioral examinations were included on consecu-
tive days: FST, TST, MBT, LDT. To avoid the acute effects of behavioral testing, our 
control (i.e., not CVMS exposed mice) were tested 10 days prior perfusion. 

 In the last night of the CVMS paradigm mice were left undisturbed (group holding). 
In the next morning, all mice were anesthetized by an overdose of intraperitoneal 
urethane (2.4 g/kg) injection. Then, the thoracic cavity was opened and a blood sam-
ple was collected for corticosterone measurement. Subsequently, mice were perfused 
by phosphate buffered saline followed by 4 % paraformaldehyde solution. Brains 
were dissected and post-fi xed. Adrenal and thymus gland weights were measured.  

    Survival of Mice in the Three Hit Model 

 Thirty-seven litters, with 362 pups in total were included into the experiment. 
Thirteen litters were exposed to MD180; 12 litters were briefl y separated (MS15); 
12 litters were left undisturbed (AFR group). Ten weeks old adult mail offspring 
( n  = 170 in total) from all litters were genotyped and 56 WT, 89 HZ, and 25 KO 
animals were identifi ed. Figure  42.2  shows the number and proportion of mice 
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  Fig. 42.2    Number of surviving mice in the three hit paradigm. Genotyping revealed that the pro-
portion of PACAP KO mice (14.7 %) was lower than expected based on the Mendelian ratios 
(25 %). The number of MD180 exposed HZ mice is also lower than that of AFR and MS15 ani-
mals. This also supports that HZ mice show increased vulnerability, although their survival ratio is 
higher than that of the KO animals       
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which survived the experiment. Survival data show that in contrast to the expected 
Mendelian ratios the proportion of KO mice was only 14.7 %, while the proportion 
of WT and HZ mice was 32.95 and 52.35 % respectively.

   This unexpected genotype ratio may be explained by our observation that 
numerous pups did not survive the MD period. The comparison of number of pups 
lost in total, compared to the difference between expected and registered genotype 
ratios revealed that the lost pups were mostly KO mice. Later, mice of all geno-
types and maternal care groups were assigned to control and CVMS subgroups 
according to Table  42.1 .

   The reduced adaptation ability of PACAP KO mice was shown in several stud-
ies (for review see ref. [ 46 ]). Our [ 26 ] and others results [ 47 – 50 ] also support that 
KO mice do not have normal stress adaptation response. In this model, the coinci-
dence of three factors exhausted the adaptation ability of KO mice, and half of 
them died. 

 HZ mice carry one mutated allele and express about 70 % less PACAP in the 
brain [ 27 ] which may increase their vulnerability. The association between gene 
polymorphisms and human depression is well known (for review see ref. [ 37 ]). 
The signifi cant effect of some genetic alterations was proven even in HZ subjects 
[ 25 ]. Therefore, the translational value of fi ndings in HZ mice in the three hit 
model may also be high. 

 The validity of the model is supported by physical, endocrinological, and behav-
ioral data. The comparison of body and adrenal gland weight data support that the 
CVMS exposure has a signifi cant effect. Maternal care obviously infl uenced the 
effect of CVMS, as mice with MD180 history had the greatest adrenal gland weight, 
when HZ groups were compared [ 51 ], suggesting their increased HPA-axis activity. 
Blood corticosterone values further supported that the HPA-axis activity was ele-
vated [ 51 ]. Mice carrying all three risk factors showed increased immobility time in 
FST paradigm [ 52 ]. 

 The three hit model of depression in PACAP HZ and KO mice affects extrahypo-
thalamic CRF, Ucn1, and serotoninergic systems. 

 Increased CRF neuronal activity in the oval nucleus of the bed nucleus of the 
stria terminalis (BSTov) was observed in HZ mice with MD180 history upon CVMS 
expression, which was concomitant with elevated CRF immunosignal in the BSTov 
(Fig.  42.3b  [ 51 ]).

   The CRF neuropeptide family member Ucn1 expressed in the centrally-projecting 
Edinger–Westphal nucleus (cpEW) was also studied. Here we found that Ucn1 
neurons show increased FosB activity marker expression upon CVMS. However, 
mice with MD180 history failed to react with FosB expression (Fig  42.3d  [ 51 ,  52 ]). 

 Serotoninergic neurons in the DR were also studied. CVMS exposure effectively 
increased the FosB expression in the DR. Interestingly, MD180 seems to cause a 
constantly elevated FosB expression as seen in mice without CVMS exposure. 
Interestingly, this elevated basal FosB expression in mice with MD180 history is 
reversed by CVMS exposure in all genotypes examined (Fig.  42.3f  [ 52 ]).  
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  Fig. 42.3    Representative photomicrographs of the oval nucleus of the bed nucleus of the stria 
terminalis (BSTov) ( a  and  b ), the dorsal raphe nucleus (DR) ( c  and  d ) and in the central projecting 
Edinger–Westphal nucleus (cpEW) ( e  and  f ) in PACAP heterozygous mice with animal facility 
rearing (AFR) and with maternal deprivation (MD180) history. Chronic variable mild stress 
(CVMS) exposure resulted in an increase of corticotropin releasing factor immunoreactivity 
( green ) and elevated FosB expression ( red ) in the BSTov of PACAP heterozygous mice with 
MD180 history ( b ) compared to respective AFR stressed mice ( a ). CVMS caused a clear FosB 
expression ( red ) in urocortin1 neurons ( green ) of the cpEW in AFR mice ( c ). Mice with MD180 
history failed to develop an activation of urocortin1 neurons in the cpEW ( d ). FosB immunoreac-
tivity (red nuclear signal) was remarkable in mice with MD180 history without CVMS exposure 
in the DR ( e ). CVMS exposure blunted both serotonin ( green ) and FosB immunosignal in the DR 
( f ). Scale bars denote 100 μm ( a – f )       
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    Summary 

 The three hit theory of depression is one of the accepted models for the human 
mood disorder. The aim of our research program was to prove this hypothesis using 
PACAP mutant mice subjected to MD 180 and CVMS. Using several physical, 
endocrinological, and behavioral tools the validity of the model has been supported. 
Functional-morphological results proved that BSTov-CRF, cpEW-Ucn1, and 
DR-5HT systems are affected. An inverse relationship is characteristic between 
increased CRF activity in the BSTov, and blunted cpEW-Ucn1 and DR-serotonin 
response. Taking the reduced adaptation ability of PACAP KO mice in consider-
ation, PACAP HZ mice seem to be a more reliable tool to study major depression 
according to the three hit theory.     

  Acknowledgements   This work was supported by the Hungarian Grant OTKA PD 100706 by the 
“Lendület” research program of the Hungarian Academy of Sciences, Hungarian Brain Research 
Program—Grant No. KTIA_13_NAP-A-III/5 and PTE AOK KA Research Grant. This work is 
dedicated to the 650th anniversary of the University of Pecs.  

   References 

    1.   WHO. 2012.   http://www.who.int/mental_health/management/depression/wfmh_paper_
depression_wmhd_2012.pdf    . Accessed 22 Oct 2015.  

    2.   American Psychiatric Association (2013) DSM-5: diagnostic and statistical manual of mental 
disorders. Amarican Psychiatric Publishing, ISBN 978-0-89042-555-8.  

    3.    Catena-Dell’Osso M, Fagiolini A, Marazziti D, Baroni S, Bellantuono C. Non-monoaminergic 
targets for the development of antidepressants: focus on neuropeptides. Mini-Rev Med Chem. 
2013;13:2–10.  

     4.    Kormos V, Gaszner B. Role of neuropeptides in anxiety, stress, and depression: from animals 
to humans. Neuropeptides. 2013;47:401–19.  

    5.    Hartline KM, Owens MJ, Nemeroff CB. Postmortem and cerebrospinal fl uid studies of 
corticotropin- releasing factor in humans. Ann N Y Acad Sci. 1996;780:96–105.  

    6.    Nemeroff CB, Widerlov E, Bissette G, Walleus H, Karlsson I, Eklund K, et al. Elevated con-
centrations of CSF corticotropin-releasing factor-like immunoreactivity in depressed patients. 
Science. 1984;226:1342–4.  

    7.    Willner P. Chronic mild stress (CMS) revisited: consistency and behavioural-neurobiological 
concordance in the effects of CMS. Neuropsychobiology. 2005;52:90–110.  

    8.    Harris RB. Chronic and acute effects of stress on energy balance: are there appropriate animal 
models? Am J Physiol Regul Integr Comp Physiol. 2015;308:250–65.  

    9.    Makara GB, Mergl Z, Zelena D. The role of vasopressin in hypothalamo-pituitary-adrenal 
axis activation during stress: an assessment of the evidence. Ann N Y Acad Sci. 
2004;1018:151–61.  

    10.   Porsolt RD, Le Pichon M, Jalfre M. Depression: a new animal model sensitive to antidepres-
sant treatments. Nature. 1977;266:730–732.  

    11.    Nielsen DM, Carey GJ, Gold LH. Antidepressant-like activity of corticotropin-releasing factor 
type-1 receptor antagonists in mice. Eur J Pharmacol. 2004;499(1-2):135–46.  

    12.    Jürgenson M, Aonurm-Helm A, Zharkovsky A. Partial reduction in neural cell adhesion 
molecule (NCAM) in heterozygous mice induces depression-related behavior without cognitive 
impairment. Brain Res. 2012;1447:106–18.  

42 Using PACAP Heterozygous Mice as Models of the Three Hit Theory of Depression

http://www.who.int/mental_health/management/depression/wfmh_paper_depression_wmhd_2012.pdf
http://www.who.int/mental_health/management/depression/wfmh_paper_depression_wmhd_2012.pdf


740

    13.    Njung’e K, Handley SL. Evaluation of marble-burying behavior as a model of anxiety. 
Pharmacol Biochem Behav. 1991;38:63–7.  

    14.    Ihne JL, Fitzgerald PJ, Hefner KR, Holmes A. Pharmacological modulation of stress-induced 
behavioral changes in the light/dark exploration test in male C57BL/6J mice. 
Neuropharmacology. 2012;62(1):464–73.  

    15.    de Kloet ER, Sibug RM, Helmerhorst FM, Schmidt MV. Stress, genes and the mechanism of 
programming the brain for later life. Neurosci Biobehav Rev. 2005;29:271–81.  

    16.    Marco EM, Llorente R, López-Gallardo M, Mela V, Llorente-Berzal Á, Prada C, et al. 
The maternal deprivation animal model revisited. Neurosci Biobehav Rev. 2015;51:151–63.  

     17.    Murgatroyd CA, Peña CJ, Podda G, Nestler EJ, Nephew BC. Early life social stress induced 
changes in depression and anxiety associated neural pathways which are correlated with 
impaired maternal care. Neuropeptides. 2015;52:103–11.  

    18.    Desbonnet L, Garrett L, Daly E, McDermott KW, Dinan TG. Sexually dimorphic effects of 
maternal separation stress on corticotrophin-releasing factor and vasopressin systems in the 
adult rat brain. Int J Dev Neurosci. 2008;26:259–68.  

     19.    Gaszner B, Jensen KO, Farkas J, Reglodi D, Csernus V, Roubos EW, et al. Effects of maternal 
separation on dynamics of urocortin 1 and brain-derived neurotrophic factor in the rat non- 
preganglionic Edinger-Westphal nucleus. Int J Dev Neurosci. 2009;5:439–51.  

    20.    van der Doelen RH, Deschamps W, D'Annibale C, Peeters D, Wevers RA, Zelena D, et al. 
Early life adversity and serotonin transporter gene variation interact at the level of the adrenal 
gland to affect the adult hypothalamo-pituitary-adrenal axis. Transl Psychiatry. 2014;4:409.  

    21.    Ohta K, Miki T, Warita K, Suzuki S, Kusaka T, Yakura T, et al. Prolonged maternal separation 
disturbs the serotonergic system during early brain development. Int J Dev Neurosci. 
2014;33:15–21.  

    22.    Bale TL. Epigenetic and transgenerational reprogramming of brain development. Nat Rev 
Neurosci. 2015;16(6):332–44.  

    23.    Constantinof A, Moisiadis VG, Matthews SG. Programming of stress pathways: a transgenera-
tional perspective. J Steroid Biochem Mol Biol. 2015;15:30110–2.  

    24.    Baker M, Dorzab J, Winokur G, Cadoret R. Depressive disease. Evidence favoring polygenic 
inheritance based on an analysis of ancestral cases. Arch Gen Psychiatry. 1972;27:320–7.  

      25.    Caspi A, Sugden K, Moffi tt TE, Taylor A, Craig IW, Harrington H, et al. Infl uence of life stress 
on depression: moderation by a polymorphism in the 5-HTT gene. Science. 2003;301:386–9.  

     26.    Gaszner B, Kormos V, Kozicz T, Hashimoto H, Reglodi D, Helyes Z. The behavioral pheno-
type of pituitary adenylate-cyclase activating polypeptide-defi cient mice in anxiety and depres-
sion tests is accompanied by blunted c-Fos expression in the bed nucleus of the stria terminalis, 
central projecting Edinger-Westphal nucleus, ventral lateral septum, and dorsal raphe nucleus. 
Neuroscience. 2012;202:283–99.  

     27.    Hashimoto H, Shintani N, Tanaka K, Mori W, Hirose M, Matsuda T, et al. Altered psychomo-
tor behaviors in mice lacking pituitary adenylate cyclase-activating polypeptide (PACAP). 
Proc Natl Acad Sci U S A. 2001;98:13355–60.  

    28.    Almli LM, Mercer KB, Kerley K, Feng H, Bradley B, Conneely KN, et al. ADCYAP1R1 
genotype associates with post-traumatic stress symptoms in highly traumatized African–
American females. Am J Med Genet B Neuropsychiatr Genet. 2013;162B:262–72.  

    29.    Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K, et al. Post-traumatic 
stress disorder is associated with PACAP and the PAC1 receptor. Nature. 2011;470:492–7.  

    30.    Christensen T, Bisgaard CF, Wiborg O. Biomarkers of anhedonic-like behavior, antidepressant 
drug refraction, and stress resilience in a rat model of depression. Neuroscience. 
2011;196:66–79.  

    31.    Ibarguen-Vargas Y, Surget A, Touma C, Palme R, Belzung C. Multifaceted strain-specifi c 
effects in a mouse model of depression and of antidepressant reversal. Psychoneuroendocrinology. 
2008;33:1357–68.  

    32.    Wigger A, Sánchez MM, Mathys KC, Ebner K, Frank E, Liu D, et al. Alterations in central 
neuropeptide expression, release, and receptor binding in rats bred for high anxiety: critical 
role of vasopressin. Neuropsychopharmacology. 2004;29(1):1–14.  

J. Farkas et al.



741

    33.    Geyer MA, Markou A. Animal models of psychiatric disorders. In: BloomFE, Kupfer DJ (eds) 
Psychopharmacology: the fourth generation of progress. New York, NY: Raven; 1995. p. 787–98.  

    34.    Schmidt MV, Sterlemann V, Wagner K, Niederleitner B, Ganea K, Liebl C, et al. Postnatal 
glucocorticoid excess due to pituitary glucocorticoid receptor defi ciency: differential short- 
and long-term consequences. Endocrinology. 2009;150:2709–16.  

    35.    Weninger SC, Peters LL, Majzoub JA. Urocortin expression in the Edinger-Westphal nucleus 
is up-regulated by stress and corticotropin-releasing hormone defi ciency. Endocrinology. 
2000;141:256–63.  

    36.    Kozicz T, Korosi A, Korsman C, Tilburg-Ouwens D, Groenink L, Veening J, et al. Urocortin 
expression in the Edinger–Westphal nucleus is down-regulated in transgenic mice over- 
expressing neuronal corticotropin-releasing factor. Neuroscience. 2004;123:589–94.  

     37.    Flint J, Kendler KS. The genetics of major depression. Neuron. 2014;81(3):484–503.  
    38.    Daskalakis NP, Bagot RC, Parker KJ, Vinkers CH, de Kloet ER. The three-hit concept of vul-

nerability and resilience: toward understanding adaptation to early-life adversity outcome. 
Psychoneuroendocrinology. 2013;38(9):1858–73.  

   39.    de Kloet ER, Derijk RH, Meijer OC. TherapyiInsight: is there an imbalanced response of 
mineralocorticoid and glucocorticoid receptors in depression? Nat Clin Pract Endocrinol 
Metab. 2007;3(2):168–79.  

    40.    Mill J, Petronis A. Molecular studies of major depressive disorder: the epigenetic perspective. 
Mol Psychiatry. 2007;12(9):799–814.  

    41.    Claes S. Glucocorticoid receptor polymorphisms in major depression. Ann N Y Acad Sci. 
2009;1179:216–28.  

    42.    Sharpley CF, Palanisamy SK, Glyde NS, Dillingham PW, Agnew LL. An update on the inter-
action between the serotonin transporter promoter variant (5-HTTLPR), stress and depression, 
plus an exploration of non-confi rming fi ndings. Behav Brain Res. 2014;273:89–105.  

    43.    Starr LR, Hammen C, Conway CC, Raposa E, Brennan PA. Sensitizing effect of early adver-
sity on depressive reactions to later proximal stress: moderation by polymorphisms in sero-
tonin transporter and corticotropin releasing hormone receptor genes in a 20-year longitudinal 
study. Dev Psychopathol. 2014;26:1241–54.  

     44.    Plotsky PM, Thrivikraman KV, Nemeroff CB, Caldji C, Sharma S, Meaney MJ. Long-term 
consequences of neonatal rearing on central corticotropin-releasing factor systems in adult 
male rat offspring. Neuropsychopharmacology. 2005;30:2192–204.  

    45.    Jans J, Woodside BC. Nest temperature: effects on maternal behavior, pup development, and 
interactions with handling. Dev Psychobiol. 1990;23:519–34.  

    46.    Reglodi D, Kiss P, Szabadfi  K, Atlasz T, Gabriel R, Horvath G, et al. PACAP is an endogenous 
protective factor-insights from PACAP-defi cient mice. J Mol Neurosci. 2012;48:482–92.  

    47.    Lehmann ML, Mustafa T, Eiden AM, Herkenham M, Eiden LE. PACAP-defi cient mice show 
attenuated corticosterone secretion and fail to develop depressive behavior during chronic 
social defeat stress. Psychoneuroendocrinology. 2013;38:702–15.  

   48.    Mustafa T, Jiang SZ, Eiden AM, Weihe E, Thistlethwaite I, Eiden LE. Impact of PACAP and 
PAC1 receptor defi ciency on the neurochemical and behavioral effects of acute and chronic 
restraint stress in male C57BL/6 mice. Stress. 2015;8:1–11.  

   49.    Stroth N, Eiden LE. Stress hormone synthesis in mouse hypothalamus and adrenal gland trig-
gered by restraint is dependent on pituitary adenylate cyclase-activating polypeptide signaling. 
Neuroscience. 2010;165:1025–30.  

    50.    Tsukiyama N, Saida Y, Kakuda M, Shintani N, Hayata A, Morita Y, et al. PACAP centrally 
mediates emotional stress-induced corticosterone responses in mice. Stress. 2011;14:368–75.  

       51.   Gaszner B, Farkas J, Bodnar G, Kovacs L, Gaszner T. Gaspar L, et al. Application of the three 
hit theory in PACAP heterozygote mice: Maternal separation and chronic stress infl uence 
BNST CRF and cpEW Ucn1 in an inverse manner. 43nd Annual meeting for neuroscience, San 
Diegio, 2013; Abstract 382.23.  

      52.   Gaszner B, Kovacs L, Gaszner T, Gaspar L, Reglodi D, Lorincz K, et al. PACAP transgenic mice 
in the three hit model of depression: the involvement of BNST – CRF, cpEW – urocortin1 and 
DR – serotonin 44th Annual meeting for neuroscience, Washington, DC, 2014; Abstract 7    

42 Using PACAP Heterozygous Mice as Models of the Three Hit Theory of Depression



743© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_43

    Chapter 43   
 PACAP and Depression                     

     Albert     Pinhasov     ,     Izhak     Michaelevski    ,     Igor     Koman    , and     Elimelech     Nesher   

    Abstract     Depression represents an important global public health concern. It is a 
complex phenomenon characterized by multifarious etiology and many clinical 
subtypes. Recent studies show that neuropeptides acting as neurotransmitters and 
neuromodulators may be involved in the etiology of depression. Pituitary adenylate 
cyclase-activating polypeptide (PACAP) is a neuropeptide linked to a wide range of 
biological activities. PACAP regulates monoamine metabolism, modulates HPA 
axis activity, and plays a critical role in the regulation of distinct neurotransmission 
pathways, the deterioration of which may lead to behavioral abnormalities, includ-
ing depression. This mini-review outlines the current state of knowledge regarding 
the involvement of the PACAP signaling system in depressive disorders.  

  Keywords     PACAP   •   MDD   •   Depression   •   Antidepressant   •   Stress   • 
  Neurotransmission   •   Neurotrophin   •   Neuropeptide   •   HPA axis   •   BDNF  

   Depression represents an important global public health concern, evidenced by its 
status as the most prevalent lifetime psychiatric disorder [ 1 – 3 ]. It is a heterogeneous 
phenomenon with many subtypes. Because of its complex etiology, depression may 
occur at any age; it may be chronic, recurrent, and progressive [ 4 ,  5 ]. According to 
the diagnostic and statistical manual (DSM-V) of mental disorders, the essential 
diagnostic criteria for major depressive disorders (MDD) include a dysphoric mood 
or loss of interest or pleasure in all usual activities in combination with at least four 
of the following seven symptoms: (1) appetite and body weight disturbance; (2) 
insomnia or hypersomnia; (3) psychomotor retardation or agitation; (4) reduced 
energy and fatigue; (5) personal underestimation and feelings of guilt; (6) failure in 
decision making and problems with memory; and (7) thoughts of death or suicide or 
actual suicide attempts [ 6 ]. 
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 MDD had been shown to contain a genetic background [ 7 ,  8 ], including changes 
in allelic variations in the neurotransmission mediating genes [ 9 ,  10 ], thereby linking 
depression to the proper functioning of hypothalamic–pituitary–adrenal (HPA) axis, 
neurotrophins, and neuropeptides [ 11 – 13 ]. 

 Neuropeptides acting mostly as neuromodulators are implicated in the fi ne- 
tuning of neurophysiology of behavior [ 14 – 18 ]. In this chapter we will focus on the 
role of pituitary adenylate cyclase-activating polypeptide (PACAP) in depression 
since it is responsible for numerous physiological processes related to the disease 
[ 19 ]. From an evolutionary standpoint, PACAP is the most conserved member of the 
neuropeptide family that also includes glucagon, secretin, vasoactive intestinal 
peptide (VIP), histidine–isoleucine, growth hormone-releasing hormone, and helo-
dermin [ 20 – 22 ]. There are two known isoforms of PACAP: one consisting of 38 
amino acids (i.e., the predominant form) and another of 27 amino acids, both being 
found in the structures related to depression, such as hypothalamus, the cerebral 
cortex, hippocampus, and striatum [ 23 – 25 ]. 

 Since PACAP exhibits both neuroprotective [ 26 ,  27 ] and neurotrophic [ 28 – 30 ] 
effects, it is involved in the pathophysiology of various behavioral abnormalities, 
including MDD and bipolar disorder [ 31 – 41 ]. The pleiotropic activity of PACAP as 
a neurohormone, neurotransmitter, and neuromodulator [ 21 ,  42 – 49 ] is mediated by 
three high affi nity G-protein coupled seven-transmembrane family receptors: PAC1, 
VPAC1, and VPAC2, all of which are widely distributed throughout the brain [ 22 , 
 50 – 58 ], especially in regions engaged in emotional regulation [ 59 ,  60 ]. Through 
activation of these receptors, PACAP facilitates membrane depolarization, increases 
action potential frequency, and enhances neurotransmitter synthesis and release 
[ 61 – 63 ]. Interaction between the PACAP-ergic system and monoamine neurotrans-
mission, as well as its involvement in adaptive response to stress [ 9 ,  64 ] and modu-
lation of the HPA axis [ 65 ], further marks the PACAP system as critically important 
for the development of MDD. 

    PACAP and Neuroanatomy of Depression 

 Multiple brain regions are known to be implicated in depression pathophysiology 
[ 66 ,  67 ]. Deterioration in specifi c neuronal networks may recruit particular combi-
nations of depression symptomatology [ 66 ]. Hypometabolic changes observed in 
cingulate and orbitofrontal cortices, the medial limbic system, and hippocampus, 
confi rmed by deep brain stimulation and functional imaging using positron emis-
sion tomography (PET), were considered to contribute to the clinical expression of 
depression [ 68 – 71 ]. Reduced hippocampal volume as well as alteration of its pyra-
midal neurons in the CA3 region was reported in depression [ 72 – 75 ]. In addition, 
fi ndings made using an animal model of depression [ 76 – 78 ] demonstrated a strong 
link between depressive-like behavior and modifi cation of synaptic protein expression 
affi liated with changes in synaptic plasticity in the hippocampus [ 79 ], resulting in 
variable neurotransmitter activity. 
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 PACAP and its receptors are widely distributed throughout different brain regions 
[ 23 ,  24 ,  58 ,  80 – 82 ]: In particular, they are found in the dorsal raphe nucleus enriched 
with serotonergic neurons [ 24 ]; the locus coeruleus enriched with noradrenergic 
neurons; the substantia nigra [ 23 ], the region of dopamine synthesis; and the nucleus 
accumbens, which is strongly linked to motivation and rewards, as well as in the 
hypothalamus, hippocampus [ 58 ], striatum [ 58 ], and prefrontal cortex [ 58 ].  

    PACAP, Monoamines, and Depression 

 Our focus, from among competing theories describing the etiology of depression, 
is on the monoamine hypothesis, in which serotonergic pathways are considered a 
major affected circuit. This theory incorporates the following mechanisms: (1) 
reduction of monoamines to presynaptic levels provoking depressive behavior 
[ 83 ]; (2) dietary limitation of tryptophan (a serotonin precursor) and inhibition of 
serotonin synthesis leading to depressed mood [ 84 – 86 ]; (3) reduction in mono-
amine metabolites concentrated in the cerebrospinal fl uid (CSF) of MDD patients 
[ 87 ]; and (4) augmentation of serotonin clearance from the synaptic cleft observed 
in MDD patients accompanied with a regional 5-hydroxytryptamine (5HT) trans-
port enhancement [ 88 ]. Indeed, pharmacological and anatomical entanglement of 
monoaminergic neurotransmission provides a neuronal network basis of such cog-
nitive and executive functions as mood, pleasure, motivation, and reward. 
Deterioration in this network may form a precursor to the onset and progression of 
MDD [ 89 ]. 

