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Pituitary adenylate cyclase-activating polypeptide (PACAP) and its receptors (PAC1, VPAC) are present in senso-
ry neurons and vascular smoothmuscle. PACAP infusion was found to trigger migraine-like headache in humans
and we showed its central pro-nociceptive function in several mouse pain models. Nitroglycerol (NTG)-induced
pathophysiological changes were investigated in this study in PACAP gene-deleted (PACAP−/−) and wildtype
(PACAP+/+) mice. Chemical activation of the trigeminovascular system was induced by 10 mg/kg i.p. NTG.
Light-aversive behavior was determined in a light–dark box, meningeal microcirculation by laser Doppler
blood perfusion scanning and the early neuronal activation marker c-Fos with immunohistochemistry. NTG-
induced photophobia both in the early (0–30min) and late phases (90–120 min) due to direct vasodilation
and trigeminal sensitization, respectively,was significantly reduced in PACAP−/−mice.Meningeal blood flow in-
creased by 30–35% during 4 h in PACAP+/+ mice, but only a 5–10% elevation occurred from the second hour in
PACAP−/− ones. The number of c-Fos expressing cells referring to neuronal activation in the trigeminal ganglia
and nucleus caudalis significantly increased 4 h after NTG in PACAP+/+, but not in PACAP−/− animals. Similar
PAC1 receptor immunostaining was detected in both groups, which did not change 4 h after NTG treatment.
PACAP-38 (300 μg/kg, i.p.) produced photophobia similarly to NTG and 30% meningeal vasodilatation for
30 min in PACAP+/+, but not in PACAP−/− mice. It significantly increased neural activation 4 h later in the tri-
geminal ganglia of both groups, but in the nucleus caudalis of only the PACAP+/+ mice.
We provide the first experimental results that PACAP is a pivotal mediator of trigeminovascular activation/sen-
sitization and meningeal vasodilation related to migraine.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a
member of the vasoactive intestinal polypeptide (VIP)/secretin/
glucagon peptide family (Miyata et al., 1989), which is present in

27 and 38 aminoacid-containing biologically active forms. It is lo-
calized in sensory neurons of the trigeminal ganglia (Kuris et al.,
2007; Tajti et al., 1999), the parasympathetic otic and the spheno-
palatine ganglia (Baeres and Møller, 2004; Uddman et al., 1999),
as well as in the peripheral terminals of capsaicin-sensitive sensory
nerves and vascular smoothmuscle cells (Fahrenkrug and Hannibal,
1998; Mulder et al., 1994; Uddman et al., 1993; Vaudry et al., 2009).
PACAP-immunoreactivity was also shown in the cell bodies and
nerve fibers of “migraine generator” region of the human brainstem
(Tajti et al., 2001) and the trigeminal nucleus caudalis (TNC) and
C1–C2 segments of the cervical spinal cord (Uddman et al., 2002).
Brain mast cells, which are located perivascularly in the dura in
close association with neurons also contain PACAP. They can be
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activated following trigeminal nerve activation, cervical or sphenopa-
latine ganglion stimulation (Edvinsson et al., 1976; Levy 2009; Levy
et al., 2007; Ottosson and Edvinsson, 1997; Rozniecki et al., 1999;
Theoharides et al., 2005; Zhang et al., 2007).

PACAP acts via G protein-coupled receptors mainly associated
with the adenylate cyclase and phospholipase C signal transduc-
tion pathways: the pituitary adenylate cyclase-activating polypep-
tide receptor type 1 (PAC1) specifically binding PACAP, and the
vasoactive intestinal polypeptide receptor 1 (VPAC1) and vasoac-
tive intestinal polypeptide receptor 2 (VPAC2) having a similar
binding affinity for PACAP and VIP. All these receptors have been
described on neurons, smooth muscle cells, mast cells and several
inflammatory cells (Bourgault et al., 2009; Delgado et al., 1999;
Somogyvari-Vigh and Reglodi, 2004; Zhou et al., 2002). Injection
of PACAP induces vasodilation (Lenti et al., 2007), mast cell de-
granulation and edema formation (Boni et al., 2009; Chan et al.,
2011; Odum et al., 1998; Schytz et al., 2009, 2010a; Warren et al.,
1992).

In cats, intracerebral microinjection of PACAP results in a mod-
erate increase of the cerebral blood flow (Uddman et al., 1993). In
addition to these well-described signal transduction mechanisms,
we have previously provided several lines of in vitro and in vivo
evidence that PACAP inhibits the release of pro- and anti-inflammatory
sensory neuropeptides such as substance P and calcitonin gene-related
peptide (CGRP) from peripheral terminals of capsaicin-sensitive
sensory nerve terminals. We have also established its inhibitory ef-
fect on acute neurogenic inflammatory responses in several rat and
mouse models (Helyes et al., 2007; Nemeth et al., 2006), as well as
its divergent actions on peripheral nociceptive processes (Sandor
et al., 2009). It exerts anti-nociceptive, anti-hyperalgesic and anti-
allodynic actions in visceral and somatic inflammation upon pe-
ripheral administration (Sandor et al., 2009). These effects of
PACAP cannot be explained by its intracellular cAMP or Ca2+

concentration-increasing actions, therefore, the existence of a pres-
ently unknown inhibitory receptor or a splice variant on the periph-
eral nerve endings has been proposed (Nemeth et al., 2006; Sandor
et al., 2009). In contrast to these unique inhibitory actions in the
periphery, our studies in a variety of mouse pain models have
shown a strong central pro-nociceptive function of PACAP (Sandor
et al., 2010). In accordance with these results others also found
that central application of PACAP dose-dependently decreased ther-
mal stimulation-evoked paw withdrawal latencies and potentiated
nociceptive transmission to the spinal dorsal horn (Ohsawa et al.,
2002). It also facilitated spinal nociceptive flexor reflexes (Sakashita
et al., 2001; Xu and Wiesenfeld-Hallin, 1996) and induced hyperal-
gesia (Narita et al., 1996). PAC1 receptor gene-deleted mice showed
markedly reduced nociceptive responses to formalin, as well as de-
creased responsiveness to thermal laser and mechanical von Frey
stimulation in acute and chronic pain models (Jongsma et al., 2001).

