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Abstract
Retinal ganglion cell (RGC) apoptosis is considered an important pathological hallmark of glaucoma. Pituitary adenylate cyclase-
activating polypeptide (PACAP) is a pleiotropic peptide with potent neuroprotective properties. In our previous study, we found
that the expression of PACAP and its high-affinity receptor PACAP receptor type 1 (PAC1R) increased markedly after optic
nerve crush (ONC), and occurred mainly in the ganglion cell layer of the retina. This suggests that the upregulation of PACAP
may play a vital role in inhibiting RGC death after ONC. Therefore, in the present study, we investigate the specific effects and
underlying mechanism of PACAP in RGC death after ONC. Vehicle (physiological saline) or PACAP (1 nM to 200 nM) solution
was injected into the vitreous body. Seven days later, the retinas were harvested, and the surviving RGCs were retrogradely
labeled with Fluoro-Gold (FG; Fluorochrome) at different concentrations of PACAP. Immunofluorescence double staining and
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay were used to observe the effects of
PACAP on RGC apoptosis. Our results showed that PACAP treatment inhibited caspase-3-mediated RGC apoptosis, promoted
the phosphorylation of cAMP response element binding protein (CREB), up-regulated the expression of B-cell lymphoma 2
(Bcl-2), and ultimately improved RGC survival. These results suggest that PACAP may prevent RGC apoptosis after ONC via
activation of CREB-mediated Bcl-2 transcription. The study thus contributes to a basic understanding of the mechanism by
which PACAP decreased RGC apoptosis and provides a theoretical basis for future clinical application of PACAP in the
treatment of glaucoma.
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Introduction

Glaucoma, which represents the leading cause of severe visual
disability worldwide, is clinically characterized mainly by
progressive optic nerve atrophy (Quigley 1996; Tham et al.
2014). Historically, elevation of intraocular pressure (IOP),
which is determined by the balance between the rate of aque-
ous production and its outflow, has been considered the major
risk factor for glaucomatous optic neuropathy (Donegan and
Lieberman 2016). However, a majority of glaucoma patients
present with normal IOP (Prum 2014). In addition, various
studies have demonstrated that the development of glaucoma
is related to ganglion cell apoptosis (Quigley 2011;

Doozandeh and Yazdani 2016). Thus, controlling IOP is not
sufficient for glaucoma treatment, and alternative therapies to
prevent vision deterioration should be developed, including
neuroprotective medications.

Pituitary adenylate cyclase-activating polypeptide
(PACAP), which was originally isolated from ovine hypothal-
amus, possesses potent neurotrophic and neuroprotective ef-
fects (Vaudry et al. 2009). It can mediate several physiological
actions via the specific PACAP receptor type 1 (PAC1R) or
VIP/PACAP receptors (Reichenstein et al. 2008; Kellogg et al.
2010; Miura et al. 2013). PACAP and its receptors have been
observed broadly throughout the brain, and they are also iden-
tified in the retina (Dénes et al. 2014). PACAP administration
has been demonstrated to exert protective effects in cases of
retinal injury induced by optic nerve transection (Seki et al.
2008), chronic retinal hypoperfusion (Atlasz et al. 2010b),
diabetic retinopathy (Szabadfi et al. 2012), oxidative stress
(Fabian et al. 2012), and ischemia (Werling et al. 2017).

Our previous study showed that the expression of PACAP
and its high-affinity receptor PAC1R were notably up-
regulated after optic nerve crush (ONC), and were mainly
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expressed in the ganglion cell layer (GCL) of the retina (Ye
et al. 2018). These results indicated that endogenous PACAP
is implicated in retinal ganglion cell (RGC) death in the ONC
model, which effectively mimics RGC apoptosis in glaucoma.
In the current study, we conducted a series of experiments to
investigate the specific effects and underlying mechanism of
exogenous PACAP in RGC death based on the ONC-induced
glaucoma model.

