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 (Adcyapl; 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 PACI receptor (Adcyaplrl) are localized in many central
nervous system (CNS) regions and widely distributed in the peripheral nervous sys-
tem (PNS). PACAP has been identified in a population of small nociceptive neurons
in the dorsal root ganglion (DRG) targeting many peripheral tissues. PACAP-
immunoreactive preganglionic sympathetic and parasympathetic nerve fibers
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, inflammation, 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 reflect the aggregate
effects of cytokine/inflammatory 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 fiber regeneration and anti-inflammatory
responses, but PACAP neuroplasticity may also have broader roles in maintaining
neurocircuit homeostasis.
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Introduction

Many studies have comprehensively examined the distribution and expression of
pituitary adenylate cyclase activating polypeptide (Adcyapl; 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 identified only neuronal fibers, varicosi-
ties, and terminals, without significant signal detection in neuronal soma. These
localization patterns likely reflected 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 fibers were sometimes misinterpreted until clarification 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 identified 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 fibers 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-fibers [5]. As in DRG, PACAP immunoreactivity and/or
transcripts were also identified in subpopulations of trigeminal and nodose ganglia
neurons with CGRP [5, 6, 12, 13]. Accordingly, sensory fibers 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 identified in autonomic ganglia and fibers 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 fiber networks circumscribing the
postganglionic neurons, suggesting the presence of PACAP in sympathetic pre-
ganglionic neurons and fibers [20]. Although the sources of the SCG fibers con-
taining PACAP were initially unclear, in situ hybridization coupled with
retrograde fluorogold 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 efficaciously 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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fibers were also found to innervate stellate, celiac, and mesenteric ganglia [25,
26]. In good agreement, PACAP was identified 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 identified 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 fibers degenerated upon culture of cardiac ganglion explants
demonstrating their extrinsic nature. These PACAP-containing fibers 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 fibers, respectively. Furthermore, in the brain-
stem, in situ hybridization analyses identified PACAP transcript expression in neurons
of the nucleus ambiguus and dorsal motor nucleus of the vagus. Hence, despite PACAP
identification 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 fibers. 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 fiber networks have also been described in the cranial cili-
ary, sphenopalatine, submandibular, and otic parasympathetic ganglia, which were
consistent with PACAP/PAC1 receptor-specific 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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identified 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 fiber
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 identified 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 identified in normal control
tissues by PCR, no PACAP-immunoreactive fibers or neurons were identified in the
ganglion [34]. This contrasted with the prevalent expression of vasoactive intestinal
peptide (VIP) neurons and fibers 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
fiber networks in the myenteric plexus and the submucosal plexus. PACAP-
immunoreactive fibers were identified 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 fibers, implicating some endogenous PACAP production from intrinsic sources.
Accordingly, both immunocytochemistry and in situ hybridization studies identified
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 inflammation 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 pm diameter) C-fiber nociceptors. A variety of nerve injury (tran-
section, crush, or chronic constriction injury) and inflammation (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 reflected heightened PACAP
expression in large DRG neurons (>35 pm diameter), which was accompanied by a mod-
est PACAP reduction in the small caliber DRG neuronal population (<35 pm diameter)
[7, 11]. These observations were mirrored by increased PACAP-immunoreactive fiber
density in the deep laminae (large DRG neuronal projections) of the spinal cord dorsal
horn and decreased central PACAP fibers to the superficial layers (small C-fiber nocicep-
tor projections). The induction of DRG PACAP-expressing neurons following inflamma-
tory insult was confined to the small-sized neuronal population [46] with corresponding
increases in PACAP-immunoreactive fiber staining in the superficial 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 fibers
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].

PA CAP 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 (AdcyapI) 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 fluorescence 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 reflected by increased PACAP-EGFP fiber fluo-
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 fibers 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 pm 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 film 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 fixation, and tissue cryosections were prepared for
native EGFP fluorescence 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 reflected in the increased PACAP fiber density in the
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neurons in the superficial (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 influx can regulate neuronal
transmitter and peptide identity and respecification [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 reflect 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 influence 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 affinity 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 (T1x1/3) [63]. The roles of TIx1/3 are notable as TIx1/3 coor-
dinates PACAP and glutaminergic neuronal identities.
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Activation Mechanisms in Injury/Inflammation-Induced
PACAP Expression

Roles for activation and repressive retrograde signals have been postulated in models
regulating neurophenotypic plasticity elicited by injury or inflammation. 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"" 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 gpl30PBH 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 inflammatory milieu that can influence 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 immunodeficient 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
inflammatory agents [68]. These studies in aggregate suggest that cytokines and
inflammatory factors, from endogenous ganglia or exogenous immune cell origins,
can participate in injury-induced peptidergic plasticity.

Abrogation of Retrograde Mechanisms in Injury/Inflammation-
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 fibers 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 defined 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 sufficient to induce PACAP transcript expression
in the cell bodies (Fig. 33.4C-D). NGF withdrawal placed the cultures into modes of
cellular stress as reflected 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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A Treatment schedule
Post-withdrawal
NGF withdrawal time {hours) NGF reincubation time (hours}
-NGF +NGF
B NGF Concentration (ng/ml)
50 25 10 5 2.5 1.25

PACAP

C
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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 defined
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 defined 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) defined medium for 24 h before fixation and processing for PACAP
immunocytochemistry using a Cy3-conjugated secondary antibody. NGF withdrawal increased
the number of PACAP-immunoreactive neurons in the SCG cultures

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., inflammatory cyto-
kines) may be different. Notably, one study demonstrated that the concurrent addi-
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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 defined 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 pg/ml) for 24 h. Replicate cultures were also treated with endocytosis
inhibitors chlorpromazine (CPZ, 10 pg/ml, clathrin endocytosis inhibitor), monodansylcadaverine
(MDC, 200 pM, clathrin endocytosis inhibitor), or filipin (2 pg/ml, caveolae endocytosis inhibitor).
Blockade of NGF/Trk signaling and endocytosis/trafficking 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, eff) and the axons were
allowed to tunnel through a vacuum grease-sealed teflon 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 teflon 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 sufficient 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 inflammation [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 inflammation-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 specific 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 inflammatory
responses at the injury site [78]. Among other potential roles, these studies implicated
injury-induced PACAP expression for anti-inflammatory processes.

However, injury- and inflammation-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 #/x3 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 inflammation
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 inflammation. 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/inflammatory 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-inflam-
matory responses, PACAP neuroplasticity may be an intrinsic mechanism required
to maintain neurocircuit homeostasis.
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