1. INTRODUCTION

Apoptosis is a cell death process, which occurs during development and aging of
animals and several other processes. Apoptosis (from the Greek words apo = from and
ptosis = falling) is one of the main types of programmed cell death. Apoptosis is carried
out in an ordered process that generally confers advantages during an organism's life
cycle. But the balance about apoptosis is very important, because too much apoptosis
causes cell-loss disorders, whereas too little results in uncontrolled cell proliferation,
namely cancer, autoimmune disorders. This balancing process is part of the
homeostasis. Between 50 and 70 billion cells die each day due to apoptosis in the
average human adult. In a year, this amounts to the proliferation and subsequent
destruction of a mass of cells equal to an individual's body weight. Homeostasis is
achieved when the rate of mitosis (cell proliferation) in the tissue is balanced by cell
death. The diseases in which apoptosis has been implicated can be grouped into 2 broad
groups: those in which there is increased cell survival (i.e. associated with inhibition of
apoptosis) and those in which there is excess cell death (where apoptosis is overactive).

1.1. Signaling background of apoptosis
Signaling for apoptosis occurs through multiple independent pathways that are initiated
either from triggering events within the cell or from outside the cell, for instance, by
ligation of death receptors.
The mitogen activated protein kinase (MAPK) cascades, which are generally activated
in response to mitogenic signals, cytokines and environmental stress, and lead to
activation of the members of the MAPK family: three subfamilies have been identified
in mammalian cells - extracellular signal-regulated kinase-p44/42 MAPK (ERK1/2),
p38 MAP kinase (p38) and c-Jun N-terminal kinase (JNK). These MAPK cascades have
been shown to participate in a wide array of cellular functions, such as cell growth, cell
differentiation and apoptosis. Although many MAPK activiting stimuli are proapoptotic
or antiapoptotic, the biological outcome of MAPK activation is highly divergent and
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appears to be largely dependent on the cell type. ERK1/2 pathways are usually linked to
growth factor action and are associated with cellular differentiation, proliferation and
survival. JNK1/2 and p38 MAPK are serine and threonine protein kinases that are
activated by various stress stimuli.
All apoptosis signaling pathways converge on a common machinery of cell destruction
that is activated by a family of cysteine proteases (caspases) that are activated by
processing from its inactive precursor (zymogen) (Strasser et al., 2000). Thirteen
members of the human caspase family have been identified. Some of the family
members are involved in apoptosis, and these can be divided into two subgroups. The
first group consists of caspase 8, caspase 9, and caspase 10, which contain a long
prodomain at the N-terminus, and function as initiators of the cell death process. The
second group contains caspase 3, caspase 6, and caspase 7, which have a short
prodomain and work as effectors, cleaving various death substrates that ultimately cause
the morphological and biochemical changes seen in apoptotic cells. The other effector
molecule in apoptosis is Apaf-1 (apoptotic protease activating factor), which, together
with cytochrome c, recruits pro-caspase 9 in an ATP (or dATP)-dependent manner, and
stimulates the processing of pro-caspase 9 to the mature enzyme. The other regulators
of apoptosis are the members of the Bcl-2 family. Eighteen members have been
identified for the Bcl-2 family, and divided into three subgroups based on their
structure. Members of the first subgroup, represented by Bcl-2 and Bcl-xL, have an
anti-apoptotic function. Members of the second subgroup, represented by Bax and Bak,
as well as members of the third subgroup such as Bid and Bad, are pro-apoptotic
molecules. The signal transduction pathway for a death factor (Fas ligand)-induced
apoptosis has been well elucidated. Binding of Fas ligand to its receptor results in the
formation of a complex (DISC, death-inducing signaling complex) consisting of Fas,
FADD, and pro-caspase 8. Pro-caspase 8 is processed to an active enzyme at the disc.
There are two pathways downstream of caspase 8. In one type of cells, such as
thymocytes and fibroblasts, caspase 8 directly activates caspase 3. In type II cells such
as hepatocytes, caspase 8 cleaves Bid, a member of the Bcl-2 family. The truncated Bid
then translocates to mitochondria and stimulates release of cytochrome c. Once
cytochrome c is released, it binds with Apaf-1 and ATP, which then binds to procaspase-9, creating a multi-protein complex known as apoptosome. The apoptosome
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cleaves this pro-caspase, rendering the active form of caspase-9, which in turn activates
effector caspase-3. (Fig.1).

Fig.1. Schematic figure about apoptosis
In our study we focused on the activation of members of mitogen activated protein
kinase (MAPK) family: extracellular signal-regulated kinase (ERK1/2), c-Jun Nterminal kinase (JNK1/2) and p38 MAPK; cAMP-responsive element binding protein
(CREB); Bcl-2; phospho-Bad; apoptosis inducing factor (AIF); cytochrome c and
caspase-3.
Analysis of these regulatory pathways has led to a better understanding of the etiology
and pathogenesis of many human diseases and neurodegenerative/neurodevelopmental
diseases. The mechanism by which factors protect the cells from degeneration is unclear
and we tried to investigate the challenge of converting that understanding into new
therapeutic modalities. Pituitary adenylate cyclase activating polypeptide (PACAP)
could be one of the new therapeutic peptides and that is the most important reason for
investigating the effects of PACAP in different in vitro and in vivo models.
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1.2. Pituitary Adenylate Cyclase Activating Polypeptide (PACAP)
Pituitary adenylate cyclase activating polypeptide (PACAP) was first isolated
from ovine hypothalami on the basis of its ability to stimulate cAMP formation in
pituitary cells (Miyata et al., 1989). PACAP exists in two forms, with 27 and 38 amino
acid residues (Miyata et al., 1989, 1990). PACAP belongs to the VIP/secretin/glucagon
family of peptides and shares 68% identity with vasoactive intestinal peptide (VIP), but
its adenylate cyclase stimulating activity has been shown to be 1000-10000 times
greater than that of VIP. The primary structure of PACAP-38 is identical among all
mammalian species examined, and it also shows marked similarity with lower
vertebrates examined, and nonvertebrates, with differences in only 1-4 amino acids (rev:
Arimura, 1998). This suggests that the structure of PACAP has remained very
conserved throughout phylogenesis and it may reflect its importance in fundamental
functions in the nervous system. Despite the high similarity between VIP and PACAP,
the distribution of these peptides is quite different. In mammalian tissues, the 38 amino
acid form of PACAP is prevalent, constituting approximately 90% of the peptide. The
PACAP receptors belong to the family of G protein-coupled receptors with seven
transmembrane domains. There are two types of PACAP receptors: PAC1 receptor
which bind PACAP with high affinity and VIP with a much lower affinity and VPAC1
and VPAC2 receptors which bind VIP and PACAP with similar affinities (Arimura,
1998, Vaudry et al., 2000). Similar to other “brain-gut peptides” PACAP is localized
not only in the central but in the peripheral nervous system and also in non-neural
tissues, such as in endocrine glands and the gastrointestinal tract. PAC1 receptor is
coupled to adenylate cyclase and phospholipase C (PLC). Through adenylate cyclase
activation, it elevates cAMP, and activates protein kinase A (PKA), which can activate
the mitogen-activated protein kinase (MAPK) pathways (Vaudry et al., 1998).
PACAP is a potent anti-apoptotic agent (rev.: Somogyvari and Reglodi, 2004).
Its anti-apoptotic effects have been extensively studied in various neuronal cell lines.
PACAP has been shown to have anti-apoptotic effects also in non-neuronal cells, like
mature T cells, thymocytes, ovarian follicular cells, pituitary cells and several cancer
cell lines (Delgado et al., 1996, 2000a,b; Gutierrez-Canas et al., 2003; Le et al., 2002;
Lee et al., 1999; Oka et al., 1999). However, its effect on the survival of cardiomyocytes
is not known. VIP, the closest structural homologue peptide of PACAP, has been

4

reported to play a cardioprotective role during myocardial ischemia (Gyongyosi et al.,
1997; Kalfin et al., 1994; Roudenok et al., 2001). VIP may also play an important role
in protection against myocardial fibrosis: endogenous VIP depletion is associated with
the degree of fibrosis and increased VIP concentrations have protective effects (Ye et
al., 2002, 2003, 2004). A recent paper has reported similar findings with PACAP: it
inhibited protein synthesis and DNA synthesis in cardiac fibroblasts, which implies that
PACAP may also act as a protective mediator against myocardial fibrosis (Sano et al.,
2002). However, the anti-apoptotic effect of PACAP has been shown to be much
stronger than that of VIP: VIP is protective against the toxic effects of various agents
either at much higher concentrations than that of PACAP or is not protective at all (rev.:
Somogyvari-Vigh and Reglodi, 2004). In oxidative stress-induced apoptosis of
cerebellar granule cells, VIP had no effect (Vaudry et al., 2002a). Most available data
indicate therefore, that the anti-apoptotic effects of PACAP are mediated through the
specific PAC1 receptor (rev.: Somogyvari-Vigh and Reglodi, 2004). PACAP is also a
highly potent vasorelaxant peptide and causes vasodilation in a wide range of
concentrations (Vaudry et al., 2000). The concentration of PACAP is significantly
higher in coronary and cerebral arteries compared to other blood vessels, and PACAP
causes significant vasodilation in coronary blood vessels, which might be an important
caridoprotective factor (Dalsgaard et al., 2003).
The neuroprotective effects of PACAP have been demonstrated against various
toxic agents in vitro and in different models of neuronal pathologies in vivo
(Somogyvari-Vigh and Reglodi, 2004). VIP, structurally the closest to PACAP, was
first shown to protect retinal ganglionic cells against glutamate toxicity in vitro (Shoge
et al., 1998). Subsequently, similar neuroprotection has been described for PACAP
(Shoge et al., 1999). These pioneer works have been followed by a few other studies
showing that PACAP is protective in the retina against various injuries, including
excitotoxicity (Silveira et al., 2002; Seki et al., 2003; Rabl et al., 2002). In the past few
years, we have provided evidence for the neuroprotective effects of PACAP in various
in vivo models such as Parkinson`s disease, Huntington chorea, neurotrauma and focal
cerebral ischemia (Somogyvari-Vigh and Reglodi, 2004; Reglodi et al., 2005; Farkas et
al., 2004; Tamas et al., 2002). We have conducted several experiments on the effects of
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neonatal MSG administration and the protective effects of PACAP in this model
(Tamas et al., 2004; Babai et al., 2005, 2006; Racz et al., 2006a,b; Kiss et al., 2006).
In summary, PACAP is a potent anti-apoptotic agent in the neuronal system, but
its effect on the survival of cardiomyocytes and endothelial cells is not known. The
neuroprotective effects of PACAP have been demonstrated against various toxic agents
in vitro, but its effect on the possible protective signaling pathways in the in vivo model
of retina degeneration is not known.
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2. AIMS AND HYPOTHESIS
The aim of the thesis was to investigate apoptosis and its signaling pathways in different
models in vivo and in vitro. Pituitary adenylate cyclise activiting polypeptide (PACAP)
could be one of the new therapeutic peptides and that is the most important reason for
investigating the effects of PACAP in cardial, endothelial and retinal models.
1. PACAP has well-known neuroprotective effects, and one of the main factors leading
to neuroprotection seems to be its anti-apoptotic effects. The peptide and its receptors
are present also in the heart, but whether PACAP can be protective in cardiomyocytes,
is not known. Therefore, the aim of the study was to investigate the effects of PACAP
on oxidative stress-induced apoptosis in cardiomyocytes.
2. In lung cancer and pituitary cells PACAP stimulates production of vascular
endothelial growth factor (VEGF). However, no data are presently available on the
direct effects of PACAP on endothelial cell survival. Vasoactive intestinal peptide
(VIP), the structurally closest related peptide to PACAP, has been reported to promote
survival of human corneal endothelial cells. Accordingly, the aim of the study was to
investigate the effects of PACAP on endothelial cell survival and on oxidative stressinduced changes in the activation of members of the MAPK family.
3. PACAP and its receptors can be found in the retina and it is an important transmitter
in the retinohypothalamic tract. The well-known neuroprotective effects of PACAP
have also been shown in vitro in the retina in some pathological conditions such as
hypoxia and optic nerve dissection. Elevated glutamate levels lead to retinal damage
and PACAP has been shown to be protective against glutamate-induced cell death in the
retina in vitro. Recently, we have shown that this protective effect is also present in
vivo, in monosodium-glutamate (MSG)-induced retinal degeneration. The underlying
molecular mechanism of this protective effect is not yet known. Retinal cell death
induced by over-stimulation of glutamate receptors is related to apoptosis. The aim of
this part of the study was to further elucidate the possible signaling pathways involved
in the protective effects of PACAP against MSG-toxicity in vivo.
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3. PITUITARY ADENYLATE CYCLASE ACTIVATING POLYPEPTIDE
PROTECTS CARDIOMYOCYTES AGAINST OXIDATIVE STRESS-INDUCED
APOPTOSIS
A large number of experimental data supports the presence of apoptosis in a variety of
cardiovascular diseases and, along with that, numerous chemicals have been reported to
be cardioprotective through inhibition of cardiomyocyte apoptosis. Oxidative stress is a
major apoptotic stimulus in many cardial diseases. Various growth factors have been
shown to protect the heart against oxidative stress, which may involve attenuation of
cardiac myocyte apoptosis. PACAP and its receptors are present in the heart, but
whether PACAP can be protective in cardiomyocytes, is not known.
Therefore, the aim of the present study was to investigate the effects of PACAP on
oxidative stress-induced apoptosis in cardiomyocytes.
3.1. BACKGROUND
Both PACAP and VIP occur in the nerve fibers and cell bodies within the cardiac
plexus (Calupca et al., 2000; DeHaven et al., 2002; Richardson et al., 2003). Also,
PACAP receptors have been detected in the cardiac neurons. PAC1 receptor, which is
specific for PACAP, occurs in multiple isoforms in cardiac neurons, where the common
VPAC1 and VPAC2 have also been demonstrated (Bardon et al., 2001; DeHaven et al.,
2002; Sano et al., 2002; Wei et al., 1996). Numerous actions on the cardiac myocytes
and coronary blood vessels both in vitro and in vivo have been shown: PACAP
modulates excitability of intracardiac neurons, affects cardiac rhythm, contractility,
output and atrial natriuretic peptide secretion (Basler et al., 1995; Braas et al., 1998,
2004; DeHaven et al., 2004; Hirose et al., 1997, 2001a,b, 2003; Markos et al., 2002;
Merriam et al., 2004; Parsons et al., 2000; Seebeck et al., 1996). Due to its inotropic,
chronotropic and dromotropic effects, PACAP has been suggested as a candidate for
treatment of heart failure (Vaudry et al., 2000). In PAC1 deficient mice, pulmonary
hypertension and right heart failure have been demonstrated (Otto et al., 2004).
A large number of experimental data supports the presence of apoptosis in a variety of
cardiovascular diseases and, along with that, numerous chemicals have been reported to
be cardioprotective through inhibition of cardiomyocyte apoptosis (rev.: Chen and Tu
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2002; Kumar et al., 2003). Oxidative stress is a major apoptotic stimulus in many
cardiac diseases. Various growth factors have been shown to protect the heart against
oxidative stress, which may involve attenuation of cardiac myocyte apoptosis (rev.:
Chen and Tu 2002; Kumar et al., 2003; Suzuki, 2003).
There are numerous factors that play a role in both neurodegeneration and
cardiomyocyte degeneration, which also implies the possibility of similar protective
strategies (Bogoyevitch, 2004; Miller, 2001). The well documented neuroprotective
effects of PACAP and the occurrence of PACAP and PACAP receptors in the heart
raise the question whether PACAP is able to counteract the deleterious effects of agents
leading to cardiomyocyte degeneration. In the present study, we investigated the effects
of PACAP on oxidative stress-induced cardiomyocyte death. The main pathways in
cardiomyocyte apoptosis are the induction of the pro-apoptotic members of the Bcl-2
family and the activation of the pro-apoptotic terminal caspase-3 (Chen and Tu, 2002;
Feng et al., 2004; Kumar et al, 2003; Vaudry et al., 2000). Bcl-2 is an anti-apoptotic
protein, while Bad and Bax are pro-apoptotic members of the family. The
phosphorylation of Bad inhibits its binding to, and inactivation of anti-apoptotic Bcl-2.
Thus, increases in phospho-Bad and expression of Bcl-2 act against apoptosis (Feng et
al., 2004). Based on the above-described importance of caspase-3, Bcl-2 and phosphoBad in cardiomyocyte apoptosis, we investigated the effects of PACAP on the
expression of these apoptotic markers in addition to assessing cell viability and
apoptosis in a rat cardiomyocyte culture.
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3.2. MATERIALS AND METHODS
3.2.1. Cell culture
Primary culture of neonatal rat cardiomyocyte was prepared as described previously
(Luodonpa et al., 2001, Tokola et al., 1994). Briefly, cells were obtained from
ventricular myocytes of 2–4-day-old Wistar rats, using collagenase (Gibco™
Collagenase Type II, Invitrogen Corp., USA). Isolated cells were plated on collagen Icoated plates (Coll Typ 1 cellcoat, Germany) at the density of 200 000 cm−2. Cells were
incubated in DMEM/F12 medium (Sigma–Aldrich, USA) supplemented with 10% of
fetal bovine serum (Gibco, USA). The following day, when the cells attached to the
plate firmly, the medium was replaced with complete serum free medium (CSFM)
containing the following supplements: BSA (2.5%, AlbuMax 1, Invitrogen, USA),
insulin (1 µM), transferrin (5.64 µg/ml), selenium (32 nM) (insulin–transferrin–sodium–
selenit media supplement, Sigma, Hungary), sodium pyruvate (2.8 mM, Sigma,
Hungary), 3,3′,5′-triiodo-l-thyronine sodium salt (1 nM, Sigma, Hungary), penicillin
(100 IU/ml) and streptomycin (0.1 mg/ml) (PS solution, Sigma, Hungary). Experiments
started 48 h after incubation with CSFM and the medium was changed every 24 h.
3.2.2. Experimental protocol
Cultured cardiomyocytes were randomly assigned to different experimental groups:
- control group of cells, incubated in CSFM without treatment;
- cells exposed to 1 mM of H2O2;
- cells incubated in medium containing 20 nM PACAP1-38;
- cardiomyocytes subjected to treatment of 250 nM PACAP receptors antagonists
PACAP6-38;
- cells treated with 1 mM H2O2 together with PACAP1-38;
- to antagonize the effect of PACAP1-38, 250 nM of the PACAP receptors antagonists
PACAP6-38 was added simultaneously with 1 mM H2O2.
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Cells were exposed to the mentioned concentration of chemicals for 4 h. Evaluation of
cell survival was performed immediately after termination of treatments. Assessment of
apoptotic signaling markers was also started after treatments until permeabilization, and
samples were stored at −20 °C until further processing according to the protocols
supplied by the manufacturers. Experiments were repeated six times in duplicate wells.
The selected dose of H2O2 was based on our preliminary studies showing a significant
apoptotic effect without considerable necrosis at this concentration in cardiomyocytes,
and the dose of PACAP was based on in vitro studies using PACAP as a protective
agent against various toxic effects, where the range of 10–100 nM was proven to be the
most effective (Ito et al., 1999; Somogyvari-Vigh and Reglodi, 2004; Vaudry et al.,
2000, 2002a,b).