 The impact of monoamine versatility, especially serotonin, on behavior is medi-
ated by fourteen different types of receptors, some of which were found to be 
involved in depression. Abnormalities in the somatodendritic autoreceptor, 5HT1A, 
subtype of the 5-HT receptor, that binds the endogenous neurotransmitter serotonin, 
were proven to be important for determination of the effect of antidepressants on 
MDD patients [ 90 ,  91 ]. A short-term effect of antidepressants is associated with 
5HT1A, and provoked reduction of serotonin release in response to increasing 
extracellular levels of serotonin [ 92 ,  93 ]. Long-term use of antidepressants leads to 
increase of serotonin in the synaptic cleft, that, in turn, downregulates 5HT1A. The 
resulting elevated serotonin release can then cause antidepressive effects [ 94 – 96 ]. It 
was also shown that desensitization of the 5-HT1A by selective serotonin reuptake 
inhibitors (SSRIs) may activate the dopaminergic (DA-ergic) system associated 
with reward and motivation typically lacking in MDD patients [ 97 ]. The 5HT2A 
receptor of glutamatergic, GABA-ergic, and DA-ergic neurons, widely distributed 
in the cortex through presynaptic inhibitory action, increased in MDD patients, and 
becomes desensitized under chronic antidepressant treatment [ 97 ,  98 ]. Other factors 
that infl uence serotonin neurotransmission are dopamine (D) and adrenergic (α) 
receptors, with the latter known to be hypersensitized in patients with depression. 
Antidepressant treatment downregulates β-adrenergic receptors and desensitizes 
inhibitory serotonin receptors [ 99 – 101 ]. Although activation of D2 and α1 receptors 
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positively correlates with serotonin neurotransmission, presynaptic α2 adrenoreceptors 
are thought to reduce serotonin signaling [ 89 ,  102 – 104 ]. 

 The role of PACAP and its receptors in monoamine metabolism has been con-
fi rmed in a series of experiments [ 16 ,  33 ,  40 ,  105 – 108 ]. Hence, PACAP knockout 
(KO) mice showed decreased levels of serotonin metabolite in the form of 
5-hydroxyindole acetic acid (5-HIAA) in the cortex and striatum, regions associated 
with affective disorders [ 33 ]. Moreover, blocking 5HT2 in PACAP-defi cient mice 
attenuated their depressive-like behavior [ 40 ]. Selective 5HT7 receptor blockade 
effectively suppressed abnormal behavior in PACAP-defi cient mice and alleviated 
immobility in the forced swim test [ 41 ]. In addition, antidepressants acting through 
modulation of monoamines activity increased PACAP and its receptor levels in vitro 
and in vivo [ 16 ]. 

 PACAP reduces the dopaminergic cell loss in a 6-hydroxydopamine-induced 
lesion of the substantia nigra in young male rats [ 106 ]. In mesencephalic cultures, 
PACAP increases the number of tyrosine hydroxylase (TH) immunoreactive neu-
rons, and enhances dopamine uptake [ 107 ]. PACAP expressed in adrenal medulla 
stimulates activation of phospholipase C and protein kinase C-dependent pathways 
to facilitate calcium infl ux via T-type Ca 2+ -channels, resulting in catecholamine 
release [ 105 ]. In addition, PACAP regulates the gene expression of catecholamine 
synthesizing enzymes and enhances the enzymatic activity of tyrosine hydroxylase 
by promoting its phosphorylation [ 109 ]. Prolonged PACAP exposure produces a 
strong and persistent catecholamine release from PC12 cells [ 110 ] as well as from 
isolated adrenal chromaffi n cells [ 111 ]. This data unambiguously validates PACAP 
as an important factor of monoamine neurotransmission regulation.  

    Hypothalamic–Pituitary–Adrenal Axis and Depression 

 The fundamental role of the HPA axis in depression has also received considerable 
scientifi c attention. Depressed patients are characterized by both increased free 
cortisol urine concentration [ 112 ] and failure to reduce cortisol and adenocortico-
tropic hormone (ACTH) upon dexamethasone administration [ 113 ] due to elevated 
corticotropin-releasing hormone (CRH) secretion [ 114 ]. Hypersecretion of hypo-
thalamic CRH leads, among other things, to activation of the sympathetic system 
[ 115 ] and locus coeruleus [ 116 ] as well as inhibition of the thyroid hormone axes 
[ 117 ,  118 ]. 

 In terms of hormonal levels, CRH facilitates glucocorticoid (GC) production in 
adrenal glands. GC act through activation of low affi nity glucocorticoid receptors 
(GR) involved in negative feedback on excessive elevation of GC level and play a 
central role in mood regulation [ 119 ]. Partial impairment of GR function, GR 
expression reduction, and GR coding gene polymorphisms are associated with 
depressive-like behavior and MDD [ 120 ]. In the long-term, GCs lead to depressive 
disorders and hamper neurogenesis in the medial temporal lobe, and this may 
explain exaggerative loss of hippocampal neurons found in the brains of deceased 
MDD patients [ 121 ,  122 ]. Failure of GR to reduce GC levels exposed to chronic 
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stress may further exaggerate HPA axis activity negatively affecting the hippocam-
pus [ 123 ]. In both MDD patients and animal models of depression, upregulation of 
GR leads to increase of the GR target gene: Serum and glucocorticoid-inducible 
kinase 1 (SGK1) which is implicated in hippocampal neurogenesis inhibition [ 124 ] 
and considered to be critical for the effi cacy of antidepressant therapy [ 125 ,  126 ]. 
Furthermore, it has been suggested that known antidepressants exert their activity in 
part by reducing brain GR levels, thus normalizing the HPA axis function [ 127 ]. 

 PACAP is able to modulate HPA axis activity due to its high expression in the 
hypothalamus and pituitary and chromaffi n cells of adrenal glands [ 65 ,  128 – 130 ]. 
In the adrenal medulla, PACAP enhances catecholamine release [ 128 ,  131 ,  132 ], 
proven by its disruption in PACAP KO mice [ 130 ,  131 ]. The same mice model 
(PACAP KO mice) is used to demonstrate that CRH mRNA was not upregulated in 
the paraventricular nucleus of the hypothalamus (PVN) [ 130 ], subsequently leading 
to GC reduction. PACAP enhanced CRH activation resulted from direct modulating 
of pituitary ACTH release [ 133 ]. Moreover, PACAP-ergic innervation of CRH- 
positive neurons [ 134 ] stimulates CRH production and secretion [ 135 ]. PACAP was 
also found to regulate central autonomous pathways resulting in sympathetic activa-
tion and subsequent GC release [ 136 ,  137 ]. In wild type mice CRH mRNA in PVN 
expression was elevated, while in PACAP KO mice, where this phenomenon was 
not observed, corticosterone release was blunted [ 130 ]. In addition, in PACAP KO 
mice, exposed to social defeat in a chronic stress paradigm, expression of the FosB 
gene, one of the most prominent biomarkers of depression, was reduced in PVN, 
preventing HPA axis activation [ 38 ]. Interestingly, PVN responsiveness to stressor 
stimuli is regulated independently not only by PACAP-ergic, but by noradrenergic 
brain circuits as well [ 38 ,  138 ,  139 ]. Finally, as long as PACAP exhibits an inte-
grating effect on the functioning of the HPA axis, as a master regulator of the 
behavioral and neuroendocrine adaptive response to stress [ 135 ,  140 ], employing 
these pathways, it may be suggested, to control both somatic and psychogenic 
functioning of the HPA axis.  

    PACAP, BDNF, and Depression 

 Among known neurotrophins—proteins that are able to support neuronal survival and 
differentiation—brain-derived neurotrophic factor (BDNF) plays an important role in 
the pathophysiology of depression [ 141 ,  142 ]. Many studies demonstrated that BDNF 
blood level decreased among MDD patients [ 143 – 148 ]. Chronic stress downregulates 
expression of both BDNF and BDNF-regulated genes in the dentate gyrus of the hip-
pocampus [ 149 ]. In addition, BDNF receptor TrkB was found to be reduced in the 
post-mortem brains of MDD patients [ 150 ]. BDNF blood levels in human patients are 
also induced in acute antidepressant treatment [ 143 ,  151 ]. Moreover, BDNF expres-
sion is upregulated in response to antidepressants, electroconvulsive therapy, and tran-
scranial magnetic stimulation [ 143 ,  152 ,  153 ]. Among other neurotrophic factors, 
expression of Neurotrophin-3 (NT3) and glial cell-derived neurotrophic factor 
(GDNF) were found to be decreased in the blood of MDD patients [ 154 ]. Such trophic 
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factors as fi broblast growth factor-2 (FGF-2) and vascular endothelial growth factor 
(VEGF) were suggested to exhibit endogenous antidepressant effects [ 155 ,  156 ]. 

 It has been previously shown by different research groups that PACAP is activated, 
at least partially, through the release of BDNF [ 16 ,  27 ,  157 ]. Expressed in germinative 
areas of the developing brain, PACAP [ 49 ] modulates levels of BDNF in mixed [ 158 ] 
and enriched rat cortical neurons [ 16 ]. PACAP and BDNF levels are both increased in 
response to glutamate neurotoxicity in primary cortical neuronal culture [ 27 ]. 
Reduction of PACAP activity by its potent antagonist, PACAP 6-38, resulted in 
reduced BDNF expression in the hippocampus [ 27 ]. The same phenomenon was 
observed in PAC1 receptor KO mice [ 159 ]. In melanotrope cells activation of the 
VPAC1 receptor was shown to regulate BDNF exon IV expression [ 160 ]. Moreover, 
a PACAP-dependent release of the receptor for the activated C kinase 1 (Rack1) from 
the N-methyl-D-aspartate receptor (NMDA) complex was shown to translocate to the 
nucleus, activating BDNF expression [ 161 ]. PACAP was suggested to transactivate 
the TrkB receptor through Src kinase activation bypassing neurotrophin pathways 
[ 162 ]. PACAP may also initiate mitogen-activated protein kinase (MAPK) and 
PI3K-AKT pathways exhibiting a BDNF synergistic effect in trophic signaling dur-
ing neurodevelopment, survival, and neuroplasticity [ 163 – 165 ]. Thus, conclusive 
evidence indicates that a complex synergistic interaction of PACAP and BDNF may 
play a critical role in regulation of distinct neurotransmission pathways, the deteriora-
tion of which may lead to behavioral abnormalities including depression.  

    Conclusion and Future Directions 

 Although direct indicators pointing to a link between depression and PACAP exist, the 
nature of their interaction still needs to be elucidated. Considerable evidence presented 
in this mini-review shows PACAP-mediated pathways are implicated in neuroanatomi-
cal, biochemical, and molecular changes observed in depression. Considering that 
proper PACAP-ergic signaling is essential for the avoidance of behavioral abnormali-
ties, detailed analysis of the PACAP signaling system, employing both animal models 
of depressive disorders and patient studies, should illuminate understanding of its role 
in depression. Finally, progress in pharmacological and molecular approaches for the 
mediation of PACAP activity would be helpful for clarifying PACAP’s physiological 
role, as well as for the development of new treatments.     
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    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) has been 
postulated to be involved in the development of psychiatric disorders. PACAP- 
defi cient mice show behavioral and neurophysiological abnormalities including 
novelty-induced hyperlocomotion, emotional lability, depression-like behaviors, 
and memory impairments that are ameliorated with atypical antipsychotic drugs 
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(serotonin–dopamine antagonists). Targeted deletion of the PACAP receptor PAC1 
leads to several of these abnormalities. Genetic studies in humans suggest that single 
nucleotide polymorphisms and copy number variations of the PACAP and/or 
PACAP receptor genes may be a genetic risk factor for psychiatric disorders includ-
ing schizophrenia. Although these fi ndings in patients need further replication and 
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the exact mechanisms for PACAP-dependent psychomotor regulation remain to be 
determined, several potential mechanisms have been proposed. Thus, the convergent 
evidence from animal models and humans suggest that PACAP signaling can be an 
intrinsic regulator of psychoneurological functions and an attractive therapeutic 
target for the disorders.  

  Keywords     Pituitary adenylate cyclase-activating polypeptide (PACAP)   • 
  Vasoactive intestinal peptide (VIP)   •   PAC1 receptor   •   VPAC2 receptor   •   Animal 
model   •   Behavior   •   Endophenotype   •   Psychiatric disorder   •   Schizophrenia   •   Post- 
traumatic stress disorder (PTSD)   •   Antipsychotic drug   •   Therapeutic target  
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        Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) [ 1 ] is widely distributed 
in the central nervous system and can act as a neurohormone, neurotransmitter, or 
trophic factor [ 2 ]. PACAP exerts multiple activities via three subtypes of G protein- 
coupled receptors, one PACAP-specifi c (PAC1) receptor and two receptors that are 
shared with vasoactive intestinal peptide (VIP) (VPAC1 and VPAC2). Accumulating 
evidence implicates PACAP signaling as an important regulator of psychiatric func-
tions and suggests that genetic variation of PACAP and VPAC2 may be a risk factor 
for psychiatric disorders including schizophrenia and stress- related disorders. Such 
evidence has come from studies in both animal models and human clinical research, 
as well as through their bidirectional translation. 

 In this chapter, we briefl y review our current knowledge in terms of the psychiatric 
implication of PACAP. Although we do not cover all contributions to the fi eld, for 
detailed information, excellent reviews are available in this book and others [ 3 – 9 ].  

    Animal Studies 

 PACAP-defi cient mice show behavioral and neurophysiological abnormalities that 
can potentially be correlated with psychiatric disorders and their related endopheno-
types (Fig.  44.1 ). PACAP-defi cient mice show hyperlocomotion and abnormally 
high-frequent jumping, increased novelty-seeking behavior, decreased anxiety-like 
behavior, and impaired social interaction [ 10 – 14 ]. The mutants have been shown to 
exhibit exaggerated depression-like behavior in the forced-swimming test [ 14 ,  15 ] 
and impaired prepulse inhibition of acoustic startle response [ 16 ]. However, these 
mice also demonstrated normal levels of depression-like behavior [ 17 ] and prepulse 
inhibition [ 13 ]. These discrepancies may refl ect differences in behavioral protocols 
(behavioral tests each conducted in naïve mice vs. behavioral test batteries) and/or 
mouse genetic background. In addition, PACAP mutant mice show defi cits in working 
memory [ 13 ,  18 ] and long-term potentiation in the dentate gyrus in vivo [ 19 ].

   Mutant mice with complete (ubiquitous) or forebrain-specifi c deletion of the 
PACAP receptor PAC1 show a defi cit in contextual fear conditioning, a hippocampal- 
dependent associative learning task, and impaired long-term potentiation at mossy 
fi ber-CA3 synapses [ 20 ]. Hyperlocomotion and markedly reduced anxiety-like 
behavior have also been described in PAC1 receptor-defi cient mice, but not in 
forebrain- specifi c PAC1 receptor mutant mice [ 21 ]. Furthermore, PAC1 receptor- 
defi cient mice display markedly abnormal social behaviors [ 22 ]. 

 The diversifi ed behavioral and neurophysiological abnormalities in PACAP and 
PAC1 receptor mutant mice correlate with psychiatric disorders and their related 
endophenotypes and can be grouped into psychotic agitation (hyperlocomotion and 
abnormally high-frequent jumping), emotional (affective) components (anxiety-like 
behavior, depression-like behavior, and impaired social interaction), and cognitive 
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defi cits (memory defi cits and impaired prepulse inhibition), although impaired 
social interaction may also be grouped as cognitive defi cits. 

 Interestingly, some of the abnormalities in PACAP-defi cient mice are clearly 
ameliorated by antipsychotic drugs, particularly with risperidone, an atypical 
antipsychotic drug and serotonin dopamine antagonist [ 10 ,  15 ,  16 ]. In addition, 
psychomotor and memory defi cits in PACAP-defi cient mice are ameliorated by 
MGS0028, a selective agonist of the metabotropic glutamate 2/3 receptor [ 23 ], and 
by SB-269970, a selective antagonist of the serotonin 7 receptor [ 18 ] (Fig.  44.1 ). 
Both the metabotropic glutamate 2/3 receptor and serotonin 7 receptor attract much 
attention owing to their therapeutic potential for psychiatric diseases. Thus, these 
results suggest that PACAP-defi cient mice can be used as an animal model to develop 
new drugs for reversing neurobehavioral defi cits.  

PACAP

PAC1 receptor

Behavioral phenotypes in
PACAP and/or PAC1 recep-
tor knock-out mice 
- hyperlocomotion and jumping
- reduced anxiety-like behavior
- depression-like behavior
- abnormal social interaction
- impaired prepulse inhibition
- impaired memory and LTP

Ameliorative actions
- atypical antipsychotic
- 5-HT2 / 5-HT7 antagonist
- mGluR2/3 agonist
- PACAP icv
- enriched environment

VPAC1/2 receptors

VIP

Examples of possible mechanisms
- DISC1 / DBZ interaction
- stathmin 1-regulated axon organization
- regulation of serotonergic function and neuronal plasticity
   etc.

  Fig. 44.1    Behavioral phenotypes in PACAP- and PAC1 receptor-mutant mice, treatments amelio-
rative against the behavioral phenotypes of PACAP-knockout mice, and potential mechanisms of 
PACAP-dependent behavioral and neurophysiological regulation.  LTP  long-term potentiation, 
 5-HT  serotonin,  mGluR  metabotropic glutamate receptor,  icv  intracerebroventricular       
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    Genetic Studies in Humans 

 Table  44.1  shows some, but not all, genetic variations of the genes for PACAP and the 
PACAP receptors, PAC1 and VPAC2, which have been suggested to be associated 
with an increased risk of psychiatric disorders and their postulated endophenotypes.

   The single nucleotide polymorphisms (SNPs) in the PACAP gene (rs1893154 
and rs2856966) and PAC1 receptor gene (rs2302475) were shown to be associated 
with schizophrenia [ 24 ]. Homozygous carriers of the G allele of the SNP rs1893154 
of the PACAP gene had smaller bilateral hippocampal volumes and lower visual 
associative memory performance compared with A-carriers [ 24 ]. rs1893154 was 
also associated with major depressive disorder [ 25 ] (Table  44.1 ). 

 A copy number variation (CNV) of the PACAP gene owing to a partial trisomy 
18p and monosomy 20p has been identifi ed in two related patients. These patients 
have three copies of the PACAP gene and elevated PACAP concentrations in plasma 
and suffer from mental retardation, psychotic behavior, and hyperactive behavior. 
In addition to these neurological problems, the patients also have gastrointestinal 
and endocrinological problems, including a bleeding tendency with mild thrombo-
cytopenia [ 26 ] (Table  44.1 ). 

 A female-specifi c association of the PACAP-PAC1 receptor pathway with post- 
traumatic stress disorder (PTSD) has been observed [ 27 ]. The SNP rs2267735 
located in a putative estrogen response element of the PAC1 receptor gene is associ-
ated with PTSD diagnosis and symptoms. Recent functional magnetic resonance 

       Table 44.1    Genetic variations of the PACAP and PACAP receptor genes associated with an 
increased risk of psychiatric disorders and their possible endophenotypes a    

 Gene  Disease/endophenotype  Reference 

 PACAP  rs1893154, 
rs2856966 
 rs1893154 

 Schizophrenia 
   Reduced hippocampal volume and memory performance 

 [ 24 ] 

 rs1893154  Major depressive disorder  [ 25 ] 
 CNV    Mental retardation, psychotic behavior, hyperactive 

behavior b  
 [ 26 ] 

 PAC1  rs2302475  Schizophrenia  [ 24 ] 
 rs2267735  PTSD in female individuals 

   Increased fear responses in the amygdala and 
hippocampus 

   Impaired contextual fear conditioning in the hippocampal 
formation 

  Dark-enhanced startle in children 

 [ 27 ] 
 [ 28 ] 
 [ 29 ] 
 [ 30 ] 

 VPAC2  CNV  Schizophrenia 
   Increased VPAC2 mRNA and cyclic-AMP signaling in 
cultured lymphocytes 

 [ 32 ] 

   CNV  copy number variation,  PTSD  post-traumatic stress disorder,  VPAC2  VIP receptor 2 (VIPR2) 
  a Please note that there are independent studies that do not replicate these associations 
  b Patients also experienced multiple neurological, gastrointestinal, and endocrinological problems, 
including a bleeding tendency with mild thrombocytopenia  
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imaging studies showed that rs2267735 was associated with increased reactivity of 
the amygdala and hippocampus to threat stimuli and decreased functional connec-
tivity between these brain regions in a traumatized cohort of women [ 28 ], as well as 
with decreased hippocampal activity during contextual fear conditioning in healthy 
females [ 29 ]. rs2267735 has also been shown to be associated with dark-enhanced 
startle in children [ 30 ] (Table  44.1 ). In addition to genetic variants, blood levels of 
PACAP have been shown to associate with PTSD in females, proposing that PACAP 
levels and PAC1 receptor gene SNPs may serve as biomarkers of PTSD [ 27 ]. 

 The VPAC2 receptor, also known as VIPR2, is a common G-protein coupled 
receptor for PACAP and VIP [ 2 ]. Recently, the VPAC2 receptor has been shown to 
localize to primary cilia both in neurons and glial cells, malfunction of which is 
known to participate in neurological defi cits [ 31 ]. Rare CNVs (copy number gains) 
at chromosome 7q36.3 were found to signifi cantly associate with schizophrenia, 
which results in increased VPAC2 mRNA and cyclic AMP signaling in cultured 
lymphocytes from patients [ 32 ] (Table  44.1 ). 

 It should be noted that there are independent studies that do not replicate these 
associations [ 37 ,  38 ]. These clinical fi ndings need further replication and investigation 
to clarify their functional importance.  

    Mechanistic Perspectives and Outlook 

 The exact mechanisms for PACAP-dependent psychomotor regulation remain to be 
determined, but several potential mechanisms have been proposed. 

 Abnormalities in PACAP-defi cient mice show clear responses to environmental 
conditions during their juvenile stage with increased aggressiveness by isolation rear-
ing and amelioration of hyperactivity, jumping behavior, depression-like behavior, 
and decreased social interaction by enriched environmental rearing [ 12 ]. 
Pharmacological studies have shown that PACAP heterozygous mutant mice show an 
exaggerated head-twitch response and prepulse inhibition disruption induced by the 
serotonin 2 agonist and hallucinogenic drug (±)-2,5-dimethoxy-4- iodoamphetamine 
(DOI) [ 33 ] and PACAP-defi cient mice show diminished hypothermic response to 
serotonin 1A agonists [ 16 ]. Furthermore, the forced swim test-induced c-Fos expres-
sion was markedly blunted in several stress-related brain areas including the dorsal 
raphe nucleus and the bed nucleus of the stria terminalis in PACAP-defi cient mice 
[ 14 ]. These results further support the validity of PACAP- defi cient mice as an animal 
model to investigate mechanisms underlying gene- environment interactions and 
aberrant regulation of serotonergic function and neuronal plasticity (Fig.  44.1 ). 

 Disrupted-In-Schizophrenia 1 (DISC1) is a risk gene candidate for major psychi-
atric disorders. PACAP markedly decreases the association between DISC1 and 
DISC1-binding zinc fi nger protein (DBZ) leading to enhanced neurite outgrowth 
[ 34 ]. Increased expression of stathmin 1 induces abnormal arborization of axons in 
primary cultured hippocampal neurons. In PACAP-defi cient mice, stathmin 1 is 
upregulated in the dentate gyrus at both the mRNA and protein levels [ 35 ]. In an 
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independent study, stathmin 1 has been shown to be involved in the neurotrophic 
effect of PACAP in PC12 cells [ 36 ]. These results propose possible molecular 
mechanisms for altered PACAP signaling leading to abolished neuronal circuits and 
behavioral and neurophysiological abnormalities [ 9 ]. 

 Although the results described above and in other literature provide diversifi ed 
and dispersed features for the etiological mechanisms, taken collectively, the 
convergent evidence from animal models and clinical studies suggest that PACAP 
signaling can be an intrinsic regulator of psychoneurological functions and may 
propose an attractive therapeutic target for psychiatric disorders (Fig.  44.1 ).     
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    Chapter 45   
 Mechanisms of PACAP in PTSD and Stress- 
Related Disorders in Humans                     

     Lauren     A.  M.     Lebois     and     Kerry     J.     Ressler    

    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) is a pleiotro-
pic neuropeptide, a neuronal signaling molecule that affects many distinct pheno-
typic traits. Despite the diversity in PACAP’s functioning, by examining PACAP in 
the typical stress response, we can identify when PACAP levels and signaling become 
dysregulated. These fi ndings can serve as clues to help identify the mechanisms of 
psychiatric and clinical disorders. Furthermore, accumulating evidence suggests that 
PACAP itself may represent a novel treatment target for a variety of disorders. In this 
chapter, we provide a brief overview of PACAP in the stress response, and review 
evidence that PACAP levels, signaling, genetic and epigenetic variations may be 
important mechanisms underlying human illnesses. Posttraumatic stress disorder and 
other stress-related medical conditions including migraines, Alzheimer’s disease, 
multiple sclerosis, sudden infant death syndrome, and asthma are discussed.  

  Keywords     Alzheimer’s disease   •   Asthma   •   Migraine   •   Multiple sclerosis   •   PACAP   
•   PAC1   •   PTSD   •   Stress   •   Sudden infant death syndrome  

      Overview of PACAP and PAC1 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is part of the secretin 
glucagon vasoactive intestinal polypeptide family (VIP) [ 1 ]. The two major biologi-
cally active forms of PACAP are PACAP-38 and PACAP-27, which are 38 and 27 
amino acids long, respectively [ 1 ]. PACAP is preferentially released at higher nerve 
fi ring rates, which often occur during the experience of a stressor [ 2 ,  3 ]. PACAP is 
encoded by the adenylate cyclase activating peptide,  ADCYAP1 , gene in humans [ 4 ] 
or the highly conserved rodent equivalent,  Adcyap1 . 

