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ffect  of  PACAP  on  MAP  kinases,  Akt  and  cytokine  expressions  in  rat  retinal
ypoperfusion
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Effects  of  intravitreal  PACAP  was  tested  in  hypoperfusion-induced  retinal  injury.
PACAP  attenuates  inflammatory  cytokine  response  upon  ischemia  in  the retina.
PACAP  induces  ERK1/2  and  Akt  activation  in  ischemic  retina.
PACAP  inhibits  JNK  and  p38  MAPK  expression.
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a  b  s  t  r  a  c  t

Pituitary  adenylate  cyclase  activating  polypeptide  (PACAP)  is known  for its  potent  neuroprotective  effects,
including the  retinoprotective  actions  in several  types  of  retinal  injuries.  We  have  shown  earlier  that
PACAP  treatment  causes  activation  of  protective  pathways  and  inhibition  of  pro-apoptotic  signaling  in
excitotoxic  retinal  lesions.  The  aim  of  the  present  study  was  to gain  insight  into  the  in  vivo  protec-
tive  mechanism  of  PACAP  in  retinal  hypoperfusion  injury  induced  by bilateral  common  carotid  artery
occlusion  (BCCAO).  Rats  underwent  BCCAO  and  received  intravitreal  PACAP  (PACAP38)  treatment.  We
investigated  the  activation  level  of the protective  Akt pathway  as  well  as  the different  mitogen  activated
protein  kinases  (MAPKs)  by  Western  blot  analysis  and  the  expression  of cytokines  using  a  cytokine  array
kit. We  found  that  PACAP  treatment  alone  did  not  influence  the phosphorylation  of  Akt or  the  MAPKs,
but  decreased  the hypoperfusion-induced  activation  of  both  p38MAPK  and  JNK  and  increased  the  acti-
38MAPK
kt

vation  of  the  protective  Akt  and  ERK1/2  in  hypoperfused  retinas.  The  cytokine  profile  was  dramatically
changed  after  BCCAO,  with  most  cytokines  and  chemokines  showing  an increase,  which  was  attenuated
by  PACAP  (such  as  CINC,  CNTF,  fractalkine,  sICAM,  IL-1,  LIX, Selectin,  MIP-1,  RANTES  and  TIMP-1).  In addi-
tion, PACAP  increased  the  expression  of  VEGF  and  thymus  chemokine.  The  present  results  provide  further
insight  into  the  neuroprotective  mechanism  induced  by  PACAP  in  ischemic  retinal  injuries,  showing  that
PACAP  ameliorates  hypoperfusion  injury  involving  Akt,  MAPK  pathways  and  anti-inflammatory  actions.
∗ Corresponding author at: Department of Anatomy, University of Pecs, 7624 Pecs,
zigeti u 12, Hungary. Tel.: +36 72 536001 35398; fax: +36 72 36393.
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1. Introduction

Pituitary adenylate cyclase activating polypeptide (PACAP) is a
neuropeptide with miscellaneous actions in the nervous system
and peripheral organs [38,41,49].  The effects of PACAP in the eye

are also diverse. Actions on the pupillary reflex, tear secretion and
retinohypothalamic circadian system, as well as trophic effects dur-
ing retinal development have been described [7,17,20,24]. One of
the well-studied effects of PACAP in the eye is itsretinoprotection

dx.doi.org/10.1016/j.neulet.2012.06.044
http://www.sciencedirect.com/science/journal/03043940
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ction [4].  PACAP protects against various harmful stimuli in
he retina, such as monosodium glutamate-, NMDA- or kainate-
nduced excitotoxic injury, UV light-induced retinal degeneration
nd diabetic retinopathy [3,5,6,16,28,40,43,44].

Retinal hypoperfusion or ischemia activates inflammatory reac-
ions and induces apoptotic pathways that eventually lead to
egeneration and visual impairment [33]. Ischemia is associated
ith several retinal vascular diseases including diabetic retinopa-

hy, retinal artery occlusion and carotid artery stenosis [14].
ilateral common carotid artery occlusion (BCCAO) causes mild
erebral hypoperfusion [18] and, depending on rat strain, it leads to
etinal degeneration. We  have previously studied different neuro-
rotective strategies using this rat model [42]. We  have also shown
hat both PACAP and VIP are retinoprotective in chronic retinal
ypoperfusion [2,45].