3.2.3. Cell viability assay
Viability of cardiomyocytes were determined by colorimetric MTT assay (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma, Hungary). The assay is
based on the reduction of MTT into a blue formazan dye by viable mitochondria. At the
end of the treatments, the medium was discarded from plates and the cells were
subsequently washed twice with phosphate buffered saline (PBS, Sigma, Hungary).
Cells were then incubated with PBS containing 0.5 mg/ml of MTT for 3 hours at 37°C
in an atmosphere of 5% CO2. The solution was aspirated carefully and 1 ml of
dimethylsulfoxide was added to dissolve the blue-colored formazan particles. Samples
from duplicate wells were transferred to a 96-well plate and absorbance was measured
by an ELISA reader (Sirio microplate reader, Seac Corp., Italy), at 570 nm representing
the values in arbitrary unit (AU). Results are expressed as percentage of control values.

3.2.4. Annexin V and propidium iodide staining of the cardiomyocytes
By conjugating a fluorescent group to annexin V, apoptosis can be quantitatively
detected using fluorescence microscopy or flow cytometry, and this assay has been used
together with other criteria to detect apoptosis in cardiomyocytes. The ratio of apoptosis
was evaluated after double staining with fluorescein isothiocyanate (FITC)-labeled
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annexin V and propidium iodide (BD Biosciences) using flow cytometry (Vermes et al.,
1995). First, the medium was discarded and wells were washed twice with isotonic
sodium chloride solution. Cells were removed from plates using a mixture of 0.25 %
trypsin (Sigma), 0.2 % ethylene-diamin tetra-acetate (EDTA; Serva), 0.296 % sodium
citrate, 0.6 % sodium chloride in distillated water. This medium was applied for 15 min
at 37 °C. Removed cells were washed twice in cold PBS and were resuspended in
binding buffer containing 10 mM Hepes NaOH, pH 7.4, 140 mM NaCl, 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 (FITC) conjugated annexin V molecules and propidium
iodide (PI). After this period of incubation, 400 µl of annexin-binding buffer (BD
Biosciences) was added to the tubes, as described by the manufacturers. The samples
were immediately measured by BD FacsCalibur flow cytometer (BD Biosciences).
Results were analyzed by Cellquest software (BD Biosciences). Quadrant dot
plot was introduced to identify living and necrotic cells and cells in early or late phase
of apoptosis. Necrotic cells were identified as single PI-positive. 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
percentage of the total number of stained cells counted.
3.2.5. Assessment of phospho-Bcl-2, phoshpo-Bad and caspase-3 cleavage
Following the 4-h-long treatments in different groups, cells were harvested by trypsinEDTA according to the protocol described at annexin V-PI staining. Cells were pelleted
by centrifugation (175 g, 5 min) and then fixed in 1% formaldehyde in PBS for 10 min
at 37 °C. After 1 min of chilling, cell suspensions were centrifuged again followed by
permeabilization applying 90% methanol (Sigma, Hungary) for 30 min at 4 °C. Each
tube of cells was rinsed twice with 0.5% bovine serum albumin (BSA) (Invitrogen,
USA) and finally appropriate amounts of cells (0.5–5 × 106) were resuspended in 0.5%
BSA. Cells were then incubated for 10 min at room temperature. Subsequent to
blocking of cells in BSA, an appropriate dilution of the primary antibody was added to
the solution and was incubated for 45 min at room temperature. Polyclonal antibodies
against active caspase-3, phospho-Bcl-2 and phospho-Bad were from Cell Signaling
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Technology Inc. (USA), and were used at dilutions 1:10 (caspase-3), 1:50 (Bcl-2) and
1:100 (Bad). After centrifugation, the supernatant was carefully aspirated and the cells
were resuspended in 100 µl 0.5% BSA containing FITC conjugated secondary antibody
(Sheep anti rabbit IgG; Serotec Inc., USA) at a dilution of 1:50, and were incubated for
30 min. Fluorescent staining of samples was quantified by flow cytometric
measurement of 10 000 cells. To determine the non-specific marking of cells, the
secondary antibody was applied for 30 min without primary antibody following
permeabilization. Our results were analyzed by Cellquest software (BD Biosciences,
USA) measuring the appearance of caspase-3, phospho-Bcl-2 and phospho-Bad in the
cells as mean fluorescence intensity (MFI).
3.2.6. Statistical analysis
Data were presented as mean±S.E.M. from three independent experiments, analyzed
with one-way ANOVA followed by Neuman–Keul's post hoc analysis, and were
considered significant at P<0.05.
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3.3. RESULT
To establish whether PACAP influences viability of cells exposed to H2O2,
mitochondrial viability in cardiac cells was measured by MTT assay (Fig.2).
Administration of H2O2 alone resulted in manifest decrease in cell viability compared to
control values (58.2 ± 11.0%). Treatment with PACAP1-38 and PACAP6-38 alone did
not alter cell viability. However, when H2O2-treated cells were incubated with
PACAP1-38, cell viability significantly increased (85.8 ± 15.8% of control) when
compared to the viability of H2O2-treated cells. Incubation of cultured cells with the
PACAP receptors antagonists, PACAP6-38, significantly attenuated the beneficial
effect of PACAP1-38 on cell viability (56.1 ± 11.9% of control values) (Fig.2).

Fig.2. PACAP1-38 counteracts the toxic effect of H2O2 in neonatal rat
cardiomyocytes as measured by MTT assay. Data are presented as
mean ± S.E.M. obtained from six independent experiments.
**

P < 0.01.
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*

P < 0.05;

The control group had 90.5 ± 1.3% of intact, living (annexin V and PI negative) cells
and 5.4 ± 1.6% of cells in early phase of apoptosis (annexin V positive and PI negative)
(Fig.3A,B,C). An increase of apoptotic cells (21.6 ± 3.8%) was observed in the H2O2treated group with a lower number of living cells (76.7 ± 3.6%). PACAP1-38 and
PACAP6-38 administration alone caused no changes in the percentage of living and
apoptotic cells related to control values. PACAP1-38 administration led to a significant
increase in the percentage of living cells (91.1 ± 0.9% of control) and a reproducible
decrease in the rate of apoptosis (6.7 ± 1.7%) in cells exposed to H2O2 (Fig.3A,B,C).
This beneficial effect of PACAP1-38 was diminished by PACAP6-38 (living cells:
81.8 ± 1.2%, apoptotic cells: 14.1 ± 1.8%).
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Fig.3A Fig. Distinction between living, necrotic, early and late apoptotic cells.
Examples of dot-plots as determined by flow cytometry following annexin V and
propidium iodide double-staining. Horizontal axis represents annexin V
intensity and vertical axis shows propidium iodide staining. The lines divide
each plot into four 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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Fig.3B. Graphs demonstrate the mean percentage of living cells. Data are
expressed as mean ± S.E.M. *P < 0.05; **P < 0.01.

Fig.3C. Graphs demonstrate the ratio of cells in early apoptosis (C). Data are
expressed as mean ± S.E.M. *P < 0.05; **P < 0.01.

17

The rate of apoptosis was further examined by measuring caspase-3 activity and the
level of phospho-Bcl-2 and phospho-Bad using flow cytometry. Neither PACAP1-38
nor PACAP6-38 alone altered the examined apoptotic markers (Fig.4 and Fig.5A,B,C).

Fig.4. Down-regulation of active caspase-3 by PACAP1-38 in cardiomyocytes
exposed to oxidative stress. Data are presented as mean ± S.E.M. *P < 0.05;
**

P < 0.01.
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Fig.5A. Effect of PACAP1-38 on appearance of phospho-Bcl-2 in cells
submitted to high concentration of H2O2. Results are expressed as
mean ± S.E.M. *P < 0.05; **P < 0.01.

