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Dynamic changes in CGRP, PACAP, and
PACAP receptors in the trigeminovascular
system of a novel repetitive electrical
stimulation rat model: Relevant
to migraine

Qing Zhang1,2, Xun Han1, Hangfei Wu1, Mingjie Zhang1,
Guanqun Hu1, Zhao Dong1, and Shengyuan Yu1

Abstract

Migraine is the seventh most disabling disorder globally, with prevalence of 11.7% worldwide. One of the prevailing

mechanisms is the activation of the trigeminovascular system, and calcitonin gene-related peptide (CGRP) is an important

therapeutic target for migraine in this system. Recent studies suggested an emerging role of pituitary adenylate cyclase-

activating peptide (PACAP) in migraine. However, the relation between CGRP and PACAP and the role of PACAP in

migraine remain undefined. In this study, we established a novel repetitive (one, three, and seven days) electrical stimulation

model by stimulating dura mater in conscious rats. Then, we determined expression patterns in the trigeminal ganglion and

the trigeminal nucleus caudalis of the trigeminovascular system. Electrical stimulation decreased facial mechanical thresholds,

and the order of sensitivity was as follows: vibrissal pad >inner canthus >outer canthus (P< 0.001). The electrical stim-

ulation group exhibited head-turning and head-flicks (P< 0.05) nociceptive behaviors. Importantly, electrical stimulation

increased the expressions of CGRP, PACAP, and the PACAP-preferring type 1 (PAC1) receptor in both trigeminal ganglion

and trigeminal nucleus caudalis (P< 0.05). The expressions of two vasoactive intestinal peptide (VIP)-shared type 2 (VPAC1

and VPAC2) receptors were increased in the trigeminal ganglion, whereas in the trigeminal nucleus caudalis, their increases

were peaked on Day 3 and then decreased by Day 7. PACAP was colocalized with NEUronal Nuclei (NeuN), PAC1, and

CGRP in both trigeminal ganglion and the trigeminal nucleus caudalis. Our results demonstrate that the repetitive electrical

stimulation model can simulate the allodynia during the migraine chronification, and PACAP plays a role in the pathogenesis

of migraine potentially via PAC1 receptor.
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Introduction

Migraine is a severe brain disorder, listed as the seventh

most disabling disorder globally by the World Health

Organization,1 with prevalence of 11.7% worldwide2

and 9.3% in China.3 One of the prevailing mechanisms

of migraine is the activation of the trigeminovascular

system, which results in the pain feeling associated with

multiple head regions. Nociceptive nerve fibers from the

peripheral terminals of the trigeminal ganglion (TG)

innervate intra- and extracranial vasculature and
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meninges. Applying mechanical stimulation, chemical

stimulation, or electrical stimulation (ES) to these struc-

tures, particularly to the dura mater, can result in
migraine-like headache, which provides a reasonable

and feasible way to simulate migraine in animal models.

Central terminals of the TG project to second-order neu-

rons in the spinal trigeminal nucleus caudalis (Sp5C) and

the upper cervical spinal cord (C1–C2), which together

are named the trigeminocervical complex (TCC).
Afferents from the TCC then synapse on third-order tha-

lamocortical neurons.4 Vasoactive neuropeptides such as

calcitonin gene-related peptide (CGRP) and pituitary

adenylate cyclase-activating peptide (PACAP) are

thought to be released from the nociceptive fibers inner-
vating dura mater upon stimulation, causing vasodilation

of dura vessels.5,6

The role of PACAP in migraine has gained increasing

attention recently.7–10 Evidence from three aspects sup-

ports the involvement of PACAP in the pathogenesis of
migraine: (1) PACAP infusion induced migraine-like

attacks in migraine patients without aura,11,12 (2)

plasma PACAP levels were increased in the ictal

period of migraine attacks and were decreased in the

interictal period,13,14 and (3) PACAP infusion caused
headache and dilation of middle meningeal artery in

healthy volunteers, which could be reversed by migraine

abortive treatments.15 Some animal studies applied

exogenous PACAP16 or used isolated tissue17 to study

the role of PACAP in migraine. We propose that at least

two important questions are left unanswered: (1) what is
the role of endogenous PACAP in migraine? and (2) Is

there any relationship between PACAP and migraine-

like behaviors in conscious animals?
The effects of PACAP are mediated through G-pro-

tein-coupled receptors (GPCRs): two vasoactive intesti-

nal peptide (VIP)-shared type 2 (VPAC1 and VPAC2)

receptors, and PACAP-preferring type 1 (PAC1) recep-

tor. VPAC1 and VPAC2 have the same affinity for

PACAP and VIP, whereas PAC1 has a 1000-fold

higher affinity for PACAP.18 Based on the structural
and functional similarities between PACAP and VIP,

