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PACAP signaling is not involved in GTN- 
and levcromakalim-induced hypersensitivity 
in mouse models of migraine
Song Guo1,2, Charlotte Ernstsen1, Anders Hay‑Schmidt2, Messoud Ashina3, Jes Olesen1 and 
Sarah Louise Christensen1* 

Abstract 

Background: Calcitonin gene‑related peptide (CGRP) antagonizing drugs represents the most important advance in 
migraine therapy for decades. However, these new drugs are only effective in 50–60% of patients. Recent studies have 
shown that the pituitary adenylate cyclase‑activating peptide (PACAP38) pathway is independent from the CGRP 
signaling pathway. Here, we investigate PACAP38 signaling pathways in relation to glyceryl trinitrate (GTN), levcro‑
makalim and sumatriptan.

Methods: In vivo mouse models of PACAP38‑, GTN‑, and levcromakalim‑induced migraine were applied using tactile 
sensitivity to von Frey filaments as measuring readout. Signaling pathways involved in the three models were dis‑
sected using PACAP‑inhibiting antibodies (mAbs) and sumatriptan.

Results: We showed that PACAP mAbs block PACAP38 induced hypersensitivity, but not via signaling pathways 
involved in GTN and levcromakalim. Also, sumatriptan has no effect on PACAP38‑induced hypersensitivity relevant 
to migraine. This is the first study testing the effect of a PACAP‑inhibiting drug on GTN‑ and levcromakalim‑induced 
hypersensitivity.

Conclusions: Based on the findings in our mouse model of migraine using migraine‑inducing compounds and 
anti‑migraine drugs, we suggest that PACAP acts via a distinct pathway. Using PACAP38 antagonism may be a novel 
therapeutic target of interest in a subgroup of migraine patients who do not respond to existing therapies.
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Introduction
Over the past 20  years two endogenous neuropeptides, 
calcitonin gene-related peptide (CGRP) and pituitary 
adenylate cyclase-activating peptide (PACAP) have 
been of increasing interest in migraine [1]. The devel-
opment and introduction of drugs targeting CGRP or 

its receptors represent the most important advances in 
migraine therapy for decades [2]. However, CGRP sign-
aling pathway targeted therapies are effective only in 
50–60% of patients [3–6]. The mechanisms in 40% of the 
patients who do not respond to CGRP signaling pathway 
targeted therapies are still unknown, and here PACAP 
may be critically involved.. Like CGRP, PACAP induces 
migraine attacks when given intravenously to adults with 
migraine [7]. Targeting PACAP would therefore be a rea-
sonable therapeutic approach for migraineurs. Accord-
ingly, two monoclonal antibody (mAb) to PACAP are 
currently in clinical phase II development [8, 9]. However, 
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more specific knowledge about its signaling pathway and 
mechanism of action in migraine is warranted.

Recently, rodent models of migraine showed that 
the PACAP38 pathway is independent from the CGRP 
signaling pathway [10, 11]. We also showed this both in 
knockout mice without functional CGRP receptors and 
by antibody neutralization of CGRP. Our findings are 
supported by data from another group using light aver-
sion in mice as a surrogate for migraine-like photophobia 
to compare CGRP and PACAP38 [11]. These findings are 
important as PACAP38 is the only migraine trigger tested 
in our rodent model to bypass CGRP. Other known trig-
gers including glyceryl trinitrate (GTN) and levcromaka-
lim, act at least in part via the CGRP pathway [12–14]. 
How PACAP38 is involved in relation to other migraine 
triggers has only been investigated in few studies [15, 16]. 
More studies are needed to further clarify this aspect, as 
drugs against PACAP may provide a therapeutic option 
for patients who do not respond to anti-CGRP drugs. 
The aim of the present study was to investigate PACAP38 
signaling pathways in relation to GTN, levcromakalim 
and sumatriptan.

Materials and methods
Experimental animals
We used in total 168 C57Bl/6JBomTaC wildtype (WT) 
mice (Taconic, Denmark) at 7–9 weeks of age with equal 
number of both sexes. The mice were acclimatized for 
1 week before the beginning of experiments and weighed 
between 17 and 29 g. We observed no age-dependent dif-
ferences. The mice were cared for under the same con-
ditions as previously published [17]. Mice were housed 
in a temperature and light controlled room (lights on at 
07:00 with a 12  h light/dark cycle) with food and water 
ad libitum in cages with shelters and nesting material for 
enrichment purposes. As a general health assessment, all 
mice were weighed on every test day. The experiments 
were conducted in accordance with ARRIVE guidelines 
and approved by the Danish Animal Experiments Inspec-
torate (ethical approval number 2017–15-0201–01,358).

