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Pituitary adenylate cyclase-activating polypeptide (PACAP) has
been reported to decrease ischemic neuronal damage and increase
IL-6 secretion in rats. However, the mechanisms underlying neu-
roprotection are still to be fully elucidated. The present study was
designed to investigate the role played by PACAP and IL-6 in
mediating neuroprotection after ischemia in a null mouse. Infarct
volume, neurological deficits, and cytochrome c in cytoplasm were
higher in PACAP�/� and PACAP�/� mice than in PACAP�/� animals
after focal ischemia, although the severity of response was ame-
liorated by the injection of PACAP38. A decrease in mitochondrial
bcl-2 was also accentuated in PACAP�/� and PACAP�/� mice, but
the decrease could be prevented by PACAP38 injection. PACAP
receptor 1 (PAC1R) immunoreactivity was colocalized with IL-6
immunoreactivity in neurons, although the intensity of IL-6 immu-
noreactivity in PACAP�/� mice was less than that in PACAP�/�

animals. IL-6 levels increased in response to PACAP38 injection, an
effect that was canceled by cotreatment with the PAC1R antago-
nist. However, unlike in wild-type controls, PACAP38 treatment did
not reduce the infarction in IL-6 null mice. To clarify the signaling
pathway associated with the activity of PACAP and IL-6, phosphor-
ylated STAT (signal transducer and activator of transcription) 3,
ERK (extracellular signal-regulated kinase), and AKT levels were
examined in PACAP�/� and IL-6 null mice after ischemia. Lower
levels of pSTAT3 and pERK were observed in the PACAP�/� mice,
whereas a reduction in pSTAT3 was recorded in the IL-6 null mice.
These results suggest that PACAP prevents neuronal cell death
after ischemia via a signaling mechanism involving IL-6.

bcl-2 � extracellular signal-regulated kinase � ischemia � pituitary adenylate
cyclase-activating polypeptide-specific receptor � signal transducer and
activator of transcription 3

P ituitary adenylate cyclase-activating polypeptide (PACAP),
first isolated from ovine hypothalamus, belongs to the se-

cretin�glucagon�vasoactive intestinal peptide (VIP) superfamily
and exists in two amidated forms, PACAP38 and PACAP27 (1).
PACAP is considered to play an important role in mediating
antiinflammatory responses (2, 3) as well as vasodilation and
bronchodilation (4–6) through three specific receptors: PACAP
receptor 1 (PAC1R) and two VIP�PACAP receptors (7).
PACAP has also been shown to have neuroprotective effects at
very low concentrations, with intracerebroventricular (i.c.v.)
infusion of PACAP in the rat preventing neuronal loss in the
hippocampus and decreasing the extent of infarction after global
and focal ischemia (8–11). Given that PACAP can cross the
blood–brain barrier by a saturable mechanism (12, 13), its i.v.
injection has also been demonstrated to prevent ischemic neu-
ronal damage in transient global and focal ischemia (8, 11).

Various in vitro studies involving exposure to �-amyloid (14),
ceramide (15, 16), hydroxyl peroxide (17), and ethanol (18, 19)
have indicated that the neurotrophic PACAP signaling pathway
is increased or activated by means of phosphorylation of the
extracellular signal-regulated kinase (ERK) type of mitogen-
activated protein kinase (15–17), phosphatidylinositol 3�-OH
kinase (18), and protein kinase A (18, 20) but is decreased or
inhibited by means of the phosphorylation of cJun N-terminal
kinase (JNK) (15) and the caspases cascade (14, 17). PACAP
suppresses cell death indirectly by the induction of BDNF in
neuronal culture by glutamate toxicity (21, 22). Moreover,
PACAP injection has been demonstrated to increase IL-6 levels
in cultured astrocytes, folliculo stellate cells, and the pituitary (1,
23, 24). Similarly, we have previously reported that i.c.v. injection
of PACAP induces IL-6 secretion in cerebrospinal f luid (CSF)
and inhibits JNK and p38 phosphorylation in the hippocampus
after cardiac arrest in the rat (25). However, the role of
endogenous PACAP in mediating neuroprotection after isch-
emia in vivo, together with the underlying regulatory mecha-
nisms, remains to be elucidated.