Materials and Methods

Reagents

Phosphate-buffered saline (PBS) solution and 4′,6-diamidino-
2-phenylindole (DAPI) were obtained from Life Technologies
(California, USA). Optimal cutting temperature (OCT) com-
pound was provided by Sakura Finetek (California, USA).
Bovine serum albumin (BSA) was obtained from Sigma
Chemical (Missouri, USA). Monoclonal antibodies against
cleaved caspase-3 (catalog no. 9664S), cyclic AMP response
element-binding protein (CREB; catalog no. 9197S), and
Phospho-CREB (p-CREB; catalog no. 9198S) were obtained
from Cell Signaling Technology (Massachusetts, USA).
Monoclonal antibody against neuronal nuclei (NeuN; catalog
no. MAB378) was obtained from Millipore (Massachusetts,
USA). Monoclonal antibody against B-cell lymphoma 2 (Bcl-
2; catalog no. ab182858) was provided by Abcam
(Cambridge, UK). PACAP38 was obtained from the Peptide
Institute (Osaka, Japan).

Animals and ONC Model

Sprague-Dawley (SD) rats were purchased from the Animal
Laboratory of Zhongshan Ophthalmic Center (Guangzhou,
China). All animal studies were approved by the
Institutional Animal Care and Use Committee of Zhongshan
Ophthalmic Center. ONC was carried out in SD rats as previ-
ously described (Xu et al. 2014a; Cui et al. 2016). Briefly, the
rats were anesthetized with 10% chloral hydrate (0.3 ml/100 g
body weight), after which the optic nerve was exposed about
3–4 mm and clamped at 2 mm behind the eye for 10 s.
After the procedure, the retina was assessed by fundus-
copy to eliminate the rats without grossly intact vascular
integrity.

PACAP Administration

PACAP was injected into the vitreous humor immediately
after building the ONC model. The rats were anesthetized
with 10% chloral hydrate (0.3 ml/100 g body weight).
PACAP (1 nM to 200 nM) in saline solution was injected into
the vitreous cavity with a 33-gauge syringe. The concentration

gradient was based on previous studies (Szabo et al. 2012) and
pre-experimental results. In the PACAP-treated groups,
PACAP38 at concentrations of 1, 10, 100, and 200 nM was
administered in a final total volume of 2 μL when performing
retrograde staining; the dosage we used in the remaining ex-
periments was 100 nM. The animals underwent eye examina-
tions before injection and at 1, 3, 5, and 7 days through slit-
lamp biomicroscopy and indirect ophthalmoscopy. There
were no cases of retinal detachment, vitreous hemorrhage, or
intraocular inflammation. After 7 days, the retinas were har-
vested for further experiments. Six to ten eyes were used for
each group of experiments. Both eye balls were enucleated
and were prepared for the subsequent experiments.

Retrograde Retinal Ganglion Cell Labeling

Rats were anesthetized and fixed in a stereotaxic apparatus
(Stoelting; Kiel, Germany), and the skin covering the skull
was cut. The lambda and bregma sutures acted as marks of
six boreholes. A solution of 4% Fluoro-Gold (FG;
Fluorochrome LLC; Colorado, USA) in dimethyl sulfoxide
was injected into the superior colliculus. The animals were
allowed 7 days of recovery before further experimental inter-
vention to ensure proper RGC labeling. The retinas were then
harvested and fixed in 4% paraformaldehyde, and flat-
mounted on glass slides. Labeled RGCs were observed with
a fluorescence microscope (Leica Microsystems; Mannheim,
Germany) and counted in five areas of 1 × 1 mm2 per retina.
Each group contained five retinas.

TUNEL Staining

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining was performed for analysis
of apoptosis in the experiments from a subset of samples using
a commercially available kit (In Situ Cell Death Detection Kit;
Roche Applied Science; Mannheim, Germany). After prepar-
ing the cryosections, TUNEL staining was performed follow-
ing the manufacturer’s instructions. Cell nuclei were counter-
stained with DAPI. Stained cells were visualized under a fluo-
rescence microscope (Leica Microsystems; Mannheim,
Germany). Four fluorescent images per slide were quantita-
tively assessed using Image-Pro Plus software (Media
Cybernetics; Maryland, USA).