The neuroprotective effects of PACAP seem to be mediated
y influencing signaling pathways at different levels. The main
ffects involved are the anti-apoptotic, anti-inflammatory and anti-
xidant effects. As a first step in investigating the PACAP-induced
etinoprotective mechanism, we have studied signaling pathways
n glutamate-induced excitotoxic degeneration. We  have found
hat PACAP inhibits pro-apoptotic pathways, while it stimulates
nti-apoptotic intracellular processes [35,36]. However, it is not
nown, which mechanisms are involved in the protective effects
f PACAP in hypoperfusion-induced injury. Mitogen activated pro-
ein kinases (MAPKs) and Akt signaling play an important role in
he neuroprotective effects of PACAP. Also, PACAP is known to influ-
nce levels of cytokines and chemokines after injuries, which are
mportant mediators in ischemic processes [8,11,13]. Therefore, we
nvestigated the activation level of MAPKs, Akt and cytokines in rat
etina exposed to BCCAO.

. Materials and methods

Male Wistar rats weighing 250–300 g were subjected to perma-
ent BCCAO. Experimental procedures were performed following

nstitutional ethical guidelines (BA02/2000-24/2011). Under isoflu-

ane anesthesia, bilateral common carotid arteries were exposed
nd ligated with a 3-0 filament. Immediately following the
CCAO operation, PACAP38 (100 nmol/3 �l saline) was  intravitre-
lly injected into the right eye with a Hamilton syringe. The left

ig. 1. (A) Representative Western blots showing activation (phosphorylation) of Akt and M
nd  BCCAO+PACAP-treated retinas. Samples were taken 5, 30 and 60 min  after treatments
ata  are given as mean ± SEM. **p < 0.01, ***p < 0.001 vs control, ##p < 0.01; ###p < 0.001 v
etters 523 (2012) 93– 98

eye received the same volume of vehicle treatment. A group of
animals underwent anesthesia and all steps of the surgical proce-
dure, except ligation of the carotid arteries. These animals served
as sham-operated saline- or PACAP-treated animals.

For Western blot experiments, retinas from 33 animals were
removed after 5, 30 and 60 min  in order to investigate the sig-
naling pathways activated within the first few minutes after
an ischemic insult (n = 6 animal/group in the ischemic groups
and 5 animals/group in the sham-operated groups). Samples
were processed for Western blot analysis as described earlier
[35,36]. Membranes were probed overnight at 4 ◦C with the pri-
mary antibodies: phospho-specific anti-Akt-1 Ser473 (1:1000; R&D
Systems, Hungary), phospho-specific anti-ERK1/2 Thr202/Tyr204,
phospho-specific anti-SAPK/JNK Thr183/Tyr185, phospho-specific
anti-p38 MAPK (1:1000; Cell Signaling Technology, USA), and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000;
Millipore, Hungary). Membranes were washed six times for 5 min
in Tris buffered saline (pH = 7.5) containing 0.2% Tween prior to
addition of goat anti-rabbit or anti-mouse horseradish peroxidase-
conjugated secondary antibody (1:3000; BioRad, Hungary). The
antibody–antigen complexes were visualized by means of
enhanced chemiluminescence. After scanning, results were quan-
tified by means of Scion Image Beta 4.2 program. All experiments
were performed at least four times. Data are expressed as the
mean ± SEM. Statistical analysis was performed by analysis of vari-
ance and unpaired Student’s t-test. Differences with p values below
0.05 were considered to be significant.