IL-6, a pleiotrophic cytokine, regulates both innate and ac-
quired immunity and inflammatory responses (26–28). IL-6 and
its receptor (IL-6R) are expressed in neurons after ischemia
(29–31), and it has been shown that i.c.v. injection of IL-6 in rats
decreases the infarct volume (32), and endogenous IL-6 also
plays a neuroprotective role through thermoregulation (33).
More recently, IL-6R antibody injection increased infarct vol-
ume after ischemia (34). Together, these findings suggest that
IL-6 plays a pivotal role in mediating neuronal survival. IL-6
binds to the IL-6R and gp130 heterodimer, which is involved in
the activation of phosphatidylinositol 3�-OH kinase�AKT (the
AKT8 virus oncogene cellular homolog), Janus kinase�STAT
(signal transducers and activators of transcription), and ERK
pathways, which are known to participate in antiapoptosis
(27, 34).
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Although numerous papers have reported a neuroprotective
role for PACAP and IL-6, there is still a lack of direct evidence.
In this study, we first investigated the involvement of endogenous
PACAP that exists in the brain on neuroprotection by using a
PACAP null mouse. We then demonstrated, by using IL-6 null
mice, that PACAP is involved in the generation of IL-6 through
PAC1R and that PACAP decreases ischemic neuronal cell death
in association with the IL-6 signaling pathway.

Results
PACAP Lessens Severity of Ischemic Neuronal Cell Death. To evaluate
the role of endogenous PACAP during ischemia in the mouse,
the infarct volume at 24 h and the neurological deficit score at
2 h after permanent middle cerebral artery occlusion (pMCAO)
were determined in wild-type, heterozygous, and PACAP null
(PACAP�/�, PACAP�/�, and PACAP�/�, respectively) mice.
The infarct volume in both the PACAP�/� and PACAP�/� mice
(P � 0.01) was significantly larger than that in the PACAP�/�

mice (Fig. 1 A and B), with the former groups also recording
larger neurological deficit scores (Fig. 1C). To confirm the
effects of endogenous PACAP on the brain, PACAP38 (1 pmol)
was administrated into the lateral ventricle as compensation for
endogenous PACAP in PACAP�/� and PACAP�/� mice im-
mediately after pMCAO. As shown in Fig. 1 D and E, both the
infarct volume and neurological deficit score improved signifi-
cantly in the PACAP38-treaed groups.

Cytochrome c Release and bcl-2 Levels After MCAO. Recently, the
release of cytochrome c into cytoplasm has been suggested as a
key event of cell death induction, and bcl-2 is shown to have a
role in the regulation of the switching as an antiapoptotic factor

(35–37). To investigate the pathway underlying cell death, cy-
tochrome c release from mitochondria to cytoplasm and bcl-2
level in mitochondria before (0 h) and 6 h after pMCAO were
determined by immunoblotting after cell fractionation (Fig. 1
F–H). Cytochrome c signals were localized mostly in the mito-
chondrial fraction, and few were detected in cytoplasmic fraction
at 0 h (Fig. 1F). However, 6 h later, the cytochrome c levels in
the cytoplasmic fraction of PACAP�/� and PACAP�/� mice
were higher than those in PACAP�/� mice (Fig. 1G; n � 5–6).
Expressions of bcl-2 were observed in the mitochondrial fraction
for each genotype of PACAP null mice before ischemia (Fig.
1H). The bcl-2 levels in PACAP�/� and PACAP�/� mice
decreased at 6 h after ischemia, and the bcl-2 levels in
PACAP�/� mice decreased significantly in comparison with
those in PACAP�/� mice (n � 4; data not shown). These effects
were abolished by administration of PACAP38 (1 pmol i.c.v.)
immediately after pMCAO (Fig. 1 G and H).

