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  Abstract   Pituitary adenylate cyclase-activating polypeptide 
(PACAP) is a neuropeptide acting as a neuroprotectant. We 
previously showed that PACAP receptor (PAC1R) immuno-
reactivity was elevated in reactive astrocytes after stab wound 
injury. However, the pattern of PAC1R expression in astro-
cytes after brain injury is still unknown. In this study, PAC1R 
expression was evaluated in mouse hippocampal astrocytes 
after bilateral common carotid artery occlusion. PAC1R 
mRNA levels in the hippocampus peaked on day 7, and glial 
 fi brillary acidic protein (GFAP) mRNA levels increased from 
day 3 to day 7 after ischemia. We then observed co-localization 
of PAC1R and GFAP by double immunostaining. GFAP-
immunopositive cells showed signs of hypertrophy 3 days 
after the ischemia, and by day 7 had  fi ne processes, were 

hypertrophied, and are known as reactive astrocytes. A low 
number of PAC1R-immunopositive astrocytes were detect-
able in the hippocampal area until 3 days after ischemia. 
PAC1R-positive astrocytes were widely distributed in the 
hippocampus between day 7 and day 14 after ischemia, and 
they were converging around the damaged CA1 pyramidal 
cell layer by day 28. These results suggest that PAC1R might 
be expressed in the middle to late stage of reactive astrocytes 
and PACAP plays an important role in the reactive astrocytes 
after brain injury.  

  Keywords   PACAP receptor  •  Brain ischemia  •  Reactive 
astrocyte  •  Hippocampus  •  Mouse  •  Bilateral common carotid 
artery occlusion  •  Real-time PCR  •  Immunohistochemistry      

   Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) 
was isolated from ovine hypothalamus, based on its ability to 
stimulate the accumulation of cAMP in rat pituitary cell cul-
tures  [  2  ] . PACAP is a member of the vasoactive intestinal 
polypeptide (VIP) secretin glucagon family, and its closest 
analog is VIP. PACAP and VIP share three types of recep-
tors: the PAC1 receptor (PAC1R), and the VPAC1 and 
VPAC2 receptors (VPAC1R, VPAC2R). The af fi nity of 
PAC1R for PACAP is more than 1,000 times higher than its 
af fi nity for VIP, indicating that PAC1R is a relatively selec-
tive receptor for PACAP  [  7,   30  ] . PAC1R is widely distributed 
in the brain, and is expressed in neurons and astrocytes 
 [  1,   21  ] . PACAP has been shown to have pleiotropic func-
tions, such as neurotransmission, neuroprotection, vasodila-
tation, and immunomodulation, and it also regulates neural 
development  [  10,   20,   25,   31  ] . PACAP has a great neuropro-
tective effect on the brain, retina, spinal cord, heart, etc. 
 [  4,   12,   18,   24 ,  28  ] . The neuroprotective effects of PACAP 
after infarction appear at a very low concentration after 
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intracerebroventricular or  intravenous infusion in the case of 
global or focal ischemia  [  21,   29  ] . We previously showed that 
PACAP receptor (PAC1R) immunoreactivity was elevated in 
reactive astrocytes after stab wound injury  [  26  ] . However, 
the expression pattern of PAC1R in ischemic brain has not 
yet been clari fi ed. Moreover, the astrocytic PAC1R distribu-
tion in resting and activated astrocytes after ischemia is 
unknown. In this study, we examined the expression and dis-
tribution of PAC1R in hippocampal regions after global 
ischemia.  

   Materials and Methods 

   Animals 

 All experimental procedures involving animals were 
approved by the Institutional Animal Care and Use Committee 
of the Showa University (51010, 51031). All experiments 
were performed on male C57BL/6 mice. The animals were 
housed at 23 °C on a 12-h light/dark cycle with ad libitum 
access to food and water.  

   Global Cerebral Ischemia Model 

 The bilateral common carotid artery occlusion (BCCAO) 
procedure was carried out as described in our previous report 
 [  13  ] . In brief, mice were anesthetized with 2.0 % sevo fl urane 
in N 

2
 O/O 

2.
  The body temperature was maintained at 

 37.0–38.0 °C by a heat blanket. The common carotid arteries 
on both sides were exposed and occluded with Zen tempo-
rary clips (Oowa-tusho, Tokyo, Japan). After 15 min the clips 
were removed for reperfusion.  

