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Abstract
Pituitary adenylate cyclase-activating polypeptide (PACAP) 38 is a multifunctional anti-
inflammatory and anti-apoptotic neuropeptide widely distributed in the nervous system. The
objective of this study is to determine whether PACAP38 is neuroprotective against sodium
nitroprusside (SNP) and thrombin, two mechanistically distinct neurotoxic agents. Treatment of
primary cortical neuronal cultures with 1 mM SNP for 4 h causes neuronal cell death that is
significantly reduced by 100 nM PACAP38. PACAP38 down-regulates SNP-induced cell cycle
protein (cyclin E) expression and up-regulates p57KIP2, a cyclin-dependent kinase inhibitor as well
as the anti-apoptotic protein Bcl-2. Similarly, neuronal death induced by 100 nM thrombin or the
thrombin receptor activating peptide (TRAP 6) is reduced by PACAP38 treatment. Thrombin-
stimulated cell cycle protein (cdk4) expression is decreased by PACAP38 while PACAP38 inhibits
thrombin-mediated reduction of p57KIP2. However, the decrease in Bcl-2 evoked by thrombin is not
affected by PACAP38. Finally, both SNP and thrombin (or TRAP) increase caspase 3 activity, an
effect that is decreased by PACAP38. These data show that PACAP38 supports neuronal survival
in vitro suppressing cell cycle progression and enhancing anti-apoptotic proteins. Our results support
the possibility that PACAP could be a useful therapeutic agent for reducing neuronal cell death in
neurodegenerative diseases.
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Introduction
Pituitary adenylate cyclase-activating peptide (PACAP) is a multifunctional neuropeptide
widely distributed in the nervous system [1,2]. PACAP is a member of the vasoactive intestinal
peptide family and functions as a neurotransmitter, neuromodulator, and neurotrophic factor
(reviewed in [3,4]). It is synthesized as a 176-amino acid precursor and cleavage of the
precursor protein yields to the formation of the 38 amino acid PACAP38, a shortened
PACAP27 and a 29 amino acid PACAP related protein (PRP), with PACAP38 as the
predominant form in the brain [1,5–7]. PACAP exerts its biological action via three different
receptors belonging to the family 2 of G-protein-coupled receptors: PAC1, VPAC1 and
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VPAC2 [8,9]. PACAP and its receptors are expressed in various regions of the CNS [10,11].
Mice lacking PACAP38 show altered cerebellar neurodevelopment and increased caspase 3
activation [12]. In animal models of cerebral ischemia and Parkinson’s disease PACAP38 has
been shown to be neuroprotective [13,14]. In human neuroblastoma cells PACAP38 stimulates
the nonamyloidogenic pathway for processing amyloid precurser protein [15]. Taken together,
these data suggest that PACAP has neurotrophic and neuroprotective functions in the brain.
In vitro studies involving exposure of neuronal cultures to various neurotoxins including
amyloid beta, hydrogen peroxide and glutamate reveal the strong anti-apoptotic effects of
PACAP38 [16–18]. Finally, synergy between direct actions of PACAP38 and PACAP-
stimulated secretion of interleukin-6 (IL-6) in the hippocampus demonstrates the diversity of
mechanisms that contribute to PACAP-mediated neuroprotection [19].

The multi-step process of neuronal cell death is complex and highly regulated. We have
previously shown that mechanisms involved in neuronal cell death utilize multiple pathways
that are influenced by subtle differences among neuronal cell phenotypes and vary depending
on the nature of the neurotoxic insult [20]. For example, in differentiated PC12 cells tumor
necrosis factor-α evokes release of LDH with no associated morphologic changes, whereas in
response to the nitric oxide (NO) generator, sodium nitroprusside (SNP), cultured cortical cells
exhibit LDH release with pronounced morphologic changes. Nitric oxide is a known mediator
of inflammatory processes which play an important role in the pathogenesis of several
neurodegenerative diseases [21,22]. High NO levels generated in response to cytokines or the
excitatory neurotransmitter glutamate can result in neuronal cell death; as neurons are
particularly sensitive to NO toxicity [23–25]. Several mechanisms have been proposed for NO-
induced cell death including oxidative stress and mitochondrial alterations [26,27]. In mixed
cortical neuron/glia cultures lipopolysaccharide-induced secretion of NO was diminished by
PACAP, implying a role for PACAP38 in the regulation of NO production [28]. A direct
interaction between the effects of PACAP on NO-mediated neurotoxicity has not been
described.