IL-6 Expression in Response to PACAP After MCAO. Previously, we
have suggested that neuroprotective pathways of PACAP are
involved in the regulation of IL-6 secretion through PAC1R after
ischemia (25). To investigate whether the neuroprotective effect
of PACAP involved the regulation of IL-6, costaining for
PAC1R and IL-6 with a neuronal marker, NeuN, was performed.
Little IL-6 immunoreactivity (ir) was observed in the brain at 0 h.
However, IL-6 ir increased throughout both hemispheres after
an ischemic insult (data not shown). As illustrated in Fig. 2A,
both PAC1R- and IL-6 ir were colocalized with NeuN stained
neurons 4 h after pMCAO. Furthermore, the intensity of IL-6 ir
in PACAP�/� mice was less than that in PACAP�/� mice in the
neocortex of both hemispheres (Fig. 2B).

Fig. 1. PACAP null mice exhibit ischemic neuronal damage that is suppressed by infusion of PACAP38. (A) Areas of brain infarction in PACAP�/�, PACAP�/�,
and PACAP�/� mice 24 h after pMCAO appear white. (B) Infarct volumes 24 h after pMCAO in PACAP�/� and PACAP�/� mice are larger than those of PACAP�/�

mice. (C) PACAP�/� and PACAP�/� mice display significantly larger neurological deficit scores than PACAP�/� mice (P � 0.05). (D and E) Infarct volume (D) and
neurological deficit (E) scores after pMCAO are improved by i.c.v. injection of PACAP38 (P � 0.05 for each). Each value is the mean � SE. (F and G) Cytochrome
c (cyt-c) levels in mitochondrial (F) and cytoplasmic (G) fraction revealed by immunoblotting (IB) before (0 h) and 6 h after pMCAO in PACAP null mice (n � 5–6
per time point). Most of the cyt-c signals are detected in mitochondrial fraction at 0 h (top rows). PACAP�/� and PACAP�/� mice exhibit a cyt-c level increase in
cytoplasmic fraction (middle rows) compared with PACAP�/� mice 6 h after pMCAO. The increase is suppressed by PACAP38 (PA38) injection (bottom rows). (H)
Bcl-2 levels in the mitochondrial fraction in PACAP�/� and PACAP�/� mice are lower than those in PACAP�/� mice at 6 h (middle rows) after pMCAO (n � 4 per
time point). The decreases in bcl-2 are cancelled by PACAP38 injection (bottom rows). Cytochrome oxidase subunit I and �-tubulin served as internal controls
for the mitochondrial and cytoplasmic fractions, respectively (F–H Right).
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It has been reported that PACAP38 can cross the blood–brain
barrier (12, 13) and that i.v. application of PACAP38 also
decreases neuronal cell death (8, 11). Generation of IL-6 after
administration of PACAP38 by i.v. injection was evaluated in
wild-type (IL-6�/�) mice 4 h after transient MCAO (tMCAO).
When measured in CSF with a B9 bioassay (Fig. 2C), the IL-6
levels in PACAP38-treated mice were found to be significantly
higher than those in vehicle-treated animals. Coinfusion of
PACAP38 with the PAC1R antagonist, PACAP6-38, abolished
this effect. No response was observed in IL-6 null (IL-6�/�) mice.
PACAP38 treatment also increased IL-6 mRNA expression in
the brain, as determined by RT-PCR, whereas cotreatment with
PACAP6-38 partially suppressed this response (Fig. 2D).