Fig.5B. Effect of PACAP1-38 on appearance of phospho-Bad in cells submitted
to high concentration of H2O2. Results are expressed as mean ± S.E.M.
*

P < 0.05; **P < 0.01.
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Regarding the pro-apoptotic marker of caspase cleavage, we found that the applied
concentration of H2O2 stimulated massive up-regulation of active caspase-3 levels
(Fig.4). The amount of active caspase-3 was markedly reduced by PACAP1-38 in cells
exposed to H2O2. The PACAP antagonist could abolish the advantageous effect of
PACAP1-38 on caspase activation as compared to the control group and the group
receiving co-treatment with PACAP1-38 and H2O2 (Fig.4).
The anti-apoptotic protein Bcl-2 plays an important role in protecting various cell types
from injuries and phosphorylation of Bcl-2 at Ser70 may be necessary for its full and
potent anti-apoptotic function (Ito et al., 1997). The dramatic reduction in
phosphorylated Bcl-2 was induced by H2O2 (Fig.5A). PACAP1-38 was able to upregulate Bcl-2 in cells treated with H2O2. This could be inhibited by PACAP6-38 and
Bcl-2 was detected around the level of the H2O2 treated group (Fig4A).
Bad is a protein with pro-apoptotic effects impairing the function of Bcl-2 and Bclxl. Its
phosphorylation causes binding of Bad to 14-3-3 protein and inhibition of Bad binding
to Bcl-2 and Bclxl leading to cell survival (Feng et al., 2004; Klumpp et al., 2002). It is
known that oxidative stress provokes a decrease in the level of phospho-Bad agreeing
with our findings which demonstrated significant reduction in phospho-Bad level as a
result of H2O2 administration (Fig.5B). Co-incubation of H2O2 and PACAP1-38 led to
the significant up-regulation of phospho-Bad, thus its level reached approximately
control values. PACAP receptors antagonists, PACAP6-38, treatment in such a
condition was associated with lower phospho-Bad levels (Fig.5B).
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3.4 DISCUSSION AND CONCLUSION FROM THIS STUDY
The present study showed that treatment with PACAP could markedly attenuate the
oxidative stress-induced apoptosis in cardiomyocytes. Thus, our results show for the
first time, that the well known anti-apoptotic effects of PACAP in various neuronal cell
lines is also present in heart myocytes.
Accumulating evidence indicates that apoptosis occurs in cardiovascular diseases and
may play a significant role in the development of heart failure (Chen and Tu, 2002;
Kumar et al., 2003). Oxidative stress seems to be a major factor in the initiation as well
as in the regulation of cardiomyocyte apoptosis in different diseases (Kumar et al.,
2003). Therefore, it seemed reasonable to study the effect of PACAP in oxidative stressinduced apoptosis of cardiomyocytes. The protective effect of PACAP against oxidative
stress-induced apoptosis has been shown in cerebellar granule cells (Ito et al., 1999;
Vaudry et al., 2002a,b). Incubation of cerebellar granule cells with H2O2 resulted in a
dose-dependent decrease of the proportion of surviving cells, which could be
counteracted by PACAP via the MAP kinase pathway (Vaudry et al., 2002a). Similar
results have been obtained in apoptosis induced by 4-hydroxynonenal, which is a
product of membrane lipid peroxidation (Ito et al., 1999). Oxidative stress also leads to
inactivation of aconitase, a stress-sensitive enzyme of the tricarboxylic acid cycle in
neuronal mitochondria (Tabuchi et al., 2003). In mouse cerebellar granule cells,
lowering K+ levels inactivates this enzyme, accompanying induction of apoptotic cell
death. Suppression of apoptosis by PACAP1-38 attenuates the aconitase inactivation,
which might be an additional factor in reducing oxidative stress-induced toxicity, since
aconitase is a key mitochondrial enzyme influencing the viability of neurons in response
to oxidative stress (Tabuchi et al., 2003).
Our results show that PACAP reduced the activation of caspase-3 and increased the
activation of Bcl-2 and phospho-Bad following H2O2 administration. Caspase activation
can be a driving force behind cell death in the myocardium (Chen and Tu, 2002). Both
animal studies and human samples show activated caspase-3 in heart failures (Chen and
Tu, 2002). The inhibitory effects of PACAP on caspase activation have already been
shown in cerebellar granule cells and in chicken sympathetic neurons (Przywara et al.,
1998; Vaudry et al., 2000, 2002a,b). In non-neuronal cells, the deactivation of caspase-3
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has been demonstrated in rat alveolar cells (Onoue et al., 2004). The Bcl-2 family
consists of various members with pro- and anti-apoptotic effects. Bcl-2 is an antiapoptotic protein, while Bad and Bax are pro-apoptotic. The phosphorylation of Bad
inhibits its binding to, and inactivation of, anti-apoptotic Bcl-2. In the heart, increased
expression of the anti-apoptotic Bcl-2 correlates with myocardial survival, and
increasing phospho-Bad improves myocardial protection (Feng et al., 2004; Kumar et
al., 2003). PACAP has been shown to induce Bcl-2 expression in cerebellar granule
cells and in a prostate cancer cell line (Falluel-Morel et al., 2004; Gutierrez-Canas et al.,
2003), but the effects of PACAP on Bad-phosphorylation has not been reported yet. Our
results show that PACAP increased the expression of both Bcl-2 and phospho-Bad
(Fig.4).
The exact mechanism of the cardioprotective effects described in the present study is
not yet known. Numerous in vitro studies on the neuroprotective mechanism of PACAP
have shown that PACAP exerts neuroprotection via PAC1 receptors, through the
cAMP/PKA/MAPK pathway (rev.: Somogyvari-Vigh and Reglodi, 2004). The
dominance of PAC1 receptors on cardiac myocytes (Sano et al., 2002), and the shown
stimulatory effects of PACAP on cAMP production and PKA (Baron et al., 2001; Cui et
al., 2000) suggest that cardioprotection may be mediated by pathways similar to those
found in neuronal cells. Also, it has recently been shown that PACAP influences the
expression of several genes involved in survival in PC12 cells (Grumolato et al., 2003).
Among the 75 up- and 70 downregulated genes in PC12 cells, several are involved in
controlling apoptosis. For example, PACAP upregulates genes of detoxifying factors
that participate in protection against oxidative stress, like peroxiredoxin 5 and
thioredoxin reductase (Grumolato et al., 2003). PACAP also has direct antioxidant
effects, as shown in a non-cellular in vitro system and in a red blood cell filtration
model, although this effect was observed only at concentrations exceeding the usual in
vitro neuroprotective range and the concentration used in our present study (Reglodi et
al., 2004).
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Apart from the direct effects of PACAP on cardiomyocytes, PACAP is also a potent
vasodilator peptide (rev.:Vaudy et al., 2000). Intravenous application of the peptide
leads to a transient fall in the systemic blood pressure, which, being within the
autoregulatory range of the cardiac blood flow, would not influence the coronary blood
flow. Furthermore, the vasorelaxant effects of PACAP on coronary blood vessels and
thus the increase of coronary blood flow make the peptide a suitable candidate for
myocardial preservation (Dalsgaard et al., 2003; Vaudry et al., 2000).
In conclusion, our study shows that PACAP is able to counteract the effects of oxidative
stress, probably via reducing the activation of caspase-3 and increasing the activation of
Bcl-2 and phospho-Bad following H2O2 administration. Our results can be of major
clinical importance and serve as a basis for further studies on the protective effects of
PACAP in cardiomyocytes.
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4. PROTECTIVE EFFECTS OF PITUITARY ADENYLATE CYCLASE
ACTIVATING

POLYPEPTIDE

IN

ENDOTHELIAL

CELLS

AGAINST

OXIDATIVE STRESS-INDUCED APOPTOSIS
In the previous study we showed that treatment with PACAP could markedly attenuate
the oxidative stress-induced apoptosis in cardiomyocytes. Our results show for the first
time, that the well known anti-apoptotic effects of PACAP in various neuronal cell lines
is also present in heart myocytes. The survival, growth, and function of endothelial cells
are key factors in vascular homeostasis. Oxidative stress is a major cause of several
pathological phenomena, including apoptosis in endothelial cells. Stress-induced
changes of endothelial cells have been implicated in cardiovascular dysfunctions and
several other pathological conditions. The effect of PACAP in oxidative stress-induced
apoptosis in endothelial cells is unclear. Therefore, the second part of our study
investigated the same model in endothelial cells and the effect of PACAP.
4.1. BACKGROUND
The survival, growth, and function of endothelial cells are key factors in vascular
homeostasis (Irani, 2000). Oxidative stress is a major cause of several pathological
phenomena, including apoptosis in endothelial cells (Irani, 2000; Cuda et al., 2002; Lee
et al., 2004b). Stress-induced changes of endothelial cells have been implicated in
cardiovascular dysfunctions and several other pathological conditions (Irani, 2000;
Murakami et al., 2005). Oxidative stress leads to activation of numerous signal
transduction pathways, including members of the mitogen-activated protein kinase
(MAPK) family.
It has been shown that PACAP stimulates production of vascular endothelial growth
factor (VEGF), an important factor for development and function of endothelial cells in
lung cancer and pituitary cells (Gloddek et al., 1999; Lohrer et al., 2001; Moody et al.,
2002). However, no data are presently available on the direct effects of PACAP on
endothelial cell survival. Vasoactive intestinal peptide (VIP), the structurally closest
related peptide to PACAP, has been reported to promote survival of human corneal
endothelial cells (Koh and Waschek, 2000). Therefore the aim of the study was to
investigate the effects of PACAP on endothelial cell survival and on oxidative stressinduced changes in the activation of members of the MAPK family.
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4.2. MATERIALS AND METHODS
4.2.1. Cell culture
The EOMA CRL-2586 cell line was obtained from mouse hemangioendothelioma
(ATCC). EOMA cells were cultured in DMEM/F12 medium (Sigma–Aldrich, USA),
supplemented with 10 % of fetal bovine serum (Gibco, USA) and 1 % penicillinstreptomycin (Gibco, USA). Cells were passaged by trypsinization (Trypsin/EDTA;
Sigma, USA), followed by dilution in DMEM/F12 medium containing 10 % fetal
bovine serum. Experiments started 48 hrs after incubation in humified 95 % air and 5 %
CO2 mixture at 37 °C in the medium.

4.2.2. Experimental protocol
Cultured EOMA cells were randomly assigned to different experimental groups:
- control group of cells, with no treatment;
- cells exposed to 0.5 mM of H2O2;
- cells incubated in medium containing 20 nM PACAP1-38;
- EOMA cells subjected to treatment of 250 nM PACAP receptors antagonists,
PACAP6-38;
- cells treated with 0.5 mM H2O2 together with PACAP1-38;
- to antagonize the effect of PACAP1-38, 250 nM of the PACAP receptors antagonists,
PACAP6-38, was added simultaneously with 0.5 mM H2O2.
The following experimental protocol is the same, as previously described (3.2.2.).
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4.2.3. Cell viability assay
Viability of EOMA cells were determined by colorimetric MTT assay at the end
of the 4-hr-treatments, as previously described (3.2.3).
Cell viability was also assessed by live/dead viability/cytotoxicity assay
(Invitrogen, Molecular Probes). Cells were incubated for 45 min in the live/dead (L/D)
buffer, consisting of calcein-AM (5 µl) and ethidium homodimer-1 (20 µl) in PBS, as
outlined by the manufacturer. Ethidium homodimer-1 is a high-affinity, red fluorescent
nucleic acid stain that is only able to pass through the compromised membranes of dead
cells. Calcein-AM is a fluorogenic esterase substrate that is hydrolyzed to a greenfluorescent product, thus green fluorescence is an indicator of living cells that have
esterase activity as well as an intact membrane to retain the esterase products.

4.2.4. Annexin V and propidium iodide staining of the EOMA cells
By conjugating a fluorescent group to annexin V, apoptosis can be quantitatively
detected using fluorescence microscopy or flow cytometry, and this assay has been used
together with other criteria to detect apoptosis in endothelial cells, as previously
described (3.2.4).

4.2.5. Assessment of MAPK : phospho-ERK1/2, phoshpo-p38MAPK and phosphoJNK1/2
Following the 10, 30, 60-min-long treatments in different groups, cells were harvested
by trypsin-EDTA according to the protocol described at annexin V-PI staining. The
signaling pathways of the MAPK family were assessed by the same protocol, as
previously described (3.2.5.)
Polyclonal antibodies against phospho-ERK1/2, phospho-p38 MAPK and phosphoJNK1/2 (Cell Signaling Technology Inc., USA) were used at dilutions 1:1000
(ERK1/2), 1:50 (p38 MAPK) and 1:50 (JNK1/2). After centrifugation, the supernatant
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was carefully aspirated and cells were resuspended in 100 µl 0.5 % BSA-containing
FITC-conjugated secondary antibody (anti-mouse IgG for ERK1/2, and anti-rabbit IgG
for p38 MAPK and JNK1/2, Sigma) at a dilution of 1:50, and were incubated for 30
min. Our results were analyzed by Cellquest software (BD Biosciences, USA)
measuring the appearance of phospho-ERK1/2, phospho-p38 MAPK and phosphoJNK1/2 in the cells as mean fluorescence intensity (MFI).

4.2.6. Statistical analysis
All data are presented as mean±S.E.M. Differences between groups were assessed with
one-way ANOVA followed by Neuman–Keul's post hoc analysis, and were considered
significant when P<0.05.
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4.3. RESULT
Viability of EOMA cells after H2O2 was measured by MTT assay (Fig. 6). H2O2
treatment alone led to a manifest decrease of cell viability compared to control values.
Treatment with PACAP1-38 and PACAP antagonist, PACAP6-38 alone did not alter
cell viability. Cell viability significantly increased when H2O2-treated cells were coincubated with PACAP1-38. Incubation of cultured cells with the PACAP antagonist,
PACAP6-38, significantly attenuated the beneficial effect of PACAP1-38 on cell
viability (Fig. 6). This effect of PACAP was further verified by qualitative live/dead
assay (Fig. 7), which clearly showed that H2O2 treatment increased the number of dead
cells compared to the control group. PACAP1-38 treatment was able to counteract this
effect of H2O2 treatment, while PACAP6-38 inhibited the effects of PACAP1-38 (Fig.
7).

Fig.6. Viability of endothelial cells as measured by MTT assay. Data are presented as
mean ± S.E.M. obtained from six independent experiments. *p<0.05, **p<0.01
compared to control values unless otherwise indicated.
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Fig.7. Representative fluorescent images of cell viability in normal control, 0.5 mM
H2O2-treated, 20nM PACAP1-38 and 250nM PACAP-antagonist-treated EOMA cells.
Green fluorescence is an indicator of living cells (Calcein-AM) and red fluorescence
(ethidium homodimer-1) indicates dead cells.
Annexin V and propidium iodide staining were used to detect apoptosis in cultured
cells. Apoptosis leads to plasma membrane asymmetry and the externalization of
phophatidylserine residues, which bind annexin V with high affinity. In the early stages
of apoptosis, cells typically have an intact cell membrane. Thus, they are not stained
with propidium iodide, whereas externalization of phophatidylserine can be detected by
annexin V. In the late phase of apoptosis, cells are stained with both dyes. Using this
method, we found that the control group had more than 90% of intact, living cells and
only less than 10% of cells in the early and late phases of apoptosis (Fig. 8, 9). An
increase of apoptotic cells was observed in the H2O2-treated group with a lower number
of living cells. PACAP1-38 and PACAP6-38 administration alone caused no changes in
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the percentage of living and apoptotic cells compared to control values. PACAP1-38
administration led to a significant increase in the percentage of living cells and a
reproducible decrease in the rate of apoptosis in cells exposed to H2O2. This beneficial
effect of PACAP1-38 was diminished by PACAP6-38 (Fig. 8, 9A,B,C).

