J Mol Neurosci (2012) 48:574-583
DOI 10.1007/s12031-012-9851-0

Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP)
Potently Dilates Middle Meningeal Arteries: Implications

for Migraine

Arsalan U. Syed - Masayo Koide - Karen M. Braas -
Victor May - George C. Wellman

Received: 22 May 2012 / Accepted: 25 June 2012 /Published online: 6 July 2012

© Springer Science+Business Media, LLC 2012

Abstract Migraine is a debilitating neurological disorder
characterized by mild to severe headache that is often
accompanied by aura and other neurological symptoms.
Among proposed mechanisms, dilation of the dural vas-
culature especially the middle meningeal artery (MMA)
has been implicated as one component underlying this
disorder. Several regulatory peptides from trigeminal
sensory and sphenopalatine postganglionic parasympathet-
ic fibers innervating these vessels have been implicated
in the process including pituitary adenylate cyclase-
activating polypeptide (PACAP). Although PACAP has
been well described as a potent dilator in many vascular
beds, the effects of PACAP on the dural vasculature are
unclear. In the current study, we examined the ability of
PACAP to dilate MMAs that were isolated from rats and
pressurized ex vivo. PACAP38 potently dilated pressur-
ized MMAs with an ECsq of 1 pM. The PACI1 receptor
antagonist, PACAP(6-38), abolished MMA dilation
caused by picomolar concentrations of PACAP. In con-
trast, cerebellar arteries isolated from the brain surface
were ~1,000-fold less sensitive to PACAP than MMAs.
Although cerebellar arteries expressed transcripts for all
three PACAP receptor subtypes (PAC1, VPACI, and
VPAC2 receptors) by RT-PCR analyses, MMA demon-
strated only PAC1 and VPAC2 receptor expression.
Further, multiple variants of the PACI1 receptor were
identified in the MMA. The expression of PACI
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receptors and the high potency of PACAP to induce
MMA vasodilation are consistent with their potential
roles in the etiology of migraine.
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Introduction

Migraine is one of the most prevalent contributors to the
global burden of mental disorders (Collins et al. 2011). It is
a complex episodic neurological disorder characterized by
intense unilateral pulsating headaches that may last hours to
days, which may be accompanied by aura, nausea, photo-
phobia, phonophobia, and other neurological symptoms
(Asghar et al. 2011). Although the causes and mechanisms
underlying migraine are multifactorial and remain poorly
understood, one likely contributing factor, first proposed
decades ago (Ray et al. 1940), involves dilation of the dural
vasculature. Subsequent investigations have implicated tri-
geminal sensory and/or sphenopalatine parasympathetic
postganglionic neuronal signaling as a contributor to the
experience of migraine pain (Mayberg et al. 1981; Brain et
al. 1985; Lassen et al. 2002; Olesen et al. 2009; Schytz et al.
2009, 2010; Asghar et al. 2011; Amin et al. 2012). In one
current model, enhanced neurotransmitter/neuropeptide re-
lease causes middle meningeal artery (MMA) dilation lead-
ing to sensitization of the trigeminal sensory neuronal fibers
innervating the MMA that contributes to the perception of
pain (Goadsby et al. 1993). Bioactive neuropeptides may
participate in all of these events and one prototypic neuro-
regulator in migraine is calcitonin gene-related peptide
(CGRP). CGRP is a potent vasodilator (Brain et al. 1985),
is highly expressed in dorsal root/trigeminal sensory and
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sphenopalatine autonomic ganglia neurons, has been local-
ized to perivascular nerve terminals (McCulloch et al.
1986), and has been shown to induce migraine-like head-
aches indistinguishable from spontaneous migraine attacks
(Lassen et al. 2002). Notably, magnetic resonance angiog-
raphy (MRA) imaging studies have correlated MMA vaso-
dilation following exogenous CGRP administration with
headache onset to further implicate roles for neurally medi-
ated vasodilation in migraine (Asghar et al. 2011).