Effect of PACAP38 Treatment on Infarct Volume in IL-6 Knockout Mice.
Having shown that PACAP was involved in the expression of
IL-6 after ischemia, we next evaluated whether this effect was the
basis for the neuroprotective effect of PACAP (Fig. 2 E and F).
i.v. injection of PACAP38 in IL-6�/� mice significantly de-
creased the infarct volume after tMCAO compared with the
response in vehicle-treated animals (31.8 � 21.4 vs. 59.7 � 21.3
mm3; P � 0.01). However, when IL-6�/� mice were treated with
PACAP38, no reduction of infarct volume was observed at either

0.5 or 1 h after ischemia. To check whether vasodilatation caused
by PACAP38 was a contributory factor in this outcome, regional
cerebral blood flow was evaluated in IL-6�/� and IL-6�/� mice
with or without PACAP38 treatment, revealing no significant
differences (data not shown). Thus, the neuroprotective effect of
PACAP appeared to be mediated by means of the regulation
of IL-6.

Contribution of PACAP and IL-6 to the Intracellular Signaling Pathway.
To evaluate the role of PACAP and IL-6 in antiapoptotic
signaling pathways, phosphorylated (p) STAT3, ERK, and AKT
levels in the brain of PACAP�/� or IL-6�/� mice were compared
with those in wild-type animals after pMCAO (Fig. 3).

In PACAP�/� mice, pSTAT3 and pERK levels were signifi-
cantly decreased, whereas there was no significant change in the
level of pAKT (Fig. 3 A–D). In contrast, in IL-6�/� mice, the level
of pSTAT3 was significantly lower than that in IL-6�/� animals,
but pAKT and pERK levels were not significantly different (Fig.
3 A and E–G).

The localization of pERK and pSTAT3 was then determined
by costaining with a neuronal marker, NeuN. As shown in Fig.
4, both the pERK ir and pSTAT3 ir were clearly observed in
neuronal nuclei.

Discussion
In this study, we have shown by using PACAP null mice that (i)
endogenous PACAP plays a critical role in the prevention of

Fig. 2. PACAP decreases ischemic neuronal cell death in association with the
IL-6 generation pathway through PAC1R. (A) IL-6 ir (green) is colocalized with
PAC1R (red) in neurons (blue) identified by using the neuronal marker NeuN.
(B) Intensity of IL-6 ir in PACAP�/� (PA�/�) mice is less than that in PACAP�/�

mice (PA�/�) in ipsilateral (ipsi) and contralateral (contra) hemispheres. (C)
IL-6 levels in CSF as determined by B9 bioassay are significantly increased after
PACAP38 (PA38) infusion (i.v.) compared with vehicle (veh) infusion. This
response is suppressed by administration of PACAP38 plus PACAP6-38
(PA38�PA6-38). No effect was observed in IL-6�/� mice. (D) IL-6 mRNA expres-
sion at 4 h after MCAO, as determined by RT-PCR, is higher in the brain after
PACAP38 infusion than after vehicle infusion and is reduced by administration
of PACAP plus PACAP6-38. (E) Images of the brain in IL-6�/� and IL-6�/� mice
24 h after tMCAO. (F) Infarct volume in IL-6�/� mice treated with PACAP38 is
less than that in animals treated with vehicle. In contrast, no PACAP38-
mediated neuroprotection is apparent in IL-6 �/� mice at either 30 or 60 min
tMCAO.

Fig. 3. PACAP and IL-6 regulate antiapoptotic signals. (A) Representative
immunoblotting signals before and after tMCAO in PACAP (Left) or IL-6
(Right) null mice. (B–G) Effect of PACAP and IL-6 on pERK (B and E), pSTAT3 (C
and F), and pAKT (D and G) after pMCAO. In PACAP�/� mice (gray bars), pERK
(B) and pSTAT3 (C) are significantly reduced compared with levels in PACAP�/�

mice (black bars). In IL-6�/� mice (white bars), pSTAT3 (F) levels are less than
those in IL-6�/� mice (black bars). There are no significant differences in pAKT
(D and G). Each value is the mean � SE (n � 4–8).
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ischemic neuronal cell death in vivo and that (ii) PACAP
suppresses cytochrome c release by means of the regulation of
bcl-2 in mitochondria. Furthermore, we determined by using
both PACAP and IL-6 null mice that (iii) PACAP regulates
pERK directly and pSTAT3 indirectly by the generation of IL-6
through PAC1R in neurons.

