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Abstract Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a neuropeptide with potent neurotrophic and
neuroprotective effects. We have previously shown that
PACAP protects against several types of retinal injuries in
vivo, including retinal ischemia, glutamate-induced excitotox-
icity, UVA-induced lesion, and diabetic retinopathy. We have
also shown that PACAP activates antiapoptotic pathways and
inhibits proapoptotic signaling in retinal lesions in vivo.
PACAP receptors have been identified on the retinal pigment
epithelial cells and PACAP has been shown to inhibit
interleukin secretion from pigment epithelial cells. It is not
known, however, whether PACAP is protective in these cells.
Human retinal pigment epithelial cells (ARPE-19 cell line)
were exposed to in vitro oxidative stress by hydrogen
peroxide. Cell survival was decreased in cells exposed to
oxidative stress, which could be significantly and dose-
dependently attenuated by 10 pM–1 μM PACAP treatment,
as shown by MTT viability test. The protective effect of

PACAP could be blocked by the receptor antagonist PACAP6-
38. In addition, flow cytometry and JC-1 assay revealed that
oxidative stress-induced apoptosis in retinal pigment epithelial
cells could be decreased by PACAP treatment. In summary,
these results show, for the first time, that PACAP is
antiapoptotic in the retinal pigment epithelial cells.
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Introduction

The biological actions of pituitary adenylate cyclase-
activating polypeptide (PACAP) are very diverse. Among
others, the neuropeptide influences reproductive functions,
circadian rhythm, thermoregulation, feeding, depression,
memory, urinary reflexes, inflammatory reactions, and
development (Falluel-Morel et al. 2008; Girard et al.
2008; Hagino 2008; Monaghan et al. 2008; Nagy and
Csernus 2007; Racz et al. 2008b; Reichenstein et al. 2008;
Vaudry et al. 2009; Yoshiyama and de Groat 2008). PACAP
has well-established neurotrophic and neuroprotective
functions (Deguil et al. 2010; Dejda et al. 2008; Ohtaki et
al. 2008; Scharf et al. 2008; Somogyvari-Vigh and Reglodi
2004; Vaudry et al. 2009). These effects have been proven
also in the retina (Atlasz et al. 2010b). In vitro, PACAP is
protective against glutamate toxicity in retinal neurons
(Shoge et al. 1999). In retinal explants, PACAP has been
shown to be protective against thapsigargin-induced photo-
receptor cell death and anisomycin-induced cell death in the
neuroblastic layer (Silveira et al. 2002). PACAP-treated
turtle eyecup preparations show electrical activity for a
significantly longer time (Rabl et al. 2002). In vivo,
PACAP has been shown to be protective against optic
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nerve transection, glutamate- and kainate-induced excito-
toxic injury, and ischemic degeneration (Atlasz et al. 2007,
2009, 2010b; Babai et al. 2005; Racz et al. 2007a; Seki et
al. 2006, 2008). We found that the protective effects of
PACAP are not neuronal phenotype-specific but rather reflect
the stimulation of a common protective pathway found in all
examined neuronal cell types (Atlasz et al. 2008, 2010a).

Most studies on retinoprotective strategies focus on the
retinal layers derived from the inner layer of the optic cup
(Mester et al. 2009; Rojas et al. 2009; Szabadfi et al. 2009),
since these layers contain the neurons arranged in three
vertical layers. However, the outermost layer of the retina,
the pigment epithelial cell layer, is also a very important
part of the retina. The integrity of the pigment epithelial
cells is critical for the photoreceptor survival and vision
(Bazan 2006, 2008). Photoreceptor degeneration involves
the closely associated retinal pigment epithelial cells in
several ocular diseases, including age-related macular
degeneration (Bazan 2006; Kook et al. 2008).