Similar to CGRP, more recent studies have also implicat-
ed pituitary adenylate cyclase-activating polypeptide
(PACAP) signaling in migraine. PACAP is a neurotransmit-
ter and neurotrophic peptide in the secretin, glucagon, and
vasoactive intestinal peptide (VIP) superfamily and shares
some G protein-coupled receptor selectivity with VIP
(Vaudry et al. 2009). PACAP binds potently and specifically
to the PAC1 receptor which may be coupled to multiple
intracellular signaling cascades; by contrast, both PACAP
and VIP bind with near-equal affinity to VPACI1 and
VPAC2 receptors coupled principally to adenylyl cyclase.
Among its many functions, PACAP has prominent roles in
nociception and like CGRP causes relaxation of vascular
and respiratory smooth muscle (Seki et al. 1995). The pep-
tide is highly expressed in diverse central and peripheral
nervous system tissues, including sensory and autonomic
ganglia, and appears co-localized with CGRP for concomi-
tant release upon neuronal stimulation (Csati et al. 2012).
Hence, PACAP shares expression and regulatory parallels
with CGRP, and significantly, recent clinical studies have
shown that intravenous infusion of PACAP can produce
MMA vasodilation and induce headache in both migraineurs
and healthy subjects (Schytz et al. 2009; Amin et al. 2012).
Further, the administration of the serotonin 5-HT ;5 and 5-
HT,p receptor agonist sumatriptan, frequently used to treat
migraine headaches, attenuated both PACAP-induced MMA
vasodilation and headache pain. These studies indicate that
PACAP signaling causes MMA dilation that may contribute

Fig. 1 Preparation of rat middle meningeal artery (MMA) for arterio-
graph studies. a Rat MMA embedded in the dura matter prior to
dissection. Arrows indicate the MMA region typically used for ex vivo
studies. b Isolated rat MMA cannulated on glass micropipettes
mounted in an arteriograph chamber. Both ends of MMA were tied

to the etiology of migraine (Amin et al. 2012) and represent
an important therapeutic target to aid migraineurs.

Despite the immediate relevance to migraine, PACAP
signaling in the MMA has not been well characterized.
In the current study, we examined the effects of PACAP
on isolated segments of MMA using pressurized artery
myography. Compared to other intracranial vessels, the
high potency of PACAP and the expression of PACAP
receptors in the MMA appear unique, suggesting that
the MMA vasodilatory responses to PACAP/PACI re-
ceptor signaling may be an important component of the
complexities of migraine.

Methods
Isolation of Middle Meningeal and Cerebellar Arteries

All experiments and protocols were conducted in accordance
with the Guide for the Care and Use of Laboratory animals
(NIH Pub. No. 85-23, revised 1996) and approved by the
Institutional Animal Use and Care Committee of the Univer-
sity of Vermont. Sprague—Dawley rats (males, 300-350 g;
Charles River Laboratories, Saint Constant, QC, Canada)
were euthanized by decapitation under deep isoflurane anes-
thesia. The brain and calvaria were carefully removed and
placed in ice-cold 3-(N-morpholino)propanesulfonic acid
(MOPS)-buffered saline solution containing (in millimolar):
145 NaCl, 5 KCI1, 1 MgS0Oy, 2.5 CaCl,, 1 KH,POy,
0.02 EDTA, 3 MOPS, 2 pyruvate, 5 glucose, and 1 % bovine
serum albumin (pH 7.4). For MMA isolation, the dura mater
was gently removed from the calvaria under a dissection
microscope (Fig. 1a). To enable a comparison of the MMA
to pial arteries, cerebellar arteries were dissected from the
brain using iris scissors. The MMA and cerebellar artery are
both innervated by trigeminal sensory nerves (Simons et al.
1988; Goadsby et al. 1993).

ﬁ//”

by suture thread, and the artery pressurized to 40 mmHg. Arterial
diameter was measured using video edge detection and recorded using
data acquisition software (details in “Methods”). One graduation of
scale (e.g., 0 to 1) represents 100 pm
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Pressurized Artery Myography