Fig.8. Effect of H2O2 and PACAP on apoptosis of EOMA cells. Distinction between
living, necrotic, early and late apoptotic cells. Examples of dot-plots as determined by
flow cytometry following annexin V and PI double-staining. Horizontal axis represents
annexin V intensity and vertical axis shows PI staining. 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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Fig.9A. Graphs demonstrate the mean percentage of living cells. Data are expressed as
mean±S.E.M. *p<0.05, **p<0.01 compared to control values unless otherwise
indicated.

Fig.9B. Graphs demonstrate the ratio of cells in early apoptosis. Data are expressed as
mean±S.E.M. *p<0.05, **p<0.01 compared to control values unless otherwise
indicated.
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Fig.9C. Graphs demonstrate the ratio of cells in late apoptosis. Data are expressed as
mean±S.E.M. *p<0.05, **p<0.01 compared to control values unless otherwise
indicated.

EOMA cells were incubated with 0.5 mM H2O2 for 10, 30, and 60 minutes.
ERK1/2, p38 MAPK and JNK1/2 activation appeared at all time-points and maximal
peak was reached at the 30-minute time-point (Fig. 10A,B,C). Using flow cytometry,
the phosphorylation of ERK1/2, p38 MAPK and JNK1/2 was examined. 0.5 mM H2O2
reduced the activation of ERK1/2 and induced that of the pro-apoptotic markers p38 and
JNK1/2 (Fig. 10A,B,C). Neither PACAP1-38 nor PACAP6-38 alone significantly
altered the phosphorylation of these examined markers. However, the phosphorylation
of p38 MAPK and JNK1/2 was markedly reduced by PACAP1-38 in cells exposed to
H2O2. Also, PACAP1-38 was able to increase the phosphorylation of ERK1/2 in H2O2treated cells. PACAP receptors antagonists, PACAP6-38, decreased the advantageous
effect of PACAP1-38 in levels of all three markers (Fig. 10A,B,C).
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Fig.10A. Effect of PACAP1-38 on appearance of phosphor-p38MAPK in cells submitted
to 0.5 mM concentration of H2O2 for 30 min. Results are expressed as mean fluorescent
density ±S.E.M. *p<0.05, **p<0.01 compared to control values unless otherwise
indicated.

Fig.10B. Effect of PACAP1-38 on appearance of phospho-JNK1/2 in cells submitted to
0.5 mM concentration of H2O2 for 30 min. Results are expressed as mean fluorescent
density ±S.E.M. *p<0.05 compared to control values unless otherwise indicated.
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Fig.10C. Effect of PACAP1-38 on appearance of phospho-ERK1/2 in cells submitted to
0.5 mM concentration of H2O2 for 30 min. Results are expressed as mean fluorescent
density ±S.E.M. *p<0.05 compared to control values unless otherwise indicated.
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4.4. DISCUSSION AND CONCLUSION FROM THIS STUDY
The present results show that PACAP strongly attenuated the H2O2-induced apoptosis
and the concomittant increase in the phosphorylation of the pro-apoptotic kinases p38
and JNK1/2, and the decrease in the phosphorylation of the anti-apoptotic ERK1/2. This
is the first report on the direct survival promoting effects of PACAP on endothelial
cells.
The protective effect of PACAP has been shown against various exogenous
toxic agents, including H2O2 in cerebellar granule cells and cardiomyocytes (Vaudry et
al., 2002a; Somogyvari-Vigh and Reglodi, 2004; Gasz et al., 2006a,b). Cultured
cerebellar neurons from PACAP-deficient mice have been reported to be more sensitive
to H2O2 -toxicity (Vaudry et al., 2005). Numerous studies have demonstrated that the
protective effects of PACAP are associated with phosphorylation of the MAP kinases in
neuronal cell lines, mainly via cAMP/protein kinase A pathway (Vaudry et al., 1998,
2002a,b; Somogyvari-Vigh and Reglodi, 2004; Falluel-Morel et al., 2004; Girard et al.,
2004; Li et al., 2005; Kojro et al., 2006; Pugh and Margiotta, 2006). The protective
effect of PACAP in H2O2-induced apoptosis of cerebellar granule cells has been shown
to be mediated through the MAP kinase pathway (Vaudry et al., 2002a). In this study,
the authors found that PACAP produced an elevation of ERK phosphorylation (Vaudry
et al., 2002a). The effects of PACAP on ERK phosphorylation have also been described
by others (Villalba et al., 1997).
The influence of PACAP on phosphorylation of ERK, JNK and p38 has been
reported in several non-neuronal cells: in monocytes (El Zein et al., 2007), neutrophils
(Harfi and Sariban, 2006; Kim et al., 2006), microglial cells (Lee and Suk, 2004a),
astrocytes (Hashimoto et al., 2003) testicular germ cells (Li et al., 2004),
folliculostellate cells (Vlotides et al., 2004) and myeloma cells (Li et al., 2006). In
general, most studies show that PACAP increases ERK activity and suppresses JNK and
p38 activity, although these effects may be different depending on the cell type and
experimental conditions (Sakai et al., 2002).
The effects of PACAP on activation of the MAPK family has been shown to be
present also in vivo, in hippocampal neurons under hypoxic conditions: the hypoxiainduced activation of p38 and JNK and the induced suppression of ERK activity were
inhibited by PACAP (Shioda et al., 1998, 2006; Dohi et al., 2002). Lower levels of ERK
have also been observed in PACAP-deficient mice (Ohtaki et al., 2006). In recent
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studies we have found that PACAP is able to attenuate the toxic effects of neonatal
monosodium glutamate treatment in the retina, partly via counteracting the monosodium
glutamate-induced elevation of JNK- and decrease in ERK-phosphorylation (Racz et al.,
2006a,b). Based on the several important actions played by PACAP in the development
of the nervous system, PACAP is regarded as a neurotrophic factor (Waschek, 2002;
Somogyvari-Vigh and Reglodi, 2004). Other neurotrophic factors have already been
shown to enhance survival of endothelial cells: nerve growth factor, brain-derived
neurotrophic factor, fibroblast growth factor, and VIP (Donovan et al., 2000; Koh and
Waschek, 2000; Kim et al., 2004; Donnini et al., 2006). These data support the role of
neurotrophic factors in the maintenance of endothelial functions and survival (Kim et
al., 2004). The present results show that PACAP may also be a candidate trophic factor
for endothelial functions during the MAPK pathways.
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5. IN VIVO NEUROPROTECTION BY PACAP IN EXCITOTOXIC RETINAL
INJURY: EFFECTS ON THE APOPTOTIC SIGNAL TRANSDUCTION
In the previous study, we showed that PACAP strongly attenuated the H2O2-induced
apoptosis and the concomittant increase in the phosphorylation of the pro-apoptotic
kinases, and the decrease in the phosphorylation of the anti-apoptotic kinase in
cardiomyocite and endothelial cells. This was the first report on the direct survival
promoting effects of PACAP on endothelial cells.
The previous chapters dealt with the in vitro antiapoptotic effects of PACAP in
cardiovascular system. It is of great importance to study whether the well known in
vitro antiapoptotic effects are also present in vivo. Therefore in our further studies we
tried to investigate PACAP in the in vivo model of retina degeneration.

5.1. BACKGROUND
PACAP and its receptors can be found in the retina and it is an important transmitter in
the retinohypothalamic tract. The well-known neuroprotective effects of PACAP have
also been shown in vitro in the retina in several pathological conditions such as hypoxia
and optic nerve transection. Elevated glutamate levels lead to retinal damage and
PACAP has been shown to be protective against glutamate-induced cell death in the
retina in vitro. Recently, we have shown that this protective effect is also present in
vivo, in monosodium glutamate (MSG)-induced retinal degeneration. The underlying
molecular mechanism of this protective effect is not yet known. Retinal cell death
induced by over-stimulation of glutamate receptors is related to apoptosis. The aim of
the present study was to further elucidate the possible signaling pathways involved in
the protective effects of PACAP against MSG-toxicity in vivo.
The abnormal activation of glutamate receptors plays a key role in numerous
neuropathological conditions, including diseases of the eye (Danysz et al., 2002; Sucher
et al., 1997). It is possible to mimic several pathological conditions in the eye by
experimental elevations of glutamate (Vidal-Sanz et al., 2000, Osborne et al., 1999).
MSG causes degeneration in diverse brain areas, results in neurobehavioral
abnormalities (Kiss et al., 2005) and leads to retinal degeneration when given
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systemically in newborn animals or locally in adults (van Rijn et al., 1986; Chambille et
al., 1993; Sisk et al., 1985; Ohguro et al., 2002).
Several agents have been shown to alleviate degenerative changes caused by
elevation of extracellular glutamate levels in the retina under experimental conditions,
such as NMDA-antagonists, Ca2+-channel blockers and fenamates (Sucher et al., 1997;
Chen, 1998; Sun, 2001; Toriu, 2000). Trophic factors are also effective in retinal
pathologies (Vidal-Sanz et al., 2000).
PACAP is distributed in various peripheral and sensory organs, including the
eye (Vaudry et al., 2000; Zhou et al., 2002). It occurs in ocular tissues and exerts several
functions in the eyes of various species (Wang et al., 1995; Yamaji et al., 2005,
Nakatani et al., 2006). In the retina, PACAP immunoreactivity is present in the
amacrine and horizontal cells, in the inner plexiform layer, in the ganglionic cell layer
and in the nerve fibre layer (Izumi et al., 2000; Koves, 2000; Seki et al., 2000). PACAP
effectively stimulates cAMP in the retina (Onali et al., 1994; D`Agata et al., 1998),
where the peptide shows circadian alteration, and is an important transmitter in the
retinohypothalamic pathway (Koves et al., 2000; Hannibal et al., 2004; Jozsa et al.,
2001). PACAP receptors are also present in the retina with PAC1 receptor as the
predominant receptor type in the ganglion cells, amacrine cells, inner nuclear layer and
Muller cells (D`Agata et al., 1998; Seki et al., 1997; Nilsson et al., 1994; Kubrusly et
al., 2005; Silveira et al., 2002; Seki et al., 2000). Weaker expression of PACAP
receptors has been shown in other layers of the retina (Seki et al., 2000).
The present study summarizes the effects of PACAP in MSG-induced retinal
degeneration of newborn rats in vivo.
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5.2. MATERIALS AND METHODS
5.2.1. Animals
Newborn Wistar rat pups were used for the experiments. All procedures were performed
in accordance with the ethical guidelines approved by the University of Pécs (No:
BA02/2000-31/2001) Laboratories and were maintained at room temperature, in an
alternating 12-hr light and 12-hr dark cycle (lighs on at 6 am).
5.2.2. Experimental protocol
Pups were injected s.c. with 4mg/g bodyweight MSG on postnatal days 1 and 5.
Preceding each MSG treatment, 100 pmol PACAP1-38 (n=15) or 100 pmol PACAP138 together with 1 nmol PACAP6-38 (n=8) in 5 µl saline was injected unilaterally in the
vitreous body with a Hamilton syringe. The same volume of saline was injected into the
other eye, serving as MSG-treated group. In order to investigate the effects of PACAP138 and the PACAP receptors antagonist PACAP6-38, a group of pups (n=4) received
only PACAP1-38 (100 pmol) or PACAP6-38 (1 nmol) into one eye, while the other
eyes served as saline-treated controls. The used doses of PACAP1-38 and PACAP6-38
were based on our previous studies (Babai et al., 2005, 2006), and the peptides were
synthesized as previously described (Gasz et al., 2006a).
Retinas were removed 12 and 24 hours following each treatment and were processed for
Western blot analysis.

5.2.3. Western blot analysis
Samples were homogenized in ice-cold isotonic Tris buffer (50mM, pH: 8.0) containing
0.5mM sodium-metavanadate, 1mM EDTA and Protease Inhibitor Coctail (1:1000,
Sigma-Aldrich Co, Hungary).
Cytosolic fractions prepared from aliquots of the homogenates by centrifuging them at
15000g for 10min at 4°C were used for demonstrating translocation of cytochrome-c
and apoptosis inducing factor (AIF) from mitochondria to the cytosol. Other antigens
were determined from the rest of the tissue homogenates following sonication. Proteins
were precipitated by TCA, washed 3 times with -20°C acetone, dissolved in Laemli
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sample buffer, separated on 12% SDS-polyacrilamide gels and transferred to
nitrocellulose membranes. After blocking (2 hours with 3% nonfat milk in Tris-buffered
saline), membranes were probed overnight at 4°C with antibodies recognizing the
following phospho-specific antigens: Bad (Ser 136) (1:1000), SAPK/JNK (1:2000),
ERK (1:2000), CREB (1:1000) and cleaved caspase-3 (1:1000) (Cell Signaling
Technology, Beverly, MA, USA), cytochrome c and AIF (Oncogene). Membranes were
washed six times for 5 min in Tris-buffered saline (pH 7.5) containing 0.2% Tween
(TBST) before addition of goat anti-rabbit horseradish peroxidase-conjugated secondary
antibody (1:3000 dilution, Bio-Rad, Hungary). Protein bands were visualized with
enhanced chemiluminescence labeling using an ECL Western blotting detection system
(Amersham Biosciences, Hungary). The developed films were scanned and the pixel
volumes of the bands were determined by using NIH’s Image J software. Under these
conditions the 17kD and the 19kD bands of the cleaved caspase-3 could not be resolved
separately. Loading of samples was confirmed even by anti-glyceraldehyde-3-phosphate
dehydrogenase (Chemicon Int. Inc., USA) immunoblotting (not shown). Pixel volumes
of the bands of interest were normalized to that of the appropriate loading control or the
respective total protein, such as JNK1/2 (1:1000), caspase 3 (1:1000), Bad (Ser 136)
(1:1000) (Cell Signaling Technology, Beverly, MA, USA). Each experiment was
repeated minimum three times.