Oxidative stress is one of the most common apoptosis-
inducing factors in several organs from the intestinal and
cardiovascular systems to neuronal cells, including the
extremely vulnerable sensory organs (Ferencz et al. 2002;
Racz et al. 2007b, 2010; Vaudry et al. 2002). Not surprisingly,
oxidative stress-induced apoptosis has been shown to play a
role also in pigment epithelial cell death (Kalariya et al. 2008;
Kook et al. 2008). Human pigment epithelial cells possess
PAC1 and VPAC receptors, as shown by PCR studies (Zhang
et al. 2005). Vasoactive intestinal peptide, a peptide related to
PACAP, has been shown to have effects on pigment epithelial
cells: it induces cAMP formation (Koh and Chader 1984),
influences proliferation (Kishi et al. 1996; Troger et al. 2003)
and induces differentiation of retinal pigment cells from
mesenchymal cells (Vossmerbaeumer et al. 2009). A previous
study has shown that PACAP inhibited the interleukin 1β-
stimulated expression of interleukin-6 and -8 and monocyte
chemotactic protein-1 in ARPE-19 human pigment epithelial
cells (Zhang et al. 2005). In spite of the numerous studies
showing the protective effects of PACAP in the retina, no
data are currently available on the potential protective effect
of PACAP against oxidative stress in pigment epithelial cells.
Therefore, it seemed reasonable to study whether PACAP is
able to increase cell survival in oxidative stress-induced
apoptosis of human pigment epithelial cells.

Materials and Methods

Cell Culture

ARPE-19 is an immortalized cell line of human retinal
pigment epithelium (RPE) that is used widely to draw
inferences about the behavior of adult human RPE (ahRPE)

(Cai and Del Priore 2006). Cells were obtained from
American Type Culture Collection (Manassas, VA, USA).
These cells were cultured in DMEM/Ham’s F12 supple-
mented with 10% FCS, penicillin (100 U/mL), and
streptomycin sulfate (100 μg/mL). The cells were grown
at 37°C in a humidified 5% CO2 atmosphere.

Cell Viability Test

ARPE-19 (1.5×104/well) cells were seeded in 96-well
microculture plate and cultured overnight before treatment
with increasing concentration of H2O2 (0.2 to 0.3 mM) and
10 nM PACAP1-38. Untreated control cells were handled
in a similar fashion without H2O2. In order to test whether
the action of PACAP is specific, separate groups of
0.25 mM H2O2-treated cells were incubated with 1 μM
PACAP6-38 alone or together with 10 nM PACAP1-38.
After the first set of experiments proving the protective
effects of PACAP, we tested the dose dependency of
PACAP treatment on the viability of ARPE-19 cells. Cells
were exposed to 0.25 mM H2O2 in the presence of 1 pM to
1 μM PACAP1-38. Furthermore, the experiment was
repeated in the presence of inhibitors of different signaling
pathways. The inhibitors used were 10 μM PD 98059
(ERK inhibitor), 2 μM SB 203580 (p38 inhibitor), 5 μM
JNK Inhibitor II and 10 μM Ly 294002 (Akt inhibitor).

Viability of cells was determined by the addition of MTT
solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide, Sigma, Hungary) at a 1:10 volume ratio for
4 h at 37°C, according to the manufacturer’s instruction
(Sigma, Hungary). The assay is based on the reduction of
MTT into a blue formazan dye by the functional mitochon-
dria of viable cells. Samples from duplicate wells were
transferred to a 96-well plate and absorbance was measured
by an ELISA reader (Anthos Labtech 2010, Austria) at
550 nm, representing the values in arbitrary unit. Results
are expressed as percentage of control values. Statistical
analysis was performed by ANOVA test and results were
considered significant at p<0.05.

Annexin V and Propidium Iodide Staining of the Cells

Ratio of apoptosis was evaluated after double-staining with
fluorescein isothiocyanate (FITC)-labeled annexin V (BD
Biosciences, Hungary) and propidium iodide (PI) (BD
Biosciences, Hungary) using flow cytometry (FacsCalibur,
BD Biosciences, USA). First, the medium was discarded
and the wells were washed twice with isotonic NaCl
solution. Cells were removed from the plates using a
mixture of 0.25% trypsin (Sigma, Hungary), 0.2%
ethylene-diamin tetra-acetate (Serva, Hungary), 0.296%
sodium citrate, and 0.6% sodium chloride in distilled water
for 15 min at 37°C. Removed cells were washed twice in
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cold phosphate-buffered saline and were resuspended in
binding buffer containing 10 mM Hepes NaOH, pH 7.4,
140 mM NaCl and 2.5 mM CaCl2. Cell count was
determined in Burker’s chamber for achieving a dilution
in which 1 ml of solution contains 106 cells. One hundred
microliters of buffer (105 cells) was transferred into 5-ml
round-bottom polystyrene tubes. Cells were incubated for
15 min with fluorescein isothiocyanate-conjugated annexin
V molecules and PI. After this period of incubation, 400 μl
of annexin-binding buffer (BD Biosciences, Hungary) was
added to the tubes as described by the manufacturers. The
samples were immediately measured by BD FacsCalibur
flow cytometer (BD Biosciences, USA).