Middle meningeal and cerebellar arteries were cannulated
onto glass micropipettes mounted in a 5-mL myograph
chamber (Fig. 1b) and intravascular pressure was adjusted
using a pressure servo-controller and a peristaltic pump
(Living Systems Instruments, St. Albans, VT) as previously
described (Ishiguro et al. 2002; Nystoriak et al. 2011).
Arteries were continuously superfused with warmed artifi-
cial cerebral spinal fluid (aCSF; 37 °C, in millimolar:
125 NaCl, 3 KCl, 18 NaHCO;, 1.25 NaH,PO,4, 1 MgCl,,
2 CaCl,, and 5 glucose, acrated with 5 % CO,, 20 % O,,
75 %N,, pH 7.35-7.40). Changes in vessel diameter were
measured by video edge detection (Living Systems Instru-
mentation, St Albans, VT) using WinDaq data acquisition
software (Dataq Instruments; Akron, OH). Following equil-
ibration (1 h), arterial viability was evaluated by brief expo-
sure to 60 mM KCI (<2 min; isosmotic replacement of NaCl
with KCl in aCSF). Only arteries that demonstrated a con-
striction representing a decrease in diameter of 50 % or
greater were used in subsequent studies. Pressure-induced
constriction is expressed as a percent decrease of the fully
dilated diameter of individual arteries at the same intravas-
cular pressure. These values were obtained by using the
following equation: % constriction=[(DP—DA)/DP]x
100, where DP=the (passive) diameter of the artery in
Ca®"-free aCSF containing the vasodilators diltiazem
(100 uM) and forskolin (1 pM), and DA=the (active)
diameter of the artery in Ca®'-containing aCSF. Dila-
tions in response to PACAP38 and VIP are expressed as
a percent reduction in the level of arterial constriction.
The values were obtained using the following equation:
% dilation=[(DV—-DA)/(DP-DA)]x 100, where DV=ar-
terial diameter in the presence of vasodilator, DA=the
active diameter of the artery prior to addition of

vasodilator, and DP=the passive diameter of the artery.
The 38 amino acid form of PACAP, referred to as
PACAP38 (Miyata et al. 1989), was used in all exper-
imental series. The concentrations of PACAP38 or VIP
that caused half maximal vasodilation (ECsq) were cal-
culated from individual concentration response curves
using Graphpad Prism 5 software (Graphpad software,
Inc. La Jolla, CA). PACAP38, VIP, and related peptides
(American Peptide Sunnyvale, CA) were prepared as
100 uM stock in deionized water; aliquots were stored
at —80 °C. All aliquots were diluted to their final con-
centrations immediately before use and were adminis-
tered to arteries by bath superfusion (5 mL/min flow
rate) for a minimum of 20 min.

MMA and Cerebellar Artery PACAP Receptor Transcript
Expression

Total RNA extracted from isolated MMAs and cerebellar
arteries using RNA STAT-60 total RNA isolation reagent
(Tel-test, Friendswood, TX) was reverse-transcribed to
cDNA using SuperScript First-Strand synthesis system
(Invitrogen, Carlsbad, CA) as previously described
(Nystoriak et al. 2009). To detect mRNA expression of
PACAP receptor subtypes, semiquantitative RT-PCR was
performed using primer sets for PAC1, VPACI, and
VPAC2 receptor transcripts; amplification of the same
templates for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as an internal control (Table 1). To examine
vessel expression of PAC1 receptor splice variants, amplifica-
tion using primers flanking the alternative splice site within
the third cytoplasmic loop of the PACI receptor was per-
formed as previously described (Braas et al. 1999). Amplifi-
cation of single-stranded cDNA was performed in a 13-uL
reaction volume consisting of 15 mM Tris—HCI, pH 8.0,

Table 1 Primer information for PCR studies examining PACAP receptor transcript expression

Target Sequences GenBank accession Amplification Annealing Product
number region temp °C size

