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Abstract

Background: Pituitary adenylate cyclase-activating polypeptide (PACAP) and its receptors are present in the spinal dorsal
horn and dorsal root ganglia, suggesting an important role of PACAP—-PACAP receptors signaling system in the modulation of
spinal nociceptive transmission. We have previously reported that a single intrathecal injection of PACAP or a PACAP specific
(PACI) receptor selective agonist, maxadilan, in mice induced dose-dependent aversive behaviors, which lasted more than
30 min, and suggested that the maintenance of the nociceptive behaviors was associated with the spinal astrocytic activation.
Results: We found that a single intrathecal administration of PACAP or maxadilan also produced long-lasting hind paw
mechanical allodynia, which persisted at least 84 days without affecting thermal nociceptive threshold. In contrast, intrathecal
application of vasoactive intestinal polypeptide did not change mechanical threshold, and substance P, calcitonin gene-related
peptide, or N-methyl-D-aspartate induced only transient mechanical allodynia, which disappeared within 21 days. Western
blot and immunohistochemical analyses with an astrocytic marker, glial fibrillary acidic protein, revealed that the spinal PACI
receptor stimulation caused sustained astrocytic activation, which also lasted more than 84 days. Intrathecal co-administra-
tion of L-a-aminoadipate, an astroglial toxin, with PACAP or maxadilan almost completely prevented the induction of the
mechanical allodynia. Furthermore, intrathecal treatment of L-a-aminoadipate at 84 days after the PACI stimulation tran-
siently reversed the mechanical allodynia accompanied by the reduction of glial fibrillary acidic protein expression level.
Conclusion: Our data suggest that spinal astrocytic activation triggered by the PACI receptor stimulation contributes to
both induction and maintenance of the long-term mechanical allodynia.
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Background (PAC1) receptor, which is coupled mainly to adenylate

Pituitary adenylate cyclase-activating polypeptide  cyclase/protein kinase A, binds the two forms of PACAP
(PACAP) was originally isolated from ovine hypothal- with high affinity and selectivity. Meanwhile, VPACI1
amic extracts based on its ability to stimulate adenylate and VPAC2 receptors, which are also primarily coupled
cyclase in rat anterior pituitary cell cultures." PACAP
exists as two variants, 38 amino acid form (PACAP38) 'Department of Pharmacology, Graduate School of Medical and Dental
and C-terminal truncated form PACAP27,'? both of Sciences, Kagoshima University, Kagoshima City, Japan

which share 68% homology with vasoactive intestinal

polypeptide (VIP), suggesting that PACAP belongs to ~ Corresponding author:

. 3 Takashi Kurihara, Department of Pharmacology, Graduate School of
the VIP/secretm/glucagon superfamlly. Medical and Dental Sciences, Kagoshima University, 8-35-1 Sakuragaoka,

Three distinct G-protein-coupled receptors mediate Kagoshima City, Kagoshima 890-8544, Japan.
the actions of PACAP and VIP. The PACAP type 1 Email: tkmphm | 0@m.kufm.kagoshima-u.ac.jp
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to adenylate cyclase, can bind both PACAP and VIP
with similar affinities.>*

In normal state, PACI1 receptor is particularly abun-
dant in central nervous system including spinal dorsal
horn,>>® where PACAP-immunoreactive (IR) fibers are
also considerably localized.” '° These fibers are thought to
be predominantly primary afferents in origin, since capsa-
icin treatment releases PACAP from rat spinal cord'""'?
and induces a significant decrease in the number of
PACAP-IR nerve fibers within the spinal cord.’
Furthermore, PACAP mRNA/immunoreactivity is loca-
lized primarily in calcitonin gene-related peptide (CGRP)
or substance P (SP)-IR containing neurons in rat dorsal
root ganglion™'? and is markedly upregulated in periph-
eral nerve injury or inflammation.'*'® These observations
coupled with other lines of evidence propose that
PACAP-PACI receptor system could play an important
role in the modulation of spinal nociceptive transmission.