   Real Time PCR 

 Mice were sacri fi ced by decapitation and brains were imme-
diately removed on day 0, 3, 7 or 14 after BCCAO. The hip-
pocampi were then collected and immediately frozen by 
liquid nitrogen, and kept in a deep freezer at −80 °C. Total 
RNA was extracted using Trisol (Invitrogen, Carlsbad, CA, 
USA). The total RNA was reverse-transcribed into cDNA 
and then ampli fi ed using the reagents and the protocol of the 
PrimeScript RT reagent kit (TaKaRa BIO, Kyoto, Japan). RT 
reaction and the PCR ampli fi cation were performed with 
GeneAmp PCR System 2700 (Perkin-Elmer, Boston, MA, 
USA). The primers speci fi c for the mouse GFAP, PAC1R, 
and  b -actin primers were purchased from TaKaRa BIO. For 

quanti fi cation of GFAP and PAC1R mRNA levels, real-time 
PCR was performed in a SYBR Premix Ex Taq II reagent 
(TaKaRa BIO INC) setting with heating to 95 °C for 30 s 
followed by 45 ampli fi cation cycles of 95 °C for 5 s and 
60 °C for 31 s using an ABI PRISM 7900 (Applied 
Biosystems, Lincoln, CA, USA). Standard curves were gen-
erated using a serial dilution of a reference sample and 
included in each real-time run to correct for possible varia-
tions in product ampli fi cation. Relative copy numbers were 
obtained from standard curve values, and were normalized to 
the values obtained for the house keeping gene,  b -actin. The 
levels of GFAP and PAC1R mRNA were normalized as per-
centages of the intact controls.  

   Histology 

 Mice were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) 0, 1, 3, 7, 14 or 28 days after BCCAO, and brains 
were  fi xed by perfusion with saline followed by 2 % para-
formaldehyde in 50 mM phosphate buffer. Post- fi xation, the 
brain tissues containing bregma −1.6 to −2.2 mm were 
embedded in OCT compound after immersion in 20 % 
sucrose for cytoprotection as a frozen section. The frozen 
sections (thickness 8  m m) were used for immunostaining.  

   Double Immuno fl uorescent Staining 

 The frozen sections were washed by PBS, incubated, and 
blocked with 5 % normal horse serum. The sections were 
then incubated overnight at 4 °C with rabbit anti-PAC1R 
antibody raised by using the N-terminal residue as an antigen 
 [  26  ]  and mouse anti-glial  fi brillary acidic protein (GFAP) 
antibody (1:500; Sigma, St. Louis, MO, USA) as a marker of 
astrocytes. The immunoreactivity of PAC1R was detected 
using Alexa 546-labeled goat anti-rabbit IgG, while that of 
GFAP were detected using Alexa 488-labeled goat anti-
mouse or anti-rat IgG antibodies following 90 min incuba-
tion at room temperature. Double immunolabeling was 
detected using a  fl uorescence microscope.   

   Results 

 Hippocampal GFAP and PAC1R mRNA levels after BCCAO 
were evaluated using real-time PCR. The GFAP mRNA level 
was signi fi cantly elevated and peaked 3 days after ischemia 
(456 ± 84 %; Fig.  1 ). It then decreased gradually by day 7 
(280 ± 73 %), and reached the basal level on day 14 
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(110 ± 18 %; Fig.  1 ). The PAC1R mRNA level did not change 
on day 3 (102 ± 13 %), but increased signi fi cantly on day 7, 
where it peaked (155 ± 21 %; Fig.  1 ).  

 Immunoreactivity of GFAP and PAC1R was observed in 
the ischemic mouse hippocampus. GFAP-positive PAC1R-
negative cells were observed in the hippocampus, and weak 
PAC1R immunoreactivity was observed in CA1 pyramidal 
neurons on 0 (intact) and 1 day after ischemia (Fig.  2a, b ). 
GFAP-immunopositive cells became hypertrophied on day 