PACAPR1 5'-CTTGTACAGAAGCTGCAGTCCCCAGACATG-3’ 723272 1078-1107 60 303-387

PACAPR2 5'-CGGTGCTTGAAGTCCATAGTGAAGTAACGGTTCACCTT-3' 1510-1548

PACAPR3 5'-AACGACCTGATGGGACTAAAC-3’ NM_133511 211-231 56 413

PACAPR4 5'-CGGAAGCGGCACAAGATGACC-3' 603-623

VPACIR3 5'-CGGCCACCCGACATTGGGAAG-3' M86835 1034-1054 61 323

VPACIR4 5-CTGCATGTGGCGCCGTTGCTG-3' 1336-1356

VPAC2R1 5-AAGCTAACTTCTCCAGATGTT-3’ 725885 990-1010 55 396

VPAC2R2 5'-CAGCTAAATGACTGAGGTCTC-3’ 1365-1385

GAPDHF  5'-GACAGCCGCATCTTCTTGTG-3' NM 017008 3049 62 210

GAPDHR  5-TGAACTTGCCGTGGGTAGAG-3' 220-239
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containing 50 mM KCI, 2.5 mM MgCl,, 200 uM deoxynu-
cleotide triphosphates, 0.5 uM primers, 0.5 uL of cDNA
template, and 0.3 U Ampli7ag Gold DNA polymerase
(Applied Biosystems, Norwalk, CT) with the following
cycling parameters: (1) initial denaturation and enzyme
activation 95 °C, 10 min; (2) denaturation and enzyme
activation 94 °C, 1 min; annealing, primer specific (Ta-
ble 1), 1 min; extension 72 °C, 1 min (3240 cycles); and
(3) final extension, 72 °C; 10 min. For PACI1 receptor
variant identification, the amplified cDNA product was
subjected to diagnostic restriction enzyme digestion as
previously described (Braas et al. 1999). The amplified
products were resolved on 2 % agarose gel and visualized
by UV illumination following ethidium bromide staining.

Statistics

Data are expressed as mean £ SEM and analyzed by
Student's unpaired ¢ test. Statistical significance was
considered at p<0.05.

Results

Isolated Middle Meningeal Arteries Exhibit Pressure-
Induced Myogenic Tone

Small diameter arteries and arterioles isolated from a
variety of vascular beds, including those supplying
blood to the heart and brain, constrict in response to
increases in intravascular pressure (Bayliss 1902; Johnson
1980). In the cerebral circulation, pressure-induced con-
striction, also termed myogenic tone, plays an important
role in the regulation of cerebral artery diameter (Nelson
et al. 1995; Ishiguro et al. 2002; Nystoriak et al. 2011).
To evaluate myogenic tone in freshly isolated MMA
segments, changes in arterial diameter were examined
in response to stepwise increases in intravascular pres-
sure. At 10 mmHg, MMA diameter in aCSF was 45.8+
5.2 um, representing a constriction of 39.1+5.8 % de-
crease from the maximally dilated diameter of 75.5+
4.6 pum obtained in Ca®'-free aCSF containing the vaso-
dilators diltiazem (100 uM) and forskolin (I uM). The
level of myogenic tone increased as intravascular pres-
sure was elevated, reaching a constriction of 62.9+
8.4 % at 120 mmHg (Fig. 2). At the physiologically
relevant pressure of 40 mmHg, myogenic tone repre-
sented a constriction of 49.1+10 %. These data demon-
strate that isolated MMA exhibit pressure-induced
myogenic tone. Subsequent experimental series were
performed using isolated MMAs held at 40 mmHg in
the absence of exogenous vasoconstrictors.
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Fig. 2 Pressure-induced myogenic tone in isolated rat middle menin-
geal arteries (MMASs). a Diameter measurements of isolated rat MMA
obtained in response to stepwise increases in intravascular pressure
from 10 to 120 mmHg. Squares with solid line represent active diam-
eter measurements obtained in artificial cerebral spinal fluid (aCSF)
(n=4). Circles with dashed line represent maximally dilated (passive)
diameter measurements obtained from the same arteries in Ca*-free
aCSF containing the vasodilators diltiazem (100 pM) and forskolin
(1 uM). b Pressure-induced constriction (myogenic tone) in rat MMAs
superfused with aCSF ex vivo. Constriction is expressed as a percent
decrease from maximally dilated diameter obtained at the same intra-
vascular pressure (n=4)

Picomolar Concentrations of PACAP38 Dilate Pressurized
MMAs via Activation of PAC1 Receptors