5.2.4. Statistical analysis
All data were expressed as the mean ± S.D. Differences between groups were assessed
with one-way ANNOVA. Statistical analysis was performed by analysis of variance and
Student’s t test.
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5.3. RESULT
In a previous study, we have shown that the presently applied MSG treatment protocol
led to a severe degeneration of the inner retinal layers which could be significantly
ameliorated by local pre-MSG PACAP administration (Tamas A. et al., 2004). In our
earlier study, the phosphorylation i.e. the activation of ERK1/2 and CREB (p-ERK1/2
and p-CREB) was monitored 12 and 24 h after treatments. There was a gradual increase
in both proteins following MSG treatments. PACAP treatments led to further,
significant increases in the level of p-ERK1/2 (Fig. 11) and p-CREB (Fig. 12) 12 h after
the first and the second PACAP treatments. There was no further elevation after the
third treatment in either control or PACAP-treated retinas (data not shown).
Interestingly, PACAP increased the ERK 1/2 and CREB phosphorylation 12 h, but not
24 h after the first and second treatments. It suggests that during the first two MSG
challenges PACAP induced a transient increase in the activation of ERK 1/2 and of its
downstream target CREB, which disappeared by 24 h after the treatment. Then the
phosphorylation reached a plateau value, and did not increase any further. These results
are in accordance with our earlier histological observations using the same experimental
setup (Babai et al., 2005). In that study we showed that in order to achieve significant
amelioration in MSG-induced degeneration at least two PACAP treatments are
necessary, but there was no further amelioration after the third treatment. Also, our
present and earlier observations indicate that repeated application of PACAP may lead
to a primed state promoting a long-lasting protection, which has also been observed by
others in cerebellar neurons (Vaudry et al., 1998)
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Fig.11. Effects of PACAP on phosphorylation of ERK1/2 in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
*P<0.05 compared to the Glu-treated control levels. Bar diagrams representing pixel
volumes of the phosphorylated ERK1/2 bands from at least 3 independent experiments
are presented. Vertical axes represent pixel volumes of the scanned bands on the
Western blots in arbitrary units.
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Fig.12. Effects of PACAP on phosphorylation of CREB in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
*P<0.05 compared to the Glu-treated control levels. Bar diagrams representing pixel
volumes of the phosphorylated CREB bands from at least 3 independent experiments
are presented. Vertical axes represent pixel volumes of the scanned bands on the
Western blots in arbitrary units.
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Repeated glutamate administration induced apoptotic cell death in the retina that was
attenuated by PACAP by a mechanism involving ERK1/2 and CREB. In order to
investigate the involvement of another member of the MAP kinase family, we assessed
the activation of JNK by using immuno-blotting and a phosphorylation-specific
antibody.
JNK activity was slightly, although not significantly decreased by PACAP treatment
alone, however, it was increased by the PACAP receptors antagonists, PACAP6-38, 12
hours after administration (Fig. 13A). MSG-treatment elevated JNK activation that was
prevented by PACAP, although these changes were not significant during the first 12
hours after MSG injection. However, JNK phosphorylation was significantly elevated
24 hours after the first treatment and 12 hours after the second one. PACAP abolished
the MSG-induced elevation of JNK activation, while PACAP6-38 completely
counteracted the effect of PACAP (Fig. 13B).

Fig.13A. Effects of intravitreal PACAP1-38 and PACAP6-38 on phosphorylation and
thus activation of JNK in the retina. Besides representative immunoblots of total
(phosphorylated + non-phosphorylated) JNK (upper panel) and phosphorylated JNK
(lower panel), bar diagrams representing pixel volumes of the phosphorylated JNK
bands (normalized to the appropriate total JNK value) from at least 3 independent
experiments are presented. *P<0.05 compared to control levels were not otherwise
indicated. Vertical axes represent pixel volumes of the scanned bands on the Western
blots in arbitrary units.
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Fig.13B. Effects of PACAP1-38 on phosphorylation of JNK in retinas treated with MSG
on postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
Besides representative immunoblots of total (phosphorylated + non-phosphorylated)
JNK (upper panel) and phosphorylated JNK (lower panel), bar diagrams representing
pixel volumes of the phosphorylated JNK bands (normalized to the appropriate total
JNK value) from at least 3 independent experiments are presented. *P<0.05, **P<0.01
compared to control levels were not otherwise indicated. Vertical axes represent pixel
volumes of the scanned bands on the Western blots in arbitrary units.
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Phosphorylation and thus inactivation of the pro-apoptotic protein, Bad was not
altered by PACAP treatment alone, although it was significantly decreased 24 hours
after the PACAP receptors antagonists, PACAP6-38, administration (Fig. 14A). MSG
induced a significant decrease in Bad phosphorylation, which was abolished by PACAP
administration. This effect of PACAP could be blocked by adding PACAP6-38 (Fig.
14B).

Fig.14A. Effects of intravitreal PACAP1-38 and PACAP6-38 on phosphorylation of Bad
in the retina. Besides representative immunoblots of total (phosphorylated + nonphosphorylated) Bad (upper panel) and phosphorylated Bad (lower panel), bar
diagrams representing pixel volumes of the phosphorylated Bad bands (normalized to
the appropriate total bad value) from at least 3 independent experiments are presented.
*P<0.05 compared to control levels where not otherwise indicated. Vertical axes
represent pixel volumes of the scanned bands on the Western blots in arbitrary units.
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Fig.14B. Effects of PACAP on phosphorylation of Bad in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
Besides representative immunoblots of total (phosphorylated + non-phosphorylated)
Bad (upper panel) and phosphorylated Bad (lower panel), bar diagrams representing
pixel volumes of the phosphorylated Bad bands (normalized to the appropriate total bad
value) from at least 3 independent experiments are presented. *P<0.05, ***P<0.001
compared to control levels where not otherwise indicated. Vertical axes represent pixel
volumes of the scanned bands on the Western blots in arbitrary units.

47

Translocation of AIF from the mitochondria to the cytosol signals for the induction of
caspase-independent apoptosis mechanism was investigated as well. PACAP1-38
treatment by itself significantly reduced the cytoplasmic translocation of AIF, especially
12 hours after the treatment indicating that by a yet uncharacterized mechanism
PACAP1-38 can inhibit even the unstimulated release of apoptotic signal from the
mitochondria (Fig. 15A). MSG induced an elevation in AIF translocation 12 and 24
hours after the first treatment (Fig. 15B) This elevation was inhibited by PACAP1-38,
and the effect of PACAP1-38 was counteracted by the PACAP antagonist PACAP6-38.
The inhibitory effect of PACAP1-38 on the MSG-induced AIF translocation was less
pronounced 24 than 12 hours after the first MSG treatment, and AIF levels in the
cytoplasm showed a decreasing tendency that was not affected by either MSG or
PACAP after the second treatment (Fig. 15B).

Fig.15A. Effects of intravitreal PACAP1-38 and PACAP6-38 on phosphorylation of Bad
in the retina. Besides representative immunoblots of total (phosphorylated + nonphosphorylated) Bad (upper panel) and phosphorylated Bad (lower panel), bar
diagrams representing pixel volumes of the phosphorylated Bad bands (normalized to
the appropriate total bad value) from at least 3 independent experiments are presented.
*P<0.05, **P<0.01 compared to control levels where not otherwise indicated. Vertical
axes represent pixel volumes of the scanned bands on the Western blots in arbitrary
units.
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Fig.15B. Effects of PACAP on phosphorylation of Bad in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
Besides representative immunoblots of total (phosphorylated + non-phosphorylated)
Bad (upper panel) and phosphorylated Bad (lower panel), bar diagrams representing
pixel volumes of the phosphorylated Bad bands (normalized to the appropriate total bad
value) from at least 3 independent experiments are presented. *P<0.05, **P<0.01,
***P<0.001 compared to control levels where not otherwise indicated. Vertical axes
represent pixel volumes of the scanned bands on the Western blots in arbitrary units.
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Release of cytochrome c from the mitochondria is an early event in the caspasemediated apoptotic process, and cytosolic cytochrome c levels resulted from the
different treatments showed a pattern somehow different from that of AIF. Namely,
PACAP1-38 induced a late decrease (24 hours after the treatment), while PACAP6-38
achieved an early increase (12 hours after the treatment) in cytochrome c release (Fig.
16A). MSG caused a significant elevation of cytoplasmic cytochrome c which could be
prevented by PACAP1-38 administration. Again, PACAP6-38 could block the effect of
PACAP. Similarly to AIF translocation, MSG-induced cytochrome c release was much
more pronounced 12 than 24 hours after the treatment. However, unlike in case of AIF,
the second MSG treatment induced an elevation in cytosolic cytochrome c that was
higher in extent than in case of the first one. Again, PACAP1-38 attenuated the effect of
MSG, and the cytochrome c levels were much decreased 24 hours after the treatment as
compared to the 12 h values (Fig. 16B).

Fig.16A. Effects of intravitreal PACAP1-38 and PACAP6-38 on levels of cytosolic AIF
in the retina. Besides representative immunoblots, bar diagrams representing pixel
volumes of the AIF bands (normalized to the appropriate anti-glyceraldehyde-3phosphate dehydrogenase value) from at least 3 independent experiments are presented.
*P<0.05, **P<0.01, ***P<0.001 compared to control levels where not otherwise
indicated. Vertical axes represent pixel volumes of the scanned bands on the Western
blots in arbitrary units.
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Fig.16B. Effects of PACAP on AIF translocation in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
Besides representative immunoblots, bar diagrams representing pixel volumes of the
AIF

bands

(normalized

to

the

appropriate

anti-glyceraldehyde-3-phosphate

dehydrogenase value) from at least 3 independent experiments are presented. *P<0.05,
**P<0.01, ***P<0.001 compared to control levels where not otherwise indicated.
Vertical axes represent pixel volumes of the scanned bands on the Western blots in
arbitrary units.
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Cleavage of caspase 3 is a good indicator of caspase activation. PACAP1-38
treatment did not cause significant changes, while PACAP6-38 significantly increased
caspase activation 12 and 24 hours after injection (Fig. 17A). MSG administration
caused a significant increase in cleaved caspase-3 after the first treatment, with no
further elevation after consecutive treatments (Fig. 17B). At these time-points, PACAPtreatment inhibited the MSG-induced caspase activation, and this inhibition could be
blocked by PACAP6-38 treatment (Fig. 17B).

Fig.17A. Effects of intravitreal PACAP1-38 and PACAP6-38 on the cleavage of
caspase-3 in the retina. Besides representative immunoblots of uncleaved (upper panel)
and cleaved (lower panel) caspase-3, bar diagrams representing pixel volumes of the
cleaved caspase-3 bands (normalized to the appropriate anti-glyceraldehyde-3phosphate dehydrogenase value) from at least 3 independent experiments are presented.
***P<0.001 compared to control levels where not otherwise indicated. Vertical axes
represent pixel volumes of the scanned bands on the Western blots in arbitrary units.
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Fig.17B. Effects of PACAP1-38 on cleaved caspase-3 in retinas treated with MSG on
postnatal days 1 (1*Glu) and on days 1 and 5 (2*Glu), 12 and 24 h after treatment.
Besides representative immunoblots of uncleaved (upper panel) and cleaved (lower
panel) caspase-3, bar diagrams representing pixel volumes of the cleaved caspase-3
bands (normalized to the appropriate anti-glyceraldehyde-3-phosphate dehydrogenase
value) from at least 3 independent experiments are presented. *P<0.05, **P<0.01,
***P<0.001 compared to control levels where not otherwise indicated. Vertical axes
represent pixel volumes of the scanned bands on the Western blots in arbitrary units.
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5.4. DISCUSSION AND CONCLUSION FROM THIS STUDY
The present study summarized the data showing that PACAP is neuroprotective in
MSG-induced degeneration of the neonatal retina. Intravitreal PACAP administration
significantly ameliorated the degeneration of inner retinal layers. According to the
changes in signaling molecules it seems that this neuroprotective effect is due, at least
partly, to the stimulation of antiapoptotic and the inhibition of proapoptotic signaling
pathways.
Glutamate serves as a neurotransmitter in the vertebrate retina, and the majority
of inner retinal cells bear ionotropic glutamate receptors making them vulnerable to
MSG toxicity (Sucher et al., 1997; Babai et al., 2005). Nearly the same set of neurons
has PACAP receptors (Seki et al., 1997, 2000; Babai et al., 2005) which serves as a
morphological background for the neuroprotective effect of PACAP in the inner retina.
The neuroprotective effect of PACAP has been demonstrated in several in vitro
cell injury models and in various brain pathologies in vivo. In vitro, PACAP enhances
neuronal survival under toxic conditions such as oxidative stress, nitric oxide, ethanol,
ceramide, 6-hyroxydopamine, beta-amyloid, HIV envelope protein, anisomycin and in
vitro hypoxia (Somogyvari –Vigh and Reglodi, 2004; Reglodi et al., 2004). In vivo, the
neuroprotective effects of PACAP have been shown in animal models of Parkinson`s
disease, cerebral ischemia, Huntington-chorea, nerve transection, diffuse axonal injury
and spinal cord injury (Somogyvari –Vigh and Reglodi, 2004). Although most in vivo
studies do not provide explanation for the mechanism of neuroprotection, in vitro data
indicate that PACAP acts via the specific PAC1 receptors through the
cAMP/PKA/MAPK pathway to achieve its effects on neuronal survival (Seki et al.,
1997; Waschek et al., 2002; Vaudry et al., 2000). In a model of cerebral ischemia,
PACAP has been shown to inhibit the activation of JNK and the ischemia-induced
reduction of ERK activity (Dohi et al., 2002; Shioda et al., 1998). Our present results
are in accordance with these previous observations: PACAP inhibited the MSG-induced
elevation of JNK phosphorylation and induced ERK activity in the retina, in vivo.
Furthermore, our results show that the antiapoptotic pathways induced by PACAP in
vitro, most probably play a role in its in vivo neuroprotective effects, since PACAP
attenuated the MSG-induced activation of not only JNK, but also caspase-3, AIF,
cytochrome-c, and elevated the protective phospho-Bad, ERK and CREB.
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Cytochrome-c and AIF are both proapoptotic signals released from the
mitochondria and play key roles in inducing apoptosis in retinal injuries (Hisatomi et
al., 2001, He et al.