3 without PAC1R immunoreactivity (Fig.  2c ). On day 7, 
PAC1R immunoreactivity was well co-localized with GFAP-
positive cells, which had  fi ne processes and were hypertro-
phied, and are known as reactive astrocytes (Fig.  2d ). 
GFAP-positive with PAC1R-positive cells were observed 
around the hippocampal CA1 area, where delayed neuronal 
death was induced by BCCAO. The double-immunopositive 
cells were widely distributed from there on day 14 (Fig.  2e ), 
and were only found in the CA1 region on day 28 (Fig.  2f ). 
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  Fig. 1    Glial  fi brillary acidic protein ( GFAP )  mRNA  ( a ) and pituitary 
adenylate cyclase-activating polypeptide receptor ( PAC1R )  mRNA  ( b ) 
levels in mouse hippocampus after global ischemia. Data on the mRNA 

levels are shown as the mean ± SE ( n  = 6). ** P  < 0.01, * P  < 0.05 vs 0 day 
(one-way ANOVA followed by Dunnett’s test)       
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  Fig. 2    Distribution of GFAP and PAC1R immunoreactivities in the 
mouse hippocampal region after global ischemia. ( a – f ) Typical hip-
pocampal pictures with GFAP ( green ) and PAC1R ( red ) immunoreac-
tivities in intact mice ( a ) or mice at 1 ( b ), 3 ( c ), 7 ( d ), 14 ( e ), and 
28 days ( f ) after bilateral common carotid artery occlusion (BCCAO). 

Double-immunopositive cells were indicated by  arrows  ( d – f ). ( g ) 
Schematic brain maps indicate the distribution of GFAP-positive and 
PAC1R-negative cells ( black circles ) and GFAP-positive and PAC1R-
positive cells ( red squares )       
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Although PAC1R and GFAP double-immunopositive cells 
were observed in the cerebral cortex, in the amygdala, and 
in the  fi mbria hippocampi, the distribution did not change 
after BCCAO (data not shown). The distribution of GFAP 
and PAC1R immunoreactivity after BCCAO was summa-
rized in Fig.  2g .   

   Conclusion 

 Astrocytes can be activated by central nervous system injury. 
The activated astrocytes, called reactive astrocytes, form dense 
scar tissue, known as the glial scar, around the lesion site, 
which serves to compact in fl ammatory cells and re-seal the 
blood–brain barrier after it has been breached by injury  [  5,   11  ] . 
We previously reported that PAC1R-immunopositive astro-
cytes were observed close to the injury site on day 4 after stab 
wounding. However, the behavior of PAC1R-immunopositive 
astrocytes after nervous tissue injury is not well understood. In 
this study, we used the BCCAO model which resulted in 
delayed neuronal death in the hippocampal CA1 region on day 
4 after injury  [  13  ] . As a result, the number of PAC1R and 
GFAP double-immunopositive cells were elevated on day 7, 
diffused at 14 days, and converging on the area around the 
injury site 28 days after BCCAO (Fig.  2 ). To our knowledge, 
this is the  fi rst report to reveal the distribution and transition of 
PAC1R-immunopositive astrocytes after brain injury. 
Interestingly, peaks of the mRNA levels show a time lag: 
GFAP on day 3 and PAC1R on day 7 (Fig.  1 ). GFAP is well 
known as a normal astrocytic marker, but it is also up-regu-
lated when these astrocytes become reactive  [  9  ] . Indeed, 
GFAP-immunopositive cells start hypertrophying on day 3, 
almost at the same time as neuronal death occurs, but the 
astrocytes were PAC1R-immunonegative. Between days 7 and 
14, matured reactive astrocytes were PAC1R-immunopositive. 
These data suggest that PAC1R is expressed at the middle or 
late stage of reactive astrocytosis, but not in the earlier stage. 

 The effect of PACAP on cultured astrocytes has been 
reported. A number of growth factors and cytokines are 
released from reactive astrocytes  [  23  ] , and it has been 
reported that PACAP administration induces the expression 
of neuroprotective proteins, such as ADNF and ADNP 
 [  3,   15,   17  ] , and cytokines  [  6,   14,   27  ] . Recently, We reported 
that PAC1R immunoreactivity was observed in IL-6 reactive 
astrocyte with IL-6 immunoreactivity which is known as an 
neuroprotective factor associated with PACAP [ 19 ]. 
Neuroprotective effects of PACAP may mediate the release 
of such PACAP-inducible factors from astrocytes. Moreover, 
PACAP at a concentration of 10 −11  to 10 −13  M potentiates and 
stimulates the proliferation of resting and reactive astrocytes 
 [  8,   16  ] . 

 We conclude that PAC1R expressed in mature reactive 
astrocytes may play an important role in glial scar formation. 
Further studies are required to fully elucidate the role of 
PACAP in the functional behavior of astrocytes, and to char-
acterize the underlying mechanisms.      
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