The ability of PACAP to induce MMA dilation ex vivo is
unclear. To date, studies of PACAP-induced responses in
isolated MMA segments have examined changes in isomet-
ric force generation in unpressurized arteries pre-contracted
with exogenous vasoconstrictors (Baun et al. 2011). To
examine the impact of PACAP on ex vivo pressurized
MMAss exhibiting myogenic tone, increasing concentrations
of PACAP38 or VIP (0.1 pM to 100 nM) were added to the
superfusate bathing MMAs held at an intravascular pressure
of 40 mmHg (Fig. 3a). PACAP38 potently dilated MMA
with an ECsy of 1 pM (n=4). In marked contrast, VIP was
approximately 1,000-fold less potent dilator of MMA
(ECsp, 1.4 nM, n=4). As an example, 3 pM PACAP38
caused MMA dilation of 60.3+15.1 % of tissue maximum,
whereas 3 pM VIP did not significantly alter arteriolar
diameter (Fig. 3b, c). Based on the differential potency of
PACAP38 and VIP binding to PACAP receptor subtypes
(Harmar et al. 2012), we hypothesized that MMA dilation to
picomolar concentrations of PACAP38 are mediated via
activation of PACI receptors. Consistent with this concept,
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Fig. 3 Low picomolar concentrations of PACAP, but not VIP, dilate
isolated pressurized rat middle meningeal arteries (MMAs). a Cumu-
lative concentration response curves of PACAP and VIP obtained from
rat MMAs pressurized to 40 mmHg ex vivo. Arteries were exposed to
aCSF containing each concentration of PACAP38 or VIP for 20 min.
Dilation to PACAP38 or VIP are expressed as percentage of maximum
dilation obtained in the presence of Ca**-free aCSF containing 100 uM

MMA dilation to 3 pM PACAP38 was abolished by the
PACI1 receptor antagonist PACAP (6-38) (Harmar et al.
2012) (Fig. 4a, b). Interestingly, MMA dilation to 1,000-
fold higher concentrations of PACAP38 (i.e., 3 nM) were
not abolished but were reduced by approximately 50 %
(Fig. 4c—e), consistent with higher concentrations of
PACAP38 causing activation of PAC1 receptors as well as
VPACI1 and/or VPAC2 receptors. These data demonstrate
that PACAP38 potently dilates pressurized MMAs via acti-
vation of PAC1 receptors.

Nanomolar, but Not Picomolar, Concentrations
of PACAP38 Dilate Pressurized Cerebellar Arteries

Intracranial cerebral arteries are innervated by sensory tri-
geminal nerves containing PACAP but appear to contribute
little to migraine symptoms (Asghar et al. 2011; Amin et al.
2012). To examine whether PACAP dilates pressurized ce-
rebral arteries with an efficacy similar to that observed in
MMA, cerebellar arteries were cannulated and studied ex
vivo. In contrast to MMAs, 3 pM PACAP38 did not alter
cerebellar artery diameter (n=4, Fig. 5a, c¢). However,
1,000-fold higher concentrations of PACAP38 (3 nM) did
significantly dilate cerebellar arteries (34+12 %, n=4). The
ECso value of PACAP-induced cerebellar dilation was

@ Springer

diltiazem and 1 uM forskolin. p<0.05 by unpaired ¢ test, n=4. b, ¢
Diameter recordings of an isolated MMA treated with aCSF containing
a single concentration (3 pM) of PACAP38 (b) and VIP (c). At the end
of the experiment, maximally dilated diameter was obtained in the
presence of Ca>*-free aCSF containing 100 pM diltiazem and 1 pM
forskolin (shown as passive)

11 nM (n=6). Similarly, VIP caused cerebellar artery dilation
at nanomolar, but not picomolar, concentrations (Fig. 5b, c;
ECs50=6 nM, n=3). These data demonstrate that PACAP is
considerably more potent vasodilator of MMA compared to
cerebellar arteries, suggesting that the PACAP- and VIP-
induced vasodilation in cerebellar arteries are likely mediated
by a VPAC receptor subtype.