Although the presence of PACAP in several brain regions of
humans and animals related to the trigeminal system was described
a decade ago (Christiansen et al., 2003; Tajti et al., 2001; Uddman et
al., 2002), its potential role in trigeminovascular activation has re-
cently been proposed on the basis of the localization of PACAP and
PAC1 receptors in the smooth muscle of rat and human intracranial
vasculature (Boni et al., 2009; Chan et al., 2011). Remarkably, it has
recently been reported that in migraineurs PACAP infusion triggered
migraine-like headache without aura (Schytz et al., 2009). On the
basis of these novel human observations, it has been proposed that
PACAP might be a mediator of trigeminovascular activation which
plays an important role in migraine (Schytz, 2010; Schytz et al.,
2010a,b). The aim of the present work was to provide the first func-
tional evidence in animal experiments for the role of PACAP in
chemically-induced trigeminovascular activation using behavioral,
vascular imaging and morphological techniques with the help of
PACAP gene-deleted mice.

Materials and methods

Animals

Experiments were performed on PACAP gene-deleted (PACAP-
deficient, PACAP knockout, PACAP−/−) mice and their wildtype
(PACAP+/+) counterparts generated on the CD1 background. The
generation and maintenance of these knockout mice have been de-
scribed previously in details (Hashimoto et al., 2001), they were
backcrossed for 10 generations with the CD1 strain. Heterozygous
breeding pairs generated at Osaka University were transported to
the University of Pecs. Genotyping was first performed in the first
generation and mice were bred on as wildtype and homozygous
gene-deleted lines in the Laboratory Animal House of the Depart-
ment of Pharmacology and Pharmacotherapy of the University of
Pecs. Offsprings within the first three generations were used for
the experiments to minimize genetic variations, the absence of
the PACAP gene was verified by RT-PCR from the tail ends of the
pups according to the paper by Hashimoto et al. (2001). Since
these mice were not conditional knockouts, they completely lacked
PACAP in all tissues including the central nervous system and
migraine-related structures. However, the lack of the PACAP gene
specifically in the examined migraine-related structures, such as
the trigeminal ganglia (TRG) and the TNC was also confirmed
with PCR.

Mice were kept at 24–25 °C and provided with standard rodent
chow and water ad libitum.

Ethics

All experimental procedures were carried out according to the
1998/XXVIII Act of the Hungarian Parliament on Animal Protection
and Consideration Decree of Scientific Procedures of Animal Exper-
iments (243/1988) and complied with the recommendations of the
International Association for the Study of Pain and the Helsinki Dec-
laration. The studies were approved by the Ethics Committee on An-
imal Research of Pecs University according to the Ethical Codex of
Animal Experiments and license was given (license No.: BA 02/
2000-11-2006).

Chemical activation of the trigeminovascular system

Chemical activation of the trigeminovascular system was in-
duced by 10 mg/kg intraperitoneal (i.p.) injection of NTG (Pohl-
Boskamp, Hohenlockstedt, Germany), which is a nitric oxide
(NO) donor. NO leads to a direct stimulation of the trigeminovas-
cular system at the levels of the vessels, as well as the trigeminal
ganglia and the trigeminal nucleus caudalis leading to peripheral
and central sensitizations (Lambert et al., 2000; Neeb and Reuter,
2007; Olesen, 2010; Pardutz et al., 2000). For detecting NTG-
induced light-aversive behavior, mice were individually observed
in a modified light–dark box under 1000 lx light exposition. In a
separate group, meningeal microcirculation was investigated by
laser Doppler blood perfusion scanning. Systemic blood pressure
was recorded through the common carotid artery in urethane-
anesthesized animals (urethane obtained from Spektrum 3D,
Debrecen, Hungary, 1.2 g/kg i.p.) for 4 h after NTG injection. The
extent of neural activation in the TNC and the TRG was detected
by c-Fos immunohistochemistry. The reason for choosing this
well-established model for chemical activation of the trigemino-
vascular system is the extensive literature available in this field
concerning the mechanisms, its good reproducibility and its
human relevance (Bergerot et al., 2006; Buzzi and Tassorelli,
2010; Lambert et al., 2000; Olesen, 2010; Tassorelli et al., 1997).

634 A. Markovics et al. / Neurobiology of Disease 45 (2012) 633–644



Author's personal copy

Exogenous administration of PACAP-38

PACAP-38 (Sigma-Aldrich, Budapest, Hungary) was administered
through two different ways:

In one group of both PACAP+/+ and PACAP−/− mice, it was
injected intraperitoneally (300 μg/kg, 0.1 ml/10 g body weight from
the 30 μg/ml solution prepared in saline) to investigate light-
aversive behavior, meningeal blood flow and c-Fos expression 4 h
later. In another group, PACAP-38 was administered intracerebroven-
tricularly (i.c.v., 30 pmol in 2 μl saline with a Hamilton syringe; Ham-
ilton Company Bonaduz, Switzerland) during 3 min in deep, 1 h long
lasting urethane anesthesia and c-Fos expression was investigated 4 h
afterwards. The coordinates were −0.55 mm posterior, 1 mm lateral
and 2 mm deep from the Bregma point (Paxinos and Franklin,
2003). In both cases respective saline-treated mice served as controls.