It has previously been shown that a very low concentration of
exogenously applied PACAP suppresses neuronal cell death in
rat global and local brain ischemia models (8–11). However, to
our knowledge, the role of endogenous PACAP and its effect in
a mouse ischemia model had not been addressed. In this study,
both PACAP null mice and PACAP�/� animals subjected to
pMCAO displayed a significant increase in neuronal damage, as
evaluated by neurological deficit score and infarct volume.
However, this deterioration could be ameliorated in PACAP
null mice by PACAP38 treatment. These results indicate that
endogenous PACAP participates in the prevention of neuronal
damage. Previously, the targets of PACAP in relation to neu-
roprotection have been poorly understood, although the involve-
ment of some signaling and neurotrophic factors has been
assumed based on in vitro paradigms. Recently, it has been
suggested that the release of cytochrome c into cytoplasm plays
a central role in cell death induction and that the bcl-2 family
regulates the switching of life or death (35–37). In this present
study, we clearly demonstrated that bcl-2 levels in mitochondria
decreased dramatically in PACAP�/� and PACAP�/� mice after
ischemia but recovered in response to PACAP38 treatment.
Moreover, the cytochrome c level in cytoplasm after ischemia
was increased in the PACAP null mice but was reduced after
administration of PACAP38. These findings were explored
further in vivo to elucidate the underlying mechanism, focusing
on the possible involvement of IL-6, a known neurotrophic
cytokine (27, 32) that, as we previously demonstrated, is released
in response to PACAP (10, 23, 25). IL-6 ir was shown to
colocalize with PAC1R ir in neurons, with the intensity of IL-6
ir in PACAP�/� mice being less than that in PACAP�/� animals.
IL-6 levels were increased after PACAP38 injection, a response
that was inhibited in the presence of a PAC1R antagonist.
However, PACAP38 injection in IL-6�/� mice did not decrease
the infarct volume as greatly as it did in IL-6�/� mice. Taken
together, these results strongly suggested that the neuroprotec-
tive effect of PACAP is associated with IL-6 signaling through
PAC1R, leading us to investigate the phosphorylation of IL-6
signaling factors such as STAT3, ERK, and AKT in PACAP and
IL-6 null mice. In IL-6 null mice, only pSTAT3 was decreased,
whereas in PACAP null mice, both pSTAT3 and pERK levels

were lower. Recently, blocking the IL-6 receptor has been shown
to decrease levels of pSTAT3 (34) but not pERK and pAKT.
Moreover, injection of leukemia inhibitory factor, a member of
the IL-6 family, leads to an increase in pSTAT3, but not pERK
or pAKT, after MCAO (38). pSTAT3 has been shown to
increase the expression of bcl-2 (27, 39). Thus, PACAP might
express bcl-2 by regulating STAT3 indirectly via the IL-6 sig-
naling pathway. In contrast, we could not observe a direct
contribution of pERK on suppression of neuronal damage
because the effect of PACAP38 was canceled in IL-6�/� mice.
However, a number of studies have shown that pERK is involved
in augmenting bcl-2 phosphorylation and serves as an antiapo-
ptotic factor (40, 41). It is presumed that bcl-2 expression
decreases in IL-6�/� mice, given the decrease in pSTAT3 in these
animals and the fact that bcl-2 phosphorylation by pERK is
weakened by the reduction in bcl-2. Thus, both the ERK and
STAT3 signaling pathways might be acting synergistically to
enhance bcl-2 expression and phosphorylation, thus reducing
cytochrome c release from mitochondria and preventing neu-
ronal cell death (Fig. 5).