MMA and Cerebellar Arteries Express Different PAC1
and VPAC Receptor Subtypes

PACAP and VIP share receptor subtypes; the PAC1 receptor
is specific for PACAP peptides while VPAC1 and VPAC2
receptors bind VIP and PACAP with similar affinities. Dif-
ferential PACAP receptor expression may contribute to the
disparity in the sensitivity of MMA and cerebellar arteries to
PACAP. To establish PACAP/VIP receptor expression in
MMA and cerebellar arteries, semiquantitative PCR studies
were performed using primers unique to each receptor tran-
script, as described in previous work (Braas et al. 1999).
Interestingly, only PACI and VPAC2 receptor transcripts
were detected in MMA; there was little to no VPACI1
receptor expression in MMA. By contrast, all three
PACAP/VIP receptor subtypes (PAC1, VPACI1, and VPAC2
receptors) were identified in cerebellar arteries (Fig. 6a).
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Fig. 5 Nanomolar, but not picomolar, concentrations of PACAP38
and VIP dilate pressurized cerebellar arteries. a Diameter recording
obtained from pressurized rat cerebellar artery treated with PACAP3S8.
PACAP38 induced dilation at 3 nM but not 3 pM. Maximum dilation
was obtained using a combination of 100 pM diltiazem and 1 pM
forskolin in Ca**-free aCSF (passive). b Diameter recording obtained
from pressurized rat cerebellar artery treated with VIP. VIP-induced

dilation at 3 nM but not 3 pM. Maximum dilation was obtained using a
combination of 100 uM diltiazem and 1 pM forskolin in Ca®’-free
aCSF (passive). ¢ Summarized data of PACAP38 and VIP treatment in
rat cerebellar arteries. PACAP38-induced diameter changes are
expressed as percentage of maximum dilation (n=4 each). *p<0.05
by paired ¢ test
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Fig. 6 PACAP receptor transcripts are differentially expressed in rat
middle meningeal and cerebellar arteries. Total RNA from rat MMA
and cerebellar arteries were reverse-transcribed for semiquantitative
PCR analyses of PAC1 (413 bp), VPAC1 (323 bp), and VPAC2
(396 bp) receptor transcript expression. a Unlike cerebellar artery
preparations which demonstrated mRNA for all three receptor subtypes
(right panel, n=5), the MMA appeared to express only PACI1 and
VPAC?2 receptor transcripts (left panel, n=5). b To examine whether
there were differences in PACI1 receptor isoform expression levels
between the two arteries, primers flanking the third cytoplasmic loop
were employed in the PCR studies. While cerebellar arteries appeared

There are multiple PAC1 receptor isoforms from alterna-
tive splicing of Hip and/or Hop cassettes in the receptor
gene corresponding to the G protein interactive sites in the
third cytoplasmic loop, which are important for downstream
activation of signaling cascades (Spengler et al. 1993).
When PACI receptor variant transcript analyses were per-
formed using primers flanking the third cytoplasmic loop,
MMA and cerebellar arteries not only expressed the PAC1-
null receptor (neither Hip nor Hop, Fig. 6b, 303-bp band)
but also the one-cassette variant (Hip or Hop, Fig. 6b, 387-
bp band). Furthermore, the relative abundance of the one-
cassette variant was much greater in the MMA than the
cerebellar artery. As the Hip and Hop cassettes are both
84 bp, the one-cassette 387-bp amplified product could not
distinguish the specific PAC1 receptor splice variant
expressed in MMA. However, restriction enzyme digestion
can be diagnostic (Braas et al. 1999) and digestion of the
387-bp band with Blp 1 generated the 292-bp products
consistent with the expression of the PAC1Hop receptor
variant in MMA (Fig. 6¢). While the PAC1null receptor is
predominantly coupled to adenylyl cyclase, the PAC1Hop
receptor variant can be potently coupled to multiple intra-
cellular signaling cascades including adenylyl cyclase,
phospholipase C, MAPK, and Akt (Braas et al. 1999). The
expression and coordinate signaling downstream of both

@ Springer

to possess predominantly the PAC1null receptor isoform (right panel,
neither Hip nor Hop; 303 bp), the MMA expressed near-equal levels of
the PACInull (303 bp) and the one-cassette PAC1 receptor variant
(387 bp; left panel). Each lane represents an independent sample
replicate. Amplification of the same templates for GAPDH demon-
strates approximate equal sample input. ¢ The specific one-cassette
PACI receptor variant could be identified by diagnostic restriction
digest; isolation of the MMA 387-bp PACI receptor band followed
by Blp 1 restriction enzyme incubation resulted in amplicon digestion
to a smaller 292-bp product diagnostic of the Hop receptor variant

PACI receptor variants in MMA may have engendered the
potent PACAP vasodilatory responses; maladaptions of the
same PACAP/PACI receptor signaling pathways in MMA,
by contrast, may be a contributing factor to migraine.