Amin et al. compared their effects in female migraine

patients without aura. Interestingly, infusion of

PACAP caused migraine-like attacks in 73% patients

(16 of the 22), whereas VIP caused attacks in 18%
patients (4 of the 22),19 suggesting that the role of

PACAP in migraine might be mediated by PAC1 recep-

tor. However, previous studies arrived at inconsistent

conclusions on the question that which is the specific

receptor of PACAP in the pathogenesis of
migraine.17,20,21 Our recent study established a chronic

migraine model by repetitively stimulating dura mater

using inflammatory soup. We found a decrease in

PACAP level and a selective increase in PAC1 level,

suggesting that PACAP is involved in the development
of migraine potentially through PAC1 receptor.22

The role of CGRP in migraine has been intensively
studied since 1990s.23–25 Recently, CGRP receptor
antagonists and CGRP antibodies have been approved
effective in the acute treatment and the prevention of
migraine, respectively.26–28 PACAP shares many similar-
ities with CGRP, such as abilities of inducing light aver-
sion in mice and causing vasodilation during neurogenic
inflammation.29 However, the relationship between
CGRP and PACAP in migraine remains undefined.
Therefore, this study established a novel migraine
model by repetitively stimulating the dura mater sur-
rounding the superior sagittal sinus electrically in con-
scious adult rat and then investigated the expressions of
PACAP, PAC1, VPAC1, VPAC2, and CGRP in the TG
and the trigeminal nucleus caudalis (TNC) of the trige-
minovascular system, hoping to reveal the role of
PACAP in the pathogenesis of migraine.

Materials and methods

Animals

Since migraine is three-fold more prevalent in females
than in males,30 and that a part of (<10%) female
patients suffer from menstrual migraine,31 only male ani-
mals were utilized in this study to minimize the influence
of menstrual cycles. Male Sprague–Dawley rats (n¼ 24,
weight: 180–200 g) were housed individually in a
temperature-controlled (22� 2�C) and light-controlled
(12 h dark/light cycle with the light turned on at
07:00 a.m.) environment with free access to food and
water. This study was approved by the Committee on
Animal Use for Research and Education of the
Laboratory Animals Centre at Chinese PLA General
Hospital (Beijing, China), following the ethical guide-
lines for experimental pain in conscious animals to min-
imize the suffering.32

Experimental design

Rats were randomly assigned into four groups (n¼ 6 in
each group): Sham stimulation for seven-day group
(Sham), ES for one-day group (ES-1D), ES for three-
day group (ES-3D), ES for seven-day group (ES-7D).
Rats were allowed to habituate in the home cage for
three days before the surgery, during which the basal
mechanical thresholds (MTs) of facial areas (outer can-
thus, inner canthus, and vibrissal pad) were determined
using von Frey monofilaments (North Coast Medical
Co., Ltd., USA). Stimulation electrodes were implanted
as previously described to stimulate the dura mater sur-
rounding the superior sagittal sinus.33,34 After the sur-
gery, rats were allowed to recover for three days to
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ensure that MTs were back to baseline. The experimen-

tal apparatus and detailed stimulation procedures were

applied as previously described.33 Rats in the ES-1D,

ES-3D, and ES-7D groups received an ES (10 min,

20Hz, 250 ls pulse duration, and 3–5 mA intensity)

once daily for one day, consecutive three days, and

seven days, respectively. Rats in the Sham group

(Sham) were only connected to the stimulator without

stimulation 10 min daily for seven days to control the

possible influences of surgical and experimental proce-

dures. Behaviors during the stimulating period (10 min)

were recorded and analyzed by two researchers who

were blind to the experimental design. Before daily stim-

ulus, baselines of facial MTs on each day were deter-

mined using von Frey monofilaments. Afterward,

facial MTs were determined at 0 min, 30 min, 60 min,

and 90 min after stimulus.