For semiquantitative cytokine array, retinas (n=18 from 9 ani-
mals/group) in the ischemic and sham-operated groups) were
removed after 24 h of ischemia and homogenized in PBS with pro-
tease inhibitors. Samples were pooled in three replicates (n = 3
per replicate). Triton X-100 was added to a final concentra-
tion of 1%. The samples were stored at −80 ◦C prior to use.
Cytokine array from tissue homogenates was  performed using Rat
Cytokine Array Panel A Array kit from R&D Systems (Biomed-
ica, Budapest, Hungary). After blocking the array membranes for
1 h and adding the reconstituted Detection Antibody Coctail for

another 1 h at room temperature, the membranes were incu-
bated with 1.5 ml  of tissue homogenates at 2–8 ◦C overnight on
a rocking platform. After washing with buffer 3 times and addi-
tion of horseradish peroxidase-conjugated Streptavidin to each

AP  kinases in sham-operated, sham+PACAP-treated, ischemic (induced by BCCAO)
. GAPDH was used as internal control. (B) Statistical analysis of Western blot results.
s ischemic retinas.
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embrane we exposed them to a chemiluminescent detection
eagent (Amersham Biosciences, Hungary) then side up to an X-ray
lm cassette [46].

. Results

.1. Effect of PACAP treatment on ischemia induced signaling

athways

In sham-operated groups, no marked differences in the phos-
horylation level of the examined factors were found upon PACAP
tinued).

treatment, only phosphorylation of Akt was  slightly elevated
by PACAP in sham-operated retinas. Ischemia itself also slightly
increased the phosphorylation state of Akt, but PACAP treatment
led to a marked significant further increase at all time-points fol-
lowing ischemia (Fig. 1A and B). ERK1/2 phosphorylation was  close
to the detection limit in sham operated saline-treated retinas with
little effect after PACAP treatment. Ischemia induced a strong phos-

phorylation of ERK1/2 compared to sham-operation, and this was
further increased by PACAP. We  found the activation slightly more
intensive after 30 than after 60 min, suggesting a fast response
after an ischemic insult. In PACAP-treated retinas, the significant
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Fig. 2. Representative cytokine array to detect the protective effects of 100 nM
PACAP in retina exposed to ischemic injury by bilateral common carotid artery occlu-
sion  (BCCAO). The panels show arrays from sham-operated control (upper panel),
BCCAO ischemic (middle panel) and BCCAO + PACAP-treated (lower panel) retinas.
The table indicates the examined factors in each box, highlighting with arrows the
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PACAP was able to downregulate the ischemia-induced upregu-
lation of RANTES in the retina. Earlier studies found that PACAP
hanges observed after PACAP treatment.

ctivation of ERK1/2 appeared already 5 min  after the induction of
schemia, further supporting this rapid reaction.

In the sham-operated eyes, we could not detect marked phos-
horylation of SAPK/JNK. Ischemia induced the activation of this
inase as it was revealed by its slightly increased phosphoryla-
ion after 5 min  and strong elevation after 30 and 60 min. However,
dministration of PACAP caused significant decrease in the phos-
horylation state of SAPK/JNK at all time-points after ischemia. A
hosphorylation pattern quite similar to that of JNK was detected in
ase of p38 MAPK. No phosphorylation of this kinase was  observed
n sham-operated animals and we found no difference between
aline and PACAP-treated retinas. Ischemia induced a strong phos-
horylation of p38 MAPK that was attenuated by PACAP treatment
0 and 60 min  after BCCAO (Fig. 1A and B).

.2. Cytokine array

The expression of several cytokines was increased after
schemia, including chemoattractant proteins, the chemokines of
he CINC (cytokine-induced neutrophil chemoattractant) and MIP
macrophage inflammatory protein) families: CINC-1, CINC-2�/�,
INC-3 and MIP-1�,  MIP-3�.  Several interleukins were also acti-
ated: IL-1�, IL-1� and IL-1ra, while other interleukins remained
nchanged, such as IL-2, IL-3, IL-4, IL-6 and IL-10. The activation of
he ciliary neurotrophic factor (CNTF), fractalkine, sICAM-1 (inter-
ellular adhesion molecule), LIX (lipopolysaccharide induced CXC
hemokine), L-selectin, RANTES (regulated on activation, normal t
ell expressed and secreted), thymus chemokine and TIMP-1 (tis-
ue inhibitor of metalloproteinase) was increased in the retinas
hat underwent BCCAO compared with the control groups (Fig. 2).
ACAP treatment attenuated activation of all the above-mentioned
ytokines, as measured by a cytokine array system. Exceptions were
EGF and thymus chemokine, the activation of which was  further
ncreased upon PACAP treatment. The expression of other cytokines
nalyzed by the array did not show any marked changes (Fig. 2).
etters 523 (2012) 93– 98