Western Blot

Retinas were harvested and isolated from rats of each group,
then stored at −80 °C for further use. The samples were ho-
mogenized in radioimmunoprecipitation assay (RIPA) buffer
including protease inhibitors and centrifuged at 12,000 rpm at
4 °C for 20 min to obtain supernatant. Protein concentrations
were measured using a bicinchoninic acid (BCA) protein
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assay kit (Sigma; Missouri, USA). Protein samples were heat-
ed at 99 °C for 5 min and subjected to sodium dodecyl sulfate
(SDS)-PAGE electrophoresis, and then transferred to a
polyvinylidene difluoride filter (PVDF) membrane
(Millipore; Massachusetts, USA) at 250 mA for 1 h. The
membranes were blocked with 5% nonfat milk for 2 h at
25 °C, and then incubated with diluted CREB (1:1000), p-
CREB (1:1000), and Bcl-2 (1:2000) antibodies at 4 °C over-
night. The following day, the PVDF membranes were washed
three times and incubated with horseradish peroxidase-
conjugated secondary antibody (HRP; 1:10000) for 2 h.
Finally, HRP activity was visualized using an enhanced
chemiluminescence system (Millipore; Massachusetts, USA).

Immunofluorescence

The cryosections were first blocked with 1%BSA at 25 °C for
2 h to avoid unspecific staining, and then incubated with an-
tibodies against CREB (1:800), p-CREB (1:800), and Bcl-2
(1:800) at 4 °C overnight. For double immunofluorescence
staining, the cryosections were co-incubated with monoclonal
antibody for cleaved caspase-3 (1:200) and NeuN (1:200). On
the next day, fluorescein isothiocyanate (FITC)- and/or CY3-
conjugated secondary antibodies and DAPI were mixed and
incubated for 2 h in a room protected from light. The stained
cryosections were examined with a confocal fluorescence mi-
croscope (Leica; Frankfurt, Germany).

Statistical Analysis

All counting and measurements were executed in a blind fash-
ion. Data were expressed as mean ± SEM (standard error of
the mean). A p value less than 0.05 was considered to indicate
a statistically significant difference. Student’s t test was used
when comparing two groups, while one-way analysis of var-
iance (ANOVA), followed by Tukey’s multiple comparison
test, was applied when comparing three or more groups.
Statistical analyses were performed using GraphPad Prism
(v6.0, GraphPad Software; California, USA).

Results

PACAP Reduced the Loss of RGCs in the Retina
after ONC

To confirm the indirect modulatory role performed by PACAP
with regard to RGC survival, we used FG retrograde labeling
based on quantification of retrogradely labeled RGC soma on
the flat-mounted retina after ONC. The surviving RGCswith a
round shape were visible by FG labeling (Fig. 1a), and the
number of surviving RGCs decreased after ONC (Fig. 1b;
***P < 0.001). With PACAP treatment, RGC survival was

up-regulated in a dose-dependent manner. The protective ef-
fect of PACAP was not evident at a dose of 1 nM or 10 nM,
but it was considerable at a dose of 100 nM compared with the
ONC group (Fig. 1b; ***P < 0.001). The neuroprotective ef-
fects of PACAP at 100 nM and 200 nM were statistically
equal (Fig. 1b). Thus, a concentration of 100 nMwas selected
for subsequent experiments.

PACAP Prevented Apoptosis of RGCs in the Retina
after ONC

To identify the anti-apoptotic effects of PACAP, TUNEL
staining was performed to investigate whether PACAP could
attenuate ONC-induced RGC apoptosis (Fig. 2a). Marked up-
regulation of TUNEL-positive cells was detected in the retina
after ONC compared to the control group (Fig. 2b;
***P < 0.001), most of which were located in the GCL (Fig.
2a), while the number of TUNEL-positive cells after ONC
declined significantly with the application of 100 nM
PACAP treatment (Fig. 2b; **P < 0.01), indicating an anti-
apoptotic effect of PACAP on RGCs after ONC.