Experimental design and protocols
We used an in-house validated mechanistic mouse 
model of migraine using migraine-inducing compounds 
[12, 14, 17, 18] and evaluated effects by measurement 
of cutaneous sensitivity as previously described [19, 
20]. The model uses compounds that trigger migraine 
(PACAP38, GTN or levcromakalim) injected into the 
mice followed by measurements using Von Frey fila-
ments as a surrogate marker of migraine pain [20]. 
Table  1 provides an overview of the experiments and 

compounds applied. Group size was 12 in all experi-
ments. Figure  1 provides the timeline of the complete 
study protocol. Mice of both sexes were tested every 
other day on 5 test days spanning over 9  days includ-
ing injections followed by Von Frey testing. The GTN 
model has been thoroughly validated for its relevance 
to migraine and is commonly used [18, 20, 21] whereas 
the PACAP38 [10] and levcromakalim models are more 
novel [14, 22]. In four independent experiments, mice 
were either pre-treated with anti-PACAP mAbs or 
migraine-specific acute treatment (sumatriptan) fol-
lowed by migraine provocation using the mouse model 
of migraine triggers. Each experiment was conducted 
separately using a new cohort of mice. Anti-PACAP 
antibodies or IgG control were injected once (day 0) 
24  h prior to test day 1. Pre-treatment of sumatriptan 
was given on every test day 20 min prior to the injection 
of PACAP38. On every test day, the basal threshold of 
cutaneous sensitivity was measured prior to injections 
(that is 48 h after last injection), and the acute response 
after injections was measured after 1  h for PACAP38 
and 2  h for GTN and levcromakalim. All tests were 
conducted in low-light conditions (20–30  lx) in the 
timeframe of 8:00–15:00 by a blinded experimenter.

Table 1 Overview of the experiments, test groups (n = 12), and 
compounds used

Pre-treatment 
compound

 + Test day compound

Experiment 1: Anti-PACAP mAbs + PACAP38
  Group 1 IgG control (30 mg/kg)  + Vehicle (saline)

  Group 2 Anti‑PACAP mAbs (30 mg/
kg)

 + Vehicle (saline)

  Group 3 IgG control (30 mg/kg)  + PACAP38 (2 µg/kg)

  Group 4 Anti‑PACAP mAbs (30 mg/
kg)

 + PACAP38 (2 µg/kg)

Experiment 2: Anti-PACAP mAbs + GTN
  Group 1 Anti‑PACAP mAbs (30 mg/

kg)
 + Vehicle (12.8% alcohol)

  Group 2 IgG control (30 mg/kg)  + GTN (10 mg/kg)

  Group 3 Anti‑PACAP mAbs (30 mg/
kg)

 + GTN (10 mg/kg)

Experiment 3: Anti-PACAP mAbs + Levcromakalim
  Group 1 Anti‑PACAP mAbs (30 mg/

kg)
 + Vehicle (2% DMSO)

  Group 2 IgG control (30 mg/kg)  + Levcromakalim (1 mg/kg)

  Group 3 Anti‑PACAP mAbs (30 mg/
kg)

 + Levcromakalim (1 mg/kg)

Experiment 4: Sumatriptan + PACAP38
  Group 1 Vehicle (saline)  + Vehicle (saline)

  Group 2 Vehicle (saline)  + PACAP38 (2 µg/kg)

  Group 3 Sumatriptan (0.6 mg/kg)  + PACAP38 (2 µg/kg)
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Behavioral tests
Cutaneous sensitivity to tactile stimulation
We measured cutaneous sensitivity at pre-defined time 
points using von Frey filaments (0.008–2.0 g, not includ-
ing 1.4 g, Ugo Basile, Italy) starting at 0.16 g on the left 
plantar area of hind paw. We used the up-down method 
[23] and calculated a withdrawal threshold stated in 
grams of 50% using a free online software program: 
https:// bioap ps. shiny apps. io/ von_ frey_ app [24]. Cutane-
ous sensitivity testing of the plantar was performed with 
the mouse put in a clear plexiglas chamber with a mesh 
floor net (IITC Life Science). Before the first test day (day 
0), mice were placed 45 min in the plexiglas chambers for 
habituation to experimental surroundings. Prior to each 
testing, mice were placed 30  min in test chambers for 
habituation [22].