4. Discussion

The present study showed that PACAP counteracted changes
in the phosphorylation of MAPKs and levels of cytokines after
ischemic injury in the rat retina. PACAP has been shown to influ-
ence cell survival and inflammatory pathways in several ischemic
injuries, including ischemia of the brain and different peripheral
organs [19,34,38,46].  The MAPK family seems to play an important
role in the PACAP-induced cellular protection in several models
[31,47]. In cerebellar granule cells, the balance between ERK and
JNK MAPKs is critical for survival, and PACAP induces ERK phospho-
rylation while it inhibits JNK phosphorylation, thereby attenuating
ceramide-induced cell death [48]. Our present results are also in
accordance with previous observations in glutamate-induced reti-
nal injury, where PACAP had opposing effects on ERK and JNK
phosphorylation [35,36]. p38 MAPK, the third main member of the
MAPK family, is typically considered to be a pro-apoptotic MAPK,
the phosphorylation of which is induced by many cellular injuries.
PACAP has been shown to inhibit the phosphorylation of p38 MAPK
in several studies [35,36]. Akt signaling is generally associated with
increased cellular protection, including retinal ischemia [14]. Akt
phosphorylation was also induced by PACAP in the present study,
similarly to our earlier observations in excitotoxic retinal injury
and other descriptions on PACAP-mediated neuronal protection
[31,37].

The anti-inflammatory effects of PACAP offer another mech-
anism against ischemic injury in the retina. The involvement of
PACAP in inflammatory reactions has long been known, but the
exact effects of PACAP in inflammation depend on cell type, tissue,
age, pathological conditions and several other factors. However,
PACAP is usually considered to be an anti-inflammatory peptide
[12]. In the present study, we also found that addition of PACAP
counteracted changes in several cytokines and chemokines in
ischemic retinal injury. The overall picture of cytokine expression
shows that ischemia dramatically induced several cytokines and
less activation was found in most cytokines after PACAP treatment,
except for VEGF and thymus chemokine, which were elevated after
PACAP treatment. The strong activation of several cytokines found
in our study is in agreement with other reports showing induced
cytokine expression after retinal ischemia [23,50]. The alterations
induced by PACAP strongly suggest an anti-inflammatory role of
the peptide in ischemic retinal injury, keeping in mind that this
was checked at one time-point, namely 24 h after the induction of
ischemia.

The family of CINC (CINC1-3) is a pro-inflammatory chemokine
family, involved in several inflammatory processes, usually during
the acute inflammatory response phase [21]. Compromise in blood
flow has been shown to induce expression of the cytokine CINC also
in the retina [52] and substances decreasing CINC levels are usually
associated with decreased tissue damage [1,27].  This is the first
report showing that PACAP attenuates elevated CINC levels after
ischemia induction in the retina. Fractalkine, another chemoat-
tractant, was also reduced after PACAP treatment. The effect of
PACAP on interleukins was variable. Several interleukins were not
affected, while the increased expression of others was attenuated
by PACAP. Taken together, PACAP decreased levels of IL-1 sub-
classes, the reduction of which has been shown to be beneficial
in retinal ischemic injuries [15,25].

RANTES also participates in retinal inflammatory reactions. The
chemokine RANTES has the potential to influence the migration
of memory T cells and monocytes across the blood-retinal bar-
rier during inflammatory eye disease [10]. Here we  showed that
induced secretion of RANTES, for example in astrocytes [8] and in
cortical neurons [39]. In these studies, release of RANTES has been
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hown to be associated with increased neuroprotection. The role of
ANTES in retinal ischemia, however, seems to be the increase in

nflammatory reactions, against which PACAP may  protect accord-
ng to our findings. This is, therefore, in accordance with findings
f others showing that PACAP and VIP inhibit chemokine release in
icroglial cells [11].
Several other factors were found to be altered upon PACAP