Results were analyzed by Cellquest software (BD
Biosciences, USA). Quadrant dot plot was introduced to
identify living and necrotic cells and cells in early or late
phase of apoptosis. Living cells were identified as annexin
V-FITC and PI-negative. Apoptotic cells were branded as
annexin V-FITC-positive only and cells in late apoptosis
were recognized as double-positive for annexin V-FITC and
PI. Cells in each category were expressed as the percentage
of the total number of stained cells counted.

JC-1 Assay for Flow Cytometry

JC-1 assay kit for flow cytometry was used to detect apoptosis
in cultured cells (Invitrogen, Molecular Probes, Hungary).
Cells were incubated with 10 μl of 200 μM JC-1 (2 μM final
concentration) for 30 min. Cells were washed once by adding
2 ml of warm PBS to each tube of cells. The cells were
pelleted by centrifugation. Cells were resuspended by gently
flicking the tubes and 500 μl PBSwas added to each tube. The
samples were immediately measured by BD FacsCalibur flow
cytometer (BD Biosciences, USA). The red/green fluores-
cence ratio was introduced to identify living and apoptotic
cells. JC-1 exhibits potential-dependent accumulation in
mitochondria, indicated by a fluorescence emission shift from
green (≈529 nm) to red (≈590 nm). Consequently, mitochon-
drial depolarization is indicated by a decrease in the red/green
fluorescence intensity ratio. Cells in each category were
expressed as the percentage of the total number of stained
cells counted. Results were analyzed by Cellquest software
(BD Biosciences, USA).

Results

Initial experiments were performed to assess the rate of cell
viability loss on exposure of the cells to oxidative stress.
Cells were treated with various doses of H2O2 for 3 h, and
cell viability was determined with MTT assay. Similarly to
findings by others, ARPE-19 cells were resistant to low
concentrations of H2O2 but rapidly lost viability with an

increase in H2O2 concentration (Qin et al. 2006). Exposure
of the cells to 0.25 mM H2O2 for 3 h reduced viable cells to
approximately 50% of control. Therefore, we chose this
concentration for our further experiments. PACAP1-38 or
PACAP6-38 administration alone caused no changes in cell
viability. Treatment with 10 nM PACAP for 3 h signifi-
cantly increased the percentage of viable cells after
exposure to oxidative injury, which could be blocked by
PACAP6-38 co-application (Fig. 1a). Furthermore, we
showed that this effect was dose dependent: 1 pM
PACAP1-38 did not lead to a significant increase in cell
survival; 10 and 100 pM could significantly decrease the
effect of oxidative stress. Best result was achieved by
100 nM PACAP1-38 treatment (Fig. 1b). We repeated the
experiments with 10 nM PACAP in the presence of various
inhibitors of the MAPK and PI3K/Akt pathways. It was
found that the co-application of different MAPK inhibitors
did not influence the protective effect of PACAP, while the
presence of PI3K/Akt inhibitor significantly reduced this
protective effect (data not shown).

Annexin V and propidium iodide staining were used to
detect apoptosis and necrosis in cultured cells. In the late
phase of apoptosis, cells are stained with both dyes. Using
this method, we found that the control group had more than
96% of intact, living cells and only less than 4% of cells in
the necrotic and early, late phases of apoptosis (Figs. 2 and
3). An increase of apoptotic and necrotic cells was observed
in the H2O2-treated group with a lower number of living
cells. PACAP administration alone caused no changes in
the percentage of living, necrotic, and apoptotic cells
compared to control values. Necrosis was slightly de-
creased upon PACAP treatment, but differences were not
statistically significant. However, PACAP administration
led to a significant increase in the percentage of living cells
and a reproducible decrease in the rate of apoptosis (Figs. 2
and 3).

JC-1 is for the detection of mitochondrial depolarization
occurring in apoptosis. Using the JC-1 assay for flow
cytometry, we found that the control group and the group
treated with PACAP alone had more than 98% of living
cells (Figs. 4 and 5). An increase of apoptotic cell number
was observed in the H2O2-treated group with a lower
number of living cells. PACAP administration led to a
significant increase in the percentage of living cells and a
decrease in the percentage of apoptotic cells exposed to
H2O2 (Figs. 4 and 5).