We have previously demonstrated in mice that a single
intrathecal injection of PACAP38 or a PACI receptor
specific agonist, maxadilan (Max),'? induced spontaneous
aversive behaviors, such as licking, biting, and scratching
directed toward the caudal part of the body for more than
30 min.?*?! Pre- and post-treatment of a PACI receptor
antagonist, max.d.4,>** almost completely inhibited the
aversive behaviors. Immunohistochemical and immuno-
blotting studies revealed that spinal application of Max
induced phosphorylation of both extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK), as well as upregulation of an astrocyte marker,
glial fibrillary acidic protein (GFAP) within 30min.
Intriguingly, co-administration of a protein kinase A
inhibitor (Rp-8-Br-cAMPS), a MAP kinase/ERK kinase
(MEK) inhibitor (PD98059), or a JNK inhibitor
(SP600125) with Max markedly inhibited the inductions
of the aversive behaviors. Furthermore, L-a-aminoadipate
(L-0-AA), an astroglial toxin, attenuated both induction
of the aversive behaviors and phosphorylation of ERK,
suggesting astroglial activation maintained the ERK phos-
phorylation, a marker for central sensitization of spinal
dorsal horn.**?*

Further to address the nature of the PACI receptor-
mediated nociceptive responses, we examined whether
the single intrathecal administration of PACAP or
Max would induce evoked-nociceptive behaviors, after
subsidence of the spontaneous aversive behaviors
within 24h,>° by measuring hind paw mechanical and
thermal thresholds in mice.

Methods
Animals

Male ddY mice (five weeks old) were purchased from
Kyudo Co. Ltd. (Kumamoto, Japan) and housed in

standard polycarbonate cages (four mice/cage) under
controlled temperature (24+£1°C) and humidity
(55+10%) with a 12-h light-dark cycle (lights on at
07:00h) with food and water freely available. Mice
were habituated to the animal facility for at least one
week before experimentation. The animal experiments
were approved by the Animal Care Committee of
Kagoshima University (approval no. MD 15011) and
were conducted in accordance with the ethical guidelines
for the study of experimental pain in conscious animals
of the International Association for the Study of Pain.

Intrathecal injection and behavioral observation

Intrathecal injection was given in a volume of Spl by
percutaneous puncture through an intervertebral space
at the level of the fifth or sixth lumbar vertebra, accord-
ing to a previously reported procedure.?*

An investigator, who was unaware of the drug treat-
ment, performed all of the behavioral experiments. The
assessment of mechanical and thermal thresholds was
carried out according to previously described methods.?’
Briefly, mechanical sensitivity was evaluated with cali-
brated von Frey hairs (Stoelting, Wood Dale, IL,
USA) by measuring the tactile stimulus producing
a 50% likelihood of hind paw withdrawal response
(50% gram threshold), which was determined using the
up-down paradigm.®® Thermal sensitivity was evaluated
by measuring withdrawal latency with a Paw Thermal
Stimulator (UCSD, San Diego, CA, USA). Data from
right and left hind paws were combined and averaged in
both tests.

Drugs

PACAP38, VIP, SP, and CGRP were purchased from
Peptide Institute Inc. (Osaka, Japan). N-Methyl-D-
aspartic acid (NMDA) and L-a-AA were obtained from
Sigma (St. Louis, MO, USA). PD98059 and SP600125
were from Millipore (Billerica, MA, USA). Max and
max.d.4 were kindly donated by Dr M Tajima
(Shiseido, Japan).'?* These drugs were made up as
concentrated stock solution in MilliQ water or dimethyl
sulfoxide, aliquoted, and stored at —=70°C. An aliquot was
diluted to the desired concentration in artificial cerebro-
spinal fluid (ACSF: NaCl 138 mM, KCl 3mM, CaCl,
1.25mM, MgCl, 1mM, D-glucose 1 mM) immediately
prior to use. The doses for PACAP (100 pmol) and Max
(50 pmol) we chose in this study were determined accord-
ing to our previous reports.”**! Intrathecal injection of
PACAP or Max at the dosage induced marked spontan-
eous aversive behaviors (see Background; Figure S1). As
repeatedly demonstrated by previous studies including
ours,>"?* 3% intrathecal injection of SP or NMDA induced
only short-lasting spontaneous aversive behaviors, which
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disappeared within 5 min (Figure S1). Then, we employed
100 pmol for SP and even higher dosage (1nmol) for
NMDA. VIP and CGRP have been reported that they
produce few spontaneous aversive behaviors when intra-
thecally injected by themselves.>® *° Thus, we intrathecally
injected these peptides at the same dosage (100 pmol) as
PACAP. In agreement with the previous studies, 100 pmol
of VIP or CGRP induced only small or no aversive behav-
iors (Figure S1). The maximum concentration of the vehi-
cle used to dilute drugs (1-2% MilliQ water or dimethyl
sulfoxide) did not have any effects on the mechanical
or thermal threshold and did not interfere with the effects
of drugs (see Results section).