Motor function (Rotarod)
General motor function was assessed using a rotarod 
(Rotarods Advanced, IITC Life Science Inc.) to show that 
the cutaneous sensitivity test using von Frey filaments 
was not biased by side effects of study drugs causing 
impaired motor function or sedation. The rotarod test 
was performed 24 h after injection of anti-PACAP mAb 
and right after the final von Frey test on the last study day 
(test day 9). Each mouse was given only one attempt and 
were placed on the rotarod with a start speed of 0  rpm 
which increased to 30 rpm with a ramp of 45 s and ter-
minated after 150  s (max duration). The time spend on 
the rotarod was recorded. Midazolam (2  mg/kg, i.p.) or 
saline (i.p.) was used as positive/negative control injected 
10 min prior to testing. Mice were randomized according 
to treatment groups when given midazolam.

Test compounds
Compounds were injected intraperitoneally (i.p.) except 
for PACAP, which was administered subcutaneously 
(s.c.) with 25G needles (BD Microlance™ 3, BD, NJ, USA) 
in the lower right side of the abdomen. We injected a vol-
ume of 10  mL/kg (i.p.) except for PACAP38 (5  mL/kg, 
s.c.) and the antibodies (6  mL/kg, i.p.). The compounds 
were diluted in saline (Fresenius Kabi, Germany) unless 
otherwise specified. Compounds, vehicles, concentra-
tions, and doses applied are summarized in Table 2.

The humanized monoclonal PACAP-inhibiting anti-
body (anti-PACAP mAb, 5  mg/mL) together with the 
isogenic IgG control antibody were kindly donated by H. 
Lundbeck. The intraperitoneal (i.p.) administration dose 
of 30 mg/kg for anti-PACAP mAb was selected based on 
previous experiments using this drug showing effective 
blocking of PACAP38 induced light aversion [11]. This 
antibody dose is very high and corresponds to 8  nmol/
mouse [11] that is a roughly 450 times concentration 
over exogenous PACAP38 (17 ρmol). So even though, 
we do not know much about the degradation of the anti-
PACAP mAb in mice, we conclude that there is sufficient 
antibody left to block exogenous PACAP throughout the 
protocol of 9  days. In  vitro tests showed that the anti-
PACAP mAb binds both PACAP38 and the other PACAP 
isoform, PACAP27, with equal affinity, but is 4000-fold 
more selective for PACAP over VIP and does not prevent 
VIP induced cAMP signaling via VPAC1 and VPAC2 
receptors [25].

The selective 5-HT1B/1D/1F receptor agonist sumatriptan 
(Imigran 12 mg/mL, RegionH pharmacy) was diluted in 
saline to 0.06 mg/mL and administered at 0.6 mg/kg [20, 
21]. The PACAP38 injection dose of 2 μg/kg was selected 

Fig. 1 Design and experimental timeline of test paradigm for the injected trigger compounds. Following 1 day of habituation (day 0), five tests 
were done every other day over the course of 9 days. All compounds were injected intraperitoneally (i.p.) except for PACAP38 that was given 
subcutaneously (s.c.). Anti‑PACAP antibodies (30 mg/kg) or IgG control (30 mg/kg) were injected once (day 0) 24 h prior to test day 1. Pre‑treatment 
of sumatriptan (0.6 mg/kg) was given on every test day 20 min prior to the injection of PACAP38. On every test day, the basal threshold of 
cutaneous sensitivity was measured using Von Frey filaments prior to injections and the acute response after injections was measured after 1 h for 
PACAP38 and 2 h for GTN and levcromakalim

https://bioapps.shinyapps.io/von_frey_app
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based on a recent in-house dose finding study that 
showed maximum effect at this dose [10]. PACAP38 was 
administered subcutaneously (s.c.) at 2 μg/kg after being 
diluted in saline to 0.4 μg/mL [10]. The nitric oxide (NO) 
donor GTN (7.89 mg/mL in 96% ethanol) was adminis-
tered to mice at 10 mg/kg after being diluted in saline to 
1  mg/mL [19, 20]. Levcromakalim was administered at 
1  mg/kg after being dissolved in DMSO and diluted in 
saline with a final concentration of 2% DMSO [14, 22]. 
For vehicle treatment in the GTN and levcromakalim 
model, the same amount of ethanol and DMSO was dis-
solved in saline, respectively.