 Pituitary adenylate cyclase-activating polypeptide type I receptor (PAC1) is a G 
protein coupled receptor (GPCR), a class of transmembrane receptors that mediate 
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cell signaling processes [ 4 ]. PAC1 receptors are selective for PACAP [ 4 ] (though 
see evidence that they may be less selective [ 5 ]). The PAC1 receptor is encoded by 
the  ADCYAP1R1  gene or the highly conserved rodent equivalent,  Adcyap1r1  [ 6 ]. 

    The General Function of the PACAP Ligand 
and PACAP-PAC1 Signaling 

 PACAP and PACAP-PAC1 signaling are involved in diverse biological actions. 
Overall, PACAP is a neurotrophin, facilitating the development, function, and survival 
of neurons [ 3 ,  7 – 9 ]. PACAP’s cellular functions also include: (a) synaptic transmis-
sion, (b) neuroendocrine signaling, and (c) cytoprotection [ 8 ]. PACAP signals both 
presynaptically and postsynaptically through the PAC1 receptor, and acts as both a 
neuromodulator, sensitizing cells to incoming signals, and a neurotransmitter, 
directly conveying signals [ 10 ]. PACAP-PAC1 signaling can both facilitate trans-
mission at low doses and depress transmission at higher doses (e.g., in hippocampal 
CA1 synapses and possibly other brain regions) [ 11 ]. Because of this dose- dependent 
synaptic transmission, PACAP can both facilitate and inhibit neuroendocrine release 
through a cascade effect [ 10 ]. Finally, PACAP improves the likelihood that cells 
will survive when affronted by stressors such as environmental toxins, hypoxia, and 
excitotoxins, for example, by reducing oxidative stress [ 3 ,  7 ,  9 ]. More broadly 
PACAP-PAC1 signaling is central in development (e.g., high expression during 
embryogenesis), reproductive functions, thermoregulation, feeding, urinary refl exes, 
metabolism, and perhaps even the regulation of social interaction [ 4 ,  7 ]. 

 PACAP-PAC1 signaling subserves different functions in the central vs. periph-
eral nervous system. Within the central nervous system, the PAC1 receptor is highly 
expressed in the lateral septum, amygdala (central and basolateral), bed nucleus of 
stria terminalis (BNST), paraventricular nucleus of the hypothalamus, hippocam-
pus, locus coeruleus, and periaqueductal gray, among other regions [ 1 ,  4 ]. PACAP- 
PAC1 signaling in these neural structures and their associated networks plays a role 
in learning, memory, behavior, circadian rhythm, and the stress response [ 4 ]. In the 
periphery, PACAP-PAC1 signaling is integral to immune function, the infl amma-
tory response, insulin secretion, and catecholamine release [ 4 ].  

    Assessing PACAP and PAC1 Genetic Variation 

 PACAP and PAC1 can be measured in a number of ways. Here we briefl y overview 
three ways PACAP can be assessed as they pertain to fi ndings discussed in our chapter. 
First, genetic variation can be measured, for example, by examining common or 
rare single nucleotide polymorphisms in a gene. Certain polymorphisms may be 
“risk” factors for specifi c disorders. Second, epigenetic variation can be assessed, 
for example, by measuring the methylation status of a gene. Methylation status is 
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thought to modulate gene expression dynamically. Third, variation in gene expression 
can be measured at two different levels (a) directly through mRNA levels or (b) one 
step removed by detecting protein production, that is, the amount or levels of the 
PACAP protein or PAC1 receptor in the blood, cerebrospinal fl uid, specifi c tissue 
(e.g., in the amygdala), or on individual cell bodies.   

    Brief Overview of PACAP/PAC1 in the Stress Response 

 PACAP-PAC1 signaling plays a modulatory role in the function of the autonomic 
nervous system, and stress systems (e.g., Hypothalamic-Pituitary-Adrenal axis, 
sympathoadrenomedullary system) [ 12 ]. In general, increased PACAP expression is 
associated with an up-regulated stress response (and vice versa), and decreased 
PACAP is associated with a down-regulated stress response [ 3 ,  8 ,  12 ,  13 ]. In the 
extreme, dysregulation in PACAP levels and signaling are associated with the devel-
opment of various psychiatric disorders [ 8 ]. First we briefl y review PACAP-PAC1 
signaling in the healthy stress response, and then we address its mechanisms in a 
dysregulated stress response associated with Posttraumatic Stress Disorder and 
other medical conditions (also see Eiden Chap.   41     of this handbook for more details 
on the PACAPergic circuits underlying responses to stress). 

    Autonomic Nervous System 

 PACAP is present in most areas of the brainstem, especially autonomic sensorimotor 
areas (e.g., locus coeruleus) [ 1 ]. Within the autonomic nervous system, injections of 
PACAP into the cerebrospinal fl uid were associated with increased sympathetic 
nerve activity, blood pressure, and heart rate, and suppressed parasympathetic nerve 
activity in the mouse [ 12 ,  14 ]. This suggests that part of PACAP’s modulatory role 
is to maintain homeostasis by keeping a balance between sympathetic and parasym-
pathetic nerve activity [ 12 ,  14 ].  

    Stress Systems 

 As mentioned earlier, PACAP is present in many limbic brain regions involved 
in emotional and stress responding (e.g., amygdala, BNST, hypothalamus) [ 12 ]. 
The Hypothalamic-Pituitary-Adrenal (HPA) axis is a cascade of stress hormone 
release and feedback that occurs between the hypothalamus, pituitary, and adrenal 
glands once an event or stimulus is consciously or unconsciously categorized as 
stressful [ 15 ]. There is evidence to suggest that PACAP has modulatory control over 
the HPA axis [ 4 ,  8 ]. PACAP is expressed in neuroanatomical regions associated 
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with HPA axis potentiation, activity, and control, for example, the hypothalamus, 
and amygdala [ 1 ]. Also, PACAP stimulates  CRH  gene expression [ 1 ,  12 ], promoting 
the release of corticotropin-releasing hormone, a neurotransmitter in the HPA axis 
cascade [ 16 ]. 

 The sympathoadrenomedullary system is also activated during the stress response. 
During chronic stress, high frequency sympathetic nerve fi ring in the adrenal medulla 
secretes catecholamines recurrently [ 2 ,  16 ]. PACAP may be the primary neurotrans-
mitter regulating the adrenomedullary synapse central to this process, facilitating 
the ability to release catecholamines in a sustained manner [ 2 ,  8 ,  12 ]. 

 PACAP’s infl uence on these systems, however, may be context-dependent based 
on the type of stressor an organism is experiencing [ 8 ]. For example, PACAP may 
only modulate the HPA axis in response to psychogenic stressors (also termed “pro-
cessive stressors”), that is, those mediated by cortical and limbic structures in the 
brain and requiring some top-down processing (e.g., in humans, one’s reputation is 
threatened; in rodents, a well-lit environment) [ 8 ,  15 ]. PACAP receptors densely 
populate the prefrontal cortex and hippocampus, areas related to inhibitory control, 
top-down regulation of HPA axis stress circuitry, and memory function [ 10 ,  15 ]. 
This may be part of the reason PACAP modulates HPA axis activity only for top- down 
psychogenic stressors. In contrast, PACAP may only modulate the sympathoadre-
nomedullary system in response to systemic stressors [ 3 ,  8 ]. Systemic stressors pose 
a direct threat to survival, and are relayed directly to the hypothalamus most likely 
through the brainstem (e.g., in humans and rodents, a predatory attack) [ 8 ,  15 ]. 
PACAP’s context-dependent stress system modulation may provide insight regarding 
potential mechanisms of dysregulation in psychiatric and medical conditions, and 
what systems to target for treatment in each context. 

 Overall, PACAP/PAC1 expression and signaling are necessary for an appropri-
ate acute or chronic stress response, helping to preserve cellular function under 
stress. Abnormalities in PACAP/PAC1 expression, signaling, or feedback homeo-
stasis can dysregulate the stress response systems, however, and have been associ-
ated with the development of psychiatric disorders [ 4 ]. Dysfunction in the PACAP 
system can occur for a myriad of reasons. For example, chronic stress could alter 
dendritic structure in areas where PACAP is heavily expressed (e.g., BNST) or risk 
alleles could lead to hyper- or hypo-production of PACAP in response to stressors. 
Here we focus on variation in PACAP protein blood levels, genetic and epigenetic 
variation associated with posttraumatic stress disorder (PTSD) and other stress-
related conditions.   

    PACAP and the Dysfunctional Stress Response 

 Chronic activation of the stress response is a potent disruptor of cognition. It accu-
mulates wear and tear on the body and brain (e.g., allostatic load), and is linked to 
increased risk for developing psychiatric disorders like anxiety, depression, and 
schizophrenia [ 17 – 19 ]. The development of these maladaptive cognitive and behav-
ioral patterns appears to be highly PACAP-dependent [ 8 ]. An excess of PACAP, for 
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example, is associated with PTSD; in contrast, a PACAP defi ciency is associated 
with schizophrenia [ 6 ,  20 ]. As illustrated in Fig.  45.1 , here we review the association 
between PACAP and PTSD, and a number of other medical conditions, including 
migraines, Alzheimer’s disease, multiple sclerosis, sudden infant death syndrome, 
and asthma.

  Fig. 45.1    Schematic Overview of PACAP, PAC1, and PTSD. Depiction of the three identifi ed 
PACAP–PAC1 mechanisms related to posttraumatic stress disorder, including increased PACAP 
protein levels in the blood, methylated CpG islands on the PAC1 receptor gene ( ADCYAP1R1 ), and 
the rs2267735 SNP CC genotype on  ADCYAP1R1 . The  small circles  in the methylation panel 
indicate methylation in the PAC1 receptor gene methylation panel.  SNP  single nucleotide poly-
morphism. Note the schematic depictions are not drawn to scale       
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      Rodent Model Evidence for PACAP-PAC1 Signaling 
and Stress- Related Symptoms 

 Evidence from rodent models supports the connection between PACAP, PACAP- PAC1 
signaling, activity in the amygdala and BNST, and PTSD-like symptomatology. Our 
group has found, for example, that there is a correlation between levels of fear learning 
and  Adcyap1r1  expression as measured by mRNA levels in mouse models of fear con-
ditioning [ 6 ]. More specifi cally, the consolidation of fear memories increased  Adcyap1r1  
mRNA in the mouse amygdala with a trend toward similar increases in the medial pre-
frontal cortex [ 6 ]. This suggests that fear memories are associated with PAC1 receptor 
gene expression in areas of the brain related to processing fear. 

 In addition, shock-stressed rats injected with PACAP in the central nucleus of the 
amygdala were more likely to withdraw and freeze compared to control rats, which were 
more likely to actively bury a shock probe [ 12 ,  21 ]. This suggests that in the context of 
an intense stressor, a PACAP surge in the central amygdala induced dissociative- like or 
passive coping compared to active engagement, anxiety-like behaviors. 

 The bed nucleus of the stria terminalis (BNST) is an anatomical component of 
the extended amygdala thought to be involved in emotional behavior and to mediate 
stress responses [ 6 ]. A week of chronic stress including forced swim, foot shocks, 
restraints, oscillation stress, and pedestal stress induced a large increase in BNST 
PACAP expression (as measured by mRNA), and an exaggerated startle response 
during light exposure [ 12 ,  22 ,  23 ]. PACAP injected into rodent BNST also increased 
anxiogenic responses (e.g., baseline startle amplitude) [ 12 ,  22 ,  23 ]. Together these 
fi ndings suggest PACAP signaling in BNST may enhance anxiety-like behaviors. 
Overtime, chronic stress and PACAP expression may alter the structure of BNST to 
increasingly promote anxiety-like behaviors [ 22 ].  

    Posttraumatic Stress Disorder 

    PACAP Blood Levels Associated with PTSD in Human Females 

 Our group has found that PACAP protein levels in the blood are associated with 
PTSD in females, but not males [ 6 ]. That is, higher PACAP-38 blood levels were 
associated with more PTSD symptoms, and a PTSD diagnosis as measured by (1) 
the PTSD Symptoms Scale, and (2) a greater startle refl ex response during a classic 
fear conditioning paradigm [ 6 ].  

    PAC1 Genetic Variation Associated with PTSD in Human Females 

 We have also found that genetic variation is associated with PTSD symptoms on a 
diverse set of measures. Although PACAP gene ( ADCYAP1 ) variation was not asso-
ciated with PTSD symptomatology, PAC1 receptor gene ( ADCYAP1R1 ) variation 
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was associated with PTSD in females (but not males) [ 6 ]. We found that an 
 ADCYAP1R1  single nucleotide polymorphism, rs2267735, was associated with 
increased likelihood of PTSD diagnosis and symptoms, spanning the intrusive, 
hyperarousal, and avoidance/numbing symptom clusters. Specifi cally, across sev-
eral studies, the rs2267735 ‘CC’ genotype is associated with higher levels of PTSD 
hyperarousal symptoms compared to ‘G’ carries as measured by the (1) PTSD 
Symptoms Scale, (2) increased amygdala and hippocampal reactivity to threat, (3) 
decreased functional connectivity between the amygdala and hippocampus, and (4) 
an increased startle response (regular and dark enhanced) in a classic fear condition-
ing paradigm [ 6 ,  24 – 26 ]. Notably, the positive relationship between  ADCYAP1R1 , 
other PTSD “risk” genotypes (e.g.,  FKBP5 ,  CRHR1 ,  DBH ,  DRD2 ,  NPY ,  NTRK2 ) 
and PTSD symptoms was removed if an early exposure intervention was adminis-
tered in the immediate aftermath of a traumatic experience [ 27 ]. These fi ndings 
suggest that genetic risk for PTSD in the aftermath of trauma may be ameliorated 
with environmental or therapeutic interventions, preventing the development of 
trauma-related sequelae. 

 This association between  ADCYAP1R1  genotype and PTSD symptom severity 
(as measured by the PTSD Symptoms Scale and Clinician-Administered PTSD 
Scale) has been replicated, but only when participant trauma load was high or 
traumas included childhood maltreatment [ 24 ,  28 ]. The association between 
 ADCYAP1R1  genotype and PTSD symptom severity was not found in those with 
a lower trauma load [ 24 ,  28 – 30 ]. Other work with an index trauma of child loss has 
found  ADCYAP1R1  risk polymorphisms predict PTSD numbing symptoms, but not 
overall PTSD symptom severity [ 30 ]. Together this evidence suggests that differ-
ences in types of trauma exposure and trauma load may interact with the relationship 
between PACAP-PAC1 signaling and PTSD. 

 The association between  ADCYAP1R1  genotype and PTSD symptom severity 
as measured by startle response has also been replicated in adult females and both 
male and female children [ 31 ]. The association between PACAP and PTSD symp-
tomatology in both male and female preadolescent children is especially intrigu-
ing given adult sex differences in PTSD. We return to this point later on in this 
chapter.  

    PAC1 Epigenetic Methylation Status Associated with PTSD in Humans 

 Similar to the genetic variation results, variation in DNA methylation of the PACAP 
gene ( ADCYAP1 ) was not associated with PTSD symptomatology, but PAC1 receptor 
gene ( ADCYAP1R1 ) methylation variation was associated with PTSD symptoms and 
diagnosis in males and females [ 6 ]. Specifi cally, methylation on  ADCYAP1R1  CpG 
islands was associated with more PTSD symptoms and a PTSD diagnosis [ 6 ,  25 ]. 

 Notably, the aforementioned results appear to be relatively specifi c to PTSD. That 
is, PACAP protein blood levels and PAC1 receptor genetic and epigenetic variation 
did not predict other Axis I psychiatric disorders (e.g., depression, schizophrenia) or 
neurodegenerative diseases (e.g., Alzheimer’s disease) within the same cohort [ 6 ,  28 ].  
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    PACAP and PTSD Sex Differences in Adults 

 Although women are more likely to experience fewer traumatic events over their 
lifetime, they are nearly two times more likely to receive a PTSD diagnosis com-
pared to men [ 25 ,  32 ]. It is possible that genetic variation contributes to these sex 
differences. In particular, dynamic PAC1 receptor regulation by the gonadal hormone 
estrogen may be a central fi gure in PTSD-related sex differences. There is evidence, 
for example, that estrogen induces expression of PACAP and PAC1 receptor genes in 
rats [ 6 ]. Specifi cally, estradiol increased  Adcyap1  and  Adcyap1r1  mRNA levels in 
the BNST [ 6 ]. 

 As mentioned earlier,  ADCYAP1R1  polymorphisms are associated with greater 
startle responses in a fear conditioning paradigm for both male and female human 
children, but in adults, the association between  ADCYAP1R1  polymorphisms and 
fear conditioning is only seen in females, not males [ 31 ]. Given greater estrogen 
levels in adult females compared to preadolescent females (or more similar estro-
gen levels in female and male children vs. adults) this is further evidence support-
ing the dynamic relationship between estrogen, fear, trauma, and PACAP-PAC1 
signaling. Ongoing work is examining estrogen’s stress-dependent mechanistic 
role in the regulation of  ADCYAP1R1  expression. These data suggest that the 
rs2267735 polymorphism may exert its effect in females by differentially modulat-
ing the ability of estrogen receptors to bind to, and thus properly modulate, an 
estrogen response element within the  ADCYAP1R1  gene.   

    PACAP and Other Stress-Related Medical Conditions 

 PACAP dysregulation and genetic variation have also been linked to many other 
conditions including migraines, multiple sclerosis, Alzheimer’s disease, sudden 
infant death syndrome, and asthma. PACAP’s involvement in the ability to mount an 
adaptive stress response and maintain homeostasis may be the common mechanism 
linking PACAP and these conditions in which there is some stress-related dysregu-
lation. Migraines, for example, can be triggered by stress, and are associated with 
increased PACAP levels. In contrast, Multiple sclerosis and Alzheimer’s disease are 
associated with massive neuroinfl ammation, and defi cits in PACAP levels. Sudden 
infant death syndrome and asthma are associated with childhood stress, and linked 
to genetic variation in the PACAP and PAC1 receptor genes. Below we address each 
of these in turn. 

    Migraines Associated with Increased PACAP Levels 

 Migraines are a neurological disorder characterized by moderate to severe headaches, 
which can be associated with nausea, light or sound sensitivity [ 33 ]. In a sample of 
individuals who experienced migraines, “migraineurs,” PACAP levels were 
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increased in the plasma during migraine attacks compared to levels when no 
migraine occurred [ 34 ]. Interestingly, migraineurs’ migraine-related PACAP levels 
were comparable to control participants’ non-migraine PACAP levels [ 33 ,  34 ]. 
The injection of PACAP also induced headaches and migraines in both healthy 
controls and migraineurs [ 35 ]. Migraineurs were more likely to develop a migraine 
after PACAP injection compared to healthy controls, however [ 35 ]. Although the 
exact mechanism by which PACAP facilitates migraines is unclear, at the very least 
PACAP is part of a signaling pathway in migraines, and is a possible target in 
migraine therapy [ 33 ,  36 ]. This topic is addressed further in Edvinsson Chap.   35     of 
this handbook.  

    Alzheimer’s Disease Associated with PACAP Defi cits 

 Alzheimer’s disease (AD) is a neurodegenerative disease associated with neuroin-
fl ammation and severe defi cits in cognitive functioning [ 37 ]. Recent rodent and post-
mortem human research has linked PACAP defi cits to AD pathology. Rodent AD 
models and postmortem human AD patient brains have shown that reduced PACAP 
protein levels are associated with greater Alzheimer’s pathology in the form of 
β-amyloid and tau protein levels [ 9 ]. Human postmortem brains with late-onset AD 
compared to cognitively healthy controls had reduced expression of the PACAP 
gene,  ADCYAP1 , throughout the brain, and more specifi cally, in middle temporal 
gyrus, superior frontal gyrus, and primary visual cortex (as measured by RNA levels) 
[ 38 ]. The levels of the PACAP protein in these aforementioned regions in addition to 
entorhinal cortex and cerebrospinal fl uid were also reduced [ 38 ]. The PACAP defi cit 
in entorhinal cortex and superior frontal gyrus, regions associated with memory and 
executive functioning [ 39 ,  40 ], was correlated with higher AD neuropathology (e.g., 
β-amyloid plaque density and neurofi brillary tangles) [ 38 ]. Notably, it is the entorhi-
nal-hippocampal afferents that are the earliest to degenerate in AD [ 41 ]. In addition, 
reductions in cerebrospinal fl uid PACAP protein levels were correlated with lower 
scores on a battery of cognitive functioning tasks (Mattis Dementia Rating Scale–
Revised scores) [ 38 ]. Taken together, these fi ndings demonstrate PACAP dysregula-
tion is associated with AD neuropathology and lower cognitive functioning. 

 PACAP protein defi cits have also been replicated in brains of patients with Mild 
Cognitive Impairment that also exhibited AD pathology [ 42 ]. Interestingly, PAC1 
receptor levels were increased in the superior frontal gyrus of these Mild Cognitive 
Impairment brains compared to control and full blown AD brains, suggesting a 
compensatory mechanism in which the presence of PAC1 receptors are increased to 
counteract reduced PACAP levels or pathology interfering with PACAP functioning 
(or both) [ 42 ]. In addition, cortical neuronal cultures prepared from wild-type 
mouse brains incubated with PACAP and β-amyloid peptides were protected against 
β-amyloid toxicity (i.e., AD pathology) [ 9 ]. Together these fi ndings suggest that 
PACAP’s neurotrophic functioning is protective against AD pathology. 

 The mechanism for PACAP’s protective effects is unclear, however. Some research 
suggests that PACAP stimulates alpha-secretase activity, which is in a cascade of 
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activity that can reduce AD pathology (e.g., formation of β-amyloid peptides, and 
plaque) [ 43 ]. It may be that certain risk alleles are associated with lower PACAP 
levels and those individuals are at greater risk for developing Alzheimer’s pathology 
or AD overwhelms the protective PACAP functioning or any number of causational 
combinations. More research is needed to address how PACAP defi cits contribute to 
AD pathology, and how PACAP could be targeted as a treatment mechanism for this 
disease, particularly given its neurotrophic function and localization in circuitry 
central to AD (e.g., entorhinal cortex) [ 9 ,  38 ].  

    Multiple Sclerosis Associated with Reduced PACAP Levels 

 Multiple sclerosis (MS) is characterized by chronic neuroinfl ammatory and 
neurodegenerative pathology [ 44 ]. PACAP’s documented immunomodulatory and 
neurotrophic functions suggest that it could be a therapeutic target for both the 
infl ammatory and degenerative aspects of MS [ 44 ,  45 ]. Indeed, recent evidence 
demonstrated reduced PACAP-38 levels in the cerebrospinal fl uid of individuals 
with MS compared to healthy controls [ 46 ].  

    Sudden Infant Death Syndrome Associated with Reduced PACAP 
and PACAP Genetic Variation 

 Sudden infant death syndrome (SIDS) is the unexpected death of an infant without 
an identifi able explanation [ 47 ]. Despite its unidentifi able cause, SIDS risk factors 
have been recognized, including infant vulnerability related to: (a) in utero stressors 
(e.g., maternal smoking), (b) developmental stage, and (c) environmental conditions 
(e.g., increased heat) [ 47 ]. Growing evidence suggests PACAP’s role in the develop-
ment of healthy breathing and an adaptive stress response may in part underlie these 
vulnerabilities [ 48 ]. For example, mice lacking PACAP were more likely to die 
suddenly within two weeks after birth, mirroring SIDS in humans [ 48 ,  49 ]. Genetic 
tests in humans reveal an association between PACAP polymorphisms and SIDS. 
Specifi cally, a single nucleotide polymorphism in the coding region of PACAP was 
associated with SIDS [ 49 ]. This association was present for African Americans, but 
not for Caucasians [ 49 ], which may be part of the reason why there is a higher inci-
dence of SIDS in African American infants [ 50 ]. Together this evidence suggests 
PACAP dysfunction may be an underlying cause of SIDS, and “risk” alleles may 
increase the likelihood of SIDS.  

    Asthma Associated with PAC1 Genetic Variation 

 Asthma is chronic infl ammation of the lungs associated with diffi culty breathing 
[ 51 ]. Psychosocial stress is linked to the occurrence of asthma in children and adults 
[ 52 ,  53 ]. Recent research demonstrates variation in the PAC1 receptor gene, 
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 ADCYAP1R1 , is associated with asthma. That is, the single nucleotide polymorphism 
rs2267735 ‘CC’ genotype is associated with increased odds of developing asthma 
compared to ‘G’ carriers [ 52 ]. Recent evidence also shows that high childhood 
stress and a different single nucleotide polymorphism within the  ADCYAP1R1  gene 
are associated with reduced bronchodilator response, an objective measure of lung 
function, in children with asthma [ 54 ]. Together, these data suggest an important 
link between childhood stress and asthma may be mediated by genetic differences 
in PAC1 signaling.    

    General Conclusions 

 PACAP is a protein necessary for healthy development and an adaptive stress 
response. Dysregulation in PACAP/PAC1 levels or their signaling is associated with 
stress-related pathology in psychiatric and medical conditions. This dysregulation 
can occur at many levels—from existing genetic variation to epigenetic changes 
associated with life experiences, each in turn causing cascades of physiological 
alterations in the functioning of stress systems and neural networks. With continued 
characterization of PACAP/PAC1 mechanisms in these disorders we hope to better 
understand how to identify pathology, enable early intervention, and develop novel 
treatment strategies.     
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    Chapter 46   
 PACAP, VIP, and ADNP: Autism 
and Schizophrenia                     

     Illana     Gozes    

    Abstract     Thirty years ago we cloned the gene for vasoactive intestinal peptide 
(VIP), coding for a major brain neuropeptide. We have also established the fi rst VIP 
transgenic mice as well as then novel VIP agonists and antagonists leading to the 
discoveries of VIP functions in brain development, learning and memory as well as 
social interactions. Fifteen years ago we discovered activity-dependent neuropro-
tective protein (ADNP), as a VIP regulated protein, and showed that it is essential 
for brain formation/function. Follow-up studies identifi ed pituitary adenylate 
cyclase activating polypeptide (PACAP) also as an ADNP regulating neuropeptide. 
We have further identifi ed ADNP as a member of the chromatin remodeling com-
plex, SWI/SNF also associated with alternative splicing of tau and prediction of 
tauopathy. In neurons, ADNP is found in the nucleus as well as in the neuronal 
processed. We have identifi ed cytoplasmic ADNP interactions with the autophagy 
regulating microtubule-associated protein 1 light chain 3 (LC3) and with microtu-
bule end binding (EB) proteins. The ADNP-EB-binding Ser-Ile-Pro (SIP) domain is 
shared with the ADNP snippet drug candidate, NAPV SIP Q termed NAP (davunet-
ide). Recently, multiple mutations in ADNP were found in children defi ned within 
the autism spectrum and exhibiting cognitive dysfunctions. Better understanding of 
VIP-ADNP interactions should shade light on brain development and function 
toward better management of the autism spectrum disorders (ASDs). Our further 
fi ndings indicated dysregulation in the autophagy pathway in schizophrenia, coupled 
to ADNP dysregulation and amelioration by NAP (davunetide treatment).  
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      VIP 

 Vasoactive intestinal peptide (VIP) was fi rst discovered as a potent vasodilator [ 1 ] 
and then identifi ed as a major brain neuropeptide [ 2 ,  3 ]. We have concentrated on 
VIP in the brain from a molecular and a functional point of view, in terms of learn-
ing and memory as well as social interactions [ 2 ]. VIP is important for brain devel-
opment and key to circadian rhythmicity. As a developmental regulator it is also 
associated with cancer propagation, and regulates other key proteins, such as 
activity- dependent neuroprotective protein (ADNP). Our major contributions to the 
VIP fi eld include:

    1.    The fi rst cloning of the human and the mouse VIP genes [ 4 ,  5 ].   
   2.    The identifi cation of VIP expression during late embryonic development, peak-

ing at the postnatal time of synapse formation, directly regulating synapse for-
mation, and decreasing with aging [ 6 ,  7 ].   