2004). The Bcl-2 family consists of both antiapoptotic and

proapoptotic proteins involved in cell death/survival. Bad is a proapoptotic member of
the Bcl family and serves a crosstalk function between Bcl-2 proteins and several
kinase-signaling pathways. Phosphorylated Bad reduces the binding availability of the
unphosphorylated form, thus promoting cell survival, which is a part of the retinal
intrinsic cell survival program (Kim et al., 2005). In the present study we found that
PACAP abolished the MSG-induced reduction of phospho-Bad. It has been shown that
increasing cAMP with forskolin leads to phosphorylation of Bad and protects retinal
cells from death induced by anisomycin or 2-aminopurine (Campos et al., 2003). Our
observations are also in accordance with earlier studies showing that PACAP attenuated
the effects of oxidative stress or ceramide on mitochondrial membrane potential
(Falluel-Morel et al., 2004, Vaudry et al., 2002a) and inhibited the ceramide-evoked
cytochrome-c release in cerebellar granule cells (Falluel-Morel et al., 2004).
A delicate balance between ERK and JNK activation is critical in determining
the cell fate and these mediators have been shown to play an important role also in
neurotoxicity in the retina (Munemasa et al., 2005). PACAP induces phosphorylation of
ERK in cerebellar cultures and in hippocampal ischemia-reperfusion injury where it
also inhibits JNK activation (Dohi et al., 2002, Shioda et al., 1998, Vaudry et al., 2003).
Our present and earlier observations are in accordance with these reports: PACAP
increased ERK activation and counteracted the JNK increasing effect of MSG
treatment. Caspase-3 is considered as an executor of the apoptotic program, which also
plays a role in retinal cell death (Nickells, 2004). In vitro studies have shown that
caspase-3 activation becomes intense 12 hours after glutamate exposure of the retina in
the ganglionic cell layer and inner nuclear layer and then persist till the end of the 24hour-observation period (Chen et al., 2001). Similarly to these immunohistochemical
observations, we found that caspase activation increased 12 and 24 hours after MSG
exposure. Compounds that block caspase activation have been shown to be protective
against glutamate-mediated cell death in the retina (Chen et al., 2001). We found that
PACAP was able to attenuate the MSG-induced elevation of caspase-3 activity that
conformed with data on the effect of PACAP in other neuronal cultures (Vaudry et al.,
2000,2002a,b).
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6. SUMMARY OF NEW FINDINGS

1. Treatment with PACAP markedly attenuates oxidative stress-induced apoptosis in
cardiomyocytes via reducing the activation of caspase-3 and increasing the activation of
Bcl-2 and phospho-Bad. Our results show, for the first time, that the well known antiapoptotic effects of PACAP in various neuronal cell lines is also present in heart
myocytes (Fig.18).
2. PACAP enhances endothelial cell survival, thus the cytoprotective, anti-apoptotic
effect of PACAP is also present in these cells. Furthermore, we showed, for the first
time, that PACAP influences the MAPK pathway, including ERK-, JNK-, and p38signaling pathways to promote survival of endothelial cells (Fig.18).
3. The MSG-induced degeneration of the retina is partly due to the decrease of
antiapoptotic, and increase of proapoptotic molecules. Local PACAP treatment
attenuates these MSG-induced changes in apoptotic signaling pathways: PACAP
increased the levels of the antiapoptotic phospho-ERK and CREB and phospho-Bad,
and reduced the proapoptotic signaling molecules such as JNK, AIF, cytochrome-c and
caspase-3 in the retina. These results may serve as a background for further studies
attempting to reduce retinal degeneration induced by various agents (Fig.18).
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Fig.18 . Schematic figure about signaling pathways of PACAP. Effects of PACAP on the
investigated signaling pathways on cardiomyocyte, endothelial cells and in the retina.
The upper red arrows indicate increased or decreased levels of investigated proteins.

57

7. REFERENCES
Arimura A. Perspectives on pituitary adenylate cyclase activating polypeptide (PACAP)
in the neuroendocrine, endocrine, and nervous systems. Jpn. J. Physiol. 1998; 48: 301331.
Babai N, Atlasz T, Tamas A, Reglodi D, Kiss P, Gabriel R. Degree of damage
compensation by various PACAP treatments in monosodium glutamate-induced retina
degeneration. Neurotox. Res. 2005; 8: 227-233.
Babai N, Atlasz T, Tamas A, Reglodi D, Toth G, Kiss P, Gabriel R. Search for the
optimal monosodium glutamate treatment schedule to study the neuroprotective effects
of PACAP in the retina. Ann. NY. Acad. Sci. 2006; 1070: 149-155.
Baron A, Monnier D, Roatti A, Baertschi AJ. Pituitary adenylate cyclase activating
polypeptide activates KATP current in rat atrial myocytes. Am. J. Physiol. Heart Circ.
Physiol. 2001; 280: 1058–1065.
Basler I, Kuhn M, Muller W, Forssmann WG. Pituitary adenylate cyclase activating
polypeptide stimulates cardiodilatin/atrial natriuretic peptide (CDD/ANP-(99–126)
secretion from cultured neonatal rat myocardiocytes. Eur. J. Pharmacol. 1995; 291:
335–342.
Bogoyevitch MA. An update on the cardiac effects of erythropoietin cardioprotection
by erythropoietin and the lessons learnt from studies in neuroprotection. Cardiovasc.
Res. 2004; 63: 208–216.
Braas KM, May V, Harakall SA, Hardwick JC, Parsons RL. Pituitary adenylate cyclase
activating polypeptide expression and modulation of neuronal excitability in guinea pig
cardiac ganglia. J. Neurosci. 1998; 18: 9766–9779.
Braas KM, Rossignol TM, Girard BM, May V, Parsons RL. Pituitary adenylate cyclase
activating polypeptide (PACAP) decreases neuronal somatostatin immunreactivity in
cultured guinea-pig parasympathetic cardiac ganglia. Neuroscience. 2004; 126: 335–
346.
Calupca MA, Vizzard MA, Parsons RL. Origin of pituitary adenylate cyclase activating
polypeptide (PACAP)-immunoreactive fibers innervating guinea pig parasympathetic
cardiac ganglia. J. Comp. Neurol. 2000; 423: 26–39.
Campos CB, Bedard PA, Linden R. Selective involvement of the PI3K/PKB/Bad
pathway in retinal cell death. J. Neurobiol. 2003; 56: 171-177.
Chambille I, Serviere J. Neurotoxic effect of neonatal injections of monosodium Lglutamate (L-MSG) in the retinal ganglion cell layer of the golden hamster: anatomical
and functional consequences on the circadian system. J. Comp. Neurol. 1993; 338: 6782.

58

Chen Q, Olney JW, Lukasiewicz PD, Almli T, Romano C. Fenamates protect against
ischemic and excitotoxic injury in chick embryo retina. Neurosci. Lett. 1998; 242: 163166.
Chen QM and Tu VC. Apoptosis and heart failure: mechanisms and therapeutic
implications. Am. J. Cardiovasc. Drugs. 2002; 2: 43–57.
Chen TA, Yang F, Cole GM, Chan SO. Inhibition of caspase-3-like activity reduces
glutamate-induced cell death in the adult rat retina. Brain Res. 2001; 904: 177-188.
Cuda G, Paterno R, Ceravolo R, Candigliota M, Perrotti N, Perticone F, Faniello M.C,
Schepis F, Ruocco A, Mele E, Cassano S, Bifulco M, Santillo M, Avvedimento EV.
Protection of human endothelial cells from oxidative stress. Circulation. 2002; 105:
968-974.
Cui X, Lee SJ, Kim SZ, Kim SH, Cho KW. Effects of pituitary adenylate cyclase
activating polypeptide27 on cyclic AMP efflux and atrial dynamics in perfused beating
atria. Eur. J. Pharmacol. 2000; 402: 129–137.
D`Agata V, Cavallaro S. Functional and molecular expression of PACAP/VIP receptors
in the rat retina. Mol. Brain Res. 1998; 54: 161-164.
Dalsgaard T, Hannibal J, Fahrenkrug J, Larsen CR, Ottesen B. VIP and PACAP display
different vasodilatory effects in rabbit coronary and cerebral arteries. Regul. Pept. 2003;
110: 179–188.
Danysz W, Parsons CG. Neuroprotective potential of ionotropic glutamate receptor
antagonists. Neurotox. Res. 2002; 4: 119-126.
DeHaven WI, Cuevas J. Heterogenity of pituitary adenylate cyclase activating
polypeptide and vasoactive intestinal polypeptide receptors in rat intrinsic cardiac
neurons. Neurosci. Lett. 2002; 328: 45–49.
DeHaven WI, Cuevas J. VPAC receptor modulation of neuroexcitability in intracardiac
neurons. J. Biol. Chem. 2004; 279: 40609–40621.
Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary adenylate cyclase
activating polypeptide inhibit antigen-induced apoptosis of mature T lymphocytes by
inhibiting Fas ligand expression. J. Immunol. 2000a; 164: 1200-1210.
Delgado M and Ganea D. VIP and PACAP inhibit activation induced apoptosis in T
lymphocytes. Ann. NY. Acad. Sci. 2000b; 921: 55–67.
Delgado M, Garrido E, Martinez C, Leceta J, Gomariz RP. Vasoactive intestinal peptide
and pituitary adenylate cyclase activating polypeptides (PACAP27 and PACAP38)
protect CD4+CD8+ thymocytes from glucocorticoid-induced apoptosis. Blood. 1996; 87:
5152-5161.

59

Dohi K, Mizushima H, Nakajo S, Ohtaki H, Matsunaga S, Aruga T, Shioda S. Pituitary
adenylate cyclase activating polypeptide (PACAP) prevents hippocampal neurons from
apoptosis by inhibiting JNK/SAPK and p38 signal transduction pathways. Regul. Pept.
2002; 109: 83-88.
Donnini S, Cantara S, Morbidelli L, Giachetti A, Ziche M. FGF-2 overexpression
opposes the beta amyloid toxic injuries to the vascular endothelium. Cell Death Diff.
2006; 13: 1088-1096.
Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, Wang S, Ibanez CF,
Rafii S, Hempstead BL. Brain derived neurotrophic factor is an endothelial cell survival
factor required for intramyocardial vessel stabilization. Development. 2000; 127: 45314540.
El Zein N, Badran BM, Sariban E. The neuropeptide pituitary adenylate cyclase
activating protein stimulates human monocytes by transactivation of the Trk/NGF
pathway. Cell Signal. 2007; 19:152-162.
Falluel-Morel A, Aubert N, Vaudry D, Basille M, Fontaine M, Fournier A, Vaudry H,
Gonzalez BJ. Opposite regulation of the mitochondrial apoptotic pathway by C2ceramide and PACAP through MAP-kinase-dependent mechanism in cerebellar granule
cells. J. Neurochem. 2004; 91: 1231-1243.
Farkas O, Tamas A, Zsombok A, Reglodi D, Pal J, Buki A, Lengvari I, Povlishok JT,
Doczi T. Effects of pituitary adenylate cyclase activating polypeptide (PACAP) in a rat
model of traumatic brain injury. Regul. Pept. 2004; 123: 69-75.
Feng J, Bianchi C, Li J, Sellke FW. Improved profile of Bad phosphorylation and
caspase 3 activation after blood versus crystalloid cardioplegia. Ann. Thorac. Surg.
2004; 77: 1384–1390.
Gasz B, Rácz B, Rőth E, Borsiczky B, Ferencz A, Tamás A, Cserepes B, Lubics A,
Gallyas F Jr, Tóth G, Lengvári I, Reglődi D. Pituitary adenylate cyclase activating
polypeptide protects cardiomyocytes against oxidative stress-induced apoptosis.
Peptides. 2006a; 27: 87-94.
Gasz B, Rácz B, Rőth E, Borsiczky B, Tamás A, Boronkai A, Gallyas F Jr, Tóth G,
Reglődi D. PACAP inhibits oxidative stress-induced activation of MAP kinasedependent apoptotic pathway in cultured cardiomyocytes. Ann. NY. Acad. Sci. 2006b;
1070: 293-297.
Girard BM, Keller ET, Schutz KC, May V, Braas KM. Pituitary adenylate cyclase
activating polypeptide and PAC1 receptor signaling increase Homer 1a expression in
central and peripheral neurons. Regul. Pept. 2004; 123: 107-116.
Gloddek J, Pagotto U, Paez Pereda M, Arzt E, Stalla GK. Pituitary adenylate cyclase
activating polypeptide, interleukin-6 and glucocorticoids regulate the release of vascular
endothelial growth factor in pituitary folliculostellate cells. J. Endocrinol. 1999; 160:
483-490.