Statistical analyses
We used the same statistics as in our recently pub-
lished paper [10]. In short, mice groups in each cage 
were randomized and balanced according to 50% with-
drawal thresholds measured at baseline. Treatment 
groups and sex were equally divided throughout the 
test day [26]. Group sizes were based on our previous 
work with these models [12, 17, 18, 20] where 12 ani-
mals per group produced sufficient power to detect 
intermediate and high effects [22, 27]. Cutaneous sen-
sitivity data using Von Frey were square root trans-
formed for improved normal distribution and data were 
analyzed using two-way repeated measures ANOVA. 
Subsequent Tukey’s post-hoc test was performed com-
paring all groups. P < 0.05 was considered statistically 
significant. Data are shown as means ± standard error 
of the means (SEMs). In figures, significance levels 
are shown as: * = P < 0.05, ** = P < 0.01, *** = P < 0.001, 
and **** = P < 0.0001. In the figures showing acute 
response, baselines are shown but were not included 
in the statistical analyses. Rotarod data are analyzed by 

Kruskal–Wallis one-way ANOVA with Dunn’s post hoc 
comparison. All statistical analyses and graphs were 
done in GraphPad Prism 9 (Graph Pad Software Inc., 
CA, USA).

Results
Anti-PACAP mAbs block PACAP38-induced hypersensitivity
We tested whether anti-PACAP mAbs would be able 
to block PACAP38-induced hypersensitivity. A sig-
nificant difference between the test group (anti-PACAP 
mAbs + PACAP38) and the positive control (IgG con-
trol + PACAP38) was found on all test days at the 1  h 
time point (P < 0.05 to 0.0001) (Fig. 2). The positive con-
trol group had a decrease in mean SQRT 50% withdrawal 
threshold from 1.12 g to 0.45 g when comparing baseline 
and day 9, whereas the test group had a minimal decrease 
from 1.14 g to 1.00 g. There was also a significant differ-
ence in basal thresholds (daily test prior to injections) on 
day 5,7 and 9 (P < 0.01 to 0.001) between the test group 
and the positive control group, data not shown. In addi-
tion, the test group (anti-PACAP mAbs + PACAP38) 
showed no difference from the negative control groups 
(IgG control or anti-PACAP mAbs + vehicle). Finally, the 
positive control group (IgG control + PACAP38) were 
significantly different from the negative control group 
(IgG control + vehicle) (P < 0.05 to 0.0001). The negative 
control group showed no significant decrease in mean 
SQRT 50% withdrawal threshold from 1.14  g to 1.03  g. 
Thus, anti-PACAP mAb blocks PACAP38-induced 
hypersensitivity. No adverse effects were observed fol-
lowing treatment with anti-PACAP mAb. All mice 
appeared healthy, had normal stools, weight as control 
mice and normal motor function.

Table 2 Overview of study compounds used in vivo (alphabetical order)

Compound Provider Mechanism of action Dose, route of 
administration

Time of injection Vehicle

GTN Cambrex (Germany) via 
RegionH Pharmacy (Den‑
mark)

Nitric oxide (NO) donor 10 mg/kg, i.p 2 h prior to test 12.2% alcohol in saline

Levcromakalim Tocris, Bio‑Techne Ltd (UK) KATP channel opener 1 mg/kg, i.p 2 h prior to test 2% DMSO in saline

Anti‑PACAP mAb H. Lundbeck (Denmark) Human anti‑PACAP mAb 30 mg/kg, i.p 24 h before first test (pre‑
treatment)