Facial MT

Six patches of facial skin were tested clockwise (left

vibrissal pad, left inner canthus, left outer canthus,

right outer canthus, right inner canthus, and then right

vibrissal pad) with von Frey filaments of force values

determined in preexperiments (26, 15, 10, 8, 6, 4, 2,

and 1 g, rats that did not respond to 26 g were assigned

as 26 g) using an “up-down” paradigm.35 Von Frey fil-

aments were applied perpendicularly to the tested area

for 3 to 6 s until a positive response were observed:

asymmetrical face grooming, withdraw, escape, or

attack response. The force value at which two positive

responses were noted in three trials was recorded as the

MT. Average integrated value of bilateral areas was

accepted as the final result for each animal.

Tissue preparation

Rats in different groups were humanely sacrificed at

90min after the final stimulus. The TNC and bilateral

TGs were carefully isolated and embedded in Tissue-Tek

OCT Compound (Sakura Finetek, Torrance, CA, USA).

Then, the base mold containing embedded tissue was

submerged into liquid nitrogen for 10 to 20 s till the

entire tissue block being frozen completely. Frozen

tissue blocks were kept in �80�C and were placed in

�20�C for 24 h prior to sectioning. Frozen tissue

blocks were cut into 20-mm-thick serial sections using a

freezing microtome (CM1850; Leica, Wetzlar,

Germany), followed by fixation in precooled acetone

(�20�C) for 20 min. Hematoxylin and eosin (H&E)

staining and Nissl staining were carried out following

standard protocols.36

To control for the uneven distribution of TG neurons,

we prepared 12 sets of sequential slides per animal

(6� 20-mm-thick sections/slide) using an “S-shape” strat-

egy, which means that Slide 1 had the 1st, 13th, 25th,

37th, 49th, and 61st sequential sections of the TG. In

addition, slides of the same number (e.g. Slide 1) from

different animals were used for the staining of one speci-

fied marker (e.g. immunohistochemistry (IHC) for

PACAP). This strategy would hopefully lessen the distur-

bance of uneven distribution of the TG neurons and pro-

vide an average estimation of the whole TG neurons.

Immunohistochemistry

Frozen sections underwent heat-induced epitope retriev-

al (submerged in 90�C water bath for 2 min. Retrieval

solution: 0.3% sodium citrate, 0.04% citric acid, and pH

6.0), endogenous enzyme interference (incubated in 3%

H2O2 solution), and endogenous biotin interference

(incubated in IHC Biotin Block Kit, BLK-0002;

Maixin Biological Technology, Ltd., Fujian, China).

Afterward, sections were blocked with 10% goat serum

(ZLI-9005, ZSGB-BIO, China) at 37�C for 1 h and were

incubated at 4�C overnight with respective diluted pri-

mary antibodies (Table 1). On the second day, sections

were incubated with secondary antibody for 1 h at room

temperature (HRP-Polymer anti-Mouse/Rabbit IHC

Kit, KIT-5030; Maixin Biological Technology, Ltd.),

followed by incubation of 3,30-diaminobenzidine (ZLI-

9018, ZSGB-BIO, China) for 1 to 5 min at room

temperature.

Immunofluorescence

Frozen sections underwent endogenous enzyme interfer-

ence and endogenous biotin interference and blocking as

described earlier. Thereafter, sections were incubated at

4�C overnight with combinations of diluted primary

Table 1. Primary Antibodies Used for Immunohistochemistry.

Name Host Dilutions Catalog Source Citations

PACAP Mouse 1:80 sc-25439 Santa Cruz, USA Castorina et al.37

CGRP Mouse 1:50 ab81887 Abcam, UK Eftekhari et al.38

PAC1 Mouse 1:400 ab54980 Abcam, UK Kanasaki et al.39

VPAC1 Rabbit 1:50 sc-30019 Santa Cruz, USA Csati et al.40

VPAC2 Rabbit 1:50 sc-30020 Santa Cruz, USA Csati et al.40

CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-activating peptide; PAC1: �; VPAC1: �; VPAC2: �.
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antibodies: anti-PACAP and anti-NEUronal Nuclei
(NeuN), anti-PACAP and anti-PAC1, and anti-PACAP
and anti-CGRP (Table 2). On the second day, sections
were incubated with the combination of rabbit immuno-
globulin (IgG) secondary antibody (1:500, A-11034;
Thermo Fisher) and mouse IgG secondary antibody
(1:1000, A-21424, Thermo Fisher). For the analysis of
IHC and immunofluorescence (IF) results, six images
(one image/section, six sections/animal) at 20� magnifi-
cation of the TG and six images (bilateral images/section,
three sections/animal) at 50� magnification of the TNC
were randomly selected using a microscope (DP73;
Olympus, Tokyo, Japan). Average integrated density of
six images was accepted as the final result for each animal.