   3.    The establishment of the fi rst VIP transgenic mice showing sexual and learning 
defi cits [ 8 ].   

   4.    The design and synthesis of a potent VIP-neurotensin hybrid antagonist, inhibit-
ing sexual interactions [ 9 ], learning and memory [ 10 ] circadian [ 11 ] and social 
activity at the behavioral level [ 12 ] and brain/synaptic development at the func-
tional level [ 13 ], as well as producing cell death, at the cellular level [ 14 ], also 
inhibiting cancer growth [ 15 ].   

   5.    The development of potent VIP lipophilic analogs with increased skin and 
brain bioavailability and effects on learning and memory and sexual behavior 
[ 16 – 18 ].   

   6.    The discovery of activity-dependent neurotrophic factor (ADNF) and activity- 
dependent neuroprotective protein (ADNP) as delineated below.    

  Based on our extensive studies as formerly reviewed, we have hypothesized that 
VIP is involved with autism. Indeed, and citing almost verbatim, recent studies 
encompassing whole genome sequencing identifi ed a de novo mutation in VIP 
(VIP p.Tyr73*) [ 19 ]. The clinical description indicated average intelligence by stan-
dardized testing and a clinical diagnosis at 3.2 years of age of Asperger syndrome. 
A younger male sibling also carried the mutation. He presented with expressive 
language delay, above-average receptive vocabulary, and a history of “clumsiness.” 
The mutation was not found in either parent, which might refl ect gonadal mosa-
icism in one of them. The mother presented hypothyroidism and allergies, probably 
unrelated [ 19 ]. However, it should be kept in mind that studies have indicated an 
infl uence of the pregnant mother genotype on the development of the embryo, espe-
cially in association with VIP [ 20 ], as well as the implications of environmental 
effects on brain development. In this respect, VIP was also linked to the infl amma-
tory response [ 21 ]. 

 VIP activates two receptor molecules, VPAC1 and VPAC2 [ 22 ,  23 ]. VPAC1 has 
been associated with cancer and VPAC2 has been associated with neurodevelopment 
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and diurnal rhythms. Recent clinical studies indicated that microduplications of 
VPAC2 confer signifi cant risk for schizophrenia and ASD [ 24 – 27 ]. Lymphocytes 
from patients with these mutations exhibited higher VPAC2 gene expression and 
VIP responsiveness (cAMP induction). In a recent study, after application of the 
VPAC2 receptor agonist Ro 25–1553 to C57BL/6 mice from postnatal day 1 (P1) to 
P14, Western blot analyses on P21 revealed signifi cant reductions of synaptophysin 
and postsynaptic density protein 95 (PSD-95) in the prefrontal cortex, but not in the 
hippocampus in the treated mice. The same postnatally restricted treatment resulted in 
a disruption in prepulse inhibition of the acoustic startle measured in adult mice. No 
effects were observed in open-fi eld locomotor activity, sociability in the three- chamber 
social interaction test, or fear conditioning or extinction. These results together with 
the clinical results further implicate the VIP system in mental disorders, including 
schizophrenia and ASD [ 24 ].  

    The Discovery of ADNP 

 Our original VIP studies showed that VIP expression peaks at the time of synapse 
formation [ 7 ], suggesting a direct involvement. At the same time, Douglas 
E. Brenneman and Lee Eiden at the National Institutes of Health, USA, showed that 
VIP protects nerve cells against electrical blockade [ 28 ]. The Brenneman laboratory 
further showed that for neuroprotection VIP required glial cells, specifi cally astro-
cytes [ 29 ], and this is when we teamed together [ 14 ] to discover ADNF [ 30 – 33 ] and 
ADNP [ 34 – 36 ], as glial proteins regulated by VIP to promote neuronal survival, 
enhance synapse formation and protect synapses [ 37 ,  38 ] and allow for synaptic 
plasticity [ 39 ]. 

 We have also shown the involvement of VPAC2 in the regulation of ADNP 
expression in astrocytes [ 40 ], further connecting the VIP and the ADNP systems. 

 I have recently reviewed ADNP [ 41 ], from our original cloning in mouse [ 34 ], 
with similarities to the previously identifi ed ADNF [ 30 ,  42 ,  43 ] and pointed to the 
high conservation with human ADNP (hADNP) [ 36 ], and other vertebrates [ 44 ]. 
The protein structure contains nine zinc fi ngers, a proline-rich region, a nuclear 
bipartite localization signal, and a homeobox domain profi le, suggesting a tran-
scription factor function, while nuclear secretion and cellular secretion signals 
confi rm ADNP cytoplasmic as well as extracellular functions [ 36 ,  45 ,  46 ]. 
Comparative analysis identifi ed ADNP2 (33 % identity and 46 % similarity), indi-
cating that these genes belong to a protein family with nine zinc fi nger motifs 
followed by a homeobox domain [ 36 ,  47 ,  48 ]. The hADNP gene structure spans 
~40 kb and includes fi ve exons and four introns with alternative splicing of an 
untranslated second exon (chromosome 20q12-13.2, a region associated with 
aggressive tumor growth). Human ADNP (hADNP) is mutated in cancer [ 41 ] and 
autism [ 49 ], as discussed below.  
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    The PACAP Connection 

 Before delving into further characterization of ADNP, it is interesting to note that 
not only VIP regulates ADNP expression, the VIP-like, pituitary adenylate cyclase 
activating polypeptide (PACAP) also regulates ADNP synthesis. We have identifi ed 
regulation of ADNP by PACAP in astrocytes [ 40 ], through the VPAC2 receptor. 
Furthermore, the 38 amino acid long, PACAP induced ADNP mRNA expression in 
a bimodal fashion at subpicomolar and nanomolar concentrations with greater 
response at subpicomolar level, in mouse neuron–glia cocultures. The response was 
attenuated by a PAC1 receptor antagonist (mediated by IP3/PLC signaling) and by 
VPAC1 receptor antagonist at nanomolar concentration (mediated by PKA signal-
ing) [ 50 ]. Further immunohistochemical analyses identifi ed co-localization of PAC1 
and VPAC1 with ADNP immunoreactivity in neurons and glial cells in the mouse 
brain [ 51 ]. Thus, homeostasis of VIP and PACAP is associated with normative 
ADNP expression and PACAP signals through the two VIP receptors, VPAC1 and 
VPAC2 as well as the PACAP specifi c receptor, PAC1 [ 22 ,  23 ]. 

 Importantly, PAC1-defi cient mice exhibited a faster decrease in social investiga-
tion after repeated exposure to social cues compared with PAC1-intact mice. 
PAC1- defi cient females exhibited delayed affi liative behavior when housed with 
novel males, and PAC1-defi cient males displayed excessive sexual mounting toward 
both females and males as well as reduced aggression toward intruder males. Together, 
these results suggest an involvement of PACAP signaling in social behavior and 
autism, with a potential association with ADNP regulation [ 52 ]. 

 At the level of the peptide, altered psychomotor behaviors were discovered in 
mice lacking PACAP, which were accompanied by depression-like behavior in the 
forced swimming test and amelioration by the atypical antipsychotic risperidone 
[ 53 ]. The defi cient mice also showed defi cits in prepulse inhibition [ 54 ]. However, 
these fi ndings were challenged by later investigations, suggesting a complex impact 
[ 55 ]. Blunted c-Fos expression in selected brain areas, such as the bed nucleus of the 
stria terminalis, were also observed in the PACAP-defi cient mice [ 56 ]. In PACAP 
heterozygous mutant mice, increased behavioral and neuronal responses to the 
hallucinogenic drug, the 5-HT2 receptor agonist, (+/−)-2,5-dimethoxy-4- 
iodoamphetamine, were observed [ 57 ]. Together, the results suggest an involvement 
of PACAP in emotional behavior associated with autism and schizophrenia and fur-
ther results suggest also neuroprotective impacts on cognitive behavior [ 58 ]. It is still 
a matter of future studies to evaluate the impact of autism-related ADNP mutations 
on PACAP expression and activity.  

    ADNP Protein Interactions 

 Our recent studies have identifi ed cytoplasmic ADNP interactions with the microtu-
bule end binding (EB) proteins [ 39 ]. The interaction with EBs was discovered to be 
through the SIP domain shared with the ADNP snippet drug candidate, NAPVSIPQ 
termed NAP (davunetide) as well as SALLRSIPA (ADNF-9) [ 39 ,  43 ]. Using further 
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biochemical and cell biology techniques, we showed multiple crucial interactions 
for ADNP, including heterochromatin protein 1 alpha [ 59 ], BRG1, BAF250a, and 
BAF170, all components of the SWItch/Sucrose NonFermentable (SWI/SNF) chro-
matin remodeling complex [ 60 ], the RNA splicing machinery, specifi cally Brahma 
(Brm), and the polypyrimidine tract-binding protein (PTB)-associated splicing fac-
tor (PSF)-binding [ 61 ], protein translation, binding and regulating the eukaryotic trans-
lation initiation factor 4E (eIF4E) [ 62 ], as well as the microtubule associated protein 1 
light chain 3 (LC3) regulating and participating in autophagy [ 63 ]. Interestingly, we 
found autophagy to be deregulated in schizophrenia (reduction in expression in key 
proteins like the autophagy regulator beclin 1 [ 63 ,  64 ] and others found it to be deregu-
lated in autism, associated with the beclin 1 regulator, Ambra 1 [ 65 ]. 

 It should be noted that eIF4E has been linked to autism [ 66 – 69 ], and ADNP 
differentially regulates it in males and females, which may be associated, in part, 
with the higher prevalence of autism in males [ 62 ]. Furthermore, our HP1alpha–
ADNP interaction results were confi rmed and extended [ 70 ], and interestingly, 
HP1alpha (CBX5) was found to be de novo mutated in autism [ 71 ] as well as in 
schizophrenia [ 72 ].  

    Sex Infl uence 

 Our results have indicated sex-dependent VIP expression in the brain, with estrogen 
regulating VIP in the female hypothalamus, but orchidectomy, not affecting VIP 
expression in the male hippocampus [ 73 ]. RNA expression analysis revealed sexual 
dimorphism in hypothalamic ADNP mRNA expression as well as fl uctuations within 
the estrus cycle. ADNP-like immunoreactivity, in the arcuate nucleus of the hypo-
thalamus, exhibited fl uctuations during the estrus cycle (proestrus—the most immu-
noreactive; estrus—the least). Male arcuate nucleus ADNP-like immunoreactivity 
was signifi cantly lower than that of the female estrus. These results suggest that 
ADNP plays a part in the estrus cycle [ 74 ]. We have extended these fi ndings to the 
hippocampus, where ADNP expression was higher in males (mice and men) [ 62 ]. 
Furthermore, the hippocampal transcript for apolipoprotein E (the major risk gene 
for AD) was doubled in female mice compared with males, and further doubled in 
the ADNP(+/−) females, contrasting a decrease in ADNP(+/−) males. Behaviorally, 
ADNP(+/−) male mice exhibited defi ciencies in object recognition and social mem-
ory compared with ADNP(+/+) mice, while ADNP(+/−) females were partially 
spared. Contrasting males, which preferred novel over familiar mice, ADNP(+/+) 
females showed no preference to novel mice and ADNP(+/−) females did not prefer 
mice over object. Coupled to the description above regarding eIF4E, with ADNP 
regulating eIF4E in males, we introduced a novel concept of hippocampal gene-
regulated sexual dimorphism with ADNP playing a central role [ 62 ]. As stated above, 
ADNP is associated with the regulation of autophagy [ 63 ,  64 ]. Interestingly, a much 
stronger reduction of Ambra1 protein in the cortex of Ambra1 (+/−) female mice 
compared to males, which was coupled to an autistic behavior only in the Ambra1 
(+/−) females [ 65 ]. 
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 The male predominance of autism, and more generally, autism spectrum disorder 
is well known, it is suggested that this is an interplay between genes and environment 
[ 75 ], we maintain that among the infl uential genes in this respect are VIP and ADNP 
are differentially expressed in the song bird brain [ 76 ]. Zebra fi nches (Taeniopygia 
guttata) are highly social songbirds that have a sexually dichotomous anatomical 
brain structure, with males demonstrating a developed song system, we recently dis-
covered sexually dichotomous and age related differences in ADNP mRNA expres-
sion in three different brain regions, cerebellum, cerebrum, and brain stem. Higher 
levels of ADNP mRNA were specifi cally found in young male compared to the 
female cerebrum, while aging caused a signifi cant two- and threefold decrease in the 
female and male cerebrum, respectively. Furthermore, unique sex- dependent ADNP 
mRNA distribution patterns, affected by aging were discovered [ 76 ].  

    ADNP Mutations in Autism Spectrum Disorder 

 An original paper showed that deletion of ADNP and adjacent genes may cause 
mental retardation [ 77 ]. Further original studies have identifi ed de novo 
p.Lys408Valfs*31 [ 78 ] and p.Tyr719* ADNP mutation [ 79 ] followed by >20 addi-
tional cases, with hot spot recurrent mutations at p.Tyr719* (cDNA 2157) preceding 
the homoeobox profi le in ADNP and cDNA 2491 deletion of—TTAA or 2496, 
TAAA resulting in a frameshift and stop mutation after the homeobox domain. 
Helsmoortel et al. [ 49 ] identifi ed a total of ten patients with mutations in ADNP, 
including the two patients identifi ed in both earlier studies and highlighted the cog-
nitive and characteristic facial features, in the children (see also [ 80 ,  81 ], Coe et al. 
[ 82 ], De Rubeis et al. [ 83 ]) and more [ 84 ]). 

 Interestingly, the recurrent de novo, protein truncating p.Tyr719* ADNP muta-
tion exhibits features such as visual system impairments. This provides a potential 
role for ADNP in the development of the visual system given its high prenatal 
expression. Furthermore, mood disorder is also associated with this mutation [ 80 ]. 
These fi ndings are in line with our original observations of ADNP regulating PAX6 
expression (a gene critical for eye and cortical development) [ 85 ], as well as our 
studies associating deregulation of ADNP expression in schizophrenia [ 63 ,  64 ,  86 ]. 

 Further studies are required to decipher the role of each of the ADNP mutations 
and try to solve the mystery of de novo mutations affecting cognition.  

    NAP 

 NAP (NAPVSIPQ) is a short 8 amino acid peptide derived from ADNP that has 
shown neuroprotection against ADNP defi ciency. It was tested in vitro and in vivo 
[ 87 ]. Given the complex ADNP interaction and the importance of the ADNP regula-
tion during development, it may be that NAP can replace, in part, ADNP defi ciency; 
however, this needs to be further tested. 
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 A few past examples—in general:

    1.    NAP enhances ADNP LC3 [ 63 ] and ADNP EB association [ 39 ].   
   2.    NAP compensates for ADNP defi ciency (cognitive and microtubule defi ciency 

in and ADNP-defi cient mouse model [ 87 ].     

 In particular in developing systems (a few selected examples):

    1.    NAP enhances neural tube closure [ 88 ].   
   2.    NAP protects against fetal alcohol syndrome in vivo [ 89 ].   
   3.    NAP accelerated postnatal development in the face of genetic defi ciencies (ApoE 

defi ciency) [ 34 ] and ischemia [ 90 ].   
   4.    NAP analogs protected cognition in a mouse model of Down’s syndrome [ 91 ].     

 Interestingly, the ADNP regulating VIP analog stearyl-Nle17-VIP (SNV) [ 92 ] 
also accelerate postnatal development [ 93 ], perhaps through ADNP? This opens the 
door for future studies. 

 Regarding schizophrenia, NAP protected against cognitive impairment in a 
microtubule-defi cient schizophrenia model, the stable tubule only polypeptide 
(STOP)/microtubule associated protein 6 (Map6) haploinsuffi cient mice [ 64 ,  94 ]. The 
mice showed hippocampal ADNP defi ciency coupled with beclin 1 defi ciency, and 
NAP treatment increased beclin 1 expression, while providing cognitive protection 
[ 64 ]. Clinical studies showed signifi cant NAP (davunetide) protection against defi cits 
in functional activities of daily living in the patients [ 95 ] as well as protection of cho-
line levels in the patients’ brains as measured by magnetic resonance spectroscopy 
[ 96 ]. These results are supported by additional preclinical tests [ 97 ], suggesting that 
further clinical evaluations are warranted.     

  Acknowledgements   Supported by the AMN Foundation, the Lily and Avraham Gildor Chair for 
the Investigation of Growth Factors and the Elton Laboratory for Molecular Neuroendocrinology.  

   References 

    1.    Said SI, Mutt V. Polypeptide with broad biological activity: isolation from small intestine. 
Science. 1970;169:1217–8.  

     2.    Gozes I. VIP, from gene to behavior and back: summarizing my 25 years of research. J Mol 
Neurosci. 2008;36:115–24.  

    3.    Gozes I, Brenneman DE. VIP: molecular biology and neurobiological function. Mol Neurobiol. 
1989;3:201–36.  

    4.    Bodner M, Fridkin M, Gozes I. Coding sequences for vasoactive intestinal peptide and 
PHM- 27 peptide are located on two adjacent exons in the human genome. Proc Natl Acad Sci 
U S A. 1985;82:3548–51.  

    5.    Giladi E, Shani Y, Gozes I. The complete structure of the rat VIP gene. Mol Brain Res. 
1990;7:261–7.  

    6.    Gozes I, Schachter P, Shani Y, Giladi E. Vasoactive intestinal peptide gene expression from 
embryos to aging rats. Neuroendocrinology. 1988;47:27–31.  

     7.    Gozes I, Shani Y, Rostene WH. Developmental expression of the VIP-gene in brain and intestine. 
Brain Res. 1987;388:137–48.  

46 PACAP, VIP, and ADNP: Autism and Schizophrenia



788

    8.    Gozes I, Glowa J, Brenneman DE, McCune SK, Lee E, Westphal H. Learning and sexual defi cien-
cies in transgenic mice carrying a chimeric vasoactive intestinal peptide gene. J Mol Neurosci. 
1993;4:185–93.  

    9.    Gozes I, Meltzer E, Rubinrout S, Brenneman DE, Fridkin M. Vasoactive intestinal peptide 
potentiates sexual behavior: inhibition by novel antagonist. Endocrinology. 1989;125:2945–9.  

    10.    Glowa JR, Panlilio LV, Brenneman DE, Gozes I, Fridkin M, Hill JM. Learning impairment 
following intracerebral administration of the HIV envelope protein gp120 or a VIP antagonist. 
Brain Res. 1992;570:49–53.  

    11.    Gozes I, Lilling G, Glazer R, Ticher A, Ashkenazi IE, Davidson A, et al. Superactive lipophilic 
peptides discriminate multiple vasoactive intestinal peptide receptors. J Pharmacol Exp Ther. 
1995;273:161–7.  

    12.    Hill JM, Hauser JM, Sheppard LM, Abebe D, Spivak-Pohis I, Kushnir M, et al. Blockage of 
VIP during mouse embryogenesis modifi es adult behavior and results in permanent changes in 
brain chemistry. J Mol Neurosci. 2007;31:183–200.  

    13.    Gressens P, Hill JM, Gozes I, Fridkin M, Brenneman DE. Growth factor function of vasoactive 
intestinal peptide in whole cultured mouse embryos. Nature. 1993;362:155–8.  

     14.    Gozes I, McCune SK, Jacobson L, Warren D, Moody TW, Fridkin M, et al. An antagonist to 
vasoactive intestinal peptide affects cellular functions in the central nervous system. 
J Pharmacol Exp Ther. 1991;257:959–66.  

    15.    Moody TW, Zia F, Draoui M, Brenneman DE, Fridkin M, Davidson A, et al. A vasoactive 
intestinal peptide antagonist inhibits non-small cell lung cancer growth. Proc Natl Acad Sci 
U S A. 1993;90:4345–9.  

    16.    Gozes I, Bardea A, Reshef A, Zamostiano R, Zhukovsky S, Rubinraut S, et al. Neuroprotective 
strategy for Alzheimer disease: intranasal administration of a fatty neuropeptide. Proc Natl 
Acad Sci U S A. 1996;93:427–32.  

   17.    Gozes I, Fridkin M. A fatty neuropeptide. Potential drug for noninvasive impotence treatment 
in a rat model. J Clin Invest. 1992;90:810–4.  

    18.    Gozes I, Perl O, Giladi E, Davidson A, Ashur-Fabian O, Rubinraut S, et al. Mapping the active 
site in vasoactive intestinal peptide to a core of four amino acids: neuroprotective drug design. 
Proc Natl Acad Sci U S A. 1999;96:4143–8.  

     19.    Jiang YH, Yuen RK, Jin X, Wang M, Chen N, Wu X, et al. Detection of clinically relevant 
genetic variants in autism spectrum disorder by whole-genome sequencing. Am J Hum Genet. 
2013;93:249–63.  

    20.    Giladi E, Hill JM, Dresner E, Stack CM, Gozes I. Vasoactive intestinal peptide (VIP) regulates 
activity-dependent neuroprotective protein (ADNP) expression in vivo. J Mol Neurosci. 
2007;33:278–83.  

    21.    Delgado M, Munoz-Elias EJ, Kan Y, Gozes I, Fridkin M, Brenneman DE, et al. Vasoactive 
intestinal peptide and pituitary adenylate cyclase-activating polypeptide inhibit tumor necrosis 
factor alpha transcriptional activation by regulating nuclear factor-kB and cAMP response 
element-binding protein/c-Jun. J Biol Chem. 1998;273:31427–36.  

     22.    Harmar AJ, Arimura A, Gozes I, Journot L, Laburthe M, Pisegna JR, et al. International Union 
of Pharmacology. XVIII. Nomenclature of receptors for vasoactive intestinal peptide and pitu-
itary adenylate cyclase-activating polypeptide. Pharmacol Rev. 1998;50:265–70.  

     23.    Harmar AJ, Fahrenkrug J, Gozes I, Laburthe M, May V, Pisegna JR, et al. Pharmacology and 
functions of receptors for vasoactive intestinal peptide and pituitary adenylate cyclase- 
activating polypeptide: IUPHAR review 1. Br J Pharmacol. 2012;166:4–17.  

     24.    Ago Y, Condro MC, Tan YV, Ghiani CA, Colwell CS, Cushman JD, et al. Reductions in 
synaptic proteins and selective alteration of prepulse inhibition in male C57BL/6 mice after 
postnatal administration of a VIP receptor (VIPR2) agonist. Psychopharmacology (Berl). 
2015;232:2181–9.  

   25.    Beri S, Bonaglia MC, Giorda R. Low-copy repeats at the human VIPR2 gene predispose to 
recurrent and nonrecurrent rearrangements. Eur J Hum Genet. 2013;21:757–61.  

   26.    Nieratschker V, Meyer-Lindenberg A, Witt SH. Genome-wide investigation of rare structural 
variants identifi es VIPR2 as a new candidate gene for schizophrenia. Expert Rev Neurother. 
2011;11:937–41.  

I. Gozes



789

    27.    Vacic V, McCarthy S, Malhotra D, Murray F, Chou HH, Peoples A, et al. Duplications of the 
neuropeptide receptor gene VIPR2 confer signifi cant risk for schizophrenia. Nature. 
2011;471:499–503.  

    28.    Brenneman DE, Eiden LE. Vasoactive intestinal peptide and electrical activity infl uence 
neuronal survival. Proc Natl Acad Sci U S A. 1986;83:1159–62.  

    29.    Brenneman DE, Nicol T, Warren D, Bowers LM. Vasoactive intestinal peptide: a neurotrophic 
releasing agent and an astroglial mitogen. J Neurosci Res. 1990;25:386–94.  

     30.    Brenneman DE, Gozes I. A femtomolar-acting neuroprotective peptide. J Clin Invest. 
1996;97:2299–307.  

   31.    Brenneman DE, Hauser J, Phillips TM, Davidson A, Bassan M, Gozes I. Vasoactive intestinal 
peptide. Link between electrical activity and glia-mediated neurotrophism. Ann N Y Acad Sci. 
1999;897:17–26.  

   32.    Gozes I, Brenneman DE. Activity-dependent neurotrophic factor (ADNF). An extracellular 
neuroprotective chaperonin? J Mol Neurosci. 1996;7:235–44.  

    33.    Gozes I, Davidson A, Gozes Y, Mascolo R, Barth R, Warren D, et al. Antiserum to activity- 
dependent neurotrophic factor produces neuronal cell death in CNS cultures: immunological 
and biological specifi city. Dev Brain Res. 1997;99:167–75.  

      34.    Bassan M, Zamostiano R, Davidson A, Pinhasov A, Giladi E, Perl O, et al. Complete sequence 
of a novel protein containing a femtomolar-activity-dependent neuroprotective peptide. 
J Neurochem. 1999;72:1283–93.  

   35.    Steingart RA, Gozes I. Recombinant activity-dependent neuroprotective protein protects cells 
against oxidative stress. Mol Cell Endocrinol. 2006;252:148–53.  