IgG control mAb in 
vehicle provided by 
Lundbeck

Midazolam Hameln Pharma GMBH 
(Germany) via RegionH 
Pharmacy (Denmark

Benzodiazepine 2 mg/kg, i.p 10 min prior to test Saline

PACAP38 CASLO ApS (Denmark) PAC1‑.  VPAC1‑2 receptor 
agonists

2 μg/kg, s.c 1 h prior to test Saline

Sumatriptan GlaxoSmithKline (Denmark) 
via Region Hovedstaden 
Pharmacy (Denmark

5‑HT1B/1D/1F receptor 
agonist

0.6 mg/kg, i.p 20 min prior to PACAP38 
injection

Saline
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PACAP signaling is not involved in GTN-induced 
hypersensitivity
The effects of anti-PACAP mAb on GTN provocation 
was studied in wildtype mice. Both the test group (anti-
PACAP mAbs + GTN) and the positive control group 
(IgG control + GTN) were significantly different from 
the negative control (anti-PACAP mAbs + vehicle) on 
day 5, 7 and 9 (P < 0.05 to 0.01) (Fig.  3). The test group 
had a decrease in mean SQRT 50% withdrawal threshold 
from 1.16 g to 0.60 g when comparing baseline and day 9, 
whereas the positive control group had a decrease from 
1.16 g to 0.63 g. The negative control group showed only 

a minimal decrease in mean withdrawal threshold from 
1.15  g to 1.02  g. There was also a significant difference 
in basal threshold on day 9 (P < 0.05), data not shown. 
No differences were seen between the test group (anti-
PACAP antibody + GTN) and the positive control (IgG 
control + GTN). Hence, PACAP signaling is not involved 
in GTN-induced hypersensitivity.

PACAP signaling is not involved in levcromakalim-induced 
hypersensitivity
The effects of anti-PACAP mAb on levcromakalim prov-
ocation was also studied in wildtype mice. Both the test 

Fig. 2 Anti‑PACAP antibody block PACAP38‑induced hypersensitivity. Data are shown as square root transformed (SQRT) 50% withdrawal threshold 
(g). A Responses one hour after PACAP38 (2 µg/kg, s.c.) or vehicle injection (s.c.) in wildtype mice (n = 12 per group) on five test days. Mice were 
pre‑treated with anti‑PACAP antibody or IgG control (30 mg/kg, i.p.) on day 0. Two‑way ANOVA with Tukey’s post hoc test for multiple comparisons 
was used with data represented as means ± SEMs. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001. B Descriptive visualization of 
individual data points for baseline and day 9 of the curves on the left‑hand side (Fig. 2A) with mean bars and SEMs

Fig. 3 GTN signaling is independent from PACAP. Data is shown as square root transformed (SQRT)50% withdrawal threshold (g). A Responses 
two hours after GTN (10 mg/kg, i.p.) or vehicle injection (i.p.) in wildtype mice (n = 12 per group) on five test days. Anti‑PACAP antibody or IgG 
control (30 mg/kg, i.p.) was given on day 0. Two‑way ANOVA with Tukey’s post hoc test for multiple comparisons was used with data represented as 
means ± SEMs. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001. B Descriptive visualization of individual data points for baseline and 
day 9 of the curves on the left‑hand side (Fig. 3A) with mean bars and SEMs
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group (anti-PACAP mAbs + levcromakalim) and the 
positive control group (IgG control + levcromakalim) 
were significantly different from the negative control 
(anti-PACAP mAb + vehicle) on day 7 and 9 (P < 0.05 to 
0.001) (Fig.  4). The test group had a decrease in mean 
SQRT 50% withdrawal threshold from 1.15  g to 0.69  g 
when comparing baseline and day 9, whereas the posi-
tive control group had a decrease from 1.15 g to 0.63 g. 
For the negative control group, it only showed an insig-
nificant decrease in mean withdrawal threshold from 
1.16  g to 1.07  g. Notably, there was a significant differ-
ence in basal threshold on day 9 (P < 0.01 to 0.001), data 
not shown. No differences were seen between the test 
group (anti-PACAP antibody + levcromakalim) and the 
positive control (IgG control + levcromakalim). There-
fore, PACAP signaling is not involved in levcromakalim-
induced hypersensitivity.