Discussion

Migraine is one of the leading contributors to the global
burden of mental and neurological disorders. The few thera-
peutic options are often unsatisfactory and hence an under-
standing of the underlying mechanisms and the identification
of new clinical targets remain important goals for effective
treatments. From the many proposed causes, the neurovascu-
lar component in migraine has remained a viable mediator
especially in light of the recent data using high-resolution
MRA techniques (Asghar et al. 2011). In humans infused with
the well-studied sensory/autonomic vasodilator CGRP pep-
tide, the resulting migraine attacks correlated temporally and
spatially with middle meningeal and middle cerebral artery
dilation. The arterial dilations were bilateral when the head-
aches were bilateral and unilateral on the corresponding side
when uni-hemispheric headaches were presented. Further,
treatments with sumatripans to ease the peptide-induced
migraines always resulted in vessel constriction. These studies
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appear to supplant earlier Doppler studies which failed to
correlate vascular changes with migraine (Zwetsloot et al.
1993). Although these studies do not address definitive mech-
anisms, the results do implicate cranial vascular dynamics in
the presentation of migraine. Among intracranial and extra-
cranial arteries, the meningeal artery vasodilatory responses
were better correlated with headache onset and treatments, and
considered to be particularly significant as dural afferent noci-
ceptor sensitization appears central to pain generation in mi-
graine attacks (Burstein et al. 2005).

PACAP peptides behave as neurotransmitters and neuro-
trophic peptides in the central and peripheral nervous sys-
tems with diverse activities in neuroendocrine development
and function. PACAP peptides are highly expressed in noci-
ception sensory dorsal root and trigeminal ganglion neurons
and in autonomic systems regulating vasodilatory control;
hence the effects of PACAP parallel those for CGRP in
facilitating migraines. PACAP38 infusions in in vivo and
ex vivo preparations cause intra- and extracranial artery
vasodilation and can induce migraine-like attacks in normal
subjects and migraineurs (Schytz et al. 2009; Amin et al.
2012). As in other physiological systems, the PACAP-
elicited responses can be long lasting which may be one of
the distinguishing characteristics for PACAP-induced head-
ache pain (Amin et al. 2012). Interestingly, while the related
VIP peptide can also produce marked dilation in many
arterial vessels, it induces only modest headache and no
migraine-like attacks (Hansen et al. 2006; Rahmann et al.
2008) suggesting the selective expression and activation of
the shared PAC1/VPAC receptors in the different cranial
arterial systems.

Yet despite the unequivocal abilities for PACAP to instill
migraine, the relative roles of PACAP and VIP in migraine,
and whether specific PAC1/VPAC receptor subtype expres-
sion and function in the different cranial arteries can under-
lie the distinct PACAP/VIP vasodilatory and migraine
responses, are still very much unclear. Some of the variabil-
ity observed in the in vivo infusion studies may have
stemmed from PACAP/VIP-mediated endothelial cell acti-
vation of nitric oxide pathways, rapid peptide degradation in
the circulation, the poor ability for peptides in general to
cross the blood-brain barrier, and in the case of rodents, the
presence of anesthetics during the course of the studies. The
putative selectivity of the available receptor agonists and
antagonists may have contributed to the uncertainties, and
the ex vivo isometric force studies may have been compli-
cated by the use of high concentrations of reagents including
prostaglandin F,, and serotonin to precontract the unpres-
surized wire-mounted vessels.

From these considerations, the use of a pressurized arte-
riograph system offers a number of advantages in character-
izing PACAP and VIP vasodilatory responses. The
pressurized arterial vessels develop myogenic tone in the

absence of exogenous vasoconstrictors, are extremely sen-
sitive and responsive to regulatory dynamics (Dunn et al.
1994; Nelson et al. 1995), and obviate the need for drug-
induced arterial precontraction, which can potentially damp-
en the peptide vasodilatory effects. The MMA possesses the
ability to autoregulate its blood flow and pressure intrinsi-
cally (Michalicek et al. 1996); hence, the pressurized MMA
myography preparation presents a physiologically relevant
means to examine PACAP-induced effects.