Discussion

The present study shows that PACAP is able to exert
protective actions against oxidative stress in human retinal
pigment epithelial cells. In addition to the numerous studies
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providing evidence for the protective effects of PACAP in
the neuronal retina, this is the first study that demonstrates
such effects in the pigment epithelial cells.

PACAP receptors have been identified earlier in several
neuronal layers of the retina. The selective PACAP
receptors are responsible for approximately 80% of PACAP
binding in the retina (Nilsson et al. 1994). Radioligand
binding studies have revealed the existence of PACAP
receptors also in the human fetal retina and in retinoblas-
toma cells (Olianas et al. 1996, 1997). Detailed localization
studies have revealed a strong expression of PAC1 receptor
mRNA in the ganglion cell layer, inner nuclear layer, and
nerve fiber layer, while a weaker expression in the inner
and outer plexiform and the outer nuclear layers and the
outer segments of the photoreceptors was observed (Seki et
al. 1997, 2000). In culture, PAC1 receptor expression has
been shown in the Muller glial cells, where PACAP exerts
several functions (Kubrusly et al. 2005; Nakatani et al.
2006). In retinal pigment epithelial cells, PAC1 and VPAC1

receptors have been identified by RT-PCR studies (Zhang et
al. 2005). The same study has shown that PACAP inhibited
the interleukin 1β-stimulated expression of interleukin-6
and -8 and monocyte chemotactic protein-1 (Zhang et al.
2005). The authors used the same human pigment epithelial
cell line (ARPE-19) that we used also in our present
study.

Pigment epithelial cells perform a wide variety of
functions that are critical during the embryonic develop-
ment of the retina as well as throughout adult life to
maintain normal vision (Grunwald 2009). Originally, the
pigment layer of the retina was thought to function mainly
as an absorptive layer of stray light to enhance visual
acuity. However, these cells play several other important
roles, such as formation of the blood–retinal barrier,
elimination of waste products, selective transport to photo-
receptors, processing of vitamin A in the visual cycle and
phagocytosis of the photoreceptor outer segments disks
facilitating the renewal of the photoreceptors. By building a
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Figure 1 a Effect of PACAP on
the viability on H2O2-treated
ARPE-19 cells. ARPE-19 cells
were left untreated (control, ctr),
were treated with 10 nM
PACAP1-38 alone (P), with
0.25 mM H2O2 alone, or with
10 nM PACAP1-38 (P), or
PACAP1-38 and 1 μM
PACAP6-38 (PACAP inhibitor,
P inh) for 3 h. b Concentration
dependence of PACAP on
H2O2-treated ARPE-19 cells.
ARPE-19 cells were treated with
0.25 mM H2O2 alone (H2O2) or
with the mentioned concentra-
tions of PACAP1-38 (P) for 3 h.
Cell viabilities were detected by
MTT assay and expressed as a
percentage of untreated control
cells. Data are expressed as
mean percentage ± S.E.M.
***P<0.001 compared to
control; ##P<0.01 compared to
H2O2 and H2O2 + P + P inh
treatment
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barrier between blood and photoreceptors and by possess-
ing specialized apical, basal, and lateral surfaces, pigment
epithelial cells also provide a protective layer against toxic
and oxidative damage that would be harmful for the
photoreceptors. However, the retinal pigment epithelium
itself is constantly exposed to external injuries, including
oxidative stress. This may lead to degeneration, dysfunc-
tion, or loss of pigment epithelial cells. The balance
between RPE cell death and proliferation may be respon-
sible for several diseases of the underlying retina (Roduit
and Schorderet 2008). High oxygen tension, exposure to
light and the biochemical events of vision generate
significant oxidative stress in the retina and the retinal
pigment epithelium (Maeda et al. 2005). Retinal pigment
epithelial cells have been implicated in several retinal

diseases, including age-related macular degeneration, which
is the leading cause of blindness among adults in developed
countries, and in proliferative vitreoretinopathy, which is a
major complication resulting from retinal detachment
(Grunwald 2009).