Immunohistochemistry

Immunohistochemistry was performed as previously
described.*! The animals were deeply anesthetized with
sodium pentobarbital (60 mg/kg, intraperitoneal [i.p.])
and perfused intracardially with heparinized saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). After laminectomy, the spinal cord (L4—
L6) was identified, excised, and postfixed over night at 4°C
in the same fixative and then replaced sequentially with
10%, 15%, and 20% sucrose in 0.1 M phosphate buffered
saline at 4°C for cryoprotection. Transverse spinal
sections (10 um) were cut on a cryostat and collected on
silane-coated glass sides (Matsunami glass, Japan).

Sections were blocked in phosphate buffered saline con-
taining 1% normal donkey serum (ImmunoBioScience,
Mukilteo, WA, USA), 1% bovine serum albumin
(Sigma), and 1% saponin (Sigma) for 1h at room tem-
perature, and incubated for three days at 4°C with the
primary antibodies against PACI receptor (rabbit poly-
clonal, 1:1,000, nos. 93093, which was provided by Dr A
Arimura),*** neuronal nuclei (NeuN, mouse monoclo-
nal, 1:200, Millipore), GFAP (mouse monoclonal, 1:500,
Millipore), and ionized calcium binding adaptor molecule
1 (Ibal, goat polyclonal, 1:500, Abcam, Cambridge, UK).
The sections were then incubated for 1 h at room tempera-
ture with Alexa Fluor 488-labeled donkey anti-rabbit I1gG
antibody (1: 1,000, Invitrogen, Carlsbad, CA), Alexa
Fluor 594-labeled donkey anti-mouse IgG antibody
(1:1,000, Invitrogen), and Alexa Fluor 594-labeled
donkey anti-goat IgG antibody (1:1,000, Invitrogen).
Stained sections were examined with a fluorescence micro-
scope (Pulse-SIM BZ-X700, Keyence Co., Osaka, Japan)
or a Zeiss LSM 700 confocal microscope (Carl Zeiss
Microscopy, Jena, Germany).

Western blot analysis

Western blot analysis was conducted as previously
described.”®*!' Mice were deeply anesthetized with
sodium pentobarbital (60 mg/kg, i.p.), and the lumbar

spinal cords (L3-L5) were quickly removed. Each spinal
cord sample was homogenized in a lysis buffer (150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), and 50mM Tris-HCI, pH 8.0) with a mixture of
protease and phosphatase inhibitors (Roche Diagnostics,
Mannheim, Germany). Protein concentrations were deter-
mined with a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA). Proteins (6.3 ng) were separated by SDS-polyacryla-
mide gel electrophoresis (12.5% gel) and then transferred to
a polyvinylidene difluoride membrane (Millipore) and incu-
bated with a mouse anti-GFAP monoclonal antibody
(1:10,000, Millipore). Immunoreactivity was detected by
using an ECL prime kit (GE Healthcare,
Buckinghamshire, UK). An anti-B-actin antibody (mouse
monoclonal, 1:1,000; Santa Cruz Biotechnology, Inc.,
Dallas, TX) was used to normalize protein loading.
Relative intensities of the bands were quantified by using
an image analysis system with Image J software, version
1.46 (National Institutes of Health, Bethesda, MD). At
least two independent immunoblot experiments of three
individual spinal cord samples were analyzed.