Investigation of light-aversive behavior

Light-aversive behavior, as a typical symptom of migraine-like
headache, was examined in mice both in the early (0–30 min) and
late phases (90–120 min) after NTG injection due to acute vasodila-
tion and sensitization of the trigeminovascular system. The modified
light–dark box was prepared according to the one used in a recent
publication of Recober et al. (2010). Mice were individually tested
in a custom-made light aversion chamber [60 cm length×60 cm
width×45 cm height] with two equally sized compartments: one
brightly lit [1000 lx, thermalneutral fiber optic source (Fiber-lite)],
painted white and lacking a top, the other not lit, painted black and
fully enclosed. A small opening (7×7 cm) connects the two compart-
ments. This test differs from the originally described light–dark box
by using a more intense light source that does not produce heat. Be-
fore testing, mice were acclimatized at least 1 h in their cages in the
testing roomwith the lights on. Both observation periods were equal-
ly 30 min long, which had been chosen on the basis of a long series of
previous experiments with wildtype mice in the NTG model. Mice
normally move in and out the dark side due to their curiosity to ex-
plore the novel environment, but after 30 min they prefer to be in
the dark and do not come out at all. Therefore, they were put back
to their home cages and placed into the light–dark box again
90 min after NTG treatment to see how they behave in the late period.
Time spent in the light phase of the box was measured in each 5-min
period and expressed in sec.

Determination of meningeal blood flow by laser Doppler blood perfusion
scanning

Meningeal microcirculation was determined in urethane-
anesthesized mice with a laser Doppler blood perfusion scanner
(Periscan PIM-II; Perimed, Sweden) through the closed cranium
after removing the covering skin and the periosteum. This anes-
thetic was chosen to achieve a long-lasting, stable anesthesia and
to inhibit autonomic reflexes which could influence the microcir-
culation data. In the laser Doppler blood perfusion scanner the
scattered light which returns to the tissue surface is registered by
a photo detector. According to the Doppler principle, light particles
which hit moving blood cells undergo a change in wavelength/fre-
quency (a Doppler shift), while light particles which encounter
static structures return unchanged. The perfusion can be calculated
since the magnitude and frequency distribution of the Doppler
shifted light are directly related to the number and velocity of
blood cells, but unrelated to their direction of movement. Although
the measured parameter is flux, this signal is then processed to ex-
tract information about the microcirculatory blood flow. After con-
trol images, 10 mg/kg NTG was injected i.p. and the detection
lasted for 4 h to be able to analyze both the early and the late vas-
cular reactions due to the direct vascular effect of NO, as well as

the peripheral and central sensitization of the trigeminovascular
system, respectively. In case of i.p. PACAP injection, the observa-
tion period lasted for 30 min. Meningeal blood flow was evaluated
by comparing the mean microcirculation values obtained within
the 1.5-min images in a respective region of interest of the total
cranial area to the mean of the initial five 1.5-min images.

Systemic blood pressure was also recorded through a cannula
inserted into the common carotid artery, measured and evaluated
with Buxco BioSystem XA (Buxco Electronics, UK).

Examination of neural activation with c-Fos immunohistochemistry

The c-fos proto-oncogene has been identified and validated as a
sensitive and widely applicable marker of neural activation in re-
sponse to extracellular stimuli (Morgan and Curran, 1991; Tassorelli
and Joseph, 1995). The protein product, c-Fos protein, can be identi-
fied by immunohistochemical techniques, and it can be used as a
transsynaptic marker for neuronal activity following noxious stimula-
tion (Bullitt, 1990). PACAP−/− and PACAP+/+ mice deeply anesthe-
sized with urethane were used for histological purposes 2 and 4 h
following NTG (or in control studies saline) injection after the laser
Doppler scanning measurements. They were perfused transcardially
by 20 ml 0.1 M sodium phosphate-buffered saline (PBS; pH 7.6) fol-
lowed by 150 ml ice-cold 4% paraformaldehyde solutions (PFA,
Molar Chemicals, Hungary). Then brains with the rostral cervical spi-
nal cord and trigeminal ganglia were dissected and post-fixed in 4%
PFA for 24 h. To study the caudal division of the spinal trigeminal nu-
cleus, the medulla oblongata caudal to the obex with rostral cervical
spinal cord was embedded. To make sure that the identical areas
were collected, sectioning was started at the obex. Three series of
20 μm coronal sections were cut on a Lancer Vibratome (Ted Pella
Inc., Redding, CA) per animal. In one series, each sections were inter-
spaced by 60 μm. Then, they were placed into anti-freeze solution
consisting of 30% glycerol (Spectrum 3D, Debrecen, Hungary), 20%
ethylene glycol (Spectrum 3D, Debrecen, Hungary) and 0.1 M sodium
phosphate buffer, and stored at −20 °C until further use. The first se-
ries of sections was used for c-Fos immunocytochemistry. For free-
floating diaminobenzidine (DAB; D5637, Sigma Chemical, Zwijn-
drecht, The Netherlands) immunocytochemistry, sections were
washed 6×10 min in PBS to remove antifreeze solution, followed by
incubation in 0.5% Triton X-100 (Sigma Chemical, Zwijndrecht, The
Netherlands) and in blocking buffer consisting of PBS and 2% normal
goat serum (Sigma-Aldrich, Hungary), for 30 min respectively. Then
sections were incubated overnight at room temperature in a poly-
clonal antiserum raised against c-Fos (sc-52; Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, USA), diluted 1:500 in blocking buffer
(Gaszner et al., 2007; 2009). After a wash in PBS, sections were
treated with biotinylated goat anti-rabbit IgG (Vectastain Elite
ABC Kit, from Vector Laboratories, Burlingame, CA, USA), diluted
1:200 in PBS containing 2% normal goat serum for 2 h at 20 °C
(Gaszner et al., 2007; 2009). Sections were rinsed in cold PBS, incu-
bated in avidin–biotin complex (Vectastain Elite ABC Kit, from Vec-
tor Laboratories, Burlingame, CA, USA) for 1 h at 20 °C, and rinsed
with PBS for 3×10 min and with Tris buffer (pH 7.6) for 10 min. Fi-
nally, they were treated with 0.05% DAB in the Tris buffer with
0.00003% H2O2 (Sigma Chemical, Zwijndrecht, The Netherlands);
the latter reaction was controlled under a stereomicroscope and
stopped with Tris buffer. After 3×10 min washes in PBS, sections
were mounted on gelatin-coated glass slides, air-dried, treated
with xylene (Merck, Leicester, UK) for 2×10 min, coverslipped
with DPX mounting medium (Merck, Leicester, UK).