60

Grumolato L, Elkahloun AG, Ghzili H, Alexandre D, Coulouarn C, Yon L. Microarray
and suppression subtractive hybridization analyses of gene expression in
pheochromocytoma cells reveal pleitropic effects of pituitary adenylate cyclase
activating polypeptide on cell proliferation, survival, and adhesion. Endocrinology.
2003; 144: 2368–2379.
Gutierrez-Canas I, Rodriguez-Henche N, Bolanos O, Carmena MJ, Prieto JC, Juarranz
MG. VIP and PACAP are autocrine factors that protect the androgen-independent
prostate cancer cell line PC-3 from apoptosis induced by serum withdrawal. Br. J.
Pharmacol. 2003; 139: 1050-1058.
Gyongyosi M, Kaszaki J, Nemeth J, Wolfard A, Mojzes L, Farkas A. Myocardial and
gastrointestinal release of vasoactive intestinal peptide during experimental acute
myocardial infarction. Coron. Artery. Dis. 1997; 8: 335–341.
Hannibal J, Fahrenkrug J. Target areas innervated by PACAP-immunoreactive retinal
ganglion cells. Cell Tissue Res. 2004; 316: 99-113.
Harfi I, Sariban E. Mechanisms and modulation of pituitary adenylate cyclase activating
protein-induced calcium mobilization in human neutrophils. Ann. N.Y. Acad. Sci. 2006;
1070: 322-329.
Hashimoto H, Kunugi A, Arakawa N, Shintani N, Fujita T, Kasai A, Kawaguchi C,
Morita Y, Hirose M, Sakai Y, Baba A. Possible involvement of cyclic AMP-dependent
mechanism in PACAP-induced proliferation and ERK activation in astrocytes.
Biochem. Biophys. Res. Commun. 2003; 311: 337-343.
He MH, Cheung ZH, Yu EH, Tay DK, So KF. Cytochrome c release and caspase-3
activation in retinal ganglion cells following different distance of axotomy of the optic
nerve in adult hamsters. Neurochem. Res. 2004; 29: 2153-2161.
Hirose M, Furukawa Y, Nagashima Y, Lakhe M, Miyashita Y, Chiba S. PACAP-27
causes negative and positive dromotropic effects in anesthetized dogs. Eur. J.
Pharmacol. 1997; 338: 35–42.
Hirose M, Leatmanoratn Z, Laurita KR, Carlson MD. Effects of pituitary adenylate
cyclase activating polypeptide on canine atrial electrophysiology. Am. J. Physiol. Heart
Circ. Physiol. 2001a; 281: 1667–1674.
Hirose M, Leatmanoratn Z, Laurita KR, Carlson MD. Mechanism for pituitary
adenylate cyclase activating polypeptide-induced atrial fibrillation. J. Cardiovasc.
Electrophysiol. 2001b;12: 1381–1386.
Hirose M, Chiba S. Cellular mechanism of pituitary adenylate cyclase activating
polypeptide-induced atrial tachyarrhythmia in canine isolated arterially perfused right
atria. Clin. Exp. Pharmacol. Physiol. 2003; 30: 937–942.

61

Hisatomi T, Sakamoto T, Murata T, Yamanaka I, Oshima Y, Hata Y, Ishibashi T,
Inomata H, Susin SA, Kroemer G. Relocalization of apoptosis-inducing factor in
photoreceptor apoptosis induced by retinal detachment in vivo. Am. J. Pathol. 2001;
158: 1271-1278.
Irani K. Oxidant signaling in vascular cell growth, death, and survival. A review of the
roles of reactive oxygen species in smooth muscle and endothelial cell mitogenic and
apoptotic signaling. Circ. Res. 2000; 87: 179-183.
Ito T, Deng X, Carr B, May WS. Bcl-2 phosphorylation required for anti-apoptosis
function. J. Biol. Chem. 1997; 272: 11671–11673
Ito Y, Arakawa M, Ishige K and Fukuda H. Comparative study of survival signal
withdrawal- and 4-hydroxynonenal-induced cell death in cerebellar granule cells.
Neurosci. Res. 1999; 35: 321–327.
Izumi S, Seki T, Shioda S, Zhou CJ, Arimura A, Koide R. Ultrastructural localization of
PACAP immunoreactivity in the rat retina. Ann. NY. Acad. Sci. 2000; 921: 317-320.
Jozsa R, Somogyvari-Vigh A, Reglodi D, Hollosy T, Arimura A. Distribution and daily
variations of PACAP in the chicken brain. Peptides. 2001; 22: 1371-1377.
Kalfin R, Maulik N, Engelman RM, Cordis GA, Milenov K and Kasakov L. Protective
role of intracoronary vasoactive intestinal peptide in ischemic and reperfused
myocardium. J. Pharmacol. Exp. Ther. 1994; 268: 952–958.
Kim H, Li Q, Hempstead BL, Madri JA. Paracrine and autocrine functions of brainderived neurotrophic factor (BDNF) and nerve growth factor (NGF) in brain-derived
endothelial cells. J. Biol. Chem. 2004; 279: 33538-33546.
Kim HS, Park CK. Retinal ganglion cell death is delayed by activation of retinal
intrinsic cell survival program. Brain Res. 2005; 1057: 17-28.
Kim, Y, Lee BD, Kim O, Bae YS, Lee T, Suh PG, Ryu SH. Pituitary adenylate cyclase
activating polypeptide 27 is a functional ligand for formyl peptide receptor-like 1. J.
Immunol. 2006; 176: 2969-2975.
Kiss P, Tamas A, Lubics A, Szalai M, Szalontay L, Lengvari I, Reglodi D.
Development of neurological reflexes and motor coordination in rats neonatally treated
with monosodium glutamate. Neurotox. Res. 2005; 8: 235-244.
Kiss P, Tamas A, Lubics A, Lengvari I, Szalai M, Hauser D, Horvath Zs, Racz B,
Gabriel R, Babai N, Toth G, Reglodi D. Effects of systemic PACAP treatment in
monosodium glutamate-induced behavioral changes and retinal degeneration. Ann. NY.
Acad. Sci. 2006; 1070: 365-370.
Klumpp S, Krieglstein J. Serine/threonine protein phosphatases in apoptosis. Curr.
Opin. Pharmacol. 2002; 2: 458–462.

62

Koh SW, Waschek JA. Corneal endothelial cell survival in organ cultures under acute
oxidative stress: effect of VIP. Invest. Ophthalmol. Vis. Sci. 2000; 41: 4085-4092.
Kojro E, Postina R, Buro C, Meiringer C, Gehrin-Burger K, Fahrenholz F. The
neuropeptide PACAP promotes the alpha-secretase pathway for processing the
Alzheimer amyloid precursor protein. FASEB. J. 2006; 20: 521-514.
Koves K, Kantor O, Vereczki V, Kausz M, Nemeskeri A, Fogel K, Kiss A, Gorcs TJ,
Szeiffert G, Arimura A. PACAP and VIP in the photoneuroendocrine system. Ann. NY.
Acad. Sci. 2000; 921: 321-326.
Kubrusly RC, da Cunha MC, Reis RA, Soares H, Ventura AL, Kurtenbach E, de Mello
MC, de Mello MG. Expression of functional receptors and transmitter enzymes in
cultured Muller cells. Brain Res. 2005; 1038: 141-149.
Kumar D and Jugdutt BI. Apoptosis and oxidants in the heart. J. Lab. Clin. Med. 2003;
142: 288–297.
Le SV, Yamaguchi DJ, McArdle CA, Tachiki K, Pisegna JR, Germano P. PAC1 and
PACAP expression, signaling, and effect on the growth of HCT8, human colonic tumor
cells. Regul. Pept. 2002; 109: 115-125.
Lee H, Suk K. Selective modulation of microglial signal transduction by PACAP.
Neuroreport. 2004a; 15: 1469-1474.
Lee J, Park HJ, Choi HS, Kwon HB, Arimura, A, Lee BJ, Choi WS, Chun SY.
Gonadotropin stimulation of pituitary adenylate cyclase activating polypeptide
(PACAP) messenger ribonucleic acid in the rat ovary and the role of PACAP as a
follicle survival factor. Endocrinology. 1999; 140: 818-826.
Lee YJ, Kang IJ, Bunger R, Kang YH. Enhanced survival effect of pyruvate correlates
MAPK and NF-κB activation in hydrogen peroxide-treated human endothelial cells. J.
Appl. Physiol. 2004b; 96: 793-801.
Li M, Funahashi H, Mbikay M, Shioda S, Arimura A. Pituitary adenylate cyclase
activating polypeptide-mediated intracrine signaling in the testicular germ cells.
Peptides. 2004; 23: 59-75.
Li M, David C, Kikuta T, Somogyvari-Vigh A, Arimura A. Signaling cascades involved
in neuroprotection by subpicomolar pituitary adenylate cyclase activating polypeptide
38. J. Mol. Neurosci. 2005; 27: 91-106.
Li M, Cortez S, Nakamachi T, Batuman V, Arimura A. Pituitary adenylate cyclase
activating polypeptide is a potent inhibitor of the growth of light chain-secreting human
multiple myeloma cells. Cancer Res. 2006; 66: 8796-8803.
Lohrer P, Gloddek J, Hopfner U, Losa M, Uhl E, Pagotto U, Stalla GK, Renner U.
Vascular endothelial growth factor production and regulation in rodent and human
pituitary tumor cells in vitro. Neuroendocrinology. 2001; 74: 95-105.

63

Luodonpa M, Vuolteenaho O, Eskelinen S and Ruskoaho H. Effects of adrenomedullin
on hypertrophic responses induced by angiotensin II, endothelin-1 and phenylephrine.
Peptides. 2001; 22: 1859–1866.
Markos F, Hennessy BA, Fitzpatrick M, O‘Sullivan J, Snow HM. An evaluation of the
efficacy of vasoactive intestinal polypeptide antagonists in vivo in the anaesthetized
dog. Pharmacology. 2002; 66: 206–210.
Merriam LA, Barstow KL, Parsons RL. Pituitary adenylate cyclase activating
polypeptide enhances the hyperpolarization-activated nonselective cationic
conductance, Ih, in dissociated guinea pig intracardiac neurons. Regul. Pept. 2004; 123:
123–133.
Miller MJ. Preconditioning for cardioprotection against ischemia reperfusion injury: the
role of nitric oxide, reactive oxygen species, heat shock proteins, reactive hyperemia
and antioxidants: a review. Can. J. Cardiol. 2001; 17: 1075–1082.
Miyata A, Arimura A, Dahl RR, Minamino N, Uehara A, Jiang L. Isolation of a novel
38 residue-hypothalamic polypeptide which stimulates adenylate cyclase in pituitary
cells. Biochem. Biophys. Res. Commun. 1989; 164: 567-574.
Miyata A, Jiang L, Dahl RR, Kitada C, Kubo K, Fujino M. Isolation of a neuropeptide
corresponding to the N-terminal 27 residues of the pituitary adenylate cyclase activating
polypeptide with 38 residues (PACAP38). Biochem. Biophys. Res. Commun. 1990;
170: 643-648.
Moody TW, Leyton J, Casibang M, Pisegna J, Jensen RT. PACAP-27 tyrosine
phosphorylates mitogen activated protein kinase and increases VEGF mRNAs in human
lung cancer cells. Regul. Pept. 2002; 109: 135-140.
Munemasa Y, Ohtani-kaneko R, Kitaoka Y, Kurobayashi K, Isenoumi K, Kogo J,
Yamashita K, Kumai T, Kobayashi S, Hirata K, Ueno S. Contribution of mitogenactivated protein kinases to NMDA-induced neurotoxicity in the rat retina. Brain Res.
2005; 1044: 227-240.
Murakami T, Takagi H, Suzuma K, Suzuma I, Ohashi H, Watanabe D, Ojima T,
Suganami E, Kurimoto M, Kaneto H, Honda Y, Yoshimura N. Angiopoetin-1 attenuates
H2O2-induced SEK1/JNK phosphorylation through the phosphatidylinositol 3kinase/Akt pathway in vascular endothelial cells. J. Biol. Chem. 2005; 280: 3184131849.
Nakatani M, Seki T, Shinohara Y, Taki C, Nishimura S, Takaki A, Shioda S. Pituitary
adenylate cyclase activating polypeptide (PACAP) stimulates production of interleukin6 in rat Muller cells. Peptides. 2006; 27: 1871-1876.
Nickells RW. The molecular biology of retinal ganglion cell death: caveats and
controversies. Brain Res. Bull. 2004; 62: 439-446.

64

Nilsson SFE, De Neef P, Robberecht P, Christophe J. Characterization of ocular
receptors for pituitary adenylate cyclase activating polypeptide (PACAP) and their
coupling to adenylate cyclase. Exp. Eye Res. 1994; 58: 459-467.
Ohguro H, Katsushima H, Maruyama I, Maeda T, Yanagihashi S, Metoki T, Nakazawa
M. A high dietary intake of sodium glutamate as flavoring (Ajinomoto) causes gross
changes in retinal morphology and function. Exp. Eye Res. 2002; 75: 307-315.
Ohtaki H, Nakamachi T, Dohi K, Aizawa Y, Takaki A, Hodoyama K, Yofu S,
Hashimoto H, Shintani N, Baba A, Kopf M, Iwakura Y, Matsuda K, Arimura A, Shioda
S. Pituitary adenylate cyclase activating polypeptide (PACAP) decreases ischemic
neuronal cell death in association with IL-6. Proc. Natl. Acad. Sci. USA. 2006; 103:
7488-7493.
Oka H, Jin L, Kulig E, Scheithauer BW, Lloyd RV. Pituitary adenylate cyclase
activating polypeptide inhibits transforming growth factor-β1-induced apoptosis in a
human pituitary adenoma cell line. Am. J. Pathol. 1999; 155: 1893-1900.
Onali P, Olianas MC. PACAP is a potent and highly effective stimulator of adenilate
cyclase activity in the retinas of different mammalian species. Brain Res. 1994; 641:
132-134.
Onoue S, Endo K, Ohmori Y, Yamada S, Kimura R, Yajima T, Kashimoto K. Longacting analogue of vasoactive intestinal peptide [R15,20,21, L17]-VIP-GRP (IK312532)
protects rat alveolar L2 cells from the cytotoxicity of cigarette smoke. Regul. Pept.
2004; 123: 193-199.
Osborne NN, Ugarte M, Chao M, Chidlow G, Bae JH, Wood JP, Nash MS.
Neuroprotection in relation to retinal ischemia and relevance to glaucoma. Surv.
Ophthalmol. 1999; 43: 102-128.
Otto C, Hein L, Brede M, Jahns R, Ehgelhardt S and Grone HJ. Pulmonary
hypertension and right heart failure in pituitary adenylate cyclase activating polypeptide
type I receptor-deficient mice. Circulation. 2004; 110: 3245–3251.
Parsons RL, Rossignol TM, Calupca MA, Hardwick JC, Brass KM. PACAP peptides
modulate guinea pig cardiac neuron membrane excitability and neuropeptide
expression. Ann. NY. Acad. Sci. 2000; 921: 202–210.
Przywara DA, Kulkarni JS, Wakade TD, Leontiev DV, Wakade AR. Pituitary adenylate
cyclase activating polypeptide and nerve growth factor use proteasome to rescue nerve
growth factor-deprived sympathetic neurons cultured from chick embryos. J.
Neurochem. 1998; 71: 1889–1897.
Pugh PC, Margiotta JF. PACAP support of neuronal survival required MAPK- and
activity-generated signals. Mol. Cell Neurosci. 2006; 31: 586-595.