Statistical analysis

SPSS 19.0 software was applied for the statistical analysis,
and Graphpad Prism 6 software was used to generate the
graphs. Shapiro–Wilk test was first conducted to test the
normality followed by Levene’s test for the homogeneity.
Normally distributed data were analyzed using analysis of
variance (ANOVA) and Fisher’s least significant differ-
ence test (with regular variance) or Dunnett’s T3 test
(with irregular variance) for comparisons between the
groups. For abnormally distributed data, Kruskal–
Wallis test was used to determine differences among the
groups. Repeated measures ANOVA was used to com-
pare differences in MTs between groups. The results were
accepted from “sphericity assumed” option if the assump-
tion of Mauchly’s test was met or from “lower-bound”
option if the assumption was violated. A value of P< 0.05
was considered significant.

Results

Repetitive ES of the dura mater decreased facial MTs
via chronic effect

To investigate whether repetitive ES of the dura mater
surrounding the superior sagittal sinus can simulate the
allodynia of migraine, we first determined the MTs of
outer canthus, inner canthus, and vibrissal pad before
and after stimulation (within 90 min), which represented
for the chronic and acute effects of ES, respectively.
Figure 1 shows the changes in daily MTs before

stimulation. The MTs of both outer canthus (a) and
inner canthus (b) in the ES group decreased as the
days of stimulation increased (P< 0.05), and there
were significant differences between the ES group and
the Sham group (a, **P< 0.01; b, ***P< 0.001). The
most prominent time-dependent decrease was seen in
vibrissal pad (c, P< 0.001). MTs of vibrissal pad in the
ES group were significantly lower than those of the
Sham group (***P< 0.001), beginning from Day 3
(##P< 0.01) and further lowering during Days 5 to 7
(###P< 0.001). (d) Collectively, there were significant
differences in MTs among outer canthus, inner canthus,
and vibrissal pad in the ES group (***P< 0.001), with
MTs of vibrissal pad apparently lower than that of outer
canthus beginning from Day 3 (Day 3: ^^P< 0.01; Day
4: ^P< 0.05; Days 5 to 7: ^^^P< 0.001).

To investigate whether acute effects of stimulation con-
tributed to the gradual decrease in MTs in the ES group,
we measured MTs of outer canthus, inner canthus, and
vibrissal pad within 90 min after daily stimulation (Figure
2). Similarly, there were significant differences among
three areas in the ES group starting from Day 2
(*P< 0.05) to Day 7 (Days 3 to 7: ***P< 0.001).
However, no significant relationships between MTs and
poststimulus time were found during the experimental
period, except on Day 4 (P< 0.01) and Day 7
(P< 0.05). In other words, ES was not able to effectively
lower MTs within 90 min after stimulation. Collectively,
these results suggest that the repetitive ES can decrease
the facial MTs potentially via chronic effects.

Nociceptive behaviors were induced in the repetitive
ES model

To evaluate whether the repetitive ES model can simu-
late the frequent onset of acute migraine, we investigated
four kinds of nociceptive behaviors in conscious rats as
described in our previous works33,43: facial grooming,
body grooming, head-flicks, and head-turning. As
shown in Figure 3(a), facial grooming time of the ES
group was significantly higher than that of the Sham
group on Day 1 (*P< 0.05), while no apparent differ-
ences were observed thereafter. In preexperiments, we
noticed that body grooming was always observed alter-
natively with facial grooming. Given that facial groom-
ing has been accepted as a kind of nociceptive behavior

Table 2. Primary Antibodies Used for Immunofluorescence.

Name Host Dilutions Catalog Source Citations

PACAP Rabbit 1:50 ab174982 Abcam, UK Kortesi et al.41

CGRP Mouse 1:50 ab81887 Abcam, UK Eftekhari et al.38

PAC1 Mouse 1:100 ab54980 Abcam, UK Kanasaki et al.39

NeuN Mouse 1:3000 MAB337 Merck Millipore, Germany Borsani et al.42

CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-activating peptide; PAC1: �; NeuN: �.
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in the ES rat model of migraine,33 we investigated

whether body grooming behavior could also be affected

in the repetitive ES model. As expected, the trends of

body grooming time were very similar to those of facial

grooming time. However, no significant differences

between groups were found during the experimental

period (Figure 3(b)). Head-turning, characterized by

turning head to one side of the body and keeping this

position for 1 to 3 s, was only observed in the ES group

(*P< 0.05, Figure 3(c)). Head-flicks is characterized by

nonrhythmic quick shaking of head, and it often occurs

before or after facial and body grooming. The overall

numbers of the head-flicks in the ES group were not less

than those of the Sham group, with significantly greater

numbers on Days 3 and 6 (*P< 0.05, Figure 3(d)). We

also analyzed exploration time during stimulation but

did not find apparent differences between groups in

rest and exploration behaviors (Figure 3(e) and (f)).