Sumatriptan has no effect on PACAP38-induced 
hypersensitivity
The effect of sumatriptan on PACAP38 provocation 
was examined in wildtype mice. Both the test group 
(sumatriptan + PACAP38) and the positive control group 
(vehicle + PACAP38) were significantly different from the 
negative control group (vehicle + vehicle) on day 1, 7 and 
9 (P < 0.05 to 0.001) (Fig. 5). The test group had a decrease 
in mean SQRT 50% withdrawal threshold from 1.17  g 
to 0.68  g when comparing baseline and day 9, whereas 
the positive control group had a decrease from 1.17 g to 
0.60 g. For the negative control group, it only showed a 
minimal decrease in mean withdrawal threshold from 
1.17  g to 1.02  g. No differences were seen between the 

test group (sumatriptan + PACAP38) and the positive 
control (vehicle + PACAP38). Hence, sumatriptan has no 
effect on PACAP38-induced hypersensitivity.

None of the experiments showed any evident sex differ-
ences, but the experiments were not designed and pow-
ered to detect subtle sex differences.

Motor function was unaffected by all combinations of test 
substances
To assure that the von Frey tests were not biased by 
impaired motor coordination, this was examined in 
mice after injection of antibodies, PACAP38, GTN and 
levcromakalim using the rotarod test. We found no dif-
ferences between the negative control groups (vehicle) 
and the tested groups (medians were 150 s in all experi-
ments, P > 0.99), data not shown. As a validity of the test, 
we observed a significant difference between the positive 
control groups, which were injected with midazolam, 
and the tested groups (medians were 27, 27, 34 and 40, 
P < 0.0001 in all experiments), data not shown Thus, the 
compounds used in the experiments did not affect motor 
coordination. These findings were expected as these com-
pounds have not been described to affect motor function 
and have not been shown to affect motor function in our 
previous studies [10, 22].

Discussion
We showed that anti-PACAP mAbs blocked PACAP38 
induced hypersensitivity, but not via signaling path-
ways involved in GTN and levcromakalim pathways. In 
addition, we showed that sumatriptan had no effect on 
PACAP38-induced hypersensitivity relevant to migraine. 

Fig. 4 Levcromakalim signaling independent from PACAP. Data are shown as 50% withdrawal threshold (g) and was square root transformed 
(SQRT). A Acute responses two hours after levcromakalim (1 mg/kg, i.p.) or vehicle (i.p.) injection in wildtype mice (n = 12 per group) pre‑treated 
with anti‑PACAP antibody or IgG control (30 mg/kg, i.p.) on five test days. Two‑way ANOVA with Tukey’s post hoc test for multiple comparisons was 
used with data represented as means ± SEMs. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001. B Descriptive visualization of individual 
data points for baseline and day 9 of the curves on the left‑hand side (Fig. 4A) with mean bars and SEMs
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This is the first study to test the effect of a PACAP-
inhibiting drug on GTN- and levcromakalim-induced 
hypersensitivity.

PACAP and GTN
GTN is a nitric oxide (NO) donor and is an established 
migraine trigger used experimentally. It is blocked by 
anti-migraine drugs such as ibuprofen, sumatriptan [21, 
28] and CGRP-inhibiting drugs [12] in the mouse model 
of migraine using Von Frey testing. For example, a role 
for peripheral CGRP in the GTN model has been clearly 
demonstrated in both rats and mice [12, 29–31]. The 
observation that PACAP blockade using mAbs did not 
work in our GTN model indicates a distinct pathway that 
does not involve peripheral PACAP.

Our finding contrasts with previous reports studying 
the relationship between NO, PACAP and some of its 
receptors. Importantly, our study can only conclude on 
PACAP involvement outside the CNS as the anti-PACAP 
mAbs is most likely peripherally restricted.

A study using a peptidomic approach identified 
PACAP as a mechanistic link between NO-induced 
chronic migraine and opioid-induced hyperalgesia in 
mouse models [32] and showed that  PAC1 inhibition 
by a selective  PAC1-antagonist (M65) blocked cephalic 
hypersensitivity induced by GTN [15]. Central neu-
ronal  PAC1 receptors mediated delayed activation and 
sensitization of trigeminocervical neurons induced by 
PACAP in rats [33]. Yet, another preclinical study found 
that peripheral blocking of  PAC1-receptors were effica-
cious in an electrophysiological model [34]. Thus, both 

central and peripheral PAC1 receptors have been indi-
cated as relevant dependent on the applied model. What-
soever a phase II clinical trial of a mAb targeting the 
 PAC1-receptor (AMG 301) failed to show efficacy over 
placebo [35].