       36.    Zamostiano R, Pinhasov A, Gelber E, Steingart RA, Seroussi E, Giladi E, et al. Cloning and 
characterization of the human activity-dependent neuroprotective protein. J Biol Chem. 
2011;276:708–14.  

    37.    Blondel O, Collin C, McCarran WJ, Zhu S, Zamostiano R, Gozes I, et al. A glia-derived signal 
regulating neuronal differentiation. J Neurosci. 2000;20:8012–20.  

    38.    Idan-Feldman A, Schirer Y, Polyzoidou E, Touloumi O, Lagoudaki R, Grigoriadis NC, et al. 
Davunetide (NAP) as a preventative treatment for central nervous system complications in a 
diabetes rat model. Neurobiol Dis. 2011;44:327–39.  

       39.    Oz S, Kapitansky O, Ivashco-Pachima Y, Malishkevich A, Giladi E, Skalka N, et al. The NAP 
motif of activity-dependent neuroprotective protein (ADNP) regulates dendritic spines through 
microtubule end binding proteins. Mol Psychiatry. 2014;19:1115–24.  

     40.    Zusev M, Gozes I. Differential regulation of activity-dependent neuroprotective protein in rat 
astrocytes by VIP and PACAP. Regul Pept. 2004;123:33–41.  

     41.    Gozes I. The cytoskeleton as a drug target for neuroprotection: the case of the autism-mutated 
ADNP. Biol Chem. 2016;397(3):177–84.  

    42.    Brenneman DE, Hauser J, Neale E, Rubinraut S, Fridkin M, Davidson A, et al. Activity- 
dependent neurotrophic factor: structure-activity relationships of femtomolar-acting peptides. 
J Pharmacol Exp Ther. 1998;285:619–27.  

     43.    Holtser-Cochav M, Divinski I, Gozes I. Tubulin is the target binding site for NAP-related 
peptides: ADNF-9, D-NAP, and D-SAL. J Mol Neurosci. 2006;28:303–7.  

    44.    Gozes I, Yeheskel A, Pasmanik-Chor M. Activity-dependent neuroprotective protein (ADNP): 
a case study for highly conserved chordata-specifi c genes shaping the brain and mutated in 
cancer. J Alzheimers Dis. 2015;45:57–73.  

    45.    Furman S, Steingart RA, Mandel S, Hauser JM, Brenneman DE, Gozes I. Subcellular localiza-
tion and secretion of activity-dependent neuroprotective protein in astrocytes. Neuron Glia 
Biol. 2004;1:193–9.  

    46.    Mandel S, Spivak-Pohis I, Gozes I. ADNP differential nucleus/cytoplasm localization in neurons 
suggests multiple roles in neuronal differentiation and maintenance. J Mol Neurosci. 
2008;35:127–41.  

    47.    Dresner E, Malishkevich A, Arviv C, Leibman Barak S, Alon S, et al. Novel evolutionary- 
conserved role for the activity-dependent neuroprotective protein (ADNP) family that is 
important for erythropoiesis. J Biol Chem. 2012;287:40173–85.  

46 PACAP, VIP, and ADNP: Autism and Schizophrenia



790

    48.    Kushnir M, Dresner E, Mandel S, Gozes I. Silencing of the ADNP-family member, ADNP2, 
results in changes in cellular viability under oxidative stress. J Neurochem. 2008;105:
537–45.  

     49.    Helsmoortel C, Vulto-van Silfhout AT, Coe BP, Vandeweyer G, Rooms L, van den Ende J, 
et al. A SWI/SNF-related autism syndrome caused by de novo mutations in ADNP. Nat Genet. 
2014;46:380–4.  

    50.    Nakamachi T, Li M, Shioda S, Arimura A. Signaling involved in pituitary adenylate cyclase- 
activating polypeptide-stimulated ADNP expression. Peptides. 2006;27:1859–64.  

    51.    Nakamachi T, Ohtaki H, Yofu S, Dohi K, Watanabe J, Hayashi D, et al. Pituitary adenylate 
cyclase-activating polypeptide (PACAP) type 1 receptor (PAC1R) co-localizes with 
activity- dependent neuroprotective protein (ADNP) in the mouse brains. Regul Pept. 
2008;145:88–95.  

    52.    Nicot A, Otto T, Brabet P, DiCicco-Bloom EM. Altered social behavior in pituitary adenylate 
cyclase-activating polypeptide type I receptor-defi cient mice. J Neurosci. 2004;24:8786–95.  

    53.    Hashimoto H, Hashimoto R, Shintani N, Tanaka K, Yamamoto A, Hatanaka M, et al. 
Depression-like behavior in the forced swimming test in PACAP-defi cient mice: amelioration 
by the atypical antipsychotic risperidone. J Neurochem. 2009;110:595–602.  

    54.    Tanaka K, Shintani N, Hashimoto H, Kawagishi N, Ago Y, Matsuda T, et al. Psychostimulant- 
induced attenuation of hyperactivity and prepulse inhibition defi cits in Adcyap1-defi cient 
mice. J Neurosci. 2006;26:5091–7.  

    55.    Hattori S, Takao K, Tanda K, Toyama K, Shintani N, Baba A, et al. Comprehensive behavioral 
analysis of pituitary adenylate cyclase-activating polypeptide (PACAP) knockout mice. Front 
Behav Neurosci. 2012;6:58.  

    56.    Gaszner B, Kormos V, Kozicz T, Hashimoto H, Reglodi D, Helyes Z. The behavioral pheno-
type of pituitary adenylate-cyclase activating polypeptide-defi cient mice in anxiety and depres-
sion tests is accompanied by blunted c-Fos expression in the bed nucleus of the stria terminalis, 
central projecting Edinger-Westphal nucleus, ventral lateral septum, and dorsal raphe nucleus. 
Neuroscience. 2012;202:283–99.  

    57.    Hazama K, Hayata-Takano A, Uetsuki K, Kasai A, Encho N, Shintani N, et al. Increased 
behavioral and neuronal responses to a hallucinogenic drug in PACAP heterozygous mutant 
mice. PLoS One. 2014;9, e89153.  

    58.    Deguil J, Chavant F, Lafay-Chebassier C, Perault-Pochat MC, Fauconneau B, Pain 
S. Neuroprotective effect of PACAP on translational control alteration and cognitive decline in 
MPTP parkinsonian mice. Neurotox Res. 2010;17:142–55.  

    59.    Mandel S, Rechavi G, Gozes I. Activity-dependent neuroprotective protein (ADNP) differen-
tially interacts with chromatin to regulate genes essential for embryogenesis. Dev Biol. 
2007;303:814–24.  

    60.    Mandel S, Gozes I. Activity-dependent neuroprotective protein constitutes a novel element in 
the SWI/SNF chromatin remodeling complex. J Biol Chem. 2007;282:34448–56.  

    61.    Schirer Y, Malishkevich A, Ophir Y, Lewis J, Giladi E, Gozes I. Novel marker for the onset of 
frontotemporal dementia: early increase in activity-dependent neuroprotective protein (ADNP) 
in the face of Tau mutation. PLoS One. 2014;9, e87383.  

       62.    Malishkevich A, Amram N, Hacohen-Kleiman G, Magen I, Giladi E, Gozes I. Activity- 
dependent neuroprotective protein (ADNP) exhibits striking sexual dichotomy impacting on 
autistic and Alzheimer’s pathologies. Transl Psychiatry. 2015;5, e501.  

        63.    Merenlender-Wagner A, Malishkevich A, Shemer Z, Udawela M, Gibbons A, Scarr E, et al. 
Autophagy has a key role in the pathophysiology of schizophrenia. Mol Psychiatry. 
2015;20:126–32.  

        64.    Merenlender-Wagner A, Shemer Z, Touloumi O, Lagoudaki R, Giladi E, Andrieux A, et al. 
New horizons in schizophrenia treatment: autophagy protection is coupled with behavioral 
improvements in a mouse model of schizophrenia. Autophagy. 2014;10:2324–32.  

     65.    Dere E, Dahm L, Lu D, Hammerschmidt K, Ju A, Tantra M, et al. Heterozygous ambra1 defi -
ciency in mice: a genetic trait with autism-like behavior restricted to the female gender. Front 
Behav Neurosci. 2014;8:181.  

I. Gozes



791

    66.    Gkogkas CG, Khoutorsky A, Cao R, Jafarnejad SM, Prager-Khoutorsky M, Giannakas N, 
et al. Pharmacogenetic inhibition of eIF4E-dependent Mmp9 mRNA translation reverses frag-
ile X syndrome-like phenotypes. Cell Rep. 2014;9:1742–55.  

   67.    Gkogkas CG, Khoutorsky A, Ran I, Rampakakis E, Nevarko T, Weatherill DB, et al. Autism- 
related defi cits via dysregulated eIF4E-dependent translational control. Nature. 2013;493:371–7.  

   68.    Neves-Pereira M, Muller B, Massie D, Williams JH, O'Brien PC, Hughes A, et al. Deregulation 
of EIF4E: a novel mechanism for autism. J Med Gen. 2009;46:759–65.  

    69.    Waltes R, Gfesser J, Haslinger D, Schneider-Momm K, Biscaldi M, Voran A, et al. Common 
EIF4E variants modulate risk for autism spectrum disorders in the high-functioning range. 
J Neural Transm. 2014;121:1107–16.  

    70.    Mosch K, Franz H, Soeroes S, Singh PB, Fischle W. HP1 recruits activity-dependent neuro-
protective protein to H3K9me3 marked pericentromeric heterochromatin for silencing of 
major satellite repeats. PLoS One. 2011;6, e15894.  

    71.    Iossifov I, Ronemus M, Levy D, Wang Z, Hakker I, Rosenbaum J, et al. De novo gene disrup-
tions in children on the autistic spectrum. Neuron. 2012;74:285–99.  

    72.    Gulsuner S, Walsh T, Watts AC, Lee MK, Thornton AM, Casadei S, et al. Spatial and temporal 
mapping of de novo mutations in schizophrenia to a fetal prefrontal cortical network. Cell. 
2013;154:518–29.  

    73.    Gozes I, Werner H, Fawzi M, Abdelatty A, Shani Y, Fridkin M, et al. Estrogen regulation of 
vasoactive intestinal peptide mRNA in rat hypothalamus. J Mol Neurosci. 1989;1:55–61.  

    74.    Furman S, Hill JM, Vulih I, Zaltzman R, Hauser JM, Brenneman DE, et al. Sexual dimorphism 
of activity-dependent neuroprotective protein in the mouse arcuate nucleus. Neurosci Lett. 
2005;373:73–8.  

    75.    Schaafsma SM, Pfaff DW. Etiologies underlying sex differences in Autism spectrum disor-
ders. Front Neuroendocrinol. 2014;35:255–71.  

     76.    Kleiman GH, Barnea A, Gozes I. ADNP: a major autism mutated gene is differentially distrib-
uted (age and gender) in the songbird brain. Peptides. 2015;72:75–9.  

    77.    Borozdin W, Graham Jr JM, Bohm D, Bamshad MJ, Spranger S, Burke L, et al. Multigene 
deletions on chromosome 20q13.13-q13.2 including SALL4 result in an expanded phenotype 
of Okihiro syndrome plus developmental delay. Hum Mutat. 2007;28:830.  

    78.    O'Roak BJ, Vives L, Girirajan S, Karakoc E, Krumm N, Coe BP, et al. Sporadic autism exomes 
reveal a highly interconnected protein network of de novo mutations. Nature. 
2012;485:246–50.  

    79.    O'Roak BJ, Vives L, Fu W, Egertson JD, Stanaway IB, Phelps IG, et al. Multiplex targeted 
sequencing identifi es recurrently mutated genes in autism spectrum disorders. Science. 
2012;338:1619–22.  

     80.    Pescosolido MF, Schwede M, Johnson Harrison A, Schmidt M, Gamsiz ED, et al. Expansion 
of the clinical phenotype associated with mutations in activity-dependent neuroprotective pro-
tein. J Med Gen. 2014;51:587–9.  

    81.    Vandeweyer G, Helsmoortel C, Van Dijck A, Vulto-van Silfhout AT, Coe BP, Bernier R, et al. 
The transcriptional regulator ADNP links the BAF (SWI/SNF) complexes with autism. Am 
J Med Gen C Sem Med Gen. 2014;166C:315–26.  

    82.    Coe BP, Witherspoon K, Rosenfeld JA, van Bon BW, Vulto-van Silfhout AT, Bosco P, et al. 
Refi ning analyses of copy number variation identifi es specifi c genes associated with develop-
mental delay. Nat Genet. 2004;46:1063–71.  

    83.    De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K, Ercument Cicek A, et al. Synaptic, 
transcriptional and chromatin genes disrupted in autism. Nature. 2014;515:209–15.  

    84.    Deciphering Developmental Disorders S. Large-scale discovery of novel genetic causes of 
developmental disorders. Nature. 2015;519:223–8.  

    85.    Pinhasov A, Mandel S, Torchinsky A, Giladi E, Pittel Z, Goldsweig AM, et al. Activity- 
dependent neuroprotective protein: a novel gene essential for brain formation. Dev Brain Res. 
2003;144:83–90.  

46 PACAP, VIP, and ADNP: Autism and Schizophrenia



792

    86.    Dresner E, Agam G, Gozes I. Activity-dependent neuroprotective protein (ADNP) expression 
level is correlated with the expression of the sister protein ADNP2: deregulation in schizophrenia. 
Eur Neuropsychopharmacol. 2011;21:355–61.  

     87.    Vulih-Shultzman I, Pinhasov A, Mandel S, Grigoriadis N, Touloumi O, Pittel Z, et al. Activity- 
dependent neuroprotective protein snippet NAP reduces tau hyperphosphorylation and 
enhances learning in a novel transgenic mouse model. J Pharmacol Exp Ther. 2007;323:
438–49.  

    88.    Chen SY, Charness ME, Wilkemeyer MF, Sulik KK. Peptide-mediated protection from 
ethanol- induced neural tube defects. Dev Neurosci. 2005;27:13–9.  

    89.    Spong CY, Abebe DT, Gozes I, Brenneman DE, Hill JM. Prevention of fetal demise and 
growth restriction in a mouse model of fetal alcohol syndrome. J Pharmacol Exp Ther. 
2001;297:774–9.  

    90.    Rotstein M, Bassan H, Kariv N, Speiser Z, Harel S, Gozes I. NAP enhances neurodevelopment 
of newborn apolipoprotein E-defi cient mice subjected to hypoxia. J Pharmacol Exp Ther. 
2006;319:332–9.  

    91.    Incerti M, Toso L, Vink J, Roberson R, Nold C, Abebe D, et al. Prevention of learning defi cit 
in a Down syndrome model. Obstet Gynecol. 2011;117:354–61.  

    92.    Sigalov E, Fridkin M, Brenneman DE, Gozes I. VIP-Related protection against iodoacetate 
toxicity in pheochromocytoma (PC12) cells: a model for ischemic/hypoxic injury. J Mol 
Neurosci. 2000;15:147–54.  

    93.    Gozes I, Bachar M, Bardea A, Davidson A, Rubinraut S, Fridkin M, et al. Protection against 
developmental retardation in apolipoprotein E-defi cient mice by a fatty neuropeptide: implica-
tions for early treatment of Alzheimer’s disease. J Neurobiol. 1997;33:329–42.  

    94.    Merenlender-Wagner A, Pikman R, Giladi E, Andrieux A, Gozes I. NAP (davunetide) enhances 
cognitive behavior in the STOP heterozygous mouse—a microtubule-defi cient model of 
schizophrenia. Peptides. 2010;31:1368–73.  

    95.    Javitt DC, Buchanan RW, Keefe RS, Kern R, McMahon RP, Green MF, et al. Effect of the 
neuroprotective peptide davunetide (AL-108) on cognition and functional capacity in 
schizophrenia. Schizophr Res. 2012;136:25–31.  

    96.    Jarskog LF, Dong Z, Kangarlu A, Colibazzi T, Girgis RR, Kegeles LS, et al. Effects of davu-
netide on N-acetylaspartate and choline in dorsolateral prefrontal cortex in patients with 
schizophrenia. Neuropsychopharmacology. 2013;38:1245–52.  

    97.   Vaisburd S, Shemer Z, Yeheskel A2 Giladi E, Gozes I. Risperidone and NAP protect cognition 
and normalize gene expression in a schizophrenia mouse model. Sci Rep. 2015 Nov 10;5:
16300.    

I. Gozes



   Part XIV 
   Clinical Relations of PACAP        



795© Springer International Publishing Switzerland 2016 
D. Reglodi, A. Tamas (eds.), Pituitary Adenylate Cyclase Activating 
Polypeptide — PACAP, Current Topics in Neurotoxicity 11, 
DOI 10.1007/978-3-319-35135-3_47

    Chapter 47   
 PACAP and Cancer                     

     Terry     W.     Moody      and     Robert     T.     Jensen   

    Abstract     The ADCYAP1 gene, which is expressed in certain cancer cells, encodes 
for pituitary adenylate cyclase activating polypeptide (PACAP). The translated 
protein products for the ADCYAP1 gene include prepro PACAP (176 amino acids) 
as well as the biologically active PACAP-27 or PACAP-38. When secreted from 
cancer cells, PACAP-27 or PACAP-38 binds with high affi nity to VPAC1, VPAC2, 
and PAC1. The activated PAC1 elevates cAMP and causes phosphatidylinositol 
turnover. PAC1 regulates the phosphorylation of numerous proteins in lung cancer 
including protein kinase C, paxillin, focal adhesion kinase, Src, the epidermal 
growth factor receptor, and extracellular signal-regulated kinase (ERK). The phos-
phorylated ERK enters the nucleus and increases the expression of the nuclear 
oncogenes c-fos and c-jun. The c-fos and c-jun form heterodimers altering the 
expression of growth factor genes. PACAP-27 or PACAP-38 stimulates the clonal 
growth of cancer cells. A PAC1 antagonist is PACAP(6–38), which inhibits the ability 
of PACAP-27 or PACAP-38 to increase protein phosphorylation, nuclear oncogene 
expression, and the proliferation of cancer cells.  

  Keywords     PACAP   •   Lung cancer   •   Proliferation   •   PAC1   •   PACAP(6–38)   •   Signal 
transduction   •   Tyrosine phosphorylation   •   EGFR   •   ERK   •   Transactivation  
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  EC    Extracellular   
  EGFR    Epidermal growth factor receptor   
  ERK    Extracellular signal-regulated kinase   
  FAK    Focal adhesion kinase   
  GPCR    G Protein coupled receptor   
  IC    Intracellular   
  MEK    Mitogen/extracellular signal-regulated kinase   
  MMP    Matrix metalloprotease   
  NSE    Neuron specifi c enolase   
  PACAP    Pituitary adenylate cyclase activating polypeptide   
  PI    Phosphatidyl inositol   
  PK    Protein kinase   
  PL    Phospholipase   
  PRP    PACAP related peptide   
  PYK    Proline-rich tyrosine kinase   
  SCLC    Small cell lung cancer   
  SV    Splice variant   
  TGF    Transforming growth factor   
  TKI    Tyrosine kinase inhibitor   
  TM    Transmembrane   
  VEGF    Vascular endothelial growth factor   
  VIP    Vasoactive intestinal peptide   

        Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP)-27 has sequence 
homology (67 %) with vasoactive intestinal peptide (VIP) [ 1 ]. PACAP-27, PACAP 
related peptide (PRP), and PACAP-38 are derived from a 176-amino acid precursor 
protein preproPACAP [ 2 ]. PACAP-38 contains PACAP-27 plus an addition 11 amino 
acids at the C-terminal [ 3 ,  4 ]. PACAP-38 and PACAP-27 were isolated from ovine 
hypothalamus and elevate cAMP in rat pituitary cells in culture. The PACAP- 38 
amino acid sequence is highly conserved and is identical in mammals [ 5 ]. In cellular 
extracts approximately an order of magnitude more PACAP-38 is detected than PRP 
or PACAP-27. PACAP-38 and PACAP-27 have approximately an order of magnitude 
more biological activity than does PRP [ 5 ]. 

 PACAP-27 and PACAP-38 bind with high affi nity to G-protein coupled receptors 
(GPCR; VPAC1, VPAC2, and PAC1) which are members of the class II or class B 
secretin-like receptors [ 6 ]. The activated VPAC1, VPAC2, or PAC1 interact with a 
stimulatory guanine nucleotide binding protein (Gs) increasing adenylylcyclase 
activity resulting in elevated cellular cAMP [ 7 ]. The increased cAMP activates 
protein kinase (PK) A causing phosphorylation of various proteins such as CREB 
leading to altered gene expression [ 8 ]. In addition, PAC1 interacts with Gq causing 
phospholipase (PL) C activation [ 9 ]. The PLC metabolizes phosphatidyl inositol 
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(PI) 4,5 bisphosphate to inositol-1,4,5-trisphosphate and diacylglycerol which 
increase cytosolic calcium and PKC activity, respectively. PACAP-27 addition to 
cancer cells increases the phosphorylation of numerous proteins in lung cancer 
including PKC, paxillin, focal adhesion kinase (FAK), Src, the epidermal growth 
factor receptor (EGFR), and extracellular signal-regulated kinase (ERK) [ 10 ]. The 
phosphorylated ERK enters the nucleus and increases the expression of the nuclear 
oncogenes c-fos and c-jun [ 11 ,  12 ]. The c-fos and c-jun form heterodimers altering 
the expression of growth factor genes. PACAP-27 or PACAP-38 stimulates the 
growth of brain cancer [ 13 ], colon cancer [ 14 ], neuroendocrine tumors [ 15 ,  16 ], 
pancreatic cancer [ 17 ] and SCLC [ 18 ]. A PAC1 antagonist, PACAP(6–38), inhibits 
the growth of lung, breast and prostate cancer cells [ 19 – 22 ]. PAC1 has been detected 
in a wide variety of tumors including brain, breast, colon, lung, neuroendocrine, 
pancreatic, pituitary, and prostate cancer [ 23 – 25 ]. In this chapter, the role of PACAP 
in cancer is presented.  

    Lung Cancer 

 PACAP-38 has been detected in tumors of the colon, lung, and prostate [ 8 ,  26 ,  27 ]. 
PACAP binds with high affi nity to small cell lung cancer (SCLC) cell lines [ 18 ]. 
SCLC is a neuroendocrine tumor which kills approximately 25,000 United States 
(US) citizens annually. Patients with SCLC are traditionally treated with chemother-
apy and/or radiation therapy. While the therapy is initially effective, relapse occurs 
and the median survival time is less than 1 year [ 28 ]. SCLC contains high levels of 
dopa decarboxylase (DDC), neuron specifi c enolase (NSE), and bombesin (BB)-like 
peptides [ 29 ]. Specifi c binding of  125 I-PACAP-27 to NCI-H345 or NCI- N417 SCLC 
cells was inhibited with high affi nity by PACAP-27 or PACAP-38 and the IC 50  values 
were 5 and 10 nM respectively [ 18 ]. In contrast, PACAP(6–38), PACAPhybrid and 
VIP bind to PAC1 with IC 50  values of 1500, 750 and 500 nM, respectively (Table  47.1 ). 
The results indicate that PACAP-27 binds to PAC1 with approximately 2-orders of 
magnitude greater affi nity than does VIP. PCR products for VIP, PACAP, VPAC1, and 
PAC1 were present in six of eight lung cancer cell lines tested, however, only two out 
of eight cell lines had VPAC2 [ 30 ]. PACAP-38 immunoreactivity is higher in the 
human lung cancer than normal lung biopsy specimens [ 27 ].

   A general problem is that the VPAC1 density (100,000/cell) is much greater than 
that of PAC1 (14,000/cell) in lung cancer and PACAP binds with high affi nity to 
PAC1, VPAC1 and VPAC2. The 61-amino acid maxadilan is selective for PAC1; 
however, it has little sequence homology to PACAP [ 31 ]. Recently 46 PACAP 
analogs were synthesized and evaluated for selectivity for PAC1 relative to VPAC1 
and VPAC2 [ 32 ]. Fifteen of the 46 analogs tested had selectivity for PAC1 relative 
to VPAC1. (Iac 1 , Ala 16,17 , DLys 38 )PACAP-38 bound with higher affi nity to PAC1 
(IC 50  = 0.3 nM) relative to VPAC1 (IC 50  = 23 nM) or VPAC2 (IC 50  = 3 nM). (Iac 1 , 
Ala 16,17 , DLys 38 )PACAP-38 [(IAAD)PACAP-38] was an agonist which was more 
potent at elevating cAMP using cells containing PAC1 (EC 50  = 0.05 nM) relative to 
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VPAC1 (EC 50  = 1.5 nM) or VPAC2 (EC 50  = 2.5 nM). The results indicate that  (IAAD)
PACAP-38 prefers PAC1 relative to VPAC1 by 50- to 80-fold and prefers PAC1 
relative to VPAC2 by 10- to 50-fold. Previously it was found that PACAP-38 is 
metabolized by dipeptidyl peptidase IV [ 33 ]. Acetyl-[Ala 15 , Ala 20 ]PACAP-38 pro-
pylamide and acetyl-PACAP-27-propylamide had improved biological activity and 
metabolic stability relative to PACAP-27 or PACAP-38. The results indicate that 
PACAP analogs are available which prefer PAC1 relative to VPAC1 or VPAC2. 

 PACAP-27 or PACAP-38 has a secondary structure in that it has a β-turn at 
amino acids 9–12 followed by an α-helix at amino acids 12–14, 15–20, and 22–24 
[ 34 ,  35 ]. Also, an α-helix forms at amino acids 28–38 of PACAP-38. Site-directed 
mutagenesis studies indicate that several amino acids in the N-terminal of PAC1 
such as Tyr 138  and Glu 137  are essential for high affi nity PACAP binding [ 35 ]. 
Mutation of Val 19 , Tyr 22 , Val 26 , or Leu 27  in PACAP impaired high affi nity binding to 
PAC1. Modeling studies suggest that the C-terminal of PACAP binds to the 
N-terminal of PAC1, whereas the N-terminal of PACAP binds to the PAC1 extracel-
lular (EC) loops and transmembrane (TM) domains [ 36 ]. 