PACAP Attenuated the Activation of Caspase-3
in the Retina after ONC

As shown previously (Yang et al. 2016; Xu et al. 2017),
caspase-3 activity was found to be involved in regulating
RGC apoptosis. To verify the effect of PACAP on RGC apo-
ptosis, double immunofluorescence staining was performed to
explore the cleaved caspase-3 expression in the retina after
ONC (Fig. 3a). Co-localization of cleaved caspase-3 and
NeuN was observed in RGCs, and increased cleaved
caspase-3 was detected after ONC compared with the control
group (Fig. 3b; ***P < 0.001). After intravitreal injection of
PACAP, cleaved caspase-3 was notably decreased compared
with the ONC group (Fig. 3b; **P < 0.01). These data suggest
that PACAP inhibits RGC apoptosis after ONC in a caspase-
3-dependent way.

PACAP Promoted the Activation of Bcl-2 in the Retina
after ONC

As a member of Bcl-2 gene family, Bcl-2 plays an important
role in anti-apoptosis, which can be mediated by CREB
(Almasieh et al. 2012). To better understand the association
between PACAP and RGC protection, western blot analysis
was initially performed to examine the expression of Bcl-2 at
day 7 after ONC (Fig. 4a). The expression of Bcl-2 was slight-
ly up-regulated in the ONC group, with no statistical differ-
ence compared to the control group (Fig. 4b), but was sub-
stantially increased in the ONC-plus-PACAP group (Fig. 4b;
****P < 0.000, ***P < 0.001). In addition, the results of im-
munofluorescence staining were consistent with those of
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western blot, showing that PACAP promoted the expression
of Bcl-2 in the retina after ONC (Fig. 4c). These results sug-
gest that PACAP may reduce RGC apoptosis after ONC by
up-regulating the expression of Bcl-2.

PACAP Up-Regulated the Activation of CREB
in the Retina after ONC

Awide variety of reports show that CREB is involved in the
survival mechanism of neurons. The activity of the transcrip-
tion factor CREB is enhanced when Ser133 is phosphorylated
(Sakamoto et al. 2011). We conducted western blot analysis to
examine whether PACAP affects the phosphorylation status of
CREB. The results showed that expression of CREB was
nearly equal among the three groups (Fig. 5a, c); however,
p-CREB was increased after ONC compared with the control
group (Fig. 5a, b; *P < 0.05), and PACAP treatment enhanced
the phosphorylation of CREB (Fig. 5a, b; ***P < 0.001,
**P < 0.01). Immunofluorescence staining results mirrored

those of western blot, showing that PACAP promoted p-
CREB expression in the retina after ONC (Fig. 5d). These
results suggest that PACAP may reduce RGC apoptosis after
ONC by enhancing the phosphorylation of CREB.

Discussion

Glaucoma, a progressive optic neuropathy caused by patho-
logical high IOP, is characterized by RGC apoptosis and pro-
gressive loss of visual function (Quigley 2011; Xu et al.
2018). Treatment strategies include lowering of IOP and ad-
ministration of neuroprotective agents. In addition, intravitreal
injection of brain-derived neurotrophic factor has been shown
to prevent ganglion cell death (Kido et al. 2000). Further re-
search is thus needed on neuroprotective treatment in glauco-
ma to reduce the rate of blindness.