In a mouse model of chronic migraine, repeated GTN 
administration increased the number of PACAP-R neu-
rons in the trigeminal ganglion but not dorsal root 
ganglia [36]. In rats, GTN increased PACAP immuno-
reactivity within the TNC and elevated plasma PACAP 
concentration [37, 38]. GTN induced more photopho-
bia, vasodilation, and trigeminal sensitization in wildtype 
mice compared to PACAP gene-deleted knockout mice 
[16]. These data differ from our present results despite 
sharing the GTN 10  mg/kg i.p. protocol as migraine 
inducer. As mentioned above, the peripheral vs cen-
tral mechanisms of PACAP may be of importance here. 
PACAP global knockout mice possibly have altered pain 
transmission mechanisms in the central nervous system 
[39]. In contrast, anti-PACAP mAbs and PACAP38 injec-
tion may modulate dural or trigeminal nociceptors out-
side the brain but not cerebral receptors, as they cross 
the blood brain barrier very poorly [40, 41]. The central 
vs peripheral site of action also explains the discrepancy 
to the study showing increased PACAP immunoreactiv-
ity in in TNC. This is not a site reachable by the anti-
PACAP mAbs applied. Interestingly, a recent study based 
on older data showed that injection of PACAP38 into the 
paraventricular nucleus of the hypothalamus increased 
TNC activity, which could be inhibited by an intrathecal 
 PAC1 receptor antagonist [42]. Intrathecal injection of 

Fig. 5 Sumatriptan had no effect on PACAP38‑induced hypersensitivity. Data are shown as square root transformed (SQRT) 50% withdrawal 
threshold (g). A Responses one hour after PACAP38 (2 µg/kg, s.c.) or vehicle injection in wildtype mice (n = 12 per group) pre‑treated with 
sumatriptan (0.6 mg/kg, i.p.) or vehicle (i.p.) on five test days. Two‑way ANOVA with Tukey’s post hoc test for multiple comparisons was used with 
data represented as means ± SEMs. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001. B Descriptive visualization of individual data 
points for baseline and day 9 of the curves on the left‑hand side (Fig. 5A) with mean bars and SEMs
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PACAP has also been suggested to induce hyperalgesia in 
mice [43].

PACAP and levcromakalim
PACAP stimulates adenylyl cyclase to increase the for-
mation of intracellular cAMP [44, 45] and there is some 
evidence that activation of cAMP-dependent pathway 
results in the opening of  KATP-channels [46, 47]. These 
findings have led to the hypothesis that modulation of 
nociceptive transmission by  KATP-channels may be a 
common pathway in the genesis of a migraine attack 
[1]. In line with this, we showed that the effect of levcro-
makalim—acting downstream from cAMP could not be 
attenuated by anti-PACAP mAbs. In our previous study, 
the opposite relation was studied using the same mouse 
model, and we showed that glibenclamide  (KATP-channel 
inhibitor) only partially inhibited PACAP38-induced 
hypersensitivity [10].. Taken together, existing literature 
and the present findings indicate that  KATP channel open-
ing induced hypersensitivity is not mediated by PACAP 
signaling.

PACAP38 and sumatriptan
It is comforting when an experimental model of migraine 
responds to specific anti-migraine drugs, such as the 
triptans (5-HT1B/1D/1F receptor agonist). On the other 
hand, demanding such effect would make it impos-
sible to find drugs with a novel mechanism of action. 
Here, we showed that sumatriptan had no effect on 
PACAP38-induced hypersensitivity. Sumatriptan does, 
however, alleviate GTN-induced hypersensitivity in 
mice [21]. Our finding may therefore question the valid-
ity of this PACAP38 model of migraine in mice or may 
be interpreted as additional evidence that PACAP medi-
ated hypersensitivity is distinct from known pathways. 
Our results contradict the finding of a recent rand-
omized clinical trial showing that sumatriptan prevented 
PACAP38-induced migraine attacks if administered 
intravenously and early in 37 migraine patients [48]. 
Moreover, sumatriptan decreased PACAP levels meas-
ured in the external jugular vein during spontaneous 
migraine attacks [49], and in rodents, prolonged admin-
istration of triptan reduced brain mRNA transcription 
of PACAP [50]. Noteworthy, not all patients respond to 
sumatriptan and targeting the PACAP signaling pathways 
may possibly be a relevant therapeutic target in such 
patients.