Our results indicate that PACAP has antiapoptotic effects
in oxidative stress-induced cell death in retinal pigment
epithelial cells. This is in accordance with other studies
showing that PACAP protects cells of different origin
against oxidative stress. Not only neuronal cells but also
non-neuronal cells have been demonstrated to react with
decreased apoptotic rate when exposed to PACAP. Such
effects have been described in cerebellar granule cells
(Vaudry et al. 2002), cochlear cell culture (Racz et al.
2010), endothelial cells (Racz et al. 2007b) and cardio-

Figure 2 Distinction between living, necrotic, early, and late
apoptotic cells in untreated control cells, PACAP-treated cells, cells
exposed to 0.25 mM H2O2 for 3 h and H2O2-treated cells co-incubated
with 10 nM PACAP. The lines divide each plot into quadrants: lower

left quadrant, living cells; lower right quadrant, early apoptotic cells;
upper left quadrant, necrotic cells; upper right quadrant, late
apoptotic cells
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myocytes (Gasz et al. 2006; Racz et al. 2008a). The exact
mechanism of the observed protective effect is not known
at the moment, but our results indicate the involvement of the
Akt signaling pathway, since the survival-promoting effect of
PACAP was significantly reduced in the presence of the PI3K/
Akt inhibitor. This is in agreement with previous observations
showing the involvement of the Akt signaling pathway in the
protective effects of PACAP (Racz et al. 2007a, 2008a).

Based on our present results, it can be hypothesized that
such an effect is also present endogenously. Numerous
studies have shown that PACAP-deficient mice react to
damaging insults with increased susceptibility. For exam-
ple, cerebellar granule cells isolated from PACAP knockout
mice react to oxidative stress with a higher apoptotic rate

(Vaudry et al. 2005). In addition, PACAP-deficient mice
have increased neuronal damage in brain ischemia (Ohtaki
et al. 2008) and axonal regeneration is delayed in a model
of axotomy (Armstrong et al. 2008). Recently, we have
shown that even kidney tubular cells isolated from PACAP-
deficient mice are more sensitive to oxidative stress
(Horvath et al. 2010). Retinal pigment epithelial cells
possess PACAP receptors, and an earlier study has revealed
that PACAP inhibits some inflammatory cytokine expres-
sion in these cells (Zhang et al. 2005). It is possible that
PACAP is a survival-promoting factor also in retinal
pigment epithelial cells.

In summary, our present results show that PACAP has
antiapoptotic effects against oxidative stress-induced cell
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Figure 3 Graphs demonstrate
the mean percentage of living
cells (a), ratio of cells in apo-
ptosis (b), ratio of necrotic cells
(c). ARPE-19 cells were treated
with 0.25 mM H2O2 and 10 nM
PACAP for 3 h and cell death
was assessed by annexin V and
propidium iodide staining. Data
are expressed as mean percent-
age ± S.E.M. *P<0.05 com-
pared to control group; #P<
0.05, ##P<0.01 compared to
H2O2 group
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Figure 4 Examples of dot plots as determined by flow cytometry
following JC-1 staining. Horizontal axis represents JC-1 green
intensity and vertical axis shows JC-1 red staining. The lines divide

each plot into two quadrants: lower right quadrant, apoptotic cells;
upper right quadrant, living cells
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the mean percentage of living
and apoptotic cells assessed by
JC-1 assay. ARPE-19 cells were
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10 nM PACAP for 3 h. Data are
expressed as mean ± S.E.M.
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death in retinal human pigment epithelial cells, providing
an additional piece of evidence for the retinoprotective
effects of PACAP.

Acknowledgements This work was supported by the Hungarian
Science Research Fund OTKA K72592, F67830, CNK78480,
ETT278-04/2009, Bolyai Scholarship, University of Pecs Medical
School Research Grant 2009, Richter Gedeon Foundation, “Science,
Please! Research Teams on Innovation” program (SROP-4.2.2/08/1/
2008-0011).