Trigeminal ganglia after post fixation in 6% formalin were dehy-
drated in 50 v/v%, 70 v/v%, 90 v/v%, and 100 v/v% ethanol solutions
(Merck, Leicester, UK). Sectioning for immunocytochemistry in
the trigeminal ganglion was carried out on paraffin embedded accu-
rately oriented and blocked samples. Three series of five 4 μm thick
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longitudinal sections each interspaced by 60 μmwere collected and
mounted on silan-pretreated slides and dried. Rehydration was car-
ried out by treating the slides in 2×10 min xylene, followed by
rinses in absolute ethanol and 96 v/v%, 70 v/v%, 50 v/v%, 30 v/v%
ethanol solutions, respectively. The first series of sections were
used for c-Fos immunocytochemistry. Then the slides were incubat-
ed in PBS for 3×10 min, followed by incubation in 0.5% Triton X-100
and in blocking buffer consisting of PBS and 2% normal goat serum,
for 30 min, respectively. Subsequently, sections were incubated
overnight at room temperature in a polyclonal antiserum raised
against c-Fos (sc-52, Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), diluted 1:100 in blocking buffer (Gaszner et al., 2007;
2009). The second day of the c-Fos immunohistochemistry protocol
was carried out as described above for free floating TNC sections,
except mounting. TRG preparations were dehydrated by rinsing in
30 v/v%, 50 v/v%, 70 v/v%, 96 v/v% ethanol solutions, and in absolute
alcohol respectively, treated with xylene for 2×10 min cover-
slipped with DPX mounting medium and studied with a Nikon
Microphot FXA microscope equipped with a Spot RT color digital
camera (Nikon, Tokyo, Japan).

For qualitative purposes, digital images were corrected to obtain
optimal contrast, using Photoshop 7.0.1 (Adobe, San Jose, CA, USA).
The contents of c-Fos in the TRG and the TNC were determined by
simple manual counting all c-Fos-positive cell nuclei in non-edited
digital images of 5 serial sections per animal, each interspaced by
60 μm, at the midlevel of the TRG and TNC, respectively. A random se-
lection procedure was maintained throughout all experiments, and
all quantitations were performed according to a double-blind proto-
col, by an observer experienced in the anatomy of the brainstem,
and trigeminal ganglion but unaware of the identity of the samples.

Examination of PAC1 receptor expression with immunohistochemistry in
the trigeminal ganglia and caudal nuclei

Five sequential trigeminal ganglia and caudal nuclei sections per
animal prepared for the c-Fos immunohistochemistry described
above were deparaffinized, rinsed in PBS, permeabilized by incuba-
tion for 5 min in 0.1% Triton X-100 in PBS. Tissues were blocked for
non-specific binding by incubation of normal goat serum for 1 h and
the primary antibody (anti-PAC1 receptor, raised in rabbit, 1:100,
Sigma-Aldrich, Hungary) was applied for overnight at room tempera-
ture (Brabet et al., 1996). After several washes in PBS, sections
were incubated for 2 h in the dark with the corresponding Alexa
Fluor “568” secondary antibody (1:1000, Southern Biotech, Hungary;
Ausubel et al., 1992). Sections were then washed in PBS and cover-
slipped using Fluoromount-G (Southern Biotech, Hungary). At least
10 sections were examined from each group. Negative controls with
the absence of the primary antisera were done from every group,
and specific cellular staining was not detected in these cases. Digital
photographs were taken with a Nikon Eclipse 80i microscope
(Nikon, Tokyo, Japan) equipped with a cooled CCD camera. Images
were taken with the Spot software package. For qualitative purposes
digital images were adjusted to obtain optimal contrast using Photo-
shop 7.0.1 (Adobe, San Jose, CA, USA). The red fluorescent images
were transformed to grayscale formats and inverted.

Morphometric quantitations were done on non-edited images. The
intensity of the immunoreaction in 10 perikarya per section was mea-
sured using ImageJ software (version 1.44, NIH, Bethesda, MD, USA).
During the densitometric analysis PAC1 receptor expression was cor-
rected to both tissue and slide background for each section. The data
were corrected for the background density outside the areas with
immunolabeled perikarya yielding the specific signal density (SSD)
expressed in arbitrary units, and also outside the tissues. Tissue back-
ground density was quantified adjacently to the spinal trigeminal nu-
cleus in the white matter of the inferior cerebellar peduncule. In case
of the trigeminal ganglion background density was measured in areas

free of somata with nerve fiber bundles. A random selection procedure
wasmaintained throughout all experiments, and all quantitations were
performed according to a double-blind protocol, by an observer experi-
enced in the histo-anatomy of the brain and nerve tissues but unaware
of the identity of the sections and the aim of the study.

Statistical analysis

For statistical evaluation of the behavioral and laser Doppler blood
perfusion scanning data, when the same parameters were measured
over time in the same subjects, repeated measures one-way ANOVA
(for two data sets) and two-way ANOVA (for four data sets) followed
by Bonferroni's modified t-test was used. Results of the c-Fos immu-
nohistochemistry and PAC1 receptor immunostaining were analyzed
with two-way ANOVA and Fisher's post test. In all cases pb0.05 was
considered to be significant.