PACAP38 signaling pathways are distinct
PACAP38 stimulates the activity of G-protein cou-
pled receptors for VIP,  VPAC1 and  VPAC2 [51]. In the 
trigeminovascular system, all three receptors have been 
documented in trigeminal[52], otic and superior cervical 

ganglia [53], as well as in cerebral and meningeal arter-
ies[54]. The  VPAC1–2 receptors also play a role in vasodi-
lation and mast cell degranulation [55–59].

We recently showed that repeated injections of 
PACAP38 in wildtype mice resulted in hind paw hyper-
sensitivity that was independent of CGRP because mice 
lacking Ramp1, a crucial part of the CGRP receptor, and 
mice pre-treated with mAbs against CGRP could still be 
sensitized by PACAP38 [10]. This differs from previous 
findings where CGRP antagonism was highly effective 
in mice sensitized by other migraine triggers e.g. GTN 
and levcromakalim [22]. Light aversion in mice as a sur-
rogate for migraine-like photophobia was used to com-
pare CGRP and PACAP38 [11]. It showed that one-third 
of mice did not respond to PACAP38, which was not 
seen with CGRP. In the same study anti-PACAP38 mAbs 
blocked PACAP38-induced light aversion but not CGRP-
induced light aversion. Conversely, anti-CGRP mAbs 
could not block PACAP38-induced light aversion. Thus, 
our present results are in keeping with a sizable previous 
literature suggesting that PACAP antagonism acts inde-
pendently from other migraine triggers. This further sug-
gests that PACAP mAbs may be effective in a subgroup of 
migraine patients who do not respond to CGRP antago-
nist or sumatriptan. It also suggests that PACAP mAbs 
may advantageously be combined with CGRP mAbs.

Strengths and limitations
We used of a well-validated mouse model for dissect-
ing signaling pathways [12, 14, 17–20, 22] and the com-
pounds used in the experiments did not affect motor 
coordination supporting the validity of our measure-
ments. However, the current study uses the classical 
routes of administration for mice (i.p. and s.c.), which dif-
fers from intravenous infusions that is primarily used in 
human provocation studies [7, 60, 61]. Moreover, differ-
ences in pharmacokinetics and dynamics among species 
also need to be taken into consideration. Yet, the aim of 
the present study was to investigate underlying signaling 
mechanisms by inducing tactile hypersensitivity and not 
to reflect human dosing.

Another important methodological issue is the meas-
urement of plantar versus periorbital sensitivity. We 
only measured plantar sensitivity in this study. Some 
researchers believe that the periorbital response is better 
for migraine research than plantar measurements [22]. 
Nevertheless, both methods are applicable in migraine 
research as increased cutaneous mechanical sensitivity 
can be induced by GTN [20, 62], levcromakalim, cilosta-
zol [22] and PACAP38 [10] both in the plantar and peri-
orbital areas in mice. Furthermore, as we have argued in 
our recently published paper [10] that both plantar and 
periorbital response can be inhibited by migraine-specific 
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drugs without general analgesic effects [63, 64]. In addi-
tion, compared to the plantar area, the cutaneous sensi-
tivity in the periorbital area has more variability and have 
a smaller effect window [10, 15]. This would make subtle 
differences more challenging to detect, and thus requires 
larger group sizes making the experiments less feasible 
[22, 62]. Likewise, other endpoints such as light sensitiv-
ity or grimacing could be relevant but they do not always 
report equally over time and thus also requires larger 
group sizes of mice due to higher variability [65].

We have not been able to replicate previous stud-
ies showing that PACAP and/or the  PAC1 receptor is 
involved in mediating the effects of NO-donors. There-
fore, the present study adds significantly to expand the 
preclinical portfolio on PACAP involvement in migraine 
models. Our interpretation is that if PACAP is involved 
in NO-induced signaling, it is not in the periphery, but 
centrally.

Conclusion
Based on the findings in our mouse model of migraine 
using migraine-inducing compounds and anti-migraine 
drugs, we suggest that PACAP acts via a distinct path-
way and using PACAP38 antagonism may be a novel 
therapeutic target of interest in a subgroup of migraine 
patients who do not respond to existing therapies.
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