dministration. Little is known about the effect of PACAP on
hese factors. Adhesion molecules have been demonstrated to
e involved in several ophthalmic pathologies [26]. Similarly,
he involvement of matrix metalloproteinases in retinal ischemic
njury has been reported by many authors [30]. MIP-1 alpha has
lso been found to be elevated after retinal ischemia [51]. In the
resent study, PACAP prevented the increased activation of ICAM,
electin, MIP-1 alpha and TIMP-1. VEGF, on the other hand, was
ncreased after PACAP treatment. The inducing effect of PACAP on
he levels of VEGF has been reported earlier in lung cancer cells [32]
nd in pituitary folliculostellate cells [22]. VEGF is a well-studied
ngiogenetic factor playing a role in several retinopathies, including
etinopathy of prematurity and diabetic retinopathy, but it also has

 neuroprotective function [53]. In retinal ischemia, VEGF expres-
ion is altered depending on the time, reperfusion and arterial or
euronal localization of VEGF [9,29].  Whether this PACAP-induced

ncrease in VEGF has a neuroprotective function, a role in reestab-
ishing circulation after ischemic retina injury, or it plays a role in
nflammatory processes, is not known at the moment. Altogether,
he exact quantification of the changes in cytokine expression and
ctivation is needed to be performed in future experiments focus-
ng on the cytokines and chemokines showing the most marked
hanges.

Taken together, the dramatic changes in the cytokine profile is
ounteracted by PACAP treatment. The present results provide fur-
her insight into the neuroprotective mechanism induced by PACAP
n ischemic injuries, showing that PACAP ameliorates ischemic reti-
al injury involving Akt, MAPK pathways and anti-inflammatory
ctions.

cknowledgments

Support by SROP 4.1.2.B-10/2/KONV-20/0-0002, SROP-4.2.2/B-
0/1-2010-0029, OTKA K72592, 104984, CNK78480, Momentum-
rogram of the Hungarian Academy of Sciences, Bolyai Scholarship,
kira Arimura Foundation, National University of Health Sci-
nces/Florida Campus Research Grant and Richter Gedeon
entenary Foundation was acknowledged.

eferences

[1] T. Asaga, M.  Ueki, K. Chujo, S. Taie, JTE-607, an inflammatory cytokine synthe-
sis inhibitor, attenuates ischemia/reperfusion-induced renal injury by reducing
neutrophil activation in rats, Journal of Bioscience and Bioengineering 106
(2008) 22–26.

[2] T. Atlasz, N. Babai, P. Kiss, D. Reglodi, A. Tamas, K. Szabadfi, G. Toth, O. Hegyi,
A. Lubics, R. Gabriel, Pituitary adenylate cyclase activating polypeptide is pro-
tective in bilateral carotid occlusion-induced retinal lesion in rats, General and
Comparative Endocrinology 153 (2007) 108–114.

[3] T. Atlasz, K. Szabadfi, P. Kiss, N. Babai, Z. Koszegi, A. Tamas, D. Reglodi, R.
Gabriel, PACAP-mediated neuroprotection of neurochemically identified cell
types in MSG-induced retinal regeneration, Journal of Molecular Neuroscience
36  (2008) 97–104.

[4] T. Atlasz, K. Szabadfi, P. Kiss, B. Racz, F. Gallyas, A. Tamas, V. Gaal, Zs. Marton,
R.  Gabriel, D. Reglodi, Pituitary adenylate cyclase activating polypeptide in the
retina: focus on the retinoprotective effects, Annals of the New York Academy
of Sciences 1200 (2010) 128–139.

[5] T. Atlasz, K. Szabadfi, P. Kiss, A. Tamas, G. Toth, D. Reglodi, R. Gabriel, Evaluation
of  the protective effects of PACAP with cell-specific markers in ischemia-

induced retinal degeneration, Brain Research Bulletin 81 (2010) 497–504.

[6] T. Atlasz, K. Szabadfi, P. Kiss, Zs. Marton, M.  Griecs, L. Hamza, V. Gaal, Zs. Biro, A.
Tamas, G. Hild, M.  Nyitrai, G. Toth, D. Reglodi, R. Gabriel, Effects of PACAP in UV-
A  radiation-induced retinal degeneration models in rats, Journal of Molecular
Neuroscience 43 (2011) 51–57.

[

tters 523 (2012) 93– 98 97

[7] J.C. Borba, I.P. Henze, M.S. Silveira, R.C. Kubrusly, P.F. Gardino, M.C. de Mello,
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