Dynamic expressions of CGRP, PACAP, PAC1, VPAC1,

and VPAC2 receptors in the TG and the TNC during

repetitive ES

Based on the repetitive ES model, we investigated the

number of cells that express CGRP, PACAP and its

three receptors, namely, PAC1, VPAC1, VPAC2, in

the TG and the TNC via IHC. We proposed to investi-
gate the role of PACAP in migraine from two perspec-
tives: (1) compare the expression patterns of CGRP and
PACAP and further evaluate the model by dynamic
expressions of CGRP and (2) investigate the expression

patterns of PACAP receptors. Central afferent projec-
tions from the TG terminate in the spinal trigeminal
nucleus caudalis (Sp5C) of the TNC.4 Recent study in
rats also showed that descending cortical projections
innervated by the ophthalmic (V1) branch of the trigem-

inal nerve, originating from contralateral insular and
primary somatosensory (S1) cortices, terminate, respec-
tively, in laminae I to II and III to V of the Sp5C.44

Therefore, the present study analyzed expression pat-

terns of CGRP, PACAP, and its receptors in lamina
III to V of the Sp5C (Figures 445and 5).

The number of cells expressing CGRP in both TG and

TNC increased steadily as the stimuli repeated (Figure 6
(a) and (b)): the number of positive cells of the ES group
on Day 3 (**P< 0.01) and Day 7 (TG: ***P< 0.001;
TNC: **P< 0.01) was significantly higher than that of

the Sham group. Similar trends were seen in the expres-
sion patterns of PACAP (Figure 6(c) and (d)). PACAPþ
cells in the TG built up as times of stimuli increased,
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with ES on Day 1, Day 3, and Day 7 significantly higher
than the Sham group (***P< 0.001). Similarly, PACAPþ
cells in the TNCwere also elevated by the increasing stim-
uli: Day 3 (*P< 0.05) and Day 7 (**P< 0.01) were signif-
icantly higher than the Sham group.

Correspondingly, PAC1 receptor was also increased
during the experimental period in both TG and TNC
(Figure 6(e) and (f)). PAC1 was increased slowly, with
levels on Day 1 being similar to the Sham group in both
TG and TNC. Nevertheless, numbers of PAC1þ cells in
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behaviors. Compared with Sham group: *P< 0.05; **P< 0.01.
ES: electrical stimulation.
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both areas were higher on Day 3 (TG: *P< 0.05) and
Day 7 (TG: *P< 0.05) compared with the Sham group.

Interestingly, VPAC1 receptor and VPAC2 receptor
exhibited more complex expression patterns, especially

in the TNC. There were overt increases in VPAC1
expressing cells on Day 3 (*P< 0.05) and Day 7

(**P< 0.01) compared with the Sham group in the TG
(Figure 6(g)). In the TNC, however, it went up during

Figure 4. Coordinates and structures of the TG and the TNC. (a) The stereotaxic coordinates of Sp5C in rat brain (adapted from
Paxinos and Watson’s work). The H&E (b) and Nissl (c) staining of the TNC-Sp5C. The present study analyzed expression patterns of
CGRP, PACAP, and its receptors in lamina III to V of the Sp5C. The H&E (d) and Nissl (e) staining of the TG.
TG: trigeminal ganglion; TNC: trigeminal nucleus caudalis; H&E: Hematoxylin and eosin; Sp5C :spinal trigeminal nucleus caudalis.