 PAC1 is a GPCR with 467 amino acids (null; [ 37 ]) which has seven TM domains. 
Splice variants (SV) have been identifi ed and PAC1 SV-1 or the hip receptor has an 
additional 28-amino acid insert in intracellular loop (IC) 3 [ 38 ]. PAC1 SV-2 or the 
hop receptor (HOP1) contains 495 amino acids and has a different 28-amino acid 

  Table 47.1    Binding of 
PACAP analogs  

 Peptide  IC 50 , nM 

 PACAP-27  5 ± 1 
 PACAP-38  10 ± 1 
 PACAP(6–38)  1500 ± 170 
 PACAPhybrid  750 ± 90 
 VIP  500 ± 60 
 PACAP(16–38)  >10,000 

  The mean IC 50  ± S.D. of three determinations to inhibit 
specifi c  125 I-PACAP-27 binding to SCLC cell line NCI-N417 
is indicated. The peptide structures are shown below. 
Sequence homologies relative to PACAP-27 are in italics 
 PACAP-27:  His-Ser-Asp-Gly-Ile- Phe-Thr-Asp-Ser-Tyr-Ser- -
Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala- 
Val- Leu -NH 2  
 PACAP-38:  His-Ser-Asp-Gly-Ile- Phe-Thr-Asp-Ser-Tyr-Ser- -
Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-
Ala- Val- Leu -Gly-Lys-Arg-Tyr-Lys- Gln-Arg-Val-Lys-Asn-
Lys-NH 2  
 PACAP-hybrid: Lys-Pro-Arg- Arg-Pro-Tyr-Thr- Asp-Ser-Tyr-
Ser- Arg-Tyr-Thr-Arg-Lys-Gln-Met-  Ala-Val-Lys-Lys-Tyr-
Leu-Ala-Ala-Val-Leu- Gly-Lys-Arg-Tyr- Lys- Gln-Arg-Val-
Lys-Asn- Lys- NH 2  
 VIP:  His-Ser-Asp -Ala-Val-   Phe-Thr-Asp -Asn- Tyr -Thr-   Arg -
Leu- Arg-Lys-Gln-Met-  Ala-Val-Lys-Lys -Ala- Leu -Asn-Ser-

Ile- Leu -Asn-NH 2   
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insert in IC3. PAC1 SV-3 or the hip-hop receptor contains 523 amino acids and has 
both 28-amino acid inserts in IC3. All PAC1SVs interact with Gs and stimulate ade-
nylyl cyclase. PAC1 SV-2 interacted strongly with Gq causing phosphatidylinositol 
(PI) turnover whereas PAC1 null, PAC1 SV-1 or PAC1 SV-3 have a weaker response 
[ 9 ]. C-Fos expression was strongly increased when PACAP-27 was added to 
cells containing PAC1 SV-2 relative to PAC1 null, PAC1 SV-1, or PAC1 SV-3 [ 39 ]. 
The Ca 2+  response was maximal when PACAP-27 was added to cells containing 
PAC1 SV-2 relative to PAC1null, PAC1 SV-1 or PAC1 SV-3 [ 39 ] . The results indi-
cate that PAC1 null, PAC1 SV-1, PAC1 SV-2, or PAC1 SV-3 interact with Gs, how-
ever, PAC1 SV-2 interacts better than PAC1 null, PAC1 SV-1, or PAC1 SV-3 with Gq. 

 When PAC1 activates Gs it stimulates adenylyl cyclase increasing the cAMP 5.5- 
fold (Table  47.2 ). Both PACAP-27 and PACAP-38 (1 nM) increased signifi cantly the 
cAMP 5.5-fold after addition to lung cancer cells, however, PACAP(16–38) is inac-
tive (Table  47.2 ). The increase in cAMP caused by PACAP-27 was antagonized 
signifi cantly by 1 μM PACAPhybrid or PACAP(6–38) [ 20 ]. The results indicate 
that nM concentrations of PACAP-27 are required to elevate cAMP and that 
PACAP(6–38) or PACAPhybrid are PAC1 antagonists in cancer cells.

   PACAP-27 or PACAP-38 (100 nM) increased the cytosolic Ca 2+  in lung cancer 
cells. The increase in cytosolic Ca 2+  caused by PACAP-27 was antagonized by 1 μM 
PACAPhybrid or PACAP(6–38) [ 20 ]. Figure  47.1  shows a dose–response curve for 
(Iac 1 , Ala 16,17 , DLys 38 )PACAP-38 to elevate cytosolic Ca 2+ . (Iac 1 , Ala 16,17 , DLys 38 )
PACAP-38 had little effect on NCI-H838 cytosolic Ca 2+  at a 0.1 or 1 nM dose, however, 
it moderately and strongly increased cytosolic Ca 2+  at a 10 or 100 nM concentration, 
respectively. The results indicate that 10 nM doses of PACAP-27, PACAP-38, and 
(Iac 1 , Ala 16,17 , DLys 38 )PACAP-38 are needed to elevate the cytosolic Ca 2+  in lung 
cancer cells and whereas lower doses are needed to elevate cAMP [ 32 ].

   PACAP has additional signal transduction mechanisms. Addition of 10 nM 
PACAP-27 to non-SCLC (NSCLC) cell line NCI-H1299 cells increased ERK 
tyrosine phosphorylation [ 12 ]. The increase in ERK tyrosine phosphorylation 
caused by PACAP was reversed by PACAP(6–38) or PD98059, a MEK inhibitor. 
Phosphorylated ERK can enter the nucleus and alter gene expression. PACAP-27 or 

   Table 47.2    PACAP elevates 
cAMP in lung cancer cells  

 Addition  cAMP, fmol 

 None  7.0 ± 1.0*** 
 PACAP-27, 1 nM  40.1 ± 6.0** 
 PACAP-38, 1 nM  37.8 ± 5.6** 
 PACAP-27 + 1 μM PACAP(6–38)  14.5 ± 2.5* , *** 
 PACAP-27 + 1 μM PACAPhybrid  10.5 ± 2.7*** 
 PACAP(16–38), 1 nM  6.8 ± 0.9*** 

  The ability of peptides to alter cAMP was investigated in 
SCLC cell line NCI-H345. The mean value ± S.D. of three 
determinations each performed in duplicate is shown; 
* p  < 0.05; ** p  < 0.01 relative to control; *** p  < 0.01 relative 
to PACAP-27  
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PACAP-38 increased c-fos mRNA in NCI-N417 cells after 4 h [ 11 ]. The increase in 
c-fos expression caused by PACAP was reversed by PACAP(6–38) or H7, a PKC 
inhibitor. C-fos and c-jun can form heterodimers and increase expression of genes 
with AP-1 sites. PACAP-27 (100 nM) addition to NCI-H1299 cells increased 
expression of vascular endothelial growth factor (VEGF) after 8 h [ 12 ]. The increase 
in VEGF mRNA caused by PACAP-27 was inhibited by PACAP(6–38) or PD98059. 
VEGF is an angiogenic factor which increases the vascularization of tumors. 

 PACAP-27 (10 nM) stimulated the clonal growth of lung cancer cells signifi -
cantly to 178 % (Table  47.3 ). The increase in clonal growth stimulated by PACAP- 27 
was inhibited signifi cantly by 1 μM PACAP(6–38). PACAP(6–38) reduced basal 
colony number to 63 %. Injection of 0.4 mg/kg of PACAP(6–38) into nude mice 
reduced NCI-H838 xenograft growth signifi cantly to 67 %. The results suggest that 
PAC1 regulates the growth of lung cancer cells [ 19 ].

   PACAP addition to NSCLC cells causes phosphorylation of numerous proteins. 
PACAP-27 addition to lung cancer cells causes tyrosine phosphorylation of focal 
adhesion kinase (FAK) and paxillin [ 40 ]. Tyrosine phosphorylation of FAK and 
paxillin are associated with reorganization of the actin cytoskeleton and assembly of 
focal adhesion plaques [ 41 ]. The ability of PACAP to increase FAK phosphoryla-
tion was reversed by PP2 (Src inhibitor), U73122 (PLC inhibitor), or PACAP(6–38) 
[ 40 ]. PACAP-27 addition to lung cancer cells caused tyrosine phosphorylation of 

  Fig. 47.1    Cytosolic Ca 2+ . The ability of 0.1 ( a ), 1 ( b ), 10 ( c ), or 100 nM ( d ) (Iac 1 , Ala 16,17,  DLys 38 )
PACAP-38 [(IAAD)PC-38] to elevate cytosolic Ca 2+  in Fura-2AM loaded NCI-H838 cells was 
investigated as a function of time. This experiment is representative of three others       
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proline-rich tyrosine kinase (PYK)2 [ 42 ]. PYK-2 interacts with paxillin which 
coordinates Rho family GTPases regulating the actin skeleton [ 43 ]. The ability of 
PACAP to increase PYK-2 phosphorylation was reversed by PP2, PACAP(6–38), 
U73122 or BAPTA, a Ca 2+  chelator [ 42 ]. Finally PACAP-27 addition to lung cancer 
cells caused tyrosine phosphorylation of the EGFR. The ability of PACAP to cause 
EGFR transactivation was inhibited by PP2, PACAP(6–38) or gefi tinib, an EGFR 
tyrosine kinase inhibitor (TKI) [ 44 ]. 

 (IAAD)PACAP-38 addition to NSCLC cells increased EGFR tyrosine phosphor-
ylation in a concentration-dependent manner (Fig.  47.2 ). Addition of 1, 10, or 
100 nM (IAAD)PACAP-38 to NCI-H838 cells weakly, moderately and strongly, 
respectively increased EGFR tyrosine phosphorylation (Fig.  47.2 , top) whereas 
total EGFR was unaffected (Fig.  47.2 , bottom). The rapid transactivation of the 
EGFR caused by PACAP addition to lung cancer cells is matrix metalloprotease 
(MMP) dependent [ 10 ,  44 ]. Addition of the MMP inhibitor GM6001 to lung cancer 
cells inhibited the PAC1 regulation of EGFR transactivation [ 44 ]. Also, PACAP 
increased secretion of the EGFR ligand transforming growth factor (TGF) α from 
lung cancer cells that was inhibited signifi cantly by GM6001. MMP may metabolize 

    Table 47.3    Effect of ligands on lung cancer proliferation   

 Addition 

 Relative % proliferation 

 In vitro  In vivo 

 None  100 ± 13***  100 ± 9 
 PACAP-27  178 ± 21*  n.d. 
 PACAP(6–38)  63 ± 4* , ***  67 ± 5* 
 PACAP-27 + PACAP(6–38)  113 ± 14***  n.d. 
 Gefi tinib  51 ± 9***  n.d. 
 PACAP(6–38) + Gefi tinib  18 ± 3***  n.d. 

  The mean in vitro value ± S.D. of three determinations each repeated in triplicate is 
shown; ** p  < 0.01; * p  < 0.05 relative to control; *** p  < 0.01 relative to 10 nM PACAP-27. 
NSCLC NCI- H838 cells were treated with 1 μM PACAP(6–38) and/or 1 μg/ml gefi tinib. 
The mean value ± S.D. of six mice bearing NCI-H838 xenografts is indicated; * p  < 0.05 
relative to control using 0.4 mg/kg PACAP(6–38) subcutaneously;  n.d.  not determined  

  Fig. 47.2    EGFR transactivation. ( Top ) The ability of 1, 10, or 100 nM (IAAD)PC-38 to cause 
EGFR tyrosine phosphorylation was investigated 2 min after the addition of ligand to NCI-H838 
cells. ( Bottom ) (IAAD)PC38 had no effect on total EGFR. This experiment is representative of 
two others       
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inactive proTGFα in lung cancer cells to biologically active TGFα. The TGFα binds 
with high affi nity to the EGFR causing phosphorylated homodimers to form in lung 
cancer cells [ 45 ]. The results suggest that PACAP may stimulate lung cancer growth 
in an EGFR-dependent manner.

   Gefi tinib or erlotinib are EGFR TKI that are used to treat NSCLC patients which 
have certain EGFR mutations [ 46 ,  47 ]. Approximately 13 % of the lung cancer 
patients who respond to EGFR TKI have activating mutations. A goal is to increase 
the sensitivity of gefi tinib in patients with wild type EGFR. Table  47.3  shows that 
gefi tinib or PACAP(6–38) moderately inhibits the growth of NCI-H838 cells. 
Addition of both PACAP(6–38) and gefi tinib strongly inhibits lung cancer growth 
suggesting that PACAP(6–38) is synergistic with gefi tinib at inhibiting lung cancer 
growth in vitro. It remains to be determined if PACAP(6–38) is synergistic with 
gefi tinib at inhibiting lung cancer growth in vivo.  

    Brain Tumors 

 Neuroblastoma cells have predominantly PAC1, some VPAC2 and little VPAC1. 
PAC1SVs are present in the N-terminal of PAC1 [ 48 ]. PAC1 has 18 exons and exons 
1–6 encode for the N-terminal, whereas exons 7–17 encode for the seven TM 
domains and exon 18 encodes for the C-terminal. Alternative splicing of exon 5, 
exons 5, 6 or exons 4–6 result in deletions of 7, 21 (short) or 57 amino acids (very 
short) in the N-terminal of PAC1 [ 49 ]. Addition of PACAP-38 to neuroblastoma cell 
lines SH-SY5Y, SK-N-Be or NB100 increased the cAMP with EC 50  values ranging 
from 0.05 to 1 nM [ 48 ]. The PAC1SVs which predominated in SH-SY5Y cells were 
the δ5,6null; δ5,6hop; and δ4,5,6null. Cells which expressed PAC1null, PAC1δ5null, 
PAC1δ5,6null but not PAC1δ4,5,6null bound  125 I-PACAP-27 with high affi nity [ 50 ]. 
These results indicate that the very short PAC1 is missing essential amino acids from 
the N-terminal of PAC1 that are critical to interact with the C-terminal of PACAP. 

 The ability of PAC1 SV to elevate cAMP and cause PI turnover was investigated. 
PACAP-38 was more potent at elevating cAMP in cells containing PAC1null or 
PAC1hop than PAC1hip. Similarly PACAP-38 was more potent at elevating cAMP 
in PAC1δ5null or PAC1δ5hop than PAC1δ5hip [ 51 ]. Also PACAP-38 was more 
potent at elevating cAMP in cells containing PAC1δ5,6null or PAC1δ5,6hop than 
PAC1δ5,6hip. The results indicate that the PAC1SV1 does not stimulate adenylylcy-
clase as well as PAC1null or PAC1SV2 regardless of whether the PAC1δ5 or 
PAC1δ5,6 is present. Previously it was found that PAC1hop was better than PAC1null 
or PAC1hip at causing PI turnover [ 9 ]. PACAP-38 was more potent at causing PI 
turnover in cells containing PAC1δ5hop than PAC1δ5null whereas PAC1δ5hip was 
ineffective. Also, PACAP-38 was more potent at causing PI turnover in cells contain-
ing PAC1δ5,6hop than PAC1δ5,6null whereas PAC1δ5,6hip was ineffective. The 
results indicate that PAC1hop strongly activates PLCβ, PAC1null moderately acti-
vates PLCβ whereas PAC1hip weakly activates PLCβ regardless of whether PAC1δ5 
or PAC1δ5,6 is present. The results indicate that PAC1 IC3 regulates adenylylcyclase 
and/or PLC activity. 
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 The signal transduction mechanisms of PAC1 SV were investigated in NG108- 15 
cells (mouse neuroblastoma × rat glioma hybrid). PACAP-38, 1 nM, strongly 
increased cAMP in cells transfected with PAC1null, PAC1hip, and PAC1hop. 
PACAP-38, 100 nM, strongly increased cytosolic Ca 2+  in cells transfected with 
PAC1hop and PAC1null but not PAC1hip [ 52 ]. All PAC1SVs treated with PACAP- 38 
increased VIP gene expression and this expression was a function of cAMP/PKA 
activation [ 53 ]. All PAC1SVs treated with PACAP-38 increased stanniocalcin 
(STC1) expression which was dependent on ERK but not PKA activation [ 52 ]. 
The results indicate that the mechanism by which PAC1 alters gene expression is a 
function of the gene product. 

 PACAP has a biphasic dose–response curve on neuroblastoma cells with stimu-
lation of proliferation at low nM concentrations and inhibition of proliferation at 
high μM concentrations [ 54 ]. Stimulation of proliferation was mediated by the 
MAP kinase pathway whereas inhibition of proliferation was mediated by 
PKA. PAC1 and PACAP mRNA were detected in numerous neuroblastoma tumors 
and cell lines [ 55 ]. PACAP inhibited cell growth and induced morphological 
differentiation of neuroblastoma cells in a cAMP dependent manner [ 56 ,  57 ]. 
It remains to be determined if the ability of PACAP to alter cancer growth varies as 
a function of PAC1SV status. 

 PAC1 is present in numerous brain tumors including astrocytomas, ependymo-
mas, glioblastomas, and neuroblastomas [ 55 ,  58 ]. PAC1 mRNA is present in U87, 
U138, and U373 human glioblastoma cell lines [ 59 ]. Specifi c  125 I-PACAP-27 bind-
ing was inhibited with high affi nity by PACAP-27 but not VIP (IC 50  values of 10 and 
1500 nM, respectively). Addition of 30 nM PACAP-27 to U87 cells elevated the 
cAMP and cytosolic Ca 2+ . Addition of 10 nM PACAP-27 stimulated the clonal 
growth of human U87, U118, or U373 cells [ 59 ]. Also PACAP stimulated the 
proliferation of rat C6 glioma cells [ 60 ]. PACAP bound with high affi nity to 70 % 
of the astroglial neoplasms, ependymomas, and oligodendroglioma membranes 
examined [ 58 ] and elevated cAMP. When PACAP-27 or PACAP-38 is added to 
human glioblastoma T98G cells, which have VPAC2, proliferation is reduced [ 61 ]. 
VPAC2 regulates increases in cAMP but not cytosolic Ca 2+ . 

 Disruption of a single copy of the PACAP gene increased medulloblastoma 
incidence in ptc1 mutant mice 2.5-fold [ 62 ]. Ptc1 is a sonic hedgehog receptor gene 
which is overexpressed in humans and mice with medulloblastoma. PACAP reduced 
gli1 gene expression and proliferation of primary medulloblastoma tumor spheres 
in a PKA-dependent manner [ 63 ]. The results indicate that PAC1 is present in many 
brain cancers.  

    Neuroendocrine Tumors 

 PAC1 is present on many neuroendocrine tumors (NETs) and regulates prominent 
growth effects [ 15 ,  16 ,  64 – 66 ]. In BON cells, PAC1 is present and its activation 
increases cAMP, cytosolic Ca 2+ , ERK tyrosine phosphorylation, EGFR tyrosine 
phosphorylation, release of serotonin, and growth [ 64 – 66 ]. Gene expression 

47 PACAP and Cancer



804

profi ling indicated that BON cells have numerous neuroendocrine markers including 
NSE, DDC, substance P, somatostatin 2 receptors, and muscarinic acetylcholine 
receptor [ 67 ]. PACAP plays a critical role in hypergastrinemia resulting in the 
proliferation of enterochromaffi n cells [ 15 ,  16 ]. PAC1 is important in regulating 
the proliferation of NET cells especially those secreting insulin [ 68 ]. 

 PACAP causes PC12 cells, a rat pheochromocytoma, to decrease proliferation, 
increase survival, and induce neurite outgrowth [ 69 ,  70 ]. After activation, PAC1 is 
translocated into caveolae and stimulates neuritogenesis through a cAMP-Rap-1 
dependent pathway [ 71 ,  72 ]. PACAP causes PC12 cellular differentiation through 
the ERK/MAPK cascade [ 73 ]. PACAP addition to PC12 adrenal pheochromocy-
toma cells increases the cAMP [ 74 ] and causes catecholamine secretion [ 75 ]. 
PAC1hop facilitated catecholamine secretion through 2-ABP-sensitive Ca 2+  chan-
nels in PC12 cells [ 76 ]. 

 PACAP addition to PC12 cells increases TrkA tyrosine phosphorylation [ 77 ,  78 ]. 
When PACAP was added to PC12 cells, Akt was phosphorylated in a TrkA- dependent 
manner. The TrkA and Akt phosphorylation caused by PACAP was reversed by the 
TKI K252a. Also, TrkA transactivation caused by PACAP was inhibited by PP1, an 
inhibitor of Src. Neuronal differentiation was stimulated by PACAP which activated 
Galpha/cAMP/exchange protein (Epac) in a cAMP- dependent manner utilizing Rit 
guanine nucleotide exchange factor [ 79 ]. The PACAP-mediated Rit activation involves 
the Src family kinase-dependent TrkA receptor transactivation. Addition of the Src 
inhibitor PP1 inhibited the ability of PACAP to cause Rit activation in a TrkA-
dependent manner. The increase in TrkA and Akt tyrosine phosphorylation occurred 
10 min after addition of PACAP-38 to PC12 cells. Further PACAP promotes survival 
and neuritogenesis in PC12 cells through the NF-kB pathway [ 80 ]. The results 
indicate that PAC1 regulation of Trk-A phosphorylation is essential for Epac to activate 
Rit GTPase leading to neuronal differentiation.  

    Prostate Cancer 

 PACAP and PAC1 immunoreactivity are present in prostate tissue [ 81 ]. In prostate 
cancer tissues anti-PAC1 antibody stained the apical portion of the prostate cancer 
cells. By RT-PCR, PAC1null mRNA was more abundant than PAC1SV1 or 
PAC1SV2. Addition of PACAP-27 of PACAP-38 to prostate cancer biopsy speci-
mens increased adenylyl cyclase activity [ 82 ]. PACAP-27, PACAP-38, and 
PACAP(6–38) inhibited specifi c binding of  125 I-PACAP-27 to PC-3 cells with IC 50  
values of 15, 10, and 300 nM, respectively [ 21 ]. PACAP-27 (1 nM) addition to PC-3 
cells increased the cAMP threefold which was antagonized signifi cantly by 1 μM 
PACAP(6–38). Addition of 10 nM PACAP-27 signifi cantly increased PC-3 colony 
number which was antagonized by 1 μM PACAP(6–38). Injection of 0.4 mg/kg of 
PACAP(6–38) into nude mice signifi cantly reduced xenograft proliferation by 50 %. 
Treatment of LNCaP cells with PACAP-27 short-term stimulated proliferation 
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whereas chronic treatment resulted in elevated cAMP resulting in proliferation 
arrest and neuroendocrine differentiation [ 83 ]. Because PACAP binds with high 
affi nity to membranes derived from human benign hyperplastic prostate, VPAC and 
PAC1 may be expressed early in the carcinogenic process [ 84 ].  

    Pituitary Tumors 

 PACAP regulates hormone secretion and cell proliferation in pituitary tumor cells. 
In human pituitary adenoma HP75 cells, PACAP-27 or PACAP-38 inhibits TGF-β 
induced apoptosis [ 85 ]. In human pituitary adenomas, PACAP administration 
increased ACTH release from three corticotrope tumors as well as GH release from 
a somatotrope tumor [ 86 ]. In mouse pituitary corticotroph AtT20 cells, nM concen-
trations of PACAP-27 or PACAP-38 increased cAMP, POMC gene transcription 
and ACTH release [ 87 ,  88 ]. PACAP addition to rat lactotrope 235–1 cells increases 
PRL release to 260 % and increases proliferation to 162 % [ 89 ]. PACAP stimulates 
LH and FSH release from gonadotrophinomas and potentiated the effects of TRH 
[ 90 ]. PACAP-27 or PACAP-38 addition to lactotrope/somatotrope rat GH3 cells 
increased PRL and GH release [ 91 ]. PACAP increases PRL mRNA is a  cAMP/
PKA/ERK dependent mechanism [ 92 ]. PACAP addition to somatolactotrope 
BH5C1 cells increase PRL gene expression in a cAMP/PKA/ERK/Rap1 dependent 
manner [ 93 ].  

    Breast Cancer 

 A 19.9 kDa prepro-PACAP was detected in human breast cancer biopsy specimens 
[ 26 ]. Also, a smaller molecular weight product was identifi ed suggesting the prepro- 
PACAP can be processed by breast cancer cells. Also PAC1 null and PAC1 SV3 
mRNA were present in breast cancer biopsy specimens [ 8 ]. Antibodies to PAC1 
stained breast cancer biopsy specimens and recognized a 60-kDa protein [ 22 ]. 
PACAP-27, PACAP-38, and PACAP (6–38) inhibited specifi c  125 I-PACAP-27 bind-
ing to T47D cells with IC 50  values of 8, 17, and 750 nM respectively. Addition of 
1 nM PACAP-27 to T47D cells increased the cAMP tenfold and the increase caused 
by PACAP-27 was signifi cantly inhibited by 1 μM PACAP(6–38). PACAP(6–38) 
(0.4 mg/kg) inhibited signifi cantly the growth of T47D xenografts in nude mice by 
39 % [ 22 ]. 

 A  99m Tc-labeled VIP analog named TP-3645 has been developed to image 
tumors in breast cancer patients [ 94 ]. Subsequently a  64 Cu-labeled VIP analog was 
developed named TP-3982 to image breast cancer patients [ 95 ]. It remains to be 
determined if a radiolabeled PACAP analog will be developed for early detection 
of cancer.  
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    Pancreatic Cancer 

 The effects of PACAP were investigated on rat pancreatic carcinoma AR4-2J cells. 
Nanomolar concentration stimulated the growth and increased ornithine decarboxyl-
ase activity [ 17 ]. The effects of PACAP-27 on proliferation and ODC activity were 
reversed by the somatostatin analog SMS 201–995 or pertussis toxin. PACAP- 27 
addition to AR4-2J cells increased proliferation and PLD activity that was inhibited 
by SMS201-995 or wortmannin, a PI-3-K inhibitor [ 96 ]. The growth effects of 
PACAP on AR4-2J cells are preceded by increased expression of c-fos as well as 
c-jun [ 97 ]. The c-fos and c-jun activate the heterodimeric transcription factor AP-1. 
The effects of PACAP on c-fos/c-jun/AP-1 are reversed by PKC and PKA inhibitors 
as well as PACAP(6–38).  

    Colon Cancer 

 PACAP-38 immunoreactivity was detected in colon cancer biopsy specimens [ 27 ]. 
PAC1 was present in HCT8 human colonic tumor cell line HCT8 [ 14 ]. Addition of 
PACAP-38 to NCT8 cells increased the cAMP and cytosolic Ca 2+  leading to 
increased proliferation. The effects of PACAP on HCT8 cells were antagonized by 
PACAP(6–38). The effects on PACAP on HCT8 cells on proliferation was impaired 
if the cells overexpressed PAC1SV1 [ 98 ]. Addition of PACAP-38 to the transfected 
cells increased cAMP but not cytosolic Ca 2+  or proliferation. The results suggest 
that PACAP must cause PI turnover to increase colon cancer proliferation.  