References

Armstrong BD, Abad C, Chhith S et al (2008) Impaired nerve
regeneration and enhanced neuroinflammatory response in mice
lacking pituitary adenylyl cyclase activating peptide. Neuroscience
151:63–73

Atlasz T, Babai N, Kiss P et al (2007) Pituitary adenylate cyclase
activating polypeptide is protective in bilateral carotid
occlusion-induced retinal lesion in rats. Gen Comp Endocrinol
153:108–114

Atlasz T, Szabadfi K, Kiss P et al (2008) PACAP-mediated neuro-
protection of neurochemically identified cell types in MSG-
induced retinal degeneration. J Mol Neurosci 36:97–104

Atlasz T, Szabadfi K, Reglodi D et al (2009) Effects of pituitary
adenylate cyclase activating polypeptide (PACAP1-38) and its
fragments on retinal degeneration induced by neonatal MSG
treatment. Ann NY Acad Sci 1163:348–352

Atlasz T, Szabadfi K, Kiss P et al (2010a) Evaluation of the protective
effects of PACAP with cell-specific markers in ischemia-induced
retinal degeneration. Brain Res Bull 81:497–504

Atlasz T, Szabadfi K, Kiss P et al (2010b) Review of pituitary
adenylate cyclase activating polypeptide in the retina: focus on
the retinoprotective effects. Ann N Y Acad Sci 1200:128–139

Babai N, Atlasz T, Tamas A, Reglodi D, Kiss P, Gabriel R (2005)
Degree of damage compensation by various PACAP treatments
in monosodium glutamate-induced retina degeneration. Neurotox
Res 8:227–233

Bazan NG (2006) Cell survival matters: docosahexaenoic acid
signaling, neuroprotection and photoreceptors. Trends Neurosci
29:263–271

Bazan NG (2008) Neurotrophins induce neuroprotective signaling in
the retinal pigment epithelial cell by activating the synthesis of
the anti-inflammatory and anti-apoptotic neuroprotectin D1. Adv
Exp Med Biol 613:39–44

Cai H, Del Priore LV (2006) Gene expression profile of cultured adult
compared to immortalized human RPE. Mol Vis 12:1–14

Deguil J, Chavant F, Lafay-Chebassier C, Perault-Pochat MC,
Fauconneau B, Pain S (2010) Neuroprotective effect of PACAP
on translational control alteration and cognitive decline in MPTP
parkinsonian mice. Neurotox Res 17:142–155

Dejda A, Jolivel V, Bourgault S et al (2008) Inhibitory effect of
PACAP on caspase activity in neuronal apoptosis: a better
understanding towards therapeutic applications in neurodegener-
ative diseases. J Mol Neurosci 36:26–37

Falluel-Morel A, Aubert N, Vaudry D et al (2008) Interactions of
PACAP and ceramides in the control of granule cell apoptosis
during cerebellar development. J Mol Neurosci 36:8–15

Ferencz A, Szanto Z, Borsiczky B et al (2002) The effects of
preconditioning on the oxidative stress in small-bowel autotrans-
plantation. Surgery 132:877–884

Gasz B, Racz B, Roth E et al (2006) Pituitary adenylate cyclase
activating polypeptide protects cardiomyocytes against oxidative
stress-induced apoptosis. Peptides 27:87–94

Girard BM, Wolf-Johnston A, Braas KM, Birder LA, May V, Vizzard
MA (2008) PACAP-mediated ATP release from rat urothelium
and regulation of PACAP/VIP and receptor mRNA in micturition
pathways after cyclophosphamide (CYP)-induced cystitis. J Mol
Neurosci 36:310–320

Grunwald GB (2009) Structure and function of the retinal pigment
epithelium. In: Duane’s ophthalmology, chapter 21 (ed). Lippincott
Williams & Wilkins, Philadelphia

Hagino N (2008) Performance of PAC1-R heterozygous mice in
memory tasks—II. J Mol Neurosci 36:208–219

Horvath G, Mark L, Brubel R et al (2010) Mice dificient in pituitary
adenylate cyclase activating polypeptide display increased sensi-
tivity to renal oxidative stress in vitro. Neurosci Lett 469:70–74

Kalariya NM, Ramana KV, Srivastava SK, van Kuijk FJ (2008)
Carotenoid derived aldehydes-induced oxidative stress causes
apoptotic cell death in human retinal pigment epithelial cells. Exp
Eye Res 86:70–80

Kishi H, Michima HK, Sakamoto I, Yamashita U (1996) Stimulation
of retinal pigment epithelial cell growth by neuropeptides in
vitro. Curr Eye Res 15:708–713

Koh SW, Chader GJ (1984) Agonist effect on the intracellular
cyclic AMP concentration of retinal pigment epithelial cells in
culture. J Neurochem 42:287–289