Results

Nitroglycerol-induced light-aversive behavior in PACAP+/+ and
PACAP−/− mice

In the first 30 min of the light–dark box examination saline-
treated control mice of both the PACAP+/+ and the PACAP−/− groups
moved back and forth between the light and dark sides of the box.
NTG-treated PACAP+/+ animals spent significantly less time in the
light side from the 20-min timepoint proving the development of

Fig. 1. NTG (10 mg/kg i.p.)-induced light-aversive behavior of PACAP+/+ and PACAP−/

− mice in the (A) early and (B) late phases referring to the 0–30 min and the
90–120 min periods after the injection, respectively. Each data point represents the
mean±s.e.m. of time (sec) spent in the light part of the box within 5-min intervals
(n=6–8/group; *pb0.05; **pb0.01 vs. saline-treated respective control mice; +pb0.05
vs. NTG PACAP+/+ determined with repeated measures two-way ANOVA+Bonferroni's
modified t-test).

636 A. Markovics et al. / Neurobiology of Disease 45 (2012) 633–644



Author's personal copy

photophobia. In contrast, PACAP−/− mice did not show light-aversive
behavior in response to NTG injection (Fig. 1A).

In the late phase (90–120 min) of the observation when NTG-
induced central sensitization develops in the trigeminovascular
system (Lambert et al., 2000; Neeb and Reuter, 2007; Olesen, 2010;
Pardutz et al., 2000) PACAP+/+ mice spent remarkably shorter time
in the light side of the box, particularly in the last 10 min. Similarly
to the early phase, in the PACAP−/− group light-aversive behavior
was absent (Fig. 1B).

Nitroglycerol-induced vasodilation on the brain surface of PACAP+/+

and PACAP−/− mice

Laser Doppler scanning measurements revealed a gradual increase
of meningeal blood flow in PACAP+/+ mice reaching its maximum,
about 35–40%, 2 h after NTG injection. This vasodilation remained rel-
atively stable and only started to slightly decrease in the last 15 min.
In contrast, in the PACAP−/− group there was no change or even a
minimal decrease in the meningeal blood flow in response to NTG
in the first 2 h, and its hyperemic effect was significantly smaller in
the second 2-h period than in PACAP+/+ mice (Figs. 2A, B).

The mean blood pressure decreased by 30–35% in response to this
10 mg/kg i.p. NTG dose under urethane anesthesia in both groups.

Nitroglycerol-induced c-Fos expression in the TRG and TNC of
nitroglycerol-treated PACAP+/+ and PACAP−/− mice

ANOVA analysis on c-Fos cellcounts in the TRG found the main ef-
fect of genotype (F=14.230, pb0.001), treatment (F=9.240,
pb0.01) as well as genotype×treatment (F=4.211, pb0.05), genoty-
pe×time (F=7.23, pb0.02), treatment×time (F=8.713, pb0.01),
and genotype×treatment×time (F=7.278, pb0.02) interactions. In
the TNC there was the main effect of genotype (F=21.054,
pb0.001), treatment (F=17.027, pb0.01), time (F=22.841,
pb0.0001), as well as time×genotype (F=13.212, pb0.01) and
treatment×genotype (F=10.442, pb0.01) interactions. In the
saline-treated control groups of PACAP+/+ animals we found 2 h
after injection 9.05±2.125 and at 4 h 25±7.034 c-Fos immunoposi-
tive neurons in the TNC. At the same timepoints 39.36±2.916 and
29.76±5.467 c-Fos positive nuclei were observed in the TRG.
Saline-treated PACAP−/− animals possessed 2 h upon injection
10.45±3.745 and 13.05±4.353 positive neurons 4 h after treatment
in the TNC, 32.67±4.588 and 23.13±5.787 in the TRG, respectively.
Two hours after NTG injection there was no change in c-Fos expres-
sion in the TRG in either group compared to respective saline injected
controls (PACAP+/+: 37.2±7.506; p=0.875; PACAP−/−: 35.51±
7.282; p=0.704). Four hours following this chemical stimulation an
about 2-fold increase developed in the TRG of PACAP+/+ mice

Fig. 2. NTG-induced meningeal blood flow changes measured by laser Doppler blood perfusion scanning in PACAP+/+ and PACAP−/− mice. Panel A demonstrates representative
laser Doppler images taken 1, 2, 3 and 4 h following 10 mg/kg i.p. NTG injection in urethane-anesthesized mice. The blue color represents low perfusion areas, green and yellow
refer to higher perfusion and red shows the highest microcirculation. The graph in panel B shows means±s.e.m. percentage vasodilation results compared to the respective
initial reference images (n=9–13 mice/group; *pb0.05 **pb0.01 vs. NTG PACAP−/− repeated measures one-way ANOVA+Bonferroni's modified t-test).
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(71.35±5.586; pb0.0001), but it was not altered in PACAP−/− ones
(27.91±0.845; p=0.545). In the TNC of PACAP+/+ animals c-Fos
immunopositivity was more than double (22.05±3.887) compared
to the saline-injected control group (9.05±2.125) already 2 h follow-
ing NTG administration which was almost significant (p=0.068). The
cellcounts increased almost to the triple 4 h after treatment (62.15±
7.287, pb0.001). In contrast, c-Fos expression was unaltered at either
time-points in PACAP−/− mice (Figs. 3–5A, B).

PAC1 receptor expression in the TRG and TNC of PACAP+/+ and PACAP−/

− mice

Immunofluorescence staining revealed that both the spinal tri-
geminal nucleus and the trigeminal ganglion neurons express the
PAC1 receptor similarly in both groups (Fig. 6). The quantification of
the PAC1 receptor immunosignal with two-way ANOVA revealed no
significant difference in the TRG (Table 1A) regarding genotype
(F=0.538, p=0.48), NTG treatment (F=0.411, p=0.53), or their in-
teraction (F=1.37, p=0.26). In accordance with these in the TNC
(Table 1B), neither genotype (F=0.02, p=0.99) and NTG treatment
(F=0.21, p=0.66), nor their interaction (F=0.23, p=0.65) influ-
enced the receptor SSD significantly. This suggests that genotype or
NTG stimulation do not influence PAC1 receptor expression in these
areas.