Figure 5. IHC staining of CGRP, PACAP, PAC1, VPAC1, and VPAC2 in the TG and the TNC. Images shown are randomly selected from
the TG at 20� magnification and from the TNC at 50� magnification. PACAP-expressing fibers were found at lamina III to V of the Sp5C.
CGRP-expressing fibers were mostly located at lamina I to II of the Sp5C (data not shown).
TG: trigeminal ganglion; TNC: trigeminal nucleus caudalis; CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-
activating peptide; PAC1: �; VPAC1: �; VPAC2: �.
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Figure 6. Dynamic expressions of CGRP, PACAP, PAC1, VPAC1, and VPAC2 receptors in the TG and the TNC during repetitive ES. Y-
axis shows the average number of positive cells (six images per animal, six animals per group) at 20� magnification of the TG and at 50�
magnification of the TNC as specified in “Materials and Methods” section. Data are represented by mean� standard deviation. (a and b)
The numbers of CGRPþ cells were increased in both TG and TNC during repetitive ES. (c and d) PACAP showed a similar pattern as
CGRP: increased in both TG and TNC. (e and f) PAC1 receptor was increased from Day 3 to Day 7 in both TG and TNC. (g and h) VPAC1
receptor was increased from Day 3 to Day 7 in the TG, while in the TNC, it also peaked on Day 3 and then decreased by Day 7. (i and j)
VPAC2 receptor reached a steady level from Day 1 to Day 7 in the TG, while in the TNC, it also peaked on Day 3 and then decreased by
Day 7. Compared with the Sham group: *P< 0.05; **P< 0.01; ***P< 0.001.
TG: trigeminal ganglion; TNC: trigeminal nucleus caudalis; CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-
activating peptide; PAC1: �; VPAC1: �; VPAC2: �.
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the first three days, reaching top on Day 3
(***P< 0.001), then went down on Day 7 (Figure 6
(f)). In the TG, VPAC2 on Day 1 was significantly
higher than the Sham group and remained at this
steady level till Day 7 (Figure 6(i): *P< 0.05,
**P< 0.01). The expression pattern of VPAC2 in the
TNC was surprisingly similar with that of VPAC1:
reached top on Day 3 (Figure 6(j): **P< 0.01) and
went down on Day 7.

PACAP was colocalized with NeuN, PAC1 receptor,
and CGRP in both TG and TNC

Based on the similar expression patterns of PACAP,
CGRP, and PAC1 in both TG and TNC, we further
asked: (1) whether they are colocalized with each
other? (2) Is PACAP mainly expressed in neurons?
Hence, we conducted IF to study the colocalizing rela-
tionships in the TG and the TNC. NeuN is widely used

Figure 7. PACAP was colocalized with NeuN, PAC1 receptor, and CGRP in both TG (a) and TNC (b). Images shown are randomly
selected from the TG at 20� magnification and from the TNC at 50� magnification.
TG: trigeminal ganglion; TNC: trigeminal nucleus caudalis; CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-
activating peptide; PAC1: �; NeuN: �.
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as the marker of mature neurons throughout the central
nervous system. As shown in Figures 7(a) and 8(a),
PACAP and NeuN were colocalized in the TG and the
coexpression cells increased steadily with the repetitive
stimuli: numbers on Days 3 and 7 were significantly
higher than that of the Sham group (***P< 0.001).
PACAP was also colocalized with PAC1 receptor in
the TG (Figures 7(a) and 8(b)), and the number of pos-
itive cells on Days 3 and 7 was significantly higher than

that of the Sham group (**P< 0.01). The colocalization
of PACAP and CGRP was even more interesting
(Figures 7(a) and 8(c)). There were much more
PACAP positive cells than CGRP positive cells in the
TG; and intriguingly, the majority of CGRP positive
cells also expressed PACAP. This pattern was consistent
with Edvinsson group’s findings in rat TG,38 and we also
observed CGRP positive fibers lacking PACAP. The
number of coexpressing cells rose steadily as the stimuli
increased, with numbers on Day 3 and Day 7 significant-
ly higher than the Sham group (**P< 0.01).
Colocalization study in the TNC also showed that
most cells that expressed NeuN, PAC1, or CGRP
highly expressed PACAP (Figure 7(b)).

Discussion

The novel repetitive ES model exhibits characteristics
of the chronification of acute migraine

To investigate the relation between CGRP and PACAP
as well as the role of PACAP in migraine, we first estab-
lished a novel repetitive ES model by stimulating the
dura mater in conscious rats and evaluated this model
from perspectives of cutaneous allodynia and nocicep-
tive behaviors.