Statistical analysis

Experimental data are expressed as mean+ SEM. For
behavioral analyses, we employed the Mann—Whitney
U-test for single comparisons or the Friedman test
followed by the Steel test for multiple comparisons.
For Western blot analyses, single comparisons were
made using the Student’s two-tailed unpaired z-test,
and for multiple comparisons, one-way analysis of vari-
ance followed by the Dunnett test was used. P < 0.05 was
considered statistically significant.

Results

A single intrathecal injection of PACAP or the
PACI receptor selective agonist, maxadilan,
induces long-lasting mechanical allodynia

We first examined whether the intrathecal treatment with
PACAP or Max could cause a hyperalgesic or allodynic
response in normal mice. A single intrathecal administra-
tion of PACAP (100 pmol) or Max (50 pmol) markedly
decreased mechanical threshold (induction of mechanical
allodynia) from day 1, and this decrease persisted at least
for 84 days after the administration (Figure 1(a)). In con-
trast, spinal delivery of the same dosage of each
compound, intriguingly, did not change thermal threshold
(Figure 1(b)).

To confirm that the PACAP- or Max-induced mech-
anical allodynia were PACI receptor-mediated, we exam-
ined the effects of the selective PACI receptor antagonist,
max.d.4.**** In accordance with our previous study,*
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Figure 1. A single intrathecal injection of PACAP and a PACI receptor agonist, maxadilan (Max), produces long-lasting mechanical
allodynia in mice. (a, b) Effects of PACAP, Max, or VIP on paw withdrawal responses to the mechanical (a) and thermal (b) stimuli in mice.
Intrathecal VIP or vehicle had no significant effect on the mechanical threshold. (c) Spinal pretreatment of a PACI receptor antagonist,
max.d.4, prevented the induction of PACAP- or Max-induced long-lasting mechanical allodynia. Vehicle or max.d.4 was intrathecally
pretreated 5 min before PACAP or Max injection. Intrathecal max.d.4 had no significant effect on the mechanical threshold. (d) Effect of SP,
CGRP, or NMDA on paw withdrawal responses to the mechanical stimuli. Paw withdrawal threshold to mechanical stimulation (a, c, d)
or paw withdrawal latency to thermal stimuli (b) are plotted against the time after each intrathecal treatment. For clarity, the

same vehicle control in Figure 1(a) is depicted again in Figure 1(d). After confirming the acute behavioral effects of these treatments
(see Figure SI), we performed Figure | experiments. *P < 0.05, when compared with pre-drug (at 0 h) data. *P < 0.05 and #*P < 0.01,
when compared with vehicle control in Figure |(a) and (d) or corresponding vehicle pre-treated control in Figure I(c).

Data are mean & SEM.

intrathecal pre-treatment of max.d.4 (100 pmol) markedly
prevented the expression of PACAP- or Max-induced
aversive behaviors (Figure S1). We further found in this
study that intrathecal pre-treatment of max.d.4 (100 pmol)
also almost completely blocked the induction of PACAP-
or Max-induced mechanical allodynia (Figure 1(c)).
However, a single intrathecal administration of VIP
(100 pmol) did not affect the mechanical threshold
(Figure 1(a)). Neither aversive behaviors (Figure S1) nor

mechanical allodynia (Figure 1(c)) were induced after
intrathecal application of max.d.4 (100 pmol) alone.

To compare the effects of the PACAP and Max with
those of sensory neuropeptides, SP and CGRP, and with
an excitatory amino acid agonist, NMDA, temporal
changes in hind paw withdrawal to mechanical stimuli
were examined over three weeks (Figure 1(d)). In general
agreement with previous reports,”>>%374647 gpinal injec-
tion of SP (100 pmol), CGRP (100 pmol), or NMDA
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Figure 2. GFAP immunostaining in the lumbar dorsal horn of the spinal cord after a single intrathecal administration of PACAP

(100 pmol) or Max (50 pmol). (A) Representative photomicrographs from the spinal cord sections of the mice administered intrathecally
with vehicle (a, d, g), PACAP (b, e, h), or Max (c, f, i) at the times indicated. Insets are high power images of a randomly selected GFAP-
positive cell from each section. White dotted lines indicate the border of the dorsal horn gray matter. Scale bar = 100 um. (B) Western blot
analysis of GFAP immunoreactivity. B-actin was used as a control for sample loading. In the upper panel, the value obtained for vehicle
control serves as the control, and the results are presented as the mean = SEM (vehicle, n = 4-6; PACAP, n = 5-6; Max, n = 6). The lower
panel shows representative blots. The densities of specific GFAP and actin bands were measured, and GFAP levels were normalized against
the corresponding actin levels. ¥*P < 0.01 and ***P < 0.001, when compared with vehicle control.