PACAP-38-evoked light-aversive behavior in PACAP+/+ and PACAP−/−

mice

Administration of 300 μg/kg i.p. PACAP-38 induced remarkable
light-aversive behavior in PACAP+/+ mice both in the early and late
phases of the 2 h observation period. The pattern of this photophobia
was very similar to the effect of NTG. Photophobia did not occur in the
PACAP−/− group in response to PACAP-38 injection (Figs. 7A, B).

PACAP-38-evoked meningeal vasodilation in PACAP+/+ and PACAP−/−

mice

In PACAP+/+ mice i.p. injection of 300 μg/kg PACAP-38 evoked a
20% vasodilation on the brain surface within 10 min, reached its max-
imum of 30% at 20 min and started to decrease after 25 min (Figs. 8A,
B). The same treatment in the PACAP−/− group did not alter menin-
geal microcirculation during 15 min, and only slightly elevated up
to a maximum of 10% in the second 15-min period. This response
was significantly smaller than that observed in the PACAP+/+ animals
(Fig. 8B).

Systemic blood pressure decreased from80.6±0.4 mmHg to 62.8±
0.1 mm Hg within 10 min and remained relatively unchanged during
the 30-min measurement, no significant difference was observed be-
tween the two groups.

PACAP-38-induced c-Fos expression in the TRG and TNC of PACAP+/+

and PACAP−/− mice

I.p. injected PACAP-38 significantly increased neural activation 4 h
later, shown by the elevated number of c-Fos-expressing cells in the
TRG of both groups, but only in the TNC of the PACAP+/+ mice
(Figs. 9A, B). In contrast, i.c.v. administered PACAP-38 did not elevate
the number of c-Fos-positive neurons in either region in either group.
The interesting observations, however, are a) the remarkably in-
creased c-Fos expression in both regions compared to the i.p. injec-
tions in PACAP+/+ animals even after saline administration, and b)
the significantly reduced c-Fos immunopositivity in the TRG of
PACAP−/− mice both following saline and PACAP (Figs. 9C, D).

Discussion

The present paper provides the first experimental data with be-
havioral, functional blood perfusion scanning and morphological
techniques using gene-deleted mice that PACAP plays an important

Fig. 3. Representative immunohistochemical pictures showing the expression of c-Fos, as a marker of early neural activation, in the trigeminal ganglia of PACAP+/+ and PACAP−/−

mice 4 h after i.p. saline (control) and 10 mg/kg NTG injection (200× magnification). Neuronal activation is represented by brown colored nuclei within perikarya of ganglion cells
(shown with arrows). Some cell bodies without nuclear c-Fos immunoreactivity are indicated with arrowheads.

638 A. Markovics et al. / Neurobiology of Disease 45 (2012) 633–644



Author's personal copy

excitatory role in the activation of the trigeminovascular system di-
rectly at the levels of the meningeal vessels, as well as in the trigem-
inal ganglia and the nucleus caudalis. A potential role has already
been proposed for PACAP in the trigeminovascular system based on
its immunohistochemical localization in the “migraine generator” re-
gion of the human brainstem (Tajti et al., 2001), in the trigeminal nu-
cleus caudalis and C1–C2 segments of the cervical spinal cord

(Uddman et al., 2002), as well as in dural mast cells (Theoharides et
al., 2005). The significance of these immunolocalization results was
strengthened by recent data demonstrating that PACAP infusion trig-
gered strong headache in migraine patients (Schytz et al., 2009) and
the presence of PACAP and PAC1 receptors in the smooth muscle of
the middle meningeal artery (Boni et al., 2009; Chan et al., 2011).

Chemical activation of the trigeminovascular system by NTG injec-
tion is a well-established model, which has an extensive literature
concerning the mechanisms and its good reproducibility (Bergerot
et al., 2006; Olesen et al., 1994; 1995). It also has a human relevance
(Olesen, 2010), although the therapeutical significance of inducible or
neural nitric oxide synthase (iNOS or nNOS) inhibition could not be
proved in randomized, controlled clinical trials either for prevention
or acute treatment of migraine (Goadsby, 2010). NTG is a NO donor
which leads to a direct stimulation of the trigeminovascular system
at the levels of the vessels, sensory nerve terminals, as well as the TRG
and the TNC leading to peripheral and central sensitization (Olesen,
2010; Tassorelli et al., 1999; van der Kuy and Lohman, 2003).

Light-aversion is a common symptom of migraine attacks in a ma-
jority of patients (Choi et al., 2009), and it can also be assessed in an-
imal studies. The light–dark box, which basically serves as a tool to
determine anxiety in animals was modified by Recober and col-
leagues for examining light-aversive behavior in a migraine-related
photophobia model of nestin/hRAMP1 mice, a transgenic model
with genetically engineered increased sensitivity to CGRP (Recober
et al., 2010). We found that in a similar system NTG induced remark-
able light-aversive behavior in wildtype mice, which was significantly
reduced in the PACAP-deficient group.

Despite the remarkable meningeal vasodilation in response to NTG in
wildtypemice, nomicrocirculation-increase occurred in the first 2-h peri-
od, and only aminor elevationwas found in the later phase in the PACAP-
deficient group. In the wildtype group c-Fos expression in the TNC in-
creased earlier (already at 2 h) and at a greater extent than in the TRG
supporting the theory that central sensitization is a crucial and initial pro-
cess in NTG-induced trigeminovascular activation (Pardutz et al., 2000;
Tassorelli et al., 1999). Significant elevation of c-Fos immunoreactivity
was also observed in the TRG 4 h after NTG injection in the PACAP+/+

Fig. 4. Representative immunohistochemical pictures showing the expression of c-Fos, as a marker of early neural activation, in the trigeminal nucleus caudalis of PACAP+/+ and
PACAP−/− mice 4 h after i.p. saline (control) and 10 mg/kg NTG injection (200× magnification). Neuronal activation is represented by brown colored nuclei (shown with arrows).