Cutaneous allodynia (CA), characterized by pain pro-
voked by nonnoxious stimuli of the normal skin, is com-
monly found in migraine patients.46,47 CA is also known
as a hallmark of central sensitization and an independent
predictor of migraine chronification in migraine
patients.48 Chemical simulation or ES of the dura
mater are the two major methods for intracranial stim-
ulation models in studying migraine.49 Several studies,
including ours, have demonstrated that repetitive chem-
ical stimulations caused a gradual worsening and spread-
ing of CA.22,50,51 Although ES is not particular
translational to clinical migraine, it does directly activate
the trigeminovascular system, which is involved in the
pathogenesis of migraine. We propose that repetitive ES
of the dura mater will facilitate migraine chronification
in a time-dependent manner, which can be indicated by
the development of CA. The chronic observation
showed that repetitive ES successfully elicited facial
CA, with the order of sensitivity being vibrissal pad
>inner canthus >outer canthus (***P< 0.001). This
temporal pattern may be resulted from different sensi-
tivities of the tested regions, as the vibrissal pad has
dense mechanoreceptors that transduce deformations
and convey the input to primary sensory neurons in
the TG.52 Although the stimulated dura mater was
innervated by the ophthalmic (V1) branch of the trigem-
inal nerve, the range of CA at least had spread to the
maxillary (V2) branch. The acute observation, however,
did not yield apparent influences, indicating that the
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Figure 8. Coexpression levels of PACAPþNeuN,
PACAPþ PAC1, and PACAPþCGRP in the TG increased during
repetitive ES. Data are represented by mean �standard deviation,
n¼ 6 for each group. Compared with the Sham group:
**P<0.01; ***P<0.001.
TG: trigeminal ganglion; TNC: trigeminal nucleus caudalis; CGRP:
calcitonin gene-related peptide; PACAP: pituitary adenylate
cyclase-activating peptide; PAC1: �; NeuN: �.
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development of CA is not likely a transient process.

There indeed were reductions in MTs upon ES from

Day 1 to Day 4, whereas MTs became close to the base-

line after 90 min. The variations in the time course of

developing stable sensitization within groups may render

the reductions inconsistent between 90 min and 24 h,

while more apparent after 24 h. Collectively, our results

propose that repetitive ES can elicit the CA through

chronic effects.
Based on preliminary observations and previous stud-

ies,33,43 we analyzed four putative nociceptive behaviors:

facial grooming, body grooming, head-flicks, and head-

turning. Consistent with previous findings in our single

stimulation study,33 facial grooming and head-flicks

were more apparent in the ES group. Importantly,

head-turning was only observed in the ES group.

Therefore, it is reasonable to assume that head-flicks is

a less serious pain-related behavior, whereas head-

turning is a more severe and persistent pain-related

behavior in the repetitive ES model. Taken together,

our results suggest that this novel repetitive ES model

exhibits some characteristics of the chronification of

acute migraine.

CGRP and PACAP are increased during repetitive ES

CGRP has been widely acknowledged as an important

neuropeptide in the pathophysiology of migraine.25 In

this study, we found that CGRP was significantly

increased in both TG and TNC correlatively with the

repeats of stimuli, which provides a reasonable cause

for the elevated CGRP in the saliva and circulation of

migraine patients.23,53–55 On one hand, over release

of CGRP from terminals may trigger the over expression

of CGRP in the TG and the TNC to maintain the

reserve pool. On the other hand, we found that CGRP

was gradually elevated as stimuli increased, which is con-

sistent with previous findings that peripheral CGRP

levels were increased during intervals of migraine attacks

in chronic migraine.56 Therefore, this novel repetitive ES

model exhibits characteristics of the frequent onset of

migraine from the perspective of CGRP involvement.
PACAP showed very similar patterns with CGRP in

both TG and TNC; and surprisingly, it began to increase

on Day 1, suggesting that the expression of PACAP

started to increase at the beginning of migraine.

Trigeminal nerves innervating the dura mater release

CGRP and PACAP upon activation.5,6 Our results sug-

gest that the over release of PACAP from the TG could

trigger the over expression of PACAP, which provides a

reasonable explanation for the further elevation of

PACAP in the plasma during migraine attacks.13

PACAP might be a novel therapeutic target for
migraine: Insights from the relationship with CGRP

Based on the IHC findings, we conducted IF staining.
First, we found that PACAP was mainly expressed in
neurons of both TG and TNC. Results in the TG sug-
gested that increasing numbers of neurons were involved
in migraine-like headache in conscious rats by produc-
ing PACAP.