    Other Cancers 

 In cervical cancer multiple cytosine guanine dinucleotides are found in the promoter 
region of the PACAP gene and these CpG sites are methylated early in the carcino-
genic process [ 99 ]. It remains to be determined if methylation of the PACAP gene 
can be used for early detection of cervical cancer. Overexpression of the PACAP 
gene in cervical cancer cell lines reduced expression of secretory clusterin, an anti-
apoptotic protein [ 100 ]. 

 In human choriocarcinoma cell line JAR, PACAP facilitated the ability of hydro-
gen peroxide (H 2 O 2 ) or CoCl 2  to decrease survival [ 101 ]. Treatment of JAR cells 
with H 2 O 2  plus PACAP decreased phosphorylation of Akt, p-38-MAPK and 
ERK. PACAP-38 or PACAP(6–38), however, it had little effect on the ability of 
methotrexate to cause apoptosis or necrosis of JAR cells [ 102 ]. The results suggest 
that PACAP may increase oxidative stress caused by H 2 O 2 . 

 In multiple myeloma proliferation of plasma cells in the bone marrow overproduce 
immunoglobulin light chains leading to secretion of interleukin 6 (IL-6) by bone 
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marrow stromal cells (BMSC). PACAP suppressed light chain immunoglobulin 
myeloma release of IL-6 by BMSC [ 103 ]. PACAP infusion into the blood of a mul-
tiple myeloma patient increased the intravenous level of PACAP to 0.2 nM resulting 
in a reduction of immunoglobulin light chains in the urine. There were few side 
effects associated with the PACAP infusion and the half-life was approximately 
5 min [ 104 ]. PACAP inhibited p38 MAPK and translocation of NFkappaB in renal 
proximal tubule cells [ 105 ]. PACAP-38 prevents renal injury in myeloma models in 
experimental animals. PACAP preserves renal function in a number of models of 
renal injury [ 106 ].  

    Summary 

 PACAP is a neuropeptide growth factor present in numerous cancers. PACAP stim-
ulates the proliferation of both SCLC, a neuroendocrine tumor, and NSCLC, an 
epithelial tumor. PACAP-27 or PACAP-38, which can be derived from the precursor 
preproPACAP, binds with high affi nity to PAC1, VPAC1, and VPAC2. Also, VIP, 
which is produced by SCLC and NSCLC cells, binds with high affi nity to VPAC1 
and VPAC2 but not PAC1. It is important to determine which ligand and which 
receptor regulates cancer proliferation. 

 For the fi rst time, selective peptide agonists are now available for PAC1. 
(Iac 1 , Ala 16,17 , DLys 38 )PACAP-38 is a synthetic agonist which prefers PAC1 relative 
to VPAC1 by 50- to 80-fold and prefers PAC1 relative to VPAC2 by 10- to 50-fold 
[ 32 ]. Maxidilan is a 61-amino acid peptide from the sand fl y is selective for PAC1, 
but has little sequence homology to PACAP and is not readily available [ 31 ]. (Lys 17 , 
Arg 18 , Leu 27 )VIP 1-7 GRF 8-27  is a selective VPAC1 agonist and RO25-1553 is a selec-
tive VPAC2 agonist [ 105 ]. The selective peptide agonists can be used to determine 
which receptor regulates cancer cellular proliferation. For SCLC and NSCLC, 
PAC1 and VPAC1 but not VPAC2 agonists stimulated proliferation [ 107 ]. 
PACAP(6–38) is a peptide antagonist for PAC1. While it appears to be specifi c for 
PAC1 relative to VPAC1 or VPAC2, the IC 50  value is in the μM range. Thus 
PACAP(6–38) will dissociate rapidly from PAC1. High affi nity non-peptide antago-
nists for PAC1 are needed. 

 The signal transduction mechanisms for PACAP in cancer are complex. 
Figure  47.3  shows that PACAP addition to NSCLC cells increases cytosolic Ca 2+  
and activates PKC as well as PKA with seconds after addition to NSCLC cells. As 
a result Src is activated which leads to activation of MMP as well as PYK2, FAK, 
and paxillin phosphorylation leading to increased cellular motility, migration, and 
secretion. MMP metabolizes membrane-bound precursors into EGFR ligands such 
as TGFα, amphiregulin, and heparin binding-EGF [ 108 ]. When TGFα binds to 
NSCLC cells, proteins such as PI3K and the EGFR are tyrosine phosphorylated. 
PI3K activation leads to Akt and mTor phosphorylation leading to increased cellular 
survival and/or differentiation. The EGFR activates the Ras, Raf, MEK, ERK pathway, 
leading to increased cellular proliferation. When ERK or Creb are activated in the 
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nucleus, gene expression is altered increasing proliferation. In NSCLC, PAC1 may 
regulate growth in an EGFR-dependent manner.

   In NSCLC, nM concentrations of PACAP increase colony number whereas 
higher concentrations have little effect [ 109 ]. The high concentration may chroni-
cally increase cAMP leading to cellular differentiation. Undifferentiated cancer 
cells growth rapidly, whereas proliferation is impaired when cells are differentiated. 
The role of PAC1 SVs in cancer cellular proliferation remains to be determined. In 
neuroblastoma PAC1 SVs exist in the N-terminal and well as IC loop3. 

 PACAP(6–38) is a PAC1 antagonist which inhibits NSCLC proliferation in vitro 
and in vivo. Unfortunately PACAP(6–38) is cytostatic in that when PACAP(6–38) 
administration was discontinued into nude mice, NSCLC tumors rapidly regrew. 
In contrast, the TKI gefi tinib is cytotoxic for NSCLC cells. PACAP(6–38) potenti-
ated the cytotoxicity of gefi tinib in vitro. It remains to be determined if GPCR 
antagonists increase the potency of TKI in NSCLC patients.     

  Fig. 47.3    PAC1 signal transduction. Activated PAC1 can interact with Gαs stimulating adenylyl 
cyclase leading to elevated cAMP, PKA activation, Creb phosphorylation and altered gene expres-
sion. Activated PAC1 can interact with Gαq stimulating PLC causing PI turnover. The DAG acti-
vates PKC leading to Src phosphorylation whereas the IP3 causes Ca 2+  release from the ER. Src 
can tyrosine phosphorylate FAK, paxillin, and PYK2, leading to altered cellular motility and 
migration. Src can activate MMP metabolizing TGFα from inactive precursors. The TGFα acti-
vates the EGFR leading to formation of homodimers with itself or heterodimers with HER2. This 
results in the tyrosine phosphorylation of the EGFR and protein substrates such as PI3K. The PI3K 
can activate PDK-1 leading to Akt and mTor phosphorylation increasing cellular survival. Also the 
EGFR can activate Ras and Raf leading to MEK and ERK tyrosine phosphorylation increasing 
cellular proliferation       
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 PACAP as a Potential Biomarker: 
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    Abstract     Pituitary adenylate cyclase activating polypeptide (PACAP) is a neuro-
peptide with wide distribution and diverse effects. Its presence has not only been 
revealed in the nervous system and peripheral organs, but also in the blood and other 
biological fl uids. Although PACAP is rapidly cleaved in the blood by peptidases, 
increasing number of evidence has been published in the last 10 years that show 
alterations of PACAP levels in different pathological conditions. The present review 
summarizes results obtained in the human blood and other fl uids under normal, 
physiological and pathological conditions with clinical relevance, such as preg-
nancy and delivery, as well as in several diseases. Most clinical data have been 
obtained so far in neurological diseases, such as Alzheimer’s disease, migraine, 
traumatic brain injury, multiple sclerosis, and cerebral hemorrhage, but some other 
diseases have also been shown to be accompanied by alterations of PACAP levels. 
These results indicate that the altered levels may have diagnostic and/or prognostic 
values in several diseases.  
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      Introduction 

 The pitfalls of neuropeptide measurements in biological samples are well known, 
and it is suggested to use neuropeptide immunoreactivity to describe what we mea-
sure with immunoassay techniques. This situation is further complicated in bio-
logical fl uids: the stable tissue levels of neuropeptides change once the peptides 
enter the circulation and are broken down by peptidases. In addition, different 
pathological conditions and medications infl uence the levels and breakdown of 
peptides. In spite of diffi culties and uncertainties, various peptides have been 
implicated as potential biomarkers in human diseases and their measurement in 
biological fl uids have also helped to elucidate their involvement in several disease 
pathomechanisms [ 1 ]. 

 Soon after the isolation of pituitary adenylate cyclase activating polypeptide 
(PACAP) by Miyata et al. [ 2 ], certain effects of PACAP in humans and its local-
ization in different human tissues were described [ 3 ,  4 ]. The source of PACAP in 
the blood is not known with certainty. The most logical sources of circulating 
PACAP are tissues known to contain the highest level of PACAP, such as brain 
and endocrine glands. It has also been described that PACAP levels are 1.5 times 
higher in the mouse serum than in the plasma [ 5 ]. The authors suggested that 
platelets signifi cantly contribute to circulating PACAP [ 5 ]. However, we do not 
know, for example in the case of the brain, how different barriers infl uence the 
passage of the peptide into the blood (see Chap.   25     by Banks). Another important 
issue to take into consideration is the short plasma elimination half-life of the 
peptide (5–10 min), similarly to other members of the VIP–secretin–glucagon–
GHRH peptide family [ 6 ]. 

 PACAP levels have been measured in human blood plasma in several studies. In 
healthy volunteers, plasma PACAP levels showed no difference between radial 
artery, internal or external jugular vein or cubital vein [ 7 ] (Table  48.1 ). In addition 
to the baseline levels, it was shown that continuous infusion of PACAP caused rapid 
increase of plasma PACAP levels, and a rapid decrease after cessation of the infu-
sion in a male patient, while inhalation of the peptide did not lead to increased 
plasma levels [ 6 ,  9 ]. Subsequent reports also demonstrated that intravenous infusion 
in volunteers led to increased plasma levels [ 13 ]. PACAP is cleaved by dipeptidyl- 
peptidase IV (DPP IV), which also cleaves several other peptides. The half-life of 
infused PACAP is estimated to be 3.5 min when infused to healthy young volunteers 
for 20 min [ 8 ], while others suggested a longer half-life of about 5–10 min [ 6 ] 
(Table  48.1 ).

   Increasing evidence shows that plasma PACAP levels and PACAP in several 
other body fl uids change under different physiological and pathological conditions 
and these levels may have diagnostic/prognostic values in certain diseases. The 
present review summarizes data obtained in human blood and other fl uids under 
normal and pathological conditions (summarized in Tables  48.1 ,  48.2 , and  48.3 ).
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        PACAP Levels Under Physiological Conditions 

 PACAP levels under normal circumstances are summarized in Table  48.1 . 
 Early studies measured plasma PACAP levels in rats. A pioneer paper showed that 

the hypohyseal portal blood contained signifi cantly higher PACAP immunoreactivity 
than the peripheral blood, with higher hypophyseal levels in females than in males 
([ 28 ]; 50–100 pmol/l vs. 23–24 pmol/l). This study proved that PACAP was released 
into the hypophyseal portal vessel blood and, therefore, can be regarded as a hypotha-
lamic pituitary regulatory factor, with PACAP38 being the major form [ 28 ]. 

    Pregnancy and Delivery 

 During pregnancy, PACAP levels show a moderate but signifi cant elevation during 
the second and third trimesters compared to earlier gestational periods or nonpregnant 
women [ 10 ]. From the same volunteer population, during delivery, a signifi cant, 
about 70 %, decrease was observed. Levels in the plasma of mothers returned to 

    Table 48.3    Changes in PACAP levels in human non-neurological diseases   

 Condition or disease 
 Patient 
number 

 Sample/ 
method  Level ranges 

 Change of 
PACAP  Reference 

 Chronic hepatitis B 
patients under 
antiviral therapy 

 25 treated, 
22 healthy 
controls 

 Plasma, 
RIA 

 Controls: 65, 
hepatitis: 22 
after treatment: 
49 pg/ml 

 ↓ in hepatitis 
patients, ↑ after 
antiviral therapy 

 [ 25 ] 

 Nephrotic syndrome 
in children 

 28 vs. 10 
controls 

 Plasma, 
urine, 
Western 
blot 

 Results given 
as % of 
controls, 
absolute values 
not available 

 Plasma PACAP 
↓, urinary levels 
↑ in nephrotic 
states 

 [ 26 ] 

 Nephrectomy  3  Plasma, 
 Western 
blot 

 As above  ↑ After 
nephrectomy 

 [ 26 ] 

 Premature ovarian 
failure 

 5 (vs. 13 
controls) 

 Plasma, 
ELISA 

 58 (vs. 136) 
pg/ml 

 ↓  [ 11 ] 

 Idiopathic 
hypogonadotropic 
hypogonadism 

 9 (vs. 13 
controls) 

 Plasma, 
ELISA 

 92 (vs. 136) 
pg/ml 

 ↓  [ 11 ] 

 Superovulation 
treatment 

 132  Follicular, 
fl uid RIA 

 143 fmol/ml 
(28–690 fmol/
ml), cutoff 
value: 
290 fmol/ml 

 Correlation with 
the number of 
retrieved 
oocytes: lower 
levels 
associated with 
higher number 
of oocytes 

 [ 27 ] 
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baseline 3 days after delivery. Plasma levels were also measured in the newborn 
babies of these volunteer mothers. It was found that the levels of PACAP were in the 
same range as in adults in the peripheral blood, but not in the blood obtained from 
the umbilical arteries, where PACAP level was lower [ 10 ]. The levels were higher 
in the umbilical arteries than in the umbilical vein. These fi ndings indicate that 
during pregnancy PACAP is synthesized by the placenta or other maternal tissues in 
higher amounts, possibly necessary for the fetal and/or maternal tissue develop-
ment. The sudden drop during delivery might indicate a role in the uteroplacental 
circulation and/or uterine contraction. The higher level in the umbilical artery 
(carrying venous blood from the fetus) than in the vein (carrying blood from the 
placenta to the fetus) indicates a fetal synthesis of the peptide [ 10 ]. 

 Another study also investigated the level of PACAP in fetal cord blood and new-
born babies [ 12 ]. The authors found no difference between male and female babies 
or between newborns and postmenopausal women between 64 and 83 years. It was 
also found that there was a slightly elevated level after caesarian delivery compared 
to vaginal birth, but there was no difference between PACAP levels in babies whose 
mothers progressed through labor or those who did not [ 12 ]. PACAP levels were 
unrelated to gestational age or Apgar score. The level of PACAP showed a slight 
increasing tendency with increasing birth weight. Based on the function of PACAP 
in stress adaptation and stress responses, it could be hypothesized that PACAP levels 
would differ in perinatal stress, but these data did not support this hypothesis. 

 In contrast to the above-mentioned results, Kanasaki and colleagues showed that 
plasma PACAP levels were lower in pregnant women compared to nonpregnant 
women [ 11 ]. PACAP levels were measured parallel with levels of luteinizing hor-
mones, but no correlation was found between variations in PACAP and gonadotropin 
levels [ 11 ]. 

 Related to pregnancy and childcare, other fl uids also have to be mentioned: 
breast milk, amniotic fl uid, and follicular fl uid. Follicular fl uid contained relatively 
stable levels of PACAP, with PACAP levels correlating with the number of retrieved 
oocytes during hyperstimulation treatment, the details of which are discussed below 
[ 27 ,  29 ]. In the amniotic fl uid, the presence of the unchanged PACAP molecule 
could not be detected by mass spectrometry, but RIA measurements confi rmed 
PACAP-like immunoreactivity (LI) [ 29 ]. These results show that an altered or 
bound form of the peptide was present in the amniotic fl uid, the signifi cance of 
which still awaits further investigation. PACAP levels were markedly higher in the 
breast milk than in the plasma [ 30 ]. This topic is reviewed in a separate chapter 
(Chap.   49    ) of this book by Tamas et al.   

    PACAP Levels Under Pathological Conditions 

    Neurological Diseases 

 Changes in PACAP levels in neurological diseases are summarized in Table  48.2 . 
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    Alzheimer’s Disease 

 In postmortem human brains, Han and coworkers demonstrated a marked reduction 
in PACAP levels in several brain areas of Alzheimer’s disease patients [ 16 ,  17 ]. It 
was found that PACAP levels were reduced in the middle temporal gyrus, superior 
frontal gyrus, entorhinal cortex and primary visual cortex both at the mRNA and 
protein levels. Furthermore, the authors found that PACAP reduction was associated 
with pathological hallmarks of Alzheimer’s disease: PACAP levels were reduced 
with higher amyloid plaque scores in the entorhinal cortex and superior temporal 
gyrus, but not in the primary visual cortex, a region spared in most cases of the 
disease. Levels were lower in advanced Braak stages than in moderate stages. Lower 
PACAP levels were measured in postmortem cisternal cerebrospinal fl uid (CSF) of 
the same patients parallel with the reduced brain tissue levels [ 16 ]. Additionally, 
PACAP concentrations in patients with Alzheimer’s disease strongly correlated 
with the dementia rating scores. The inverse correlation between PACAP and the 
pathological hallmarks of the disease suggests that PACAP is not only reduced in 
Alzheimer’s disease, but also represents the severity of this pathology [ 16 ,  17 ]. 
These data suggest that the strongly reduced neurotrophic effect of PACAP may 
be an important contributing factor to Alzheimer pathology. It supports the obser-
vations made in mouse models of Alzheimer’s disease, where one of the down-
regulated genes important for neuronal survival was PACAP [ 31 ] and PACAP 
levels were strongly reduced in the brains of mutant mice resembling Alzheimer 
pathology [ 17 ]. 

 In a subsequent study, the same research group showed that PACAP decline was 
associated with mild cognitive impairment preceding Alzheimer’s disease in the 
above described brain areas [ 18 ]. It was found that PACAP levels were lower not 
only in the superior frontal gyrus and middle temporal gyrus but also in the CSF 
[ 18 ], although to a lesser extent than in fully developed Alzheimer’s disease. Values 
were inversely correlated with the dementia rating score. These data suggest a pro-
gressive decline of PACAP levels in Alzheimer-related dementias. The expression 
level of the PAC1 receptor was also evaluated and it was shown to be upregulated in 
mild cognitive impairment, but not in fully developed Alzheimer’s disease in the 
superior frontal gyrus [ 18 ]. This implies a transient, possibly compensatory upregu-
lation of PAC1 receptor in mild impairment, which is lost at more progressed states 
[ 18 ]. The authors suggest that CSF PACAP could be a good candidate of disease 
progression marker given the close correlation with disease scores and the specifi city, 
since no reduction was observed in other types of dementia (see below).  

    Other Dementias 

 An early study compared blood levels of several neuropeptides, including that of 
PACAP, in neonatal blood of children with autism spectrum disorder, mental retar-
dation without autism and in children with cerebral palsy [ 19 ]. There was no differ-
ence in PACAP levels between the groups, in contrast to VIP, which showed higher 
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levels in children with autism [ 19 ]. Han and coworkers measured CSF PACAP levels 
not only in Alzheimer’s disease, but also in other types of dementia, such as 
Parkinson’s disease with dementia and frontotemporal lobar degeneration. In con-
trast to the signifi cant reduction observed in Alzheimer’s disease, no reduction was 
observed in the CSF of other dementia patients postmortem [ 16 ]. In a family study, 
where members showed mental retardation, some displaying partial trisomy 18p 
with three copies of the PACAP gene [ 5 ]. It was found that two family members 
with severe mental retardation and accompanying other neurological problems had 
signifi cantly higher level of PACAP, and two members with borderline IQs had 
moderately increased PACAP levels [ 5 ].  

    Post-traumatic Stress Disorder 

 Regarding the potential use of PACAP as a biomarker in post-traumatic stress 
disorder, a pioneer study was published in 2011 [ 23 ]. The authors found, for the fi rst 
time, that there was a sex-specifi c association of PACAP blood levels with fear 
physiology and stress symptoms in females. Post-traumatic stress disorder symp-
toms signifi cantly correlated with PACAP38 levels in females, but not in males, and 
the disease diagnosis was associated with PACAP levels in females, with higher 
PACAP38 found in the stress-disorder cohort. PACAP38 levels predicted differen-
tial response on the symptoms necessary to fulfi ll the criteria in females, like avoid-
ance, hyperarousal, and reexperiencing [ 23 ]. They also found association with gene 
polymorphism of PACAP and PAC1 receptor, reinforced in a number of subsequent 
studies (further discussed in Chap.   45     of this book, by Ressler et al.).  

    Acute Spontaneous Basal Ganglia Hemorrhage 

 A recent study showed that plasma PACAP concentrations were signifi cantly higher 
in patients after acute spontaneous basal ganglia hemorrhage than in healthy control 
subjects [ 14 ]. This study examined a high number of patients: 150 patients with 
stroke and 150 age- and gender-matched control individuals. In addition to elevated 
PACAP levels, a positive association was also shown between PACAP concentra-
tions and neurological score, as well as with hematoma volume. Patients, who died 
within the fi rst week after admission, had higher PACAP levels. A cutoff value was 
identifi ed that predicted 1-week mortality with high sensitivity and specifi city, and 
the predictive value was found to be similar to the neurological scores. Similarly, in 
patients with 6-month survival, elevated PACAP levels were found and it also pre-
dicted mortality with high sensitivity and specifi city. Studying the overall survival, 
plasma PACAP concentration proved to be an independent predictor for overall 
survival similarly to scores and hematoma volumes. Overall survival times were 
signifi cantly shorter in patients with high PACAP levels than those with low con-
centrations [ 14 ]. The authors suggested that PACAP could be a good prognostic 
predictor in hemorrhage patients and hypothesized that the elevated blood PACAP 
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levels may refl ect an overproduction of PACAP as a pathological response to the 
loss of neural tissue in the CNS and it might be associated with the neuroprotective 
effects of the neuropeptide. Another recent study has confi rmed these fi ndings in 
aneurysmal subarachnoid hemorrhage [ 15 ]. These authors examined 118 hemor-
rhage patients and compared them to 118 controls. Hemorrhage patients had signifi -
cantly elevated PACAP levels on admission and plasma PACAP levels were 
independently associated with clinical severity scores. The neuropeptide was identi-
fi ed as an independent predictor of survival [ 15 ], suggesting that PACAP might be 
a potential prognostic biomarker of subarachnoid hemorrhage.  

    Traumatic Brain Injury 

 Our group demonstrated that PACAP could be reliably measured from the human 
CSF (25–80 fmol/ml) [ 24 ]. We measured PACAP levels in the plasma and CSF of 
patients who suffered severe traumatic brain injury. Patients were enrolled with a 
Glasgow Coma Scale ≤ 8 on admission. We detected higher concentrations of 
PACAP in the CSF after traumatic brain injury and both plasma and CSF levels 
increased within the fi rst 24–48 h after the injury. Thereafter, levels stayed high and 
did not increase further. In surviving patients, plasma and CSF levels were parallel, 
possibly indicating a damage in the blood–brain barrier. However, in patients, who 
died within the fi rst week, plasma levels were almost double compared to levels of 
the CSF. There was no correlation with other clinical parameters [ 24 ]. These data 
show a relationship between fi rst week mortality and plasma PACAP levels and sup-
port the possible hypothesis that PACAP levels are upregulated by the peri-injury 
areas, similarly to earlier immunohistochemical data from postmortem brains of 
traumatic brain injury patients [ 32 ]. However, similarly feasible explanation can be 
the relationship between the degree of blood–brain barrier injury and the elevated 
plasma PACAP levels.  

    Multiple Sclerosis 

 The role of PACAP in neuro-infl ammatory processes was proposed on the basis of 
experimental data. Administration of PACAP suppressed experimental autoimmune 
encephalomyelitis, a model of multiple sclerosis [ 33 ]. Studies in mice supported 
these observations by showing that PACAP knockout mice exhibited exacerbated 
encephalomyelitis, thus, the endogenous production of the peptide protects against 
multiple sclerosis, probably by modulating regulatory T cells [ 34 ,  35 ]. A clinical 
study investigated PACAP and VIP levels in the plasma and CSF of multiple sclero-
sis patients [ 22 ]. It was found that PACAP levels decreased in the CSF, while plasma 
PACAP levels did not change. These data suggest that PACAP may infl uence the 
course of multiple sclerosis.  
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    Migraine 

 The role of PACAP in migraine is evidenced both by animal and human studies. 
Due to the strong vasodilatory effect of PACAP and its sensitization function in the 
trigeminovascular system, PACAP is suggested to play an essential role in the 
induction of migraine [ 36 ]. Infusion of PACAP caused headache in healthy patients 
and migraine-like attacks in migraine patients [ 13 ,  37 ]. Animal studies supported 
these observations: PACAP38 was present in the trigeminal ganglion and caudal 
trigeminus nucleus, and plasma PACAP levels increased after electrical stimulation 
of the trigeminal ganglion [ 38 ] or after dural stimulation in cats [ 21 ]. PACAP 
knockout animals showed reduced responses to nitroglycerol [ 39 ]. 

 As far as the plasma levels are concerned, Tuka et al. [ 20 ] found that plasma 
PACAP38 levels were signifi cantly lower in the plasma of migraineurs during the 
interictal period than in healthy subjects, but elevated levels were shown during the 
ictal phase relative to the attack-free periods. In 21 migraineurs, samples were mea-
sured from the same subjects during attack and interictally. It was found that plasma 
PACAP38 levels were signifi cantly higher during the ictal period. A negative 
correlation was observed between the interictal PACAP38 level and the disease 
duration [ 20 ]. Similarly to these data signifi cantly lower plasma PACAP38-LI was 
detected in the inter-bout period of cluster headache patients than in healthy con-
trols. Plasma PACAP38-LI was remarkably elevated during the attack compared to 
the attack-free period of patients (Tuka et al. unpublished observations). These 
results show that PACAP does not only play a role in the pathological mechanisms 
of different types of primary headaches, but its plasma levels are associated with the 
disease and show correlation with the migraine phases [ 40 ,  41 ]. Another recent 
study has further confi rmed the signifi cance of PACAP in the pathogenesis of 
migraine, rather than in tension-type headaches [ 18 ]. The authors confi rmed signifi -
cantly lower interictal levels of PACAP in migraineurs than in healthy controls or in 
tension-type headache patients. Unlike migraineurs, there was no difference in 
PACAP levels between samples from tension-type headache patients and healthy 
controls [ 18 ]. 