Using these preparations, the current studies demonstrat-
ed potent PACAP38 effects on MMA diameter. In contrast
to previous isometric force myograph studies which sug-
gested little or no PACAP effects on MMA contractility
(Baun et al. 2011), subpicomolar concentrations of
PACAP38 reproducibly dilated pressurized MMAs ex vivo.
Picomolar PACAP concentrations maximally dilated the
MMA to 50-60 % of passive diameter; high nanomolar
PACAP concentrations had little additional vasodilatory
effects. VIP also dilated MMA but only at nanomolar pep-
tide concentrations. The picomolar potency of PACAP has
been well described for several physiological systems in-
cluding protection from ischemia in the brain and potentia-
tion of glucose-induced insulin release in pancreatic beta
cells (Yamada et al. 2004; Dejda et al. 2011). These differ-
ential PACAP/VIP response profiles in the MMA differed
from those observed for cerebellar arteries in which
PACAP38 and VIP appeared equipotent in inducing vaso-
dilations at nanomolar concentrations.

The higher potency of PACAP compared to VIP in the
MMA suggest PACI receptor activation in the vasodilatory
responses. Both PAC1 and VPAC?2 receptor transcripts were
identified in the MMA,; interestingly, VPACI1 receptor ex-
pression in the MMA was not detected, which varied with a
previous work (Boni et al. 2009). Diagnostic PCR and
restriction digests identified PACInull and PAC1Hopl1 re-
ceptor isoforms in the MMA which may have allowed
second messenger coupling not only to adenylyl cyclase
but to other intracellular cascades to potently stimulate
MMA dilation. PACAP(6-38) pretreatment blocked the
PACAP38 responses in the MMA, and although PACAP
(6-38) may antagonize both PAC1 and VPAC2 receptors
(Dickinson et al. 1997) to obfuscate clear identification of
the relevant receptor subtype in the PACAP-induced
responses, the apparent differential potencies observed for
PACAP38 and VIP were consistent with PAC1 receptor-
mediated vasodilation in the MMA. These results appear
consistent with previous interpretations implicating PACI
receptors in migraine (Olesen et al. 2009; Schytz et al. 2009,
2010). Unlike the MMA, however, the cerebellar arteries
exhibited expression for all three PACAP/VPAC receptor
subtypes. The apparent equipotency of PACAP38 and
VIP in eliciting cerebellar artery vasodilation (Fig. 5)
implicate VPAC receptor signaling. These results were
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in good agreement with previous observations implicat-
ing VPACI receptors in cerebellar artery vasodilation
(Fahrenkrug et al. 2000).

In summary, the pressurized myograph preparations in
the current study demonstrated differences between PACAP
and VIP in eliciting MMA and cerebellar artery vasodilation
which may be notable with respect to migraine physiology.
The very high potency for PACAP38 to elicit and sustain
MMA vasodilation suggested that even very modest levels
of neuropeptide release and receptor activation may be
sufficient to mediate migraine pain. As suggested in previ-
ous studies, the physiological and molecular analyses dem-
onstrated differential PAC1/VPAC receptor expression
profiles among the cranial vessels examined. The high po-
tency of PACAP38, the expression of PACI receptor sub-
type and isoforms, and the abilities for the antagonist
PACAP(6-38) to block PACAP-induced MMA dilation all
implicated PACI1 receptor signaling in MMA vasodilation.
As MMA vasodilatory dynamics well correlated with mi-
graine onset and abatement in humans, PACAP/PACI re-
ceptor regulation of the MMA may be a crucial component
to the development of migraine attacks. This action of
PACAP on MMA contrasts with PACAP/VIP dilation of
cerebellar arteries which appeared to be mediated via
VPACI receptor activation. Together with the human
PACAP infusion studies, these observations in sum suggest
that PACAP and PAC1 receptor signaling may be a potential
therapeutic target for the treatment of migraine.
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