Kook D, Wolf AH, Yu AL et al (2008) The protective effect of
quercetin against oxidative stress in the human RPE in vitro.
Invest Ophthalmol Vis Sci 49:1712–1720

Kubrusly RC, da Cunha MC, Reis RA et al (2005) Expression of
functional receptors and transmitter enzymes in cultured Muller
cells. Brain Res 1038:141–149

Maeda A, Crabb JW, Palczewski K (2005) Microsomal glutathione S-
transferase 1 in the retinal pigment epithelium: protection against
oxidative stress and a potential role in aging. Biochemistry
44:480–489

Mester L, Szabo A, Atlasz T et al (2009) Protection against
chronic hypoperfusion-induced retinal neurodegeneration
by PARP inhibition via activation of PI3-kinase Akt
pathway and suppression of JNK and p38 MAP kinases.
Neurotox Res 18:68–76

Monaghan TK, Pou C, MacKenzie CJ, Plevin R, Lutz EM (2008)
Neurotrophic actions of PACAP-38 and LIF on human neuro-
blastoma SH-SY5Y cells. J Mol Neurosci 36:45–56

Nagy AD, Csernus VJ (2007) The role of PACAP in the control of
circadian expression of clock genes in the chicken pineal gland.
Peptides 28:1767–1774

Nakatani M, Seki T, Shinohara Y et al (2006) Pituitary adenylate
cyclase activating polypeptide (PACAP) stimulates production of
interleukin-6 in rat Muller cells. Peptides 27:1871–1876

Nilsson SF, De Neef P, Robberecht P, Christophe J (1994) Character-
ization of ocular receptors for pituitary adenylate cyclase
activating polypeptide (PACAP) and their coupling to adenylate
cyclase. Exp Eye Res 58:459–467

Ohtaki H, Nakamachi HT, Dohi K, Shioda S (2008) Role of PACAP
in ischemic neural death. J Mol Neurosci 36:16–25

Olianas MC, Ennas MG, Lampis G, Onali P (1996) Presence of
pituitary adenylate cyclase activating polypeptide in Y-79 human
retinoblastoma cells. J Neurochem 67:1293–1300

Olianas MC, Ingianni A, Sogos V, Onali P (1997) Expression of
pituitary adenylate cyclase activating polypeptide (PACAP)
receptors and PACAP in human fetal retina. J Neurochem
69:1213–1218

Qin S, McLaughlin AP, De Vries GW (2006) Protection of RPE cells
from oxidative injury by 15-deoxy-Δ12,14-prostaglandin J2 by

42 J Mol Neurosci (2011) 43:35–43



augmenting GSH and activating MAPK. Invest Ophthalmol Vis
Sci 47:5098–5105

Rabl K, Reglodi D, Banvolgyi T et al (2002) PACAP inhibits anoxia-
induced changes in physiological responses in horizontal cells in
the turtle retina. Regul Pept 109:71–74

Racz B, Gallyas F Jr, Kiss P et al (2007a) Effects of pituitary
adenylate cyclase activating polypeptide (PACAP) on the PKA-
Bad-14-3-3 signaling pathway in glutamate-induced retinal injury
in neonatal rats. Neurotox Res 12:95–104

Racz B, Gasz B, Borsiczky B et al (2007b) Protective effects of
pituitary adenylate cyclase activating polypeptide in endothelial
cells against oxidative stress-induced apoptosis. Gen Comp
Endocrinol 153:115–123

Racz B, Gasz B, Gallyas F Jr et al (2008a) PKA-Bad-14-3-3 and Akt-
Bad-14-3-3 signaling pathways are involved in the protective
effects of PACAP against ischemia/reperfusion-induced cardio-
myocyte apoptosis. Regul Pept 145:105–115

Racz B, Horvath G, Faluhelyi N et al (2008b) Effects of PACAP on
the circadian changes of signaling pathways in chicken pine-
alocytes. J Mol Neurosci 36:220–226

Racz B, Horvath G, Reglodi D et al (2010) PACAP ameliorates
oxidative stress in the chicken inner ear: an in vitro study. Regul
Pept 160:91–98

Reichenstein M, Rehavi M, Pinhasov A (2008) Involvement of
pituitary adenylate cyclase activating polypeptide (PACAP) and
its receptors in the mechanism of antidepressant action. J Mol
Neurosci 36:330–338