(1 nmol) resulted in only a transient mechanical allody-
nia, lasting 3 to 14 days.

Intrathecal PACAP or maxadilan induces long-lasting
astroglial activation

We have previously demonstrated that intrathecal
administration of Max elicited rapid upregulation of
spinal GFAP protein expression level as early as 30 min
after the injection.’® Further to investigate how long
does the GFAP upregulation persist after the spinal

PACI1 receptor activation, we investigated temporal
changes in GFAP expression level by immunohistochem-
ical and immunoblot methods (Figure 2).

In the vehicle-treated spinal dorsal horn, the GFAP
immunostaining was relatively low at 21, 42, and 84 days
after the intrathecal administration, and the stained
astrocytes appeared to show no overt morphological
sign of astrocytic activation (Figure 2(Aa), (Ad), and
(Ag)). In contrast, following intrathecal PACAP
(100 pmol) or Max (50 pmol), spinal astrocytes became
intensely GFAP immuno-positive and appeared to have
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Figure 3. Effects of co- or post-treatment of an astroglial toxin, L-a-AA, on the PACI receptor-induced mechanical allodynia. (a)
Intrathecal co-administration of L-a-AA with PACAP or Max blocked the induction of the long-lasting mechanical allodynia. Paw withdrawal
threshold to mechanical stimulation is plotted against the time after intrathecal co-administration of L-a-AA or vehicle with PACAP or
Max. After confirming the acute behavioral effects of these treatments (see Figure S3), we performed Figure 3(a) experiments. (b) Reversal
of the established PACI receptor-induced mechanical allodynia by intrathecal L-o-AA. L-a-AA was injected 84 days after intrathecal PACAP
or Max. *P < 0.05, when compared with pre-drug (at 0 h) data. #P < 0.05 and **P < 0.01, when compared with corresponding vehicle co-
administered control (a) or vehicle-treated control (b). Data are mean =+ SEM.

an altered shape, suggesting an activated state of the astro-
cytes (Figure 2(Ab) and (Ac), (Ae) and (Af), (Ah) and
(Ai)). By contrast, these intrathecal manipulation did not
change morphology and intensity of immunoreactivity of a
microglial marker (Ibal)-positive cells (Figure S2).

Upregulation of GFAP expression level was also con-
firmed by Western blot analyses (Figure 2(B)). Significant
increase of GFAP expression level after PACAP or Max
treatment was sustained at least for 84 days.

An astroglial toxin, L-a-aminoadipate,
blocks both induction and maintenance
of the spinal PACI receptor-induced
mechanical allodynia

Further to explore whether spinal astrocyte activation
contributes to the PACI receptor-induced mechanical
allodynia, effects of co- and post-treatment of L-a-AA
(300 pmol) on the mechanical allodynia were examined
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Figure 4. Effects of intrathecal L-o-AA on the GFAP expression levels at 84 days after the spinal PACI receptor activation. Sustained up-
regulation of the spinal GFAP expression at 84 days after intrathecal PACAP (100 pmol) or Max (50 pmol) was reversed by L-a-AA
(300 pmol) at 2 h post-treatment. -actin was used as a control for sample loading. In the upper panel, the value obtained for vehicle
control serves as the control, and the results are presented as the mean &= SEM (n =6 for each group). The lower panel shows a
representative blot. The densities of specific GFAP and actin bands were measured, and GFAP levels were normalized against the
corresponding B-actin levels. **P < 0.001, compared with respective control.