As the highlight of this study, we demonstrated that
CGRP and PACAP were colocalized in both TG and
TNC, which is consistent with previous findings in the
TG,38 and that the coexpression level in the TG
increased as stimuli repeated. Interestingly, most
CGRP was colocalized with PACAP, while only a part
of PACAP was colocalized with CGRP. We assume that
both types of PACAPþ cells may have important roles:
(1) the PACAPþ/CGRP- cells might be the majority
that participate in migraine. They enhance the expres-
sion of PACAP upon stimulation and then increase syn-
thesis as the stimuli repeat. (2) In addition to the first
role, PACAP in the PACAPþ/CGRPþ cells, the minor-
ity, may also facilitate the release of CGRP upon
migraine attacks. Jansen-Olesen et al. found that exoge-
nous administration of PACAP could induce the release
of CGRP from isolated TG and TNC in a dose-
dependent manner.17 Hence, it is reasonable to assume
that the coexpressed PACAP may promote the release of
CGRP from the same cell in a dose-dependent manner
during repetitive stimuli.

Collectively, we propose that PACAP may be an
important neuropeptide, like CGRP, in the pathophysi-
ology of migraine. Three facts support this assumption:
(1) PACAP has a similar expression pattern and a higher
expression level compared with CGRP, (2) PACAP
shows a more obvious increasing trend during repetitive
stimuli, and (3) CGRP is mostly expressed in PACAPþ
cells, which only account for a small part of all
PACAPþ cells. In the light of recent findings26–28 that
antibodies of CGRP and CGRP antagonists are effective
in migraine prevention and acute treatment, our results
highlight PACAP as a potential therapeutic target of
migraine. As female sex hormones have been shown to
regulate various mechanisms in migraine including
CGRP and 5-hydroxytryptamine,57 it would be interest-
ing to investigate whether PACAP is also influenced by
sex hormones in further studies.

PACAP is involved in migraine potentially through
PAC1 receptor

We propose that PACAP is involved in migraine poten-
tially through PAC1 receptor. From the perspective of
expression pattern, PAC1 receptor was more parallel to
PACAP, whereas VPAC1 and VPAC2 were similar with
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each other. From the perspective of positive-cell num-
bers, PAC1 was much higher than VPAC1/2 in the
TNC, showing a closer level to that of PACAP.
Chaudhary and Baumann previously reported a very
low mRNA level of VPAC1 in the TG compared with
VPAC2 and PAC1.58 Indeed, mRNA levels and protein
levels are not always consistent due to various transcrip-
tional and translational regulations. Our recent study
also found a lower mRNA level of VPAC1 despite com-
parable protein levels of three receptors in the TG.22

Hence, PAC1 might be the specific receptor of PACAP
in migraine pathophysiology. At the beginning of the
stimulation, all three receptors are increased due to the
structural similarity. However, as the stimuli repeat, only
the specific receptor PAC1 continues building up to
catch up with the increasing PACAP. Furthermore, the
TNC might be one of the specific areas in the trigmino-
vascular system where PACAP participates in migraine
through PAC1 receptor.

Based on the IHC findings, we selectively conducted
IF staining. We found that most PAC1 receptors were
colocalized with PACAP in the TG and the TNC.
Consistent with the IHC findings, the coexpression
cells increased as the stimuli repeated. We propose that
upon stimulation, neurons begin to synthesize PACAP
and PAC1 receptors at the same time, and then PACAP
binds to PAC1 receptor to induce downstream effects.
PAC1 can act as an autoreceptor or a heteroreceptor,
regulating the presynaptic release of PACAP as well as
modulating the postsynaptic events through GPCR-
related downstream effects. Our previous study revealed
a decrease in PACAP level and a selective increase in
PAC1 level in a chronic migraine model (21 days),22

which is supportive to this “autoreceptor hypothesis”
that the further release of PACAP is regulated by a neg-
ative feedback. However, colocalization does not neces-
sarily represent direct binding; therefore, further studies
are warranted to find direct evidence elucidating the rela-
tionship between PACAP and PAC1 receptor involved
in migraine.

Here, we propose a dynamic model that upon stimuli
of the dura mater, the TG begins to increase the synthe-
sis of PACAP. Some PACAP is released from periphery
terminals of the TG to innervating areas such as the dura
mater, resulting in vasodilation. Other PACAP is trans-
ported through central terminals to the TNC, where
PACAP binds to PAC1 receptor and triggers the excita-
tion of nociceptive neurons as well as the further increase
in PACAP.

Conclusion

The novel repetitive ES model established by stimulating
the dura mater in conscious rats can simulate the chron-
ification of frequent onset of acute migraine, from the

perspectives of cutaneous allodynia and nociceptive

behaviors. PACAP plays a role in the pathogenesis of
migraine potentially via PAC1 receptor. PACAP is coex-

pressed with CGRP and has the potential to be a novel

therapeutic target for migraine.
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