In this study, we could not demonstrate the participation of
astrocytes in the neuroprotective pathways at acute periods
(several hours after ischemia) because PAC1R-positive reaction
localized in neurons, but not in astrocytes, at these periods.
However, we have shown previously that PAC1R expresses in
activated astrocytes several days after stab wounding (42) and
that PACAP application increases IL-6 in cultural astrocytes
(24). Moreover, it has been reported that PACAP prevented
delayed neuronal cell death even if PACAP infusion was begun
several hours after the onset of ischemia (8, 9, 11). These
previous results imply that PACAP might have other mecha-
nisms of neuroprotection via astrocytes at chronic periods of
ischemia. The role and action of PACAP and IL-6 at chronic
periods of ischemia still must be clarified. The findings that
PACAP can stimulate bcl-2 expression, perhaps through multi-
ple pathways, and the elucidation of the pathways of PACAP
involved in the association with IL-6 by means of PAC1-R have
important bearings on the neuroprotectant potential of PACAP
in clinical applications.

In conclusion, we have demonstrated a neuroprotective mech-
anism mediated by PACAP in vivo after ischemia. PACAP
decreases neuronal cell death by suppressing cytochrome c
release by means of bcl-2 regulation. Moreover, a synergistic

Fig. 4. Coimmunostaining of pERK (A) and pSTAT3 (B) with the neuron
marker NeuN after pMCAO. Coimmunostaining for pERK and pSTAT3 with
NeuN reveals that phosphorylation of the intracellular signaling factors are
localized in nuclei of neurons after pMCAO. Blue is DAPI staining as counter-
staining of nuclei.

Fig. 5. Schematic diagram illustrating PACAP-mediated neuroprotection
after ischemia. PACAP is involved in the expression of IL-6 through PAC1R.
PACAP phosphorylates ERK directly and STAT3 indirectly by means of IL-6.
STAT3 and ERK increase and phosphorylate bcl-2, suppressing cytochrome c
release from the mitochondria to the cytoplasm, thereby preventing neuronal
cell death.
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effect of bcl-2 is also suggested by the increases in pERK and
pSTAT3 associated with IL-6.

Methods
Mice. All experimental procedures involving animals were ap-
proved by the Institutional Animal Care and Use Committee of
Showa University (regulation nos. 04093, 04096, 03020, and
02098). PACAP null (C57�B6J) mice are described in ref. 43,
and IL-6�/� (BALB�c) mice are described in ref. 44. The IL-6�/�

mice were generated from the same chimeric founder, and
experiments were performed in age- and weight-matched ani-
mals. Because PACAP null mice showed a high rate of lethality
at 1–2 weeks after birth (43), in the present study, some
experiments were performed only in PACAP�/� and wild-type
mice.

MCAO Production and PACAP38 Injection. Mice were anesthetized
with 2.0% sevoflurane in N2O�O2, after which, they were
subjected to pMCAO or tMCAO according to an intraluminal
filament technique by using a monofilament nylon suture as
described (45). IL-6�/� and IL-6�/� mice were briefly reanes-
thetized at 0.5 or 1.0 h after MCAO, and the suture was
withdrawn, allowing reperfusion to occur (tMCAO). Animals
that did not show grade 1 neurological symptoms 1 h after
ischemia or those that hemorrhaged were excluded from the
experiment.

After MCAO, some PACAP�/�, PACAP�/�, and PACAP�/�

mice were fixed to a stereotaxic frame and bolus-injected into the
lateral ventricle of the contralateral hemisphere with 1 �l of
either PACAP38 (1 pmol��l, Peptide Institute, Osaka) or
vehicle (artificial CSF) for 8 min.

In contrast, some IL-6�/� and IL-6�/� mice were bolus-
injected into the jugular vein with vehicle (0.1% BSA�saline),
PACAP38 (5 nmol�kg), or PACAP38 plus PACAP6-38 (50
nmol�kg; Peptide Institute, Osaka). A PE10 polyethylene tube
connected to a miniosmotic pump (0.5 �l�h; Alza) that was filled
vehicle, PACAP38 (32 pmol��l), or PACAP plus PACAP6-38
(320 pmol��l) was then inserted for continuous administration.
All doses were chosen on the basis of our previous in vivo rat
studies (8–10).