(Figure 3). L-a-AA is reported to be a cytotoxin rela-
tively specific for astrocytes.*® 2

We have confirmed our previous study that intra-
thecal co-administration of L-a-AA with PACAP
(100 pmol) or Max (50 pmol) markedly attenuated the
expression of the nociceptive behaviors (Figure S3).%°
Furthermore, the simultaneous intrathecal injection
of L-a-AA almost completely prevented the induction
of the mechanical allodynia, while intrathecal L-a-AA
alone neither induced aversive behaviors (Figure S3)
nor affected the mechanical threshold (Figure 3(a)).
Intriguingly, intrathecal administration of L-a-AA at
84 days after the spinal PACI receptor activation tran-
siently alleviated the mechanical allodynia (Figure 3(b)),
suggesting that the spinal astroglial activation evoked by
a single intrathecal administration of PACAP or Max
persisted for as long as 84 days. Western blot analyses
further confirmed that intrathecal L-a-AA decreased the

elevated expression of GFAP to control level at 2 h post-
treatment (Figure 4).

Expression of PACI receptor in mouse spinal cord

The localization of PACAP binding sites and PACI
receptor mRNA has been extensively investigated in
rat and mouse brain.® However, there is only limited
number of in situ hybridization and immunohistochem-
ical studies which demonstrate the localization of PACI
receptor in the rat spinal cord.®> Furthermore, to our
knowledge, there is still no concrete immunohistochem-
ical report for the expression of PACI receptor in the
mouse spinal cord.

To identify the cell type on which PACI receptor is
expressed, we performed double-immunohistochemical
studies using a previously characterized anti-PACI recep-
tor antibody*** and cell type-specific markers (Figure 5).
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Figure 5. Double immunofluorescence staining performed with a specific PAC| receptor antibody using lumbar spinal dorsal horn of
naive mice. Double-staining for PACI receptor (green) and NeuN (a—f), GFAP (g-l), or Ibal (m-r) (red) showed PACI receptor
immunoreactivity mainly colocalized with a neuronal marker, NeuN (c, f), but occasionally with an astrocytic marker, GFAP (i, I). PACI
receptor immunoreactivity rarely colocalized with a microglial marker, Ibal (o, r), in the spinal dorsal horn. (d—f), (j-1), and (p—r) are the
magnified images of the rectangles indicated in each left panel. Scale bars = 100 um (a—c, g-h, and m—o) and 20 um (d—f, j-I, and p-r).

In accordance with a previous in situ hybridization study
showing that numerous dorsal horn nerve cell bodies
labeled for PACI receptor mRNA,® PACI receptor-like
immunoreactivity were shown to be widely distributed in
the dorsal horn. Double staining experiments revealed that
PACI1 receptor-like immunoreactivity was principally
colocalized with a neural marker, neuronal specific nuclear
protein (Neu N) (Figure 5(a)—(f)), but rarely with Ibal
(Figure 5(m)—(r)). However, PAC1 receptor-like immunor-
eactivity was observed occasionally in GFAP-positive
cells, suggesting the presence of PACI receptor on a part
of spinal dorsal horn astrocytes (Figure 5(g)—(1)).

Spinal ERK and JNK activation contribute
to the induction of PACI receptor-induced
mechanical allodynia

As mentioned in the Background section, we have previ-
ously demonstrated that spinal administration of Max
induced upregulation of phosphorylated forms of both
ERK (within 5 min) and JNK (within 30 min), an indicator
of respective MAP kinase activation. In addition, co-spinal
application of an MEK inhibitor (PD98059)>* or a JNK
inhibitor (SP600125)>> with Max markedly prevented
the induction of the spontancous aversive behaviors
(Figure S4).%° Thus, in this study, we have examined
whether co-spinal application of PD98059 or SP600125
with PACAP or Max also affected the induction of the
mechanical allodynia (Figure 6).