 Another study also confi rmed the elevation in PACAP levels during headache 
and lower levels between attacks [ 21 ]. In healthy volunteers, an anti-migraine medi-
cation (sumatriptan) did not lead to any change in circulating PACAP and VIP lev-
els without trigeminovascular stimulation [ 7 ]. However, in migraine patients, 
sumatriptan treatment resulted in decreases in PACAP levels 1 h postinjection [ 21 ]. 
A recent study not only confi rmed that PACAP38 infusion could trigger migraine 
attacks, but also found more increase in plasma PACAP38 levels in patients who 
reported delayed migraine attacks than in those patients who did not have headaches 
after PACAP infusion [ 13 ]. This observation indicates that migraine attacks were 
preceded by elevated plasma levels of PACAP38, similarly to the observation by 
others. The PACAP infusion-induced plasma elevations, in addition, indicate a de 
novo synthesis or release of the peptide. This human study raised interesting points 
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on the source of elevated plasma PACAP levels: PACAP38 infusion to volunteers 
induced elevated plasma PACAP levels only in those patients who reported delayed 
migraine attacks. They found that after 20 min infusion, plasma levels in these 
patients were still elevated after 40 min, which is beyond the 3.5 min half-life of the 
peptide. They suggest that the source of the peptide under normal conditions may 
represent neuronal release from PACAP-ergic nerve terminals. This can be triggered 
in migraine patients, which can result in further elevation [ 13 ].    

    Other Diseases 

 Changes in PACAP levels in non-neurological diseases are summarized in 
Table  48.3 . 

    Chronic Hepatitis 

 PACAP levels were investigated in patients with chronic hepatitis under oral antivi-
ral therapy (lamivudine) with RIA method [ 25 ]. The authors found no correlation 
between plasma PACAP38 levels and histological fi nding (liver biopsy), serum ala-
nine amino transferase (ALT) level or serum hepatitis B virus -DNA level. However, 
they found that PACAP38 levels were signifi cantly higher in healthy controls than 
in hepatitis B patients at baseline. This decrease was diminished after 52 weeks of 
antiviral therapy: PACAP levels signifi cantly increased in treated patients. The 
authors suggested that the lower PACAP levels observed in hepatitis patients indi-
cated the altered T1/T2 immune responses and related cytokine expression and 1 
year of antiviral therapy could induce a marked amelioration also indicated by 
increased PACAP levels.  

    Nephrotic Syndrome 

 A recent study [ 26 ] has investigated PACAP levels in the plasma and urine in chil-
dren with nephrotic syndrome. It was found that during the nephrotic state, PACAP 
was lost in the urine, compared with non-nephrotic state, when PACAP could not be 
reliably shown in the urine with Western blot. Parallel with the urinary loss, plasma 
PACAP levels decreased during these phases. Together with PACAP, the loss of its 
binding protein, ceruloplasmin, was also lost. These data indicate urinary loss of 
PACAP and its binding protein, thus resulting in a PACAP-defi cient state. This was 
also accompanied by increased megakaryopoiesis and increased platelet aggrega-
tion [ 26 ]. Addition of PACAP inhibited the differentiation of hematopoetic stem 
cells into megakaryocytes during the nephrotic state, while addition of the plasma 

D. Reglodi et al.



827

of congenital nephrotic patients during the nephrotic state directly promoted mega-
karyopoiesis when stem cells of healthy donors were used [ 26 ]. In a few patients, 
plasma PACAP levels were measured after bilateral nephrectomy, when gradually 
increasing levels were found together with decreased platelet count (with a strong 
inverse correlation in congenital nephrotic patients).  

    Gynecological Diseases 

 Lower levels of PACAP were found in patients with premature ovarian failure and 
in patients with idiopathic hypogonadotropic hypogonadism [ 11 ]. PACAP was also 
investigated in the follicular fl uid of women undergoing superovulation treatment, 
where the presence of PACAP was confi rmed with mass spectrometry analysis [ 27 , 
 29 ]. Superovulation treatment is a usual procedure in controlled ovarian hyperstim-
ulation during the in vitro fertilization procedure. After treatment, the number of 
harvested oocytes was recorded. All corresponding PACAP concentrations were 
below 290 fmol/ml in cases when the number of harvested oocytes exceeded 14 per 
patient, while in all cases above this cutoff value, the number of oocytes was below 
14. Thus, lower levels of PACAP might correlate with a markedly higher number of 
ova retrieved and may predict a higher chance for ovarian hyperstimulation, a poten-
tially life-threatening condition from excessive ovarian stimulation [ 27 ].   

    Concluding Remarks: Future Perspectives and Limitations 

 As summarized in the present review, increasing number of evidence suggests the 
potential clinical use of PACAP as a diagnostic and prognostic biomarker. Numerous 
data have been published in the last few years, showing that it is a rapidly develop-
ing, hot and promising topic. However, several limitations arise at the moment, 
which are briefl y outlined below. 

 Presently we do not know where the PACAP measured in biological fl uids, espe-
cially in the plasma, is exactly derived from. As already mentioned in the introduc-
tory part of this review, the most probable sources are the organs where PACAP 
occurs at high concentrations, like the nervous systems and the endocrine glands. In 
both physiological and pathological situations, PACAP levels in tissues can rapidly 
and drastically change and therefore, the levels measured under those conditions 
may represent PACAP from other sources as well. PACAP is upregulated in the 
central nervous system and peripheral tissues upon several injuries (rev. [ 42 ]). 
Serum PACAP levels have been shown to be increased after sensory nerve stimula-
tion in rats (0.38–0.8 fmol/ml), or superior sagittal sinus stimulation in cats (112–
287 pmol/l) indicating that levels can indeed rapidly change in response to 
physiological or pathological stimuli [ 21 ,  43 ]. In the skin of psoriatic patients, 
PACAP levels showed a 20-fold elevation [ 44 ]. Signifi cantly higher tissue levels 
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were also shown in cardiac tissue obtained from patients with ischemic heart 
disease [ 45 ], while lower levels/downregulation were found in other diseases: in 
lung and colon cancer samples [ 45 ]. In another recent study, no alterations in 
PACAP-LI between healthy and tumoral samples from the urinary bladder and testis 
were detected, but lower PACAP38-LI was found in kidney tumors compared with 
healthy tissue samples, and higher PACAP27-LI in prostatic cancer compared to 
samples from benign prostatic hyperplasia [ 46 ]. These data indicate that PACAP 
levels of different tissue samples are altered under pathological conditions suggest-
ing a potential role of PACAP on tumor growth [ 46 ]. Reduction of PACAP-
containing nerve fi bers was described in a few conditions, such as in women with 
polycystic ovaries [ 47 ]. To what extent these human tissue changes are refl ected in 
alterations of serum PACAP levels is not known at the moment, but animal data 
suggest that acute local changes can cause changes of circulating PACAP as well. 

 Several recent studies have shown alterations in human plasma and other fl uids 
in relation to certain diseases as detailed above. However, the question whether 
PACAP alterations are consequences or contributing factors of the disease still 
remains open [ 17 ]. One possibility is that the triggering cause of a disease leads to 
PACAP decline resulting in a higher vulnerability of the cells, as the neuroprotec-
tive effect of PACAP is reduced. However, it is equally possible that the PACAP 
defi cit—for an unknown reason—predisposes neurons and other cells to certain 
pathological changes [ 17 ]. 

 Several studies suggest that future biomarkers will be used in panels including 
several markers of different sensitivity and specifi city [ 48 ]. Whether PACAP will 
indeed be a biomarker is a question to be answered by future studies, but based on 
our current knowledge it seems that PACAP is a good candidate for certain diseases 
and can be included in a panel of biomarkers after mapping the conditions where 
PACAP alterations are present or absent. 

 One main limitation of the presently available data pool is that we cannot com-
pare results from different laboratories using different methods [ 1 ]. Even the same 
method, but from different manufacturers, can yield non-comparable results. 
Different PACAP antisera developed for immunohistochemistry, RIA or ELISA are 
most of the times not highly specifi c, are directed against different parts of the pep-
tide or the prepro-peptide, in which case other cleavage products might also be 
bound by the antibody. Some authors interpret their results as PACAP- 
immunoreactivity even though the antiserum was developed against prepro-PACAP, 
in other cases the fact that the antiserum was produced against prepro-PACAP is not 
even mentioned in the paper, it only turns out by studying the manufacturer’s 
description. Due to the cleavage by DPPIV, inactive PACAP3-38 and PACAP5-38 
are yielded. The different antibodies used for detection of PACAP may also recog-
nize these inactive forms, so we do not know at the moment whether PACAP- 
immunoreactivity measured in the blood plasma/serum always indicates the active 
peptide. As pointed out by Edvinsson et al. [ 1 ], this mixture of peptide fragments 
also belong to the physiological picture and, therefore, should not be neglected. 
If we use the term “PACAP- or PACAP-LI”, it can cover all these forms. Revealing 
changes in PACAP-like immunoreactivity can yield important results as for the 
biological and pathological signifi cance of the peptide. In addition, PACAP binds to 
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plasma proteins, and the best documented carrier candidate among them is 
 ceruloplasmin [ 49 ]. It has not been clearly demonstrated whether the measured 
PACAP refl ects total, free, and/or protein-bound PACAP. 

 Several further technical limitations limit the comparison of results between 
groups. One of them is the way how human samples are obtained and stored. As 
PACAP is quickly degraded by DPPIV, peptidase inhibitors are required to use. 
However, this is not always indicated in the papers. Some data indicate that PACAP27 
is much more resistant to DPPIV degradation than PACAP38 and therefore has a 
much longer half-life [ 50 ]. Thus, the ratio between the two peptides may also change 
with time, which is not taken into consideration by any clinical report. The different 
anticoagulants used can lead to different values, as shown by Freson et al. [ 5 ]. The 
time passed between sample collection and measurement is also critical. Some authors 
have described PACAP levels in postmortem CSF samples [ 16 ], which obviously can-
not be compared to fresh samples taken from patients. Another issue that needs to be 
taken into consideration is the range within which PACAP levels change. In some 
studies very small changes are signifi cant and authors draw fi nal conclusions, while in 
other studies much bigger alterations are not signifi cant and therefore are interpreted 
as no change. In some studies the sample sizes are very high, with more than a 
hundred involved patients, while in other studies, only a few patients are included in 
one group and even case studies are available with a single patient’s values. 

 One further limitation is the lack of a fast and sensitive analytical method that is 
able to measure PACAP from small sample volumes. In spite of all these factors that 
limit the comparison of data, the alterations within one study can yield valuable 
results showing changes of PACAP levels, which can not only lead to biomarker 
development but can also reveal important functions of PACAP in physiological and 
pathological processes. In order to obtain a solid proof of PACAP as a biomarker, 
multicenter, controlled studies will be necessary in the future, but the growing body 
of evidence for the diagnostic and prognostic value of the peptide summarized in the 
current review justify these efforts.     
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    Chapter 49   
 Examination of PACAP During Lactation                     

     Andrea     Tamas     ,     Reka   A.     Vass    ,     Zsuzsanna     Helyes    ,     Katalin     Csanaky    , 
    Zalan     Szanto    ,     Jozsef     Nemeth    , and     Dora     Reglodi   

    Abstract     Breast milk is a complex biological fl uid that contains nutritional 
components and non-nutritive bioactive factors promoting survival and healthy 
development of the newborn. PACAP has important functions, as a bioactive fac-
tor, in reproductive and developmental processes. Shortly after its discovery, 
PACAP and its receptors were identifi ed in normal and cancerous mammary gland 
samples. The present review summarizes data obtained in breast milk during dif-
ferent periods of lactation by radioimmunoassay. Our group showed, for the fi rst 
time, that PACAP is present in the human milk at levels 5- to 20-fold higher than 
in the respective plasma samples. PACAP-like immunoreactivity (LI) is higher in 
colostrum compared to transitional and mature human milk samples. PACAP level 
seems stable until the 10th month of lactation and there after, a signifi cant increase 
can be observed between samples obtained in the interval 11th–17th months of 
breastfeeding. The presence of PACAP can also be confi rmed in milk and plasma 
samples from the most commonly used ruminant domestic animals (cow, sheep 
and goat), pasteurized cow milk and infant formula samples. Similarly to the 
human results, the concentration of PACAP in the milk whey is almost ten times 
higher than in the plasma of the respective animals, while pasteurized cow milk 
and infant formula samples contain PACAP-LI levels comparable to human milk 
samples. The exact function of PACAP in the milk is not known at the moment. 
We hypothesize that PACAP (1) is essential for the growth and development of the 
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newborn, (2) may be required for the development of the immune system and 
immunological microenvironment of the  gastrointestinal tract, and (3) could be 
important in the growth and function of the mammary gland.  

  Keywords     PACAP-like immunoreactivity   •   Milk   •   Lactation   •   Mammary gland  

   Based on the recommendation of the World Health Organization the exclusive 
breastfeeding is the normative standard for infant feeding for the fi rst 6 months of 
life [ 1 ,  2 ]. Human milk is a complex biological fl uid [ 3 ,  4 ], it contains nutritional 
components and non-nutritive bioactive factors that promote survival and healthy 
development of newborn [ 5 ]. The nutritional components of human milk vary 
depending on maternal diet and the period of lactation. The mean macronutrient 
composition of the mature milk is approximately 0.9–1.2 g/dl for protein, 3.2–3.6 g/
dl for fat, and 6.7–7.8 g/dl for lactose. Many micronutrients are also present in the 
milk including vitamins A, B1, B2, B6, B12, D and iodine [ 5 ]. The defi nition of the 
bioactive components of the nutrition is “the elements that affect biological pro-
cesses or substrates and hence have an impact on body function or condition and 
ultimately health” [ 6 ]. The bioactive factors in the human milk originate from 
different sources: (1) secreted by the mammary epithelium, (2) produced by cells 
carried within the milk, (3) drawn from maternal serum and transported across the 
mammary epithelium [ 5 ]. Several bioactive factors have been described in the milk, 
including different hormones (adrenal, gonadal, gastrointestinal, pituitary, hypotha-
lamic), growth factors, prostaglandins, immunoglobulins, cytokines, chemokines, 
and different neuropeptides [ 3 ,  5 ]. Before the isolation of pituitary adenylate cyclase 
activating polypeptide (PACAP) Werner et al. [ 7 ] described the presence of vasoac-
tive intestinal peptide (VIP), the neuropeptide structurally the closest to PACAP, in 
milk samples. 

 Shortly after the discovery of PACAP [ 8 ,  9 ], Skakkebaek et al. [ 10 ] investigated 
the occurrence and distribution of PACAP immunoreactivity in the mammary gland 
of lactating and non-lactating rats by radioimmunoassay and immunohistochemis-
try. They showed PACAP-immunopositive nerve fi bers associated with blood ves-
sels and smooth muscle surrounding the lactiferous duct of the nipple. 
PACAP-immunoreactive fi bers were present in the subepidermal connective tissue 
of the nipple, in the mammary parenchyma and around secretory alveoli. Although 
there was no signifi cant change in PACAP-immunohistochemical level during preg-
nancy and lactation, the concentration of PACAP38-immunoreactivity was elevated 
in the extract of mammary gland during lactation [ 10 ]. Double immunostaining 
demonstrated that PACAP-immunoreactive fi bers were co-localized with VIP and 
calcitonin gene-related peptide (CGRP) originated from the neurons of sensory gan-
glia indicating the role of PACAP in the transport of suckling stimuli centrally [ 10 ]. 
The presence of both PACAP mRNA and PACAP immunoreactivity was also 
demonstrated in human normal mammary gland samples and breast carcinoma 
[ 11 ]. Normal, peritumoral and tumoral mammary gland samples expressed both 
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preproPACAP mRNA and protein, the levels of which increased from normal to 
tumoral breast tissue. Immunohistochemistry showed PACAP-immunoreactivity both 
in normal and tumoral tissue in the alveolar epithelial cells, but not in the connective 
tissue. In tumoral samples duct-like structures of some invasive tumors expressed very 
strong PACAP-immunoreactivity supporting the important role of this peptide not 
only in physiological conditions but also in tumorigenesis [ 11 – 13 ]. 

 All three PACAP receptors (PAC1, VPAC1, and VPAC2) were identifi ed in nor-
mal and cancerous human mammary glands [ 13 – 18 ]. Both mRNA and protein of 
VPAC1 and VPAC2 receptors, as well as different isoforms (null, hip/hop) of PAC1 
receptors were identifi ed in normal, peritumoral, and tumoral breast tissue sam-
ples. In normal tissue immunoreactivity to all three PACAP receptors were located 
in the ductal and glandular epithelial cells. On the other hand, tumoral tissue 
expressed stronger immunopositivity compared to normal tissue samples. There 
were no immunopositive signals in the connective tissue stroma of the mammary 
gland [ 14 ]. Zhang et al. [ 19 ] demonstrated that the analogs of VPAC1, VPAC2, and 
PAC1 receptors are potent, have biological activity and it is suitable of further 
evaluation for accurate PET imaging of benign and malignant lesions of human 
breast cancers. 

 In a set of earlier studies, our research group examined the changes of PACAP38- 
like immunoreactivity (LI) in the serum and milk samples of different species dur-
ing pregnancy and lactation. First we investigated the concentration of PACAP38 in 
human plasma of healthy male and female volunteers, pregnant women and lactat-
ing women having 1- to 6-month-old babies using radioimmunoassay (RIA) analy-
sis [ 20 ,  21 ]. We found relatively small interindividual differences among healthy 
volunteers (both sexes, age between 20 and 40 years), there were no signifi cant 
differences between PACAP38 level of females with different age or hormone cycle. 
However, in the second and third trimester of pregnancy and during lactation a sig-
nifi cant elevation could be observed compared to the earlier gestational period and 
nonpregnant healthy volunteers [ 20 ,  21 ]. We detected 5- to 20-fold higher concen-
tration of PACAP38 in the milk whey compared to the respective plasma samples 
[ 20 ]. Similarly to our results numerous studies measured higher concentration of 
bioactive factors in the milk than in the plasma. Several hormones such as estrogen, 
gonadotropin releasing hormone (GnRH), thyrotropin releasing hormone, VIP, 
somatostatin, bombesin, neurotensin, oxytocin, prolactin, and different growth fac-
tors such as insulin-like, epidermal, transforming growth factors are present in 
higher concentrations in the milk than in the plasma [ 3 ]. 

 It is well known that the composition of milk is changing during lactation based 
on the requirements of the newborns [ 5 ,  22 ]. Therefore, we next investigated the dif-
ferences in PACAP38-LI in human milk samples from different periods of lactation. 
We collected colostrum samples at the beginning of lactation (1–3 days), transitional 
milk at fourth day of lactation, and mature milk samples every month during the 
whole period of lactation (1–17 months). Similarly to earlier results showing higher 
levels of different bioactive factors and nutrients in the colostrum we found signifi -
cantly higher PACAP38-LI in the colostrum samples compared to transitional and 
mature milk samples [ 23 ]. Higher levels of hormones, growth factors, oligosaccharides, 
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cytokines, and immune regulating factors in the colostrum have important role in the 
development of the immune system and protective effects in allergic and infl amma-
tory disorders [ 24 – 26 ]. The fi rst 6 months of lactation have special importance for 
the development of the newborn, therefore, the WHO recommends exclusive breast-
feeding in the fi rst half year of life. We did not fi nd signifi cant alterations in the level 
of PACAP38-LI during the fi rst 6 months of lactation. We measured a stable 
PACAP38-LI level until the tenth month and after a signifi cant increase was observed 
in the samples from 11th to 17th months of lactation [ 23 ]. The composition of the 
milk also depends on the time that passes between the successive sucklings. At the 
beginning of the suckling the foremilk has lower fat content and later the hindmilk 
contains more fat and lactose. Several bioactive factors have different concentration 
in the foremilk compared to the hindmilk. Endothelin-1, ghrelin and cholesterol have 
higher level, and triglyceride, leptin, retinol have lower level in the foremilk com-
pared to hindmilk [ 27 ,  28 ]. However, we did not fi nd signifi cant difference in 
PACAP38-LI between foremilk and hindmilk samples similarly to atrial natriuretic 
peptide and granulocyte colony-stimulating factor [ 29 – 31 ]. 

 Investigation of bioactive factors in the milk of domestic animals has important 
nutritional value and agricultural signifi cance [ 32 ]. Numerous studies investigated 
different growth factors, hormones in the milk of pig, cow, sheep and goats [ 33 – 38 ]. 
Therefore, we aimed to compare the PACAP38 level of milk and plasma samples 
from the most commonly used ruminant domestic animals: cow, sheep and goat. 
Similarly to our earlier human results the concentration of PACAP in the milk whey 
was almost ten times higher than in the plasma of the respective animals, and the 
PACAP38-LI did not change during the 3-month-period of lactation [ 39 ]. Fresh 
cow milk had similar PACAP content as human samples [ 31 ]. We also examined 
PACAP38-LI in the homogenates of sheep udder biopsies with RIA. Localization of 
PAC1 receptor was also investigated in the lactating and non-lactating sheep mam-
mary gland samples with immunohistochemistry compared to non-lactating human 
mammary gland samples. In the non-lactating human and sheep samples, a very 
weak PAC1 receptor immunopositivity was detected in the glandular epithelial cells 
[ 23 ]. In contrast, signifi cantly increased PAC1 receptor expression was detected in 
lactating sheep mammary gland epithelial cells compared to non-lactating samples, 
while the surrounding connective tissue remained unstained in all samples [ 23 ,  39 ]. 
RIA examination of the homogenates of lactating mammary gland samples from 
sheep showed signifi cantly higher PACAP38-LI 7 days after delivery compared 
with samples from postpartum 30th days [ 39 ]. 

 When mother’s milk is unavailable cow-milk based infant formulas are neces-
sary to use. Therefore, in the next step we aimed to measure the PACAP38-LI in 
pasteurized cow milk and two basic infant formulas, the hypoantigenic and the non- 
hypoantigenic infant formula samples by RIA. The infant formula samples contain 
minerals, vitamins, lactose, fat and some proteins for example parathyroid hormone- 
like peptide [ 40 ], parathyroid hormone-related protein [ 41 ], but most of the proteins 
are hydrolyzed during the preparation process. There are many bioactive factors, 
which cannot be detected in the infant formula, for example insulin-like growth fac-
tors, GnRH, antibodies, and enzymes [ 3 ,  41 ]. In our earlier experiment we showed 
that the pasteurized cow milk and infant formula samples contain PACAP38-LI at 
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levels comparable to human milk samples. This observation means that because of 
the low molecular weight PACAP might withstand hydrolysis and the manufactur-
ing processes. Interestingly, we detected higher PACAP level in the hypoanti-
genic formulas compared to non-hypo antigenic formula samples. These results 
suggest that PACAP38 could have a carrier not yet known in the milk (such as 
ceruloplamin) and during the extensive hydrolysis it might be released from the 
carrier molecule [ 31 ]. 

 The exact function of PACAP in the milk is not known at the moment. We hypoth-
esize that PACAP (1) is essential for the growth and development of the newborn; 
(2) may be required for the development of the immune system and immunological 
microenvironment of the gastrointestinal tract; (3) could be important in the growth 
and function of mammary gland (Fig.  49.1 ).

   It is well known that PACAP plays a very important role in the development of 
the nervous system and other internal organs. PACAP is a potent neurotrophic fac-
tor, it plays an important role in neurogenesis, myelinization, neuronal differentia-
tion and migration. A separate chapter of this book summarizes the function of 
PACAP in neuronal development (Chap.   6    . Watanabe et al.). The source of PACAP 
required for development of the nervous system of the newborn could be partially 
originating from the milk. 

 PACAP has well known immunomodulatory effects (Chap.   40    . Delgado et al.). 
We suggest that as other bioactive components of milk, PACAP has a role in protecting 
newborns against infections and stimulating the development of the immune system 
and immunological microenvironment of the gastrointestinal tract. 

 The third possible function of PACAP in the human breast is the regulation of 
secretion and growth of the mammary gland. Apoptosis plays an important role in the 

  Fig. 49.1    Possible functions of PACAP in the breast milk during lactation       
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involution of mammary gland, while during lactation the expression of antiapoptotic 
factors is elevated by different bioactive factors. PACAP is a potent antiapoptotic fac-
tor, and it has infl uence on cytokines, chemokines, angiogenic factors, and different 
hormones (estrogen, progesterone, prolactin, and oxytocin) which are also involved in 
the regulation of lactation [ 42 ,  43 ]. Intravenous PACAP injection increases the prolac-
tin level in human plasma supporting the role of PACAP during lactation [ 44 ]. Earlier 
we examined the effect on the lactogenic hormone-induced terminal differentiation of 
HC11 mouse mammary epithelial cells. We treated mouse HC11 cells with lactogenic 
hormones (dexamethasone, insulin, and prolactin) and we measured the β-casein 
expression to show cell differentiation. We demonstrated that PACAP had no effect on 
cell differentiation, as PACAP treatment did not infl uence the β-casein expression. 
Mouse cytokine and angiogenesis arrays were also used to show the PACAP-induced 
changes in secreted cytokines, growth and angiogenic factors in differentiated and 
non-differentiated cells, where PACAP was able to decrease the levels of amphiregu-
lin and epidermal growth factor, which may have physiological implications in the 
development and progression of mammary gland diseases [ 45 ]. 

 The oral bioavailability of PACAP originating from milk is not known at the 
moment. PACAP has a very short half-life (minutes) in the plasma; exogenous 
PACAP38 is rapidly degraded in the presence of dipeptidyl peptidase IV [ 46 ,  47 ]. In 
contrast to the plasma samples PACAP was stable in milk samples, because we could 
detect PACAP38-LI from milk samples stored in −20 °C without protease inhibitor 
treatment several days or weeks after the collection. It is known that the mammary 
gland produces different protease inhibitors which are responsible for the stability of 
different bioactive proteins and peptides in the milk. In neonates the proteolytic 
enzymes (including dipeptidyl peptidase) have lower activity and the intestinal epi-
thelium has higher permeability for the macromolecules, and therefore, we suggest 
that PACAP could be utilized during breastfeeding. 

 Taken together, the experimental data suggest that PACAP could have an important 
role during lactation based on its antiapoptotic, immunomodulatory, and neurotrophic 
effects, but further examinations are necessary to describe the exact functions.    
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