The ONCmodel is an important experimental disease mod-
el that mimics typical changes in the optic nerve head,

Fig. 1 Effect of PACAP on RGC
survival after ONC. Fluoro-Gold
labeling was performed to
analyze the number of surviving
RGCs after ONC at different
PACAP concentrations. a
Representative image of Fluoro-
Gold labeling in each group. b
Graph of RGC survival rates
showing significant differences.
Data are presented as mean ±
SEM. ***P < 0.001. PACAP,
pituitary adenylate cyclase-
activating polypeptide; RGCs,
retinal ganglion cells; ONC, optic
nerve crush

478 J Mol Neurosci (2019) 68:475–484



progressive optic nerve degeneration, and gradual RGC apo-
ptosis. It is widely used to investigate the overall course and
mechanisms of neuronal death and survival, which is funda-
mental for the development of therapeutic measures (Tang
et al. 2011). In addition, this model is reproducible and quan-
tifiable, and has been well tested. For these reasons, we chose
the ONC model to explore the underlying mechanisms of
RGC survival and to investigate the potential neuroprotective
efficacy of PACAP in experimental glaucoma.

In this study, we aimed to determine whether topical appli-
cation of PACAP could elicit neuroprotective effects, and to
elucidate the molecular mechanisms involved. Our results re-
vealed that PACAP had direct protective effects on RGC death
via inhibition of the caspase-3-dependent apoptotic pathway.
In addition, we found that PACAP could reduce RGC loss
through activation of CREB-Bcl-2 signaling pathways.

PACAP, a pleiotropic peptide, is found to exert a wide
variety of biological effects, including the regulation of
neurotransmitter release, vasodilation, bronchodilation,
activation of intestinal motility, increased insulin and
histamine secretion, immunomodulation, and stimula-
tion of cell proliferation and/or differentiation (Vaudry
et al. 2009). Dozens of studies have reported that
PACAP exhibits neuroprotective effects after brain is-
chemic injury (Uchida et al. 1996; Gillardon et al.

1998), and dramatically reduces neuronal death by
inhibiting the activation of c-Jun N-terminal kinase
(JNK), which contributes to the induction of apoptosis.
Additionally, the ipsilateral hemispheres of hetero- and
homozygous PACAP knockout mice were observed to
have accumulated cytochrome C released from the mito-
chondria to the cytoplasm (Shioda et al. 2006), which is
an initial stage of apoptosis. Accordingly, there is a
strong possibility that PACAP acts to protect neurons
aga ins t ce l l dea th via ant i -apopto t ic pa thways .
Furthermore, studies showed that PACAP was effective
in protecting retinal pigment epithelial cells from oxida-
tive stress-induced apoptosis (Mester et al. 2011), and
PACAP significantly ameliorated diabetic retinal injury
by promoting increased levels of anti-apoptotic factors
(p-Akt, p-ERK1, p-ERK2, PKC, Bcl-2) and reduced
levels of pro-apoptotic factors (p-p38MAPK; activated
caspases 8, 3, 12) (Szabadfi et al. 2014). These results
demonstrate the potential anti-apoptotic effect of
PACAP in retinal diseases.

NeuN is a reliable nuclear proteinmarker used to verify and
quantitate RGCs in the retina (Gusel’nikova and Korzhevskiy
2015); cleaved caspase-3, which is known as a marker of
apoptosis, is an active form of caspase-3 (Almasieh et al.
2012). In the current study, the number of cells co-expressed

Fig. 2 Effect of PACAP (100 nM) onRGC apoptosis after ONC. TUNEL
staining was performed to analyze the changes in the number of apoptotic
cells in the retina after ONC with PACAP treatment. a Representative
image of TUNEL staining in each group. b Graph of TUNEL-positive
cells in the ganglion cell layer showing significant differences. Data are

presented as mean ± SEM. ***P < 0.001, **P < 0.01. PACAP, pituitary
adenylate cyclase-activating polypeptide; RGCs, retinal ganglion cells;
ONC, optic nerve crush; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling
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with cleaved caspase-3 and NeuN was clearly greater in the
ONC group than in the control group, and likewise was de-
creased with PACAP administration at a dose of 100 nM. To
further verify the presence of apoptosis in RGCs, TUNEL
staining was conducted to identify whether PACAP could
attenuate ONC-induced RGC apoptosis. Similarly, a greater
number of TUNEL-positive cells were detected in the retina

after ONC than in controls. After PACAP treatment, fewer
TUNEL-positive cells were observed in the GCL of the retina
compared with the untreated ONC group. Therefore, our re-
sults confirm the anti-apoptotic effect of PACAP on RGCs in
the retina after ONC.