Both PD98059 (2 nmol) and SP600125 (2 nmol) almost
completely blocked the induction of the PACAP- or

Max-induced mechanical allodynia. Neither PD98059
nor SP600125 administered intrathecally induced aversive
behaviors (Figure S4) and mechanical allodynia (Figure 6)

Discussion

In this study, we have further characterized the nocicep-
tive responses induced by the spinal PACI receptor acti-
vation and made the following findings. First, a single
intrathecal administration of PACAP or Max induced
long-lasting hind paw mechanical allodynia, which per-
sisted more than 84 days through PACI receptor activa-
tion. Second, a single intrathecal administration of each
agonist also induced a marked upregulation of GFAP
expression, which again lasted for at least 84 days.
Third, intrathecal co-administration of L-a-AA, an astro-
glial inhibitor, with PACAP or Max almost completely
prevented the induction of mechanical allodynia.
Furthermore, intrathecal injection of L-a-AA at 84 days
after the PACI1 stimulation transiently reversed the mech-
anical allodynia along with the reduction of the elevated
expression of GFAP to control level. Finally, spinal
co-application of a MEK inhibitor, PD98059, or a JNK
inhibitor, SP600125, with each stimulant almost com-
pletely prevented the induction of the mechanical allody-
nia. These findings together with our previous data
indicate that spinal PACAP-PACI receptor system acti-
vates ERK and JNK signaling pathway to induce mech-
anical allodynia and that spinal astrocytic activation
contributes to both initiation and maintenance of the
PACI receptor-evoked long-term mechanical allodynia.
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Figure 6. Intrathecal co-administration of a MEK inhibitor, PD98059, or a JNK inhibitor, SP600125, with PACAP or Max blocks

the induction of the PCAI receptor-induced long-lasting mechanical allodynia. Effects of PD98059 (a) or SP600125 (b) on the PACAP- or
Max-induced mechanical allodynia. Paw withdrawal threshold to mechanical stimulation is plotted against the time after intrathecal
co-administration of each inhibitor or vehicle with PACAP or Max. Since we have made up stock solutions of the same concentration and
used the same final dose for both inhibitors, we employed the same vehicle control in both Figure 6(a) and (b). After confirming the acute
behavioral effects of these treatments (see Figure S4), we performed Figure 6 experiments. *P < 0.05, compared with pre-drug (at 0 h) data.
#p ~0.01, compared with respective vehicle co-administered control group. Data are mean 4 SEM.

Spinal PAC| receptor activation and hypersensitivity
to mechanical and thermal stimulation
In the present study, we have demonstrated that a single

intrathecal administration of PACAP (100 pmol) or Max
(50 pmol) induced long-lasting hind paw mechanical

allodynia without affecting the thermal nociceptive thresh-
old from 1day post-administration. The reason why we
did not perform mechanical and thermal tests on the day
of PACAP or Max injection was because a single intra-
thecal injection of these agonists evoked aversive behav-
jors such as licking and biting,'" which gradually
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appeared within 3-5min, reached a plateau between
15 and 30 min, and sustained for more than 60 min.?*!
In addition, previous studies by tail-flick or paw-flick test
showed that a single intrathecal PACAP (0.05-0.5 pug;
roughly comparable to 11-110pmol) evoked a short-
term thermal hyperalgesia, which lasted about 90 min
after the injection in mice.'®>®

Although it is still uncertain whether there is a signifi-
cant difference in the contribution of the spinal PACI
receptor signaling between mechanical and thermal noci-
ception, our observations may be in agreement with
the reports that mice lacking PACAP gene did not exhi-
bit mechanical allodynia and thermal hyperalgesia after
peripheral inflammation or nerve injury'> and that
PACAP6-38, a PACAP receptor antagonist, reduced
mechanical allodynia in a neuropathic pain model and
thermal hyperalgesia in an inflammatory pain model.’
These considerations also suggest that PACAP-PACI
receptor signaling might be critically involved in the ini-
tiation and maintenance of pathological pain.

The contribution of astrocytes to the PAC/
receptor-induced long-lasting mechanical allodynia

Recent progress points to an important role of astrocytes
in the spinal cord for the maintenance of inflammatory
and neuropathic pain.>® ®* In accordance with this notion,
we have shown that intrathecal injection of PACAP or
Max induced persistent upregulation of GFAP expression
level in parallel with the long-lasting mechanical allody-
nia, and simultaneous application of L-o-AA with these
PACI1 agonists markedly repressed the induction of the
mechanical allodynia. Furthermore, intrathecal applica-
tion of L-a-AA at 84 days after the PACI receptor stimu-
lation transiently reversed the mechanical allodynia
concomitant with the reduction of the elevated expression
of GFAP to control level. These observations suggest that
spinal PACI1 receptor-mediated astroglial activation
contributes to both induction and maintenance of the pro-
longed mechanical allodynia. Although the underlying
mechanisms of such a long-term activation of spinal
astrocytes remain to be determined, we hypothesize that
interactions between spinal dorsal horn neurons and
astrocytes by signaling molecules might be important to
maintain the astroglial activation.