Fig. 5. Quantitative evaluation of c-Fos immunostaining in (A) the trigeminal ganglia
(TRG) and (B) trigeminal nucleus caudalis (TNC) of PACAP+/+ and PACAP−/− mice
2 h and 4 h after i.p. injection of 10 mg/kg NTG. Columns show means±s.e.m. of c-
Fos positive neurons per field; n=5–8 mice per group, *pb0.05, **pb0.001 vs respec-
tive saline; +pb0.001 vs. respective NTG 2 h; ×pb0.001 vs. PACAP+/+ NTG 4 h (two-
way ANOVA and Fisher's post test).
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group. In contrast, c-Fos expressionwasnot altered at either time-point in
PACAP knockout mice showing a complete lack of both central and pe-
ripheral sensitization. Therefore, PACAP proved to be a key mediator in
these neuronal activation processes involved in migraine. Hyper-
excitability of the trigeminal neurons both at the levels of the ganglia
and the nucleus caudalis leading to an abnormal trigeminal sensory pro-
cessing (Schürks and Diener, 2008) is a predominant pathological mech-
anism in migraine besides the increased meningeal vasodilation and
neurogenic inflammation with plasma protein extravasation and the re-
lease of pro-inflammatory mediators from mast cells (Messlinger, 2009;
Moskowitz et al., 1993). The mechanisms by which PACAP increases the
activation of the trigeminovascular system is well-explained by the Gs

and Gq protein-coupled signal transduction mechanisms related to
PAC1 and VPAC receptors. The increased intracellular cAMP level leads
to vasodilation, the elevation of cAMP, as well as Ca2+ levels induce neu-
ronal stimulation and mast cell degranulation (Laburthe et al., 2007;
Spengler et al., 1993; Vaudry et al., 2009). PACAP and CGRP are partially
co-localized in the trigeminovascular systemboth centrally and in the pe-
ripheral sensory nerve terminals innervating the dura (Edvinsson et al.,
2001), therefore, it is possible, that their excitatory actions are somehow

inter-related. Selective, centrally acting receptor antagonists would be
needed to elucidate these potential interactions.We found clear and sim-
ilar expression of the PAC1 receptor in the trigeminal ganglia and nucleus

Fig. 6. Immunohistochemical localization of the PAC1 receptor in (A, B) the trigeminal ganglia and (C, D) the trigeminal caudal nuclei of PACAP+/+ and PACAP−/− mice, respective-
ly. The fluorescent images are transformed to grayscale format and inverted. Strong PAC1 receptor immunoreactivity is shown in the ganglion cell bodies, as well as the neurons in
the trigeminal caudal nuclei in both groups. There is no difference between either the expression pattern or the intensity of the immunopositivity of the samples obtained from
wildtype and PACAP−/− animals. Scale bar: 20 μm in all pictures.

Table 1
Quantitative evaluation of PAC1 receptor expression.

SSD (arbitrary
units)

PACAP+/+ PACAP−/−

Saline NTG Saline NTG

A. TRG
Mean 9.37 7.36 7.27 7.86
SEM 1.73 1.35 0.25 0.18

B. TNC
Mean 29.04 25.20 27.02 27.09
SEM 1.38 4.54 2.65 6.08

Specific signal density (SSD) data of PAC1 receptor immunodensity in the (A) trigeminal
ganglia (TRG) and the (B) spinal trigeminal nucleus caudalis (TNC). According to the
two-way ANOVA analysis therewas no significant difference among experimental groups
in either site.

Fig. 7. PACAP-38 (300 μg/kg i.p.)-induced light-aversive behavior of PACAP+/+ and
PACAP−/− mice in the (A) early and (B) late phases referring to the 0–30 min and
the 90–120 min periods after the injection, respectively. Each data point represents
the mean±s.e.m. of time (s) spent in the light part of the box within 5-min intervals
(n=4–8/group; *pb0.05; **pb0.01 vs. PACAP-treated PACAP−/− mice determined
with repeated measures two-way ANOVA+Bonferroni's modified t-test).
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caudalis neurons of both PACAP+/+andPACAP−/−micepointing out that
the lack of the peptide does notmodulate the presence and the amount of
its specific receptor in these migraine-related brain regions similarly to
whatwas earlier foundby others in other tissues (Girard et al., 2006). Fur-
thermore, despite the great functional and c-Fos differences observed in
PACAP-deficient mice, the PAC1 receptor expression does not change
within 4 h after NTG stimulation in either group. Although the involve-
ment of VPAC receptors in the observed effects of PACAP in the trigemino-
vascular system cannot be excluded, we focused on PAC1 receptors, since
a) it is its specific receptor to which PACAP has higher affinity compared
toVPAC1 andVPAC2 receptors, b) nociceptive responses aremarkedly re-
duced in mice lacking the PAC1 receptor (Jongsma et al., 2001), and c)
PACAP, but not VIP, has been shown to induce migraine-like headache
in humans (Schytz et al., 2009). Therefore, the PAC1 receptor has been
suggested to be a potential novel target for migraine (Schytz et al.,
2010a,b).

The mean blood pressure of urethane-anesthesized animals
decreased by a similar extent (30–35%) in both wildtype and PACAP-
deficient mice after this applied dose of NTG, therefore, blood pressure
alterations cannot serve as an explanation for the distinct microcircula-
tory responses. Furthermore, despite the moderate hypotensive effect
of i.p. injected PACAP, its meningeal vasodilator action was clear.