The molecular mechanisms of RGC apoptosis involve di-
verse stimuli including intrinsic and extrinsic pathways

Fig. 3 Effect of PACAP (100 nM) on the activity of caspase-3 in the
retina after ONC. Double immunofluorescence staining was performed
to analyze the activation of caspase-3 with cleaved caspase-3 and NeuN
from the control group, ONC group, and ONC-plus-PACAP group. a
Representative image of double immunofluorescence staining with

cleaved caspase-3 (red) and NeuN (green) in each group. b Graph of
cleaved caspase-3 intensity showing significant differences. Data are pre-
sented as mean ± SEM. ***P < 0.001, **P < 0.01. Scale bar = 100 μm.
PACAP, pituitary adenylate cyclase-activating polypeptide; ONC, optic
nerve crush; NeuN, neuronal nuclei
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(Almasieh et al. 2012), which can both be induced after ONC.
These molecular pathways are considered to be critical signals
in regulating RGC death in glaucoma. The extrinsic pathway
includes a series of complex processes beginning with the

activation of the death receptor pathway, which results in the
recruitment of the intracellular adaptor Fas-associated death
domain (FADD), leading to the recruitment of the initiator
procaspase-8 triggering caspase-8 activation, and ultimately

Fig. 4 Effect of PACAP (100 nM) on the activity of Bcl-2 in the retina
after ONC. Western blot and immunofluorescence staining were per-
formed to analyze the activation of Bcl-2 in the control group, ONC
group, and ONC-plus-PACAP group. a The protein level of Bcl-2 was
evaluated by western blot analysis. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used to ensure equal loading. b Densitometric

analysis of the effects of PACAP on Bcl-2 expression. Data are presented
asmean ± SEM. ****P < 0.000, ***P < 0.001. cRepresentative image of
immunofluorescence staining with Bcl-2 (red) and DAPI (blue) in each
group. Scale bar = 100 μm. PACAP, pituitary adenylate cyclase-
activating polypeptide; ONC, optic nerve crush; Bcl-2, B-cell lymphoma
2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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activates executioner caspase-3 and cell death. In the intrinsic
pathway, cytochrome C released from the mitochondria forms
the apoptosome together with the apoptotic protease-
activating factor-1 (Apaf-1) and procaspase-9, which en-
hances the activation of caspase-9 and downstream cleavage
of caspase-3. The above mechanisms indicate that the activa-
tion of executioner caspase-3 is downstream of both the ex-
trinsic and intrinsic pathways (Almasieh et al. 2012). A wide
array of research has demonstrated that the upregulation of
active, cleaved caspase-3 has been detected in RGCs after
optic nerve injury (Weishaupt et al. 2003; Grosskreutz et al.
2005), and the inhibition of caspases increases RGC survival.
Consistent with this, we found that expression of cleaved
caspase-3 in NeuN-positive RGCs was significantly increased
after ONC, which indicates that activation of the caspase-3-
dependent pathwaywas involved. However, vitreous injection
of PACAP significantly reduced the expression of cleaved
caspase-3. These results suggest that PACAP can prevent

RGC apoptosis in the retina after ONC via inhibition of
caspase-3-dependent pro-apoptotic pathways.