Since spinal PACAP-PACI receptor signaling induced
GFAP upregulation after neuronal ERK activation (see
below) as shown in a previous our study,”® it may be
reasonable to speculate that the activation of spinal astro-
cytes would be primarily induced by indirect effects of
neuronal PACI receptor activation rather than direct
effects through the astroglial PACI1 receptor. However,
we cannot completely exclude a possible contribution of
the direct activation of PACI receptor on spinal astro-
cytes to the astroglial activation because we found the

occasional detection of PACI receptor-like immunoreac-
tivity on spinal astrocytes in this study. Further study
would be required to understand the functional signifi-
cance of the spinal astroglial PACI receptor.

In any case, we currently speculate that spinal PAC1
activation initiates rapid crosstalk between dorsal horn
neurons and astrocytes, contributing to the onset of
spontaneous aversive behaviors,?® which then develops
into mechanical allodynia. Interfering this crosstalk by
L-a-AA may effectively alleviate the initiation of the
aversive behaviors, eventually result in the blockade of
the mechanical allodynia induction.

Involvement of ERK and JNK activation
in the induction of the PACI
receptor-induced mechanical allodynia

MAP kinases represent a family of serine-threonine
kinases that are activated by a broad array of extracel-
lular stimuli.?****%* There are three major MAP kinase
members, ERK, JNK, and p38, and accumulating
evidence suggest that all three MAP kinase pathways
contribute to neuronal plasticity associated with
chronic pain. Our previous study showed that spinal
co-administration of PD98059 (a MEK inhibitor) or
SP600125 (a JNK inhibitor) with Max largely suppressed
the Max-induced nociceptive behaviors as shown in
Figure S4, and these and other lines of evidence sug-
gested that activation of ERK and JNK in the spinal
dorsal horn neurons and astrocytes, respectively, con-
tributes to the induction of the spinal PAC1 receptor-
induced nociceptive behaviors.”® As expected, the same
treatment of MAP kinase inhibitors with PACAP or
Max almost completely blocked the development of
the mechanical allodynia. Thus, spinal ERK and JNK
signaling pathways also play important roles in the
induction of the PACI1 receptor-induced long-term
mechanical allodynia.

At present, we do not know whether ERK and JNK
are activated in other spinal cell types at different times
following the PAC1 activation. It was demonstrated that
spinal nerve injury induced an immediate (< 10 min) but
transient (< 6 h) activation of ERK, which was restricted
to spinal dorsal horn neurons. This was followed by a
widespread activation of ERK in spinal microglia, which
peaked between one and three days after the nerve
injury. On day 10, activation of ERK was observed in
both microglia and astrocytes, but by day 21, predomin-
antly in astrocytes in the dorsal horn.®® Further extensive
immunohistochemical analyses are necessary to deter-
mine the contribution of temporal activation of ERK
and JNK to the maintenance of the PACI receptor-
induced mechanical allodynia.

Taken together, our present data show that spinal
PACI receptor-mediated astroglial activation contributes
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to both induction and maintenance of the long-lasting
mechanical allodynia. Our data also suggest that the
PACI receptor-mediated spinal ERK and JNK signal
transduction system play important roles in the induction
of the long-term mechanical allodynia. Thus, targeting
PACI receptor signaling pathway may provide a new
avenue for chronic pain therapy.

Conclusions

The interaction between spinal dorsal horn neurons and
astrocytes evoked by PACAP-PACI receptor-mediated
signal transduction is critically involved in the induction
and maintenance of the long-lasting mechanical allody-
nia. The signaling pathway linking between PACI1 recep-
tor stimulation and astroglial activation may offer a new
opportunity to treat intractable chronic pain.
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