65

Rabl K, Reglodi D, Banvolgyi T, Somogyvari-Vigh A, Lengvari I, Gabriel R, Arimura
A. PACAP inhibits anoxia-induced changes in physiological responses in horizontal
cells in the turtle retina. Regul. Pept. 2002; 109: 71-74.
Racz B, Tamas A, Kiss P, Toth G, Gasz B, Borsiczky B, Ferencz A, Gallyas F Jr, Roth
E, Reglodi D. Involvement of ERK and CREB signalling pathways in the protective
effect of PACAP on monosodium glutamate-induced retinal lesion. Ann. NY. Acad.
Sci. 2006a; 1070: 507-511.
Racz B, Gallyas F Jr, Kiss P, Toth G, Hegyi O, Gasz B, Borsiczky B, Ferencz A, Roth
E, Tamas A, Lengvari I, Lubics A, Reglodi D. The neuroprotective effects of PACAP in
monosodium glutamate-induced retinal lesion involves inhibition of proapoptotic
signaling pathways. Regul. Pept. 2006b; 137(1-2): 20-26.
Reglodi D, Fabian Zs, Tamas A, Lubics A, Szeberenyi J, Alexy T, Toth K, Marton Zs,
Borsiczky B, Roth E, Szalontay L, Lengvari I. Effects of PACAP on in vitro and in vivo
neuronal cell death, platelet aggregation, and production of reactive oxygen radicals.
Regul. Pept. 2004; 123: 51-59.
Reglodi D, Tamas A, Somogyvári-Vigh A. Pituitary adenylate cyclase activating
polypeptide in animal models of neurodegenerative disorders - implications for
Huntington and Parkinson`s diseases. Lett. Drug. Des. Disc. 2005; 2: 311-315.
Richardson RJ, Grkovic I, Anderson CR. Immunohistochemical analysis of intracardiac
ganglia of the rat heart. Cell Tissue. Res. 2003; 314: 337–350.
Roudenok V, Gutjar L, Antipova V, Rogov Y. Expression of vasoactive intestinal
polypeptide and calcitonin gene-related peptide in human stellate ganglia after acute
myocardial infarction. Ann. Anat. 2001; 183: 341–344
Sakai Y, Hashimoto H, Shintani N, Ichibori A, Tomimoto S, Tanaka K, Hirose M, Baba
A. Involvement of intracellular Ca2+ elevation but not cyclic AMP in PACAP-induced
p38 MAP kinase activation in PC12 cells. Regul. Pept. 2002; 109: 149-153.
Sano H, Miyata A, Horio T, Nishikimi T, Matsuo H, Kangawa K. The effect of pituitary
adenylate cyclase activating polypeptide on cultured rat cardiocytes as a
cardioprotective factor. Regul. Pept. 2002; 109: 107–113.
Seebeck J, Schmidt WE, Kilbinger H, Neumann J, Zimmermann N, Herzig S. PACAP
induces bradycardia in guinea-pig heart by stimulation of atrial cholinergic neurones.
Naunyn. Schmiedebergs. Arch. Pharmacol. 1996; 354: 424–30.
Seki T, Shioda S, Ogino D, Nakai Y, Arimura A, Koide R. Distribution and
ultrastructural localization of a receptor for pituitary adenylate cyclase activating
polypeptide and its mRNA in the rat retina. Neurosci. Lett. 1997; 238: 127-130.
Seki T, Shioda S, Izumi S, Arimura A, Koide R. Electron microscopic observation of
pituitary adenylate cyclase activating polypeptide (PACAP)-containing neurons in the
rat retina. Peptides. 2000; 21: 109-113.

66

Seki T, Izumi S, Shioda S, Arimura A. Pituitary adenylate cyclase activating
polypeptide (PACAP) protects ganglion cell death against cutting of optic nerve in the
rat retina. Regul. Pept. 2003; 115: 55 (abstract).
Shioda S, Ozawa H, Dohi K, Mizushima H, Matsumoto K, Nakajo S, Takaki A, Zhou
CJ, Nakai Y, Arimura A. PACAP protects hippocampal neurons against apoptosis:
involvement of JNK/SAPK signaling pathway. Ann. NY. Acad. Sci. 1998; 865: 111117.
Shioda S, Ohtaki H, Nakamachi T, Dohi K, Watanabe J, Nakajo S, Arata S, Kitamura S,
Okuda H, Takenoya F, Kitamura Y. Pleiotropic functions of PACAP in the CNS.
Neuroprotection and neurodevelopment. Ann. NY. Acad. Sci. 2006; 1070: 550-560.
Shoge K, Mishima HK, Saitoh T, Ishibara K, Tamura Y, Shiomi H, Sasa M. Protective
effects of vasoactive intestinal peptide against delayed glutamate neurotoxicity in
cultured retina. Brain Res. 1998; 809: 127-136.
Shoge K, Mishima HK, Saitoh T, Ishihara K, Tamura Y, Shiomi H, Sasa M.
Attenuation by PACAP of glutamate-induced neurotoxicity in cultured retinal neurons.
Brain Res. 1999; 839: 66-73.
Silveira MS, Costa MR, Bozza M, Linden R. Pituitary adenylate cyclase activating
polypeptide prevents induced cell death in retinal tissue through activation of cyclic
AMP-dependent protein kinase. J. Biol. Chem. 2002; 277: 16075-16080.
Sisk DR, Kuwabara T. Histologic changes in the inner retina of albino rats following
intravitreal injection of monosodium L-glutamate. Graefe`s. Arch. Ophthalmol. 1985;
223: 250-258.
Somogyvari-Vigh A, Reglodi D. Pituitary adenylate cyclase activating polypeptide: a
potential neuroprotective peptide. Review. Curr. Pharm. Des. 2004; 10: 2861-2889.
Strasser A, O’Connor L, Dixit VM. Apoptosis signaling. Annu. Rev. Biochem. 2000;
69: 217-245.
Sucher NJ, Lipton SA, Dreyer EB. Molecular basis of glutamate toxicity in retinal
ganglion cells. Vision Res. 1997; 37: 3483-3493.
Sun Q, Ooi VE, Chan SO. N-methyl-d-aspartate-induced excitotxicity in adult rat retina
is antagonized by single systemic injection of MK-801. Exp. Brain Res. 2001; 138: 3745.
Suzuki YJ. Growth factor signaling for cardioprotection against oxidative stressinduced apoptosis. Antioxid. Redox. Signal. 2003; 5: 741–749.
Tabuchi A, Funaji K, Nakatsubo J, Fukuchi M, Tsuchiya T and Tsuda M. Inactivation
of aconitase during the apoptosis of mouse cerebellar neurons induced by a deprivation
of membrane depolarization. J. Neurosci. Res. 2003; 71: 504–515.

67

Tamas A, Reglodi D, Szanto Z, Borsiczky B, Nemeth J, Lengvári I. Comparative
neuroprotective effects of preischemic PACAP and VIP administration in permanent
occlusion of the middle cerebral artery in rats. Neuroendocrinol. Lett. 2002; 23: 249254.
Tamas A, Gabriel R, Racz B, Denes V, Kiss P, Lubics A, Lengvari I, Reglodi D. Effects
of pituitary adenylate cyclase activating polypeptide in retinal degeneration induced by
monosodium-glutamate. Neurosci. Lett. 2004; 372: 110-113.
Tokola H, Salo K, Vuolteenaho O, Ruskoaho H. Basal and acidic fibroblast growth
factor-induced atrial natriuretic peptide gene expression and secretion is inhibited by
staurosporine. Eur. J. Pharm. 1994; 267: 195–206.
Toriu N, Akaibe A, Yasuyoshi H, Zhang S, Kashii S, Honda Y, Shimazawa M, Hara H.
Lomerizine, a Ca2+ channel blocker, reduces glutamate-induced neurotoxicity and
ischemia/reperfusion damage in rat retina. Exp. Eye Res. 2000; 70: 475-484.
van Rijn CM, Marani E, Rietveld WJ. The neurotoxic effect of monosodium glutamate
(MSG) on the retinal ganglion cells of the albino rat. Histol. Histopathol. 1986; 1: 291295.
Valks DM, Kemp TJ, Clerk A. Regulation of Bcl-xL expression by H2O2 in cardiac
myocytes. J. Biol. Chem. 2003; 278: 25542–25547.
Vaudry D, Falluel-Morel A, Basille M, Pamantung TF, Fontaine M, Fournier A, Vaudry
H, Gonzalez BJ. Pituitary adenylate cyclase activating polypeptide prevents C2ceramide-induced apoptosis of cerebellar granule cells. J. Neurosci. Res. 2003; 72: 303316.
Vaudry D, Hamelink C, Damadzic R, Eskay RL, Gonzalez B, Eiden LE. Endogenous
PACAP acts as a stress response peptide to protect cerebellar neurons from ethanol or
oxidative insult. Peptides. 2005; 26: 2518-2524.
Vaudry D, Gonzalez BJ, Basille M, Anouar Y, Fournier A, Vaudry H. Pituitary
adenylate cyclase-activating polypeptide stimulates both c-fos gene expression and cell
survival in rat cerebellar granule neurons through activation of the protein kinase A
pathway. Neuroscience. 1998; 3: 801-812.
Vaudry D, Gonzalez BJ, Basille M, Yon L, Fournier A, Vaudry H. Pituitary adenylate
cyclase activating polypeptide and its receptors: from structure to functions. Pharmacol.
Rev. 2000; 52: 269-324.
Vaudry D, Pamantung TF, Basille M, Rousselle C, Fournier A, Vaudry H, Beauvillain
JC, Gonzalez BJ. PACAP protects cerebellar granule neurons against oxidative stressinduced apoptosis. Eur. J. Neurosci. 2002a; 15: 1451-1460.

68

Vaudry D, Rousselle C, Basille M, Falluel-Morel A, Pamantung TF, Fontaine M,
Fournier A, Vaudry H, Gonzalez BJ.Pituitary adenylate cyclase activating polypeptide
protects rat cerebellar granule neurons against ethanol-induced apoptotic cell death.
Proc. Natl. Acad. Sci. 2002b; 99: 6398-6403.
Vermes I, Haanen C, Steffens-Nakken H, Reutelingsperger C. A novel assay for
apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled Annexin V. I. Immunol. Methods. 1995; 184:
39-51.
Vidal-Sanz M, Lafuente M, Sobrado-Calvo P, Selles-Navarro I, Rodriguez E, MayorTorroglosa S, Villegas-Perez MP. Death and neuroprotection of retinal ganglion cells
after different types of injury. Neurotox. Res. 2000; 2: 215-227.
Villalba M, Bockaert J, Journot L. Pituitary adenylate cyclase activating polypeptide
(PACAP-38) protects cerebellar granule neurons from apoptosis by activating the
mitogen-activated protein kinase (MAP kinase) pathway. J. Neurosci. 1997; 17: 83-90.
Vlotides G, Zitzmann K, Hengge S, Engelhardt D, Stalla GK, Auernhammer CJ.
Expression of novel neurotrophin-1/B-cell stimulating factor-3 (NNT-1/BSF-3) in
murine pituitary folliculostellate TtT/GF cells: pituitary adenylate cyclase activating
polypeptide and vasoactive intestinal peptide-induced stimulation of NNT-1/BSF-3 is
mediated by protein kinase A, protein kinase C, and extracellular-signal regulated
kinase 1/2 pathways. Endocrinology. 2004; 145: 716-727.
Wang ZY, Alm P, Hakanson R. Distribution and effects of pituitary adenylate cyclase
activating peptide in the rabbit eye. Neuroscience. 1995; 69: 297-308.
Waschek JA. Multiple actions of pituitary adenylyl cyclase activating peptide in
nervous system development and regeneration. Dev. Neurosci. 2002; 24: 14-23.
Wei Y, Mojsov S. Tissue specific expression of different human receptor types for
pituitary adenylate cyclase activating polypeptide and vasoactive intestinal polypeptide:
implications for their role in human physiology. J. Neuroendocrinol. 1996; 8: 811–817
Yamaji K, Yoshitomi T, Usui S. Action of biologically active peptides on monkey iris
sphincter and dilator muscles. Exp. Eye Res. 2005; 80:815-820.
Ye VZ, Hodge G, Yong JL, Duggan KA. Early myocardial fibrosis is associated with
depletion of vasoactive intestinal peptide in rat heart. Exp. Physiol. 2002; 87: 539–546.
Ye VZ, Hodge G, Yong JL, Duggan KA. Myocardial vasoactive intestinal peptide and
fibrosis induced by nitric oxide synthase inhibition in the rat. Acta. Physiol. Scand.
2003; 179: 353–360.
Ye VZ, Hodge G, Yong JL, Duggan KA. Vasopeptidase inhibition reverses myocardial
vasoactive intestinal peptide depletion and decreases fibrosis in salt sensitive
hypertension. Eur. J. Pharmacol. 2004; 485: 235–242

69

Zhou CJ, Shioda S, Yada T, Inagaki N, Pleasure SJ, Kikuyama S. PACAP and its
receptors exert pleiotropic effects in the nervous system by activating multiple signaling
pathways. Curr. Prot. Pept. Sci. 2002; 3: 423-439.

70

8. ABBREVIATIONS
Akt

protein kinase B

AIF

apoptosis inducing factor

APAF

apoptosis activating factor

ASK1

apoptosis signal-regulating kinase 1

CREB

cAMP-responsive element binding protein

DMEM/F-12

Dulbecco’s modified Eagle’s medium/Ham’s nutrient
mixture F12

ERK

extracellular signal-regulated kinase

FADD

FAS associated death domain

FASL

FAS ligand

GSK-3

glycogen synthase kinase 3

JNK

c-Jun N-terminal kinase

MAPK

mitogen activated protein kinase

MSG

monosodium-glutamate

MTT

3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl

tetrazolium

bromide
PACAP

pituitary adenylate cyclase activating polypeptide

PI3K

phosphoinositide 3-kinase

PKA

protein kinase A

PKC

protein kinase C

p38

p38 mitogen activating protein kinase

SAPK

stress activated protein kinase

VIP

vasoactive intestinal peptide
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