Evaluation of Cell Death After Ischemia. Cell death after MCAO was
evaluated by neurological deficit (2 h) and infarct volume as
reported (45, 46). Briefly, neurological deficits were evaluated
based on five grades (grades 0–4) as follows: 0 (normal), no
observable neurological deficit; 1 (mild), failure to extend the
contralateral forepaw upon lifting the animal by the tail; 2
(moderate), circling to the contralateral side; 3 (severe), leaning
to the contralateral side when at rest; and 4 (heavy), no
spontaneous motor activity. One hour after ischemia, any animal
that was not displaying at least grade 1 deficits was excluded from
the experiment.

Calculation of Infarct Volume. Infarct volume 24 h after ischemia
was determined by using NIH IMAGE software analysis after
2,3,5-triphenyltetrazolium chloride (TTC) staining as described
(47). Briefly, the animal was decapitated, and the brain was
sliced into four 2-mm coronal sections by using a mouse brain
matrix. The brain slices were then stained with 2% TTC at 37°C
for 30 min and photographed on the anterior surface of each
section with a scale bar. The areas of infarction were delineated
on the basis of the relative lack of staining in the ischemic slice
and measured by using NIH IMAGE software.

Western Blot Analysis. Cerebrums at 0 h (sham-operated) and 4
and 8 h after MCAO were removed from decapitated animals
and divided into the ipsilateral and contralateral hemispheres.
The samples were then homogenized in lysis buffer as described

(48) before being centrifuged at 12,000 � g for 30 min at 4°C.
Supernatant was collected as total cell lysate for the detection of
phospho-specific antibodies. Mitochondrial and cytosolic pro-
teins were fractionated by using the Mitochondria�Cytosol
Fractionation Kit (BioVision Research Products, Mountain
View, CA) to evaluate cytochrome c and bcl-2 levels. The cell
fractionations were confirmed by immunoblotting for cyto-
chrome oxidase subunit I (a mitochondrial marker) and �-
tubulin (a cytoplasmic marker) and by assaying for the enzymes
succinate dehydrogenase (a mitochondrial protein) and lactate
dehydrogenase (a cytoplasmic marker; data not shown). Protein
concentrations were determined by the Bradford method
(Bio-Rad).

The total cell lysate, as well as the mitochondrial and cyto-
plasmic samples, was loaded onto a 10–15% SDS�PAGE. After
transfer, the membrane was blocked with 1% skim milk�PBS for
1 h and probed with rabbit polyclonal antibody to cytochrome c
(1:2,000; Santa Cruz Biotechnology), pERK (1:1,000; Cell Sig-
naling Technology, Beverly, MA), or pSTAT3 (1:1,000; Cell
Signaling Technology) or with mouse monoclonal antibodies to
cytochrome oxidase subunit I (1:1,000; Molecular Probes), �-
tubulin (1:4,000; Sigma), bcl-2� (1:200; Sigma), or pAKT
(1:1,000; Cell Signaling Technology) for 1.5 h. The membranes
were then incubated with horseradish peroxidase-conjugated
anti-rabbit IgG (1:3,000; Amersham Pharmacia) or anti-mouse
IgG (1:2,000; Amersham Pharmacia) for 1 h, and protein bands
were visualized by using a chemiluminescent system (Super-
Signal West Dura Extended Duration Substrate, Pierce). The
films were scanned, and the densities of the signals were quan-
tified with the NIH IMAGE 1.62 image analyzer.

Immunohistochemistry. Mice were fixed with 2% paraformalde-
hyde in PBS under sodium pentobarbital (50 mg�kg i.p.) anes-
thesia at 4 h after MCAO. Their brains were removed, postfixed,
embedded in 20% sucrose, and cryosectioned (8 �m) for im-
munohistochemical staining.