Roduit R, Schorderet DF (2008) MAP kinase pathways in UV-induced
apoptosis of retinal pigment epithelium ARPE19 cells. Apoptosis
13:343–353

Rojas JC, John JM, Lee J, Gonzalez-Lima F (2009) Methylene blue
provides behavioral and metabolic neuroprotection against optic
neuropathy. Neurotox Res 15:260–273

Scharf E, May V, Braas KM, Shutz KC, Mao-Draayer Y (2008) Pituitary
adenylate cyclase activating polypeptide (PACAP) and vasoactive
intestinal peptide (VIP) regulate murine neural progenitor cell
survival, proliferation, and differentiation. J Mol Neurosci 36:79–88

Seki T, Shioda S, Ogino D, Nakai Y, Arimura A, Koide R (1997)
Distribution and ultrastructural localization of a receptor for
pituitary adenylate cyclase activating polypeptide and its mRNA
in the rat retina. Neurosci Lett 238:127–130

Seki T, Izumi S, Shioda S, Zhou CJ, Arimura A, Koide R (2000) Gene
expression for PACAP receptor mRNA in the rat retina by in situ
hybridization and in situ RT-PCR. Ann NYAcad Sci 921:366–369

Seki T, Nakatani N, Taki C et al (2006) Neuroprotective effects of
PACAP against kainic acid-induced neurotoxicity in rat retina.
Ann NY Acad Sci 1070:531–534

Seki T, Itoh H, Nakamachi T, Shioda S (2008) Suppression of
ganglion cell death by PACAP following optic nerve transection
in the rat. J Mol Neurosci 36:57–60

Shoge K, Mishima HK, Saitoh T et al (1999) Attenuation by PACAP
of glutamate-induced neurotoxicity in cultured retinal neurons.
Brain Res 839:66–73

Silveira MS, Costa MR, Bozza M, Linden R (2002) Pituitary
adenylate cyclase activating polypeptide prevents induced cell
death in retinal tissue through activation of cyclic AMP-
dependent protein kinase. J Biol Chem 277:16075–16080

Somogyvari-Vigh A, Reglodi D (2004) Pituitary adenylate cyclase
activating polypeptide: a potential neuroprotective peptide—
review. Curr Pharm Des 10:2861–2889

Szabadfi K, Atlasz T, Reglodi D et al (2009) Urocortin 2 protects
against retinal degeneration following bilateral common carotid
artery occlusion in the rat. Neurosci Lett 455:42–45

Troger J, Sellemond S, Kieselbach G et al (2003) Inhibitory effect of
certain neuropeptides on the proliferation of human retinal pigment
epithelial cells. Br J Ophthalmol 87:1403–1408

Vaudry D, Pamantung TF, Basille M et al (2002) PACAP protects
cerebellar granule neurons against oxidative stress-induced
apoptosis. Eur J Neurosci 15:1451–1460

Vaudry D, Hamelink C, Damadzic R, Eskay RL, Gonzalez B, Eiden LE
(2005) Endogenous PACAP acts as a stress response peptide to
protect cerebellar neurons from ethanol or oxidative insult. Peptides
26:2518–2524

Vaudry D, Falluel-Morel A, Bourgault A et al (2009) Pituitary
adenylate cyclase activating polypeptide and its receptors:
20 years after the discovery. Pharmacol Rev 61:283–357

Vossmerbaeumer U, Ohnesorge S, Kuehl S et al (2009) Retinal
pigment epithelial phenotype induced in human adipose
tissue-derived mesenchymal stromal cells. Cytotherapy
11:177–188

Yoshiyama M, de Groat WC (2008) The role of vasoactive intestinal
polypeptide and pituitary adenylate cyclase activating polypeptide
in the neural pathways controlling the lower urinary tract. J Mol
Neurosci 36:227–240

Zhang XY, Hayasaka S, Chi ZL, Cui HS, Hayasaka Y (2005) Effect of
pituitary adenylate cyclase activating polypeptide (PACAP) on
IL-6, and MCP-1 expression in human retinal pigment epithelial
cell line. Curr Eye Res 30:1105–1111

J Mol Neurosci (2011) 43:35–43 43


	Pituitary...
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Cell Viability Test
	Annexin V and Propidium Iodide Staining of the Cells
	JC-1 Assay for Flow Cytometry

	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