CREB is a crucial transcription factor for various physio-
logical processes involving neuronal protection and cell sur-
vival (Lonze and Ginty 2002; Fukuchi et al. 2005; Benito and
Barco 2010; Sakamoto et al. 2011). Mechanistically, produc-
tion of cyclic adenylyl cyclase monophosphate (cAMP) fol-
lowing activation of PAC1R induces phosphorylation of
CREB. Specifically, PACAP binds to PAC1R, which is
coupled to adenylyl cyclase (AC), and activates the cAMP-
PKA pathway; PKA then activates CREB phosphorylation in
the nucleus (Silveira et al. 2002; Atlasz et al. 2010a). PAC1R
can also be coupled to phospholipase C (PLC), and mediates
Ca2+ release through PLC, resulting in phosphorylation of
CREB, which blocks the apoptotic machinery. However,
some studies have reported that inhibition of PLC did not
inhibit the protective effects of PACAP. Therefore, the
cAMP/PKA pathway is responsible for neuroprotection

Fig. 5 Effect of PACAP (100 nM) on the activity of CREB in the retina
after ONC. Western blot and immunofluorescence staining were
performed to analyze the activation of CREB in the control group,
ONC group, and ONC-plus-PACAP group. a The protein levels of
CREB and p-CREB were evaluated by western blot analysis. b
Densitometric analysis of p-CREB expression. The phosphorylation sta-
tus of CREB was determined by the ratio of phosphorylated proteins to
un-phosphorylated proteins. Data are presented as mean ± SEM.

***P < 0.001, **P < 0.01, *P < 0.05. c Densitometric analysis of CREB
expression. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used to ensure equal loading. Data are presented as mean ± SEM. d
Representative image of immunofluorescence staining with p-CREB
(red) and DAPI (blue) in each group. Scale bar = 100 μm. PACAP, pitu-
itary adenylate cyclase-activating polypeptide; CREB, cyclic AMP re-
sponse element-binding protein; ONC, optic nerve crush; p-CREB,
Phospho-CREB; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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modulated by CREB after PACAP administration (Silveira
et al. 2002; Lakk et al. 2015).

Previous studies have shown that activation of CREB,
which can function as a constitutive transcriptional activator
via phosphorylation, is also involved in RGC protection (Xu
et al. 2014b). A substantial amount of work unraveling the
molecular mechanisms by which CREB regulates neuronal
survival has focused on two streams (Riccio et al. 1999;
Lambert et al. 2001; Tabuchi et al. 2002; Fukuchi et al.
2005). First, CREB mediates the transcription of neurotrophic
factors, such as PACAP, which confers direct neuroprotection
(Fukuchi et al. 2005). Second, neurotrophins regulate neuro-
nal survival by CREB-mediated expression of the anti-
apoptotic gene Bcl-2 transcription (Riccio et al. 1999). Bcl-2
belongs to the Bcl-2 gene family regulating RGC apoptosis
(Bonfanti et al. 1996), and seems to be a pivotal anti-apoptotic
protein in the rat retina among anti-apoptotic family members
for transgenic mice over-expressing Bcl-2, resulting in in-
creased numbers of RGCs during developmental cell death
and after optic nerve axotomy (Bonfanti et al. 1996; Cenni
et al., 1996). Apart from the above-described molecular mech-
anisms, CREB also binds to the cAMP-responsive element
(CRE), through which the promoters of PACAP can be spe-
cifically activated (Sakamoto et al. 2011). This is in line with
our data showing that p-CREB was massively up-regulated
with PACAP treatment in the retina after ONC. Additionally,
upregulation of Bcl-2 expression was found in the ONC-plus-
PACAP group, which implies that PACAP elicited RGC neu-
roprotection via the CREB-Bcl-2 signaling pathway after
ONC. Taken together, these results lead us to infer that
PACAP can play a neuroprotective role in the retina after
ONC by blocking RGC apoptosis, as reflected by the in-
crease in p-CREB, and subsequent induction of Bcl-2
transcription.

Collectively, the results of this study provide evidence
that PACAP reduced apoptosis of RGCs after ONC by
inhibiting the caspase-3-dependent pathway in the retina.
The neuroprotective and anti-apoptotic function of PACAP
was exerted by provoking the activation of the CREB-Bcl-
2 signaling pathway. These observations imply that PACAP
played a neuroprotective role via anti-apoptosis in experi-
mental glaucoma. Therefore, the current study suggests that
application of PACAP represents a promising strategy for
the treatment of glaucoma or other optic nerve diseases.
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