PACAP-38 enters the blood–brain barrier only at a very low ratio, less
than 0.1% (Banks et al., 1993). Therefore, the effectswe observed after i.p.
injection originated from themeningeal vessels and sensory nerve termi-
nals leading to a consequent secondary activation of migraine-related
brain regions. I.p. injected PACAP induced light-aversive behavior and

meningeal vasodilatation similarly to NTG in wildtype, but not in
PACAP-deficient mice. It significantly increased neural activation 4 h
later shown by the elevated number of c-Fos-expressing cells in the
TRG of both groups, but only in the TNC of the wildtype mice. The lack
of vasodilation- and photophobia-inducing actions of PACAP in the
PACAP-deficient group suggests that the exogenously administered pep-
tide stimulates the peripheral terminals of PACAP-ergic trigeminal senso-
ry nerves in the meningeal region. This results in a similar activation of
the cell bodies of these pseudounipolar neurons in the TRG in both
groups, but in the absence of endogenous PACAP the TNC cannot be acti-
vated. PACAP released from the central terminals of the primary sensory
trigeminal neurons projecting to the TNC seems to be crucial in the cen-
tral sensitizationmechanisms. In contrast to whatwe saw for i.p. PACAP-
38, i.c.v. injected PACAP-38 did not elevate the number of c-Fos-positive
neurons in either region in either group. This can be due to kinetic rea-
sons, such as rapid elimination in the cerebrospinal fluid or bad penetra-
tion properties. The interesting observations, however, were a) the
remarkably increased c-Fos expression in both regions compared to the
i.p. injections in wildtypes even after saline administration, and b) the
significantly reduced c-Fos immunopositivity in the TRG of PACAP−/−

mice both following saline and PACAP. The first finding is explained by
the operative procedure (drilling the skull and inserting the cannula,
which is in fact a painful stimulus even under deep anesthesia), the sec-
ond observation is supported by our previous results showing a signifi-
cantly decreased nociception and c-Fos expression in the pain-related
brain structures of PACAP-deficient mice in a variety of pain models
(Sandor et al., 2010).

Fig. 8. PACAP-38 (300 μg/kg i.p.)-induced meningeal blood flow changes measured by laser Doppler blood perfusion scanning. Panel A demonstrates representative laser Doppler
images taken 10, 20 and 30 min following PACAP-38 injection in urethane-anesthesized PACAP+/+ mice. The blue color represents low perfusion areas, green and yellow refer to
higher perfusion and red shows the highest microcirculation. The graph in panel B shows means±s.e.m. percentage vasodilation results compared to the respective initial reference
images (n=5–6/group; **pb0.01 vs. PACAP-treated PACAP−/− mice determined with repeated measures one-way ANOVA+Bonferroni's modified t-test).
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The present results are in agreement with our recently published
data that remarkably reduced nocifensive behaviors originating both
from exteroceptive and interoceptive areas were observed in PACAP
gene-deleted animals in acute somatic and visceral chemonocicep-
tion, inflammatory nociception and hyperalgesia models, as well as
in the chronic traumatic mononeuropathy model. This is followed
by significantly less c-Fos expression in the somatosensory cortex
and the periaqueductal gray matter, as a sensitive and general mark-
er of early neural activation supporting the excitatory role of this
peptide in pain processes (Sandor et al., 2010). Extracellular record-
ing of the electrophysiological activity of dorsal horn neurons (Dick-
inson et al., 1997) and flexor reflexes in spinalized rats (Xu and
Wiesenfeld-Hallin, 1996) were also markedly increased by PACAP.
PACAP-deficient mice display several morphological changes in
brain development, such as altered cerebellar growth (Allais et al.,
2007) and abnormal axonal arborization (Yamada et al., 2010). Fur-
thermore, a variety of behavioral alterations have also been observed
in mice lacking PACAP (Hashimoto et al., 2006): they show less anx-
iety and explosive jumping behavior (Hashimoto et al., 2001), de-
creased depression-like behaviors (Hashimoto et al., 2006, 2009),
as well as altered morphine-induced rewarding actions (Marquez
et al., 2009). Light stimulation-induced elevation of renal sympa-
thetic nerve activity, plasma corticosterone levels, and c-Fos expres-
sion in the suprachiasmatic nucleus were also abolished and
significantly decreased in PACAP−/− mice (Hatanaka et al., 2008).

Serotonin 5-HT1B/D receptor agonists (triptans) and the more
recently developed CGRP receptor antagonist olcegepant and telca-
gepant proved to be effective in attenuating the symptoms of acute
migraine attacks (Ho et al., 2008, 2010). They have a remarkable va-
soconstrictor effect on the meningeal vessels, but they do not exert
a strong and long-lasting inhibition on the trigeminal hyperexcit-
ability (Petersen et al., 2004; Villalón et al., 2003). Therefore, the
pharmacotherapy of migraine is still an unresolved problem, partic-
ularly for prophylaxis (Edvinsson and Linde, 2010; Láinez, 2009).

Furthermore, the cardiovascular and gastrointestinal side-effects
of these presently available drugs, as well as a considerable number
of therapy-resistant patients also justify the importance of identify-
ing novel drug targets (Chan et al., 2011; Maassen VanDenBrink et
al., 1998). We show here that PACAP is an important mediator of tri-
geminovascular activation, thus, identification of its targets might
be important for drug developmental purposes. Nevertheless, at
present small molecule receptor type-selective antagonists, which
can get into the brain, are not available. Synthesis of such com-
pounds and their preclinical testing represent great challenges in
this field.

Conclusion

In conclusion, these results represent the first complex functional
evidence with behavioral, laser Doppler blood perfusion scanning, and
also c-Fos immunohistochemistry techniques using PACAP gene-
deficient mice that this peptide induces photophobia, vasodilation on
the brain surface and activates the trigeminovascular system. Explora-
tion of its precise mechanism and targets might open promising future
perspectives in novel anti-migraine therapy.
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