For IL-6 staining alone, sections were pretreated with 0.3%
H2O2 and 2.5% normal horse serum followed by incubation in
a rat monoclonal anti-mouse IL-6 antibody (1:50; BioSource
International, Camarillo, CA). After subsequent incubation with
biotinylated goat anti-rat IgG (Vector Laboratories) for 1.5 h,
the sections were visualized by using avidin–biotin complex�
diaminobenzidine as a chromogen (Vector Laboratories).

Costaining for IL-6 and PAC1R with NeuN was performed to
identify the distribution of IL-6. After pretreatment with 2.5%
normal horse serum, sections were coincubated with anti-IL-6
antibody, rabbit polyclonal anti-PAC1R antibody (1:500), and
mouse monoclonal anti-NeuN antibody (1:1,000; Chemicon).
The rabbit polyclonal anti-PAC1R antibody was raised by using
the N-terminal residue as an antigen (42). After incubation, the
sections were immersed in Alexa Fluor 350-, 488-, and 546-
labeled anti-mouse, anti-rat, or anti-rabbit IgG secondary anti-
bodies (1:400; Molecular Probes). To identify the cellular
sources of intracellular signaling, costaining for pERK or
pSTAT3 and NeuN was also performed, following a similar
procedure to that described above, except for a pretreatment
step with 1 mM EDTA (pH 8.0) for 15 min at 85°C and the use
of rabbit polyclonal antibodies for pERK (1:200) or pSTAT3
(1:250) and anti-NeuN. At the end of the staining periods, the
sections were counterstained with DAPI. All of the above
procedures were carried out on three to four brains per condi-
tion. Sections were observed with the aid of a fluorescence
microscope (Keyence, Tokyo).

B9 Bioassay for IL-6 in CSF. IL-6 bioactivity was measured by using
proliferation of the mouse IL-6-dependent hybridoma sub-
clone B9 as described (24). Brief ly, CSF was carefully collected
from cisterna magna (n � 8) under sodium pentobarbital (50
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mg�kg i.p.) anesthesia 4 h after tMCAO. This time point was
chosen based on our preliminary studies to check IL-6 bioac-
tivity in plasma and CSF. Samples and standard were pipetted
into 96-well plates in six consecutive 1:1 dilutions. B9 cells were
added to the wells, and the plates were incubated for 72 h. At
the end of the incubation period, proliferation in the cells was
determined colorimetrically by using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (Sigma) at 570 nm.
PACAP and PACAP6-38 did not inf luence proliferation of B9
cells when added at concentrations identical to those used in
these experiments.

RT-PCR of IL-6. Brains were removed under barbiturate anesthesia
at 4 h after tMCAO and immediately separated on ice into
contralateral and ipsilateral hemispheres. The samples were then
snap-frozen by using liquid nitrogen and stored at �80°C until
assayed. Total mRNA was extracted by using the acid phenol-
guanidinium thiocianate method (49).

cDNA was synthesized from RNA (1.0 �g) as described (45).
PCR amplification of cDNA was carried out with primers

specific for IL-6 with �-actin (data not shown) used as a
housekeeping gene. Primers used for PCR were determined as
reported (50). DNA fragments were amplified as follows: 95°C
for 1 min and then 35 (IL-6) and 20 (�-actin) cycles of 60°C for
30 s and 72°C for 1 min. The number of cycles ensuring
nonsaturating PCR conditions was established in preliminary
studies. PCR products were analyzed by electrophoresis on a 2%
agarose gel containing ethidium bromide.

Statistical Analysis. Data are expressed as mean � SEM. Statis-
tical comparisons were made by one-way ANOVA after Dun-
nett’s post-hoc tests compared with the sham-operated control
(0 h) or the vehicle-treated mice. P � 0.05 was considered
statistically significant.
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