The inappropriate expression or activation of cell cycle related proteins is associated with
neuronal cell death in human neurodegenerative diseases [29,30]. Experimentally driving the
cell cycle in an adult neuron leads to cell death rather than cell division and blocking cell cycle
initiation can prevent neuronal cell death evoked by cerebral ischemia or traumatic brain injury
[31,32]. Cell cycle progression is regulated by specific proteins, the cyclins, cyclin-dependent
kinases (cdks) and cdk inhibitors. The balance in the expression of these proteins determines
cell cycle progression. Cyclin E is essential for progression through the G1 phase of the cell
cycle and initiation of DNA replication [33]. The Cip/Kip family of cdk inhibitors shows a
broad spectrum of inhibitory effects on cyclin/cdk complexes, with p57KIP2 playing an
important regulatory role by opposing the activity of Cyclin D1 and E that both promote cell
cycle progression [34,35]. We have shown that thrombin, a multifunctional serine protease
with demonstrated neurotoxic properties, causes neurons to re-enter the cell cycle [36]. Also,
in cultured neurons and astrocytes, thrombin induces apoptosis involving tyrosine kinase and
RhoA activities [37]. In vivo administration of thrombin into the brain causes memory
impairment, neuronal cell loss and reactive gliosis [38]. The ability of PACAP to mitigate
thrombin neurotoxicity has not been explored.

The objective of this study is to determine whether PACAP38 is neuroprotective against SNP
and thrombin, two mechanistically distinct neurotoxic agents, focusing on the role of cell cycle
regulators (cyclin E and p57KIP2) and the anti-apoptotic protein Bcl-2 in this process.

Sanchez et al. Page 2

Regul Pept. Author manuscript; available in PMC 2010 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Materials

Sodium nitroprusside (SNP), 5-fluoro-2′-deoxyuridine, human thrombin and thrombin
receptor activating peptide 6 (TRAP6) were obtained from Sigma-Aldrich (St. Louis, MO,
USA) while PACAP38 was obtained from GeneScript (Piscataway, NJ, USA). Cell culture
reagents and media were purchased from Invitrogen (Carlsbad, CA, USA) including
Dulbecco’s modified Eagle’s medium (DMEM), heat inactivated horse serum (HIHS), Hank’s
balanced salt solution (HBSS), Neurobasal medium, B-27 and N-2 supplements. Cell Titer96
AQueous One Cell Cell Proliferation Assay Kit for cell survival assay (Cat. No G3581) was
obtained from Promega (Madison, WI, USA). QuantiZyme Assay System for Caspase-3
Cellular Activity Assay Kit Plus was purchased from BioMol International (Cat. No. AK-703,
Plymouth Meeting, PA, USA). Antibodies for western analysis were as follows: Cyclin E
(M-20 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), p57Kip2 (MS-897-P0 1:100,
Labvision Corp., Freemont, CA, USA), Bcl-2 (ab7973 1:100, AbCam Cambridge, MA, USA)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), (MAB374, Chemicon, Temecula,
CA, USA). Secondary antibodies conjugated with peroxidase were obtained from BioRad
(Hercules, CA, USA) including the polyvinylidene diflouride (PVDF) membrane and the
commercial kit for determining total protein concentration based on the Bradford assay (Cat
No. 500-0006).

Methods
Primary Neuronal Cultures—Rat cerebral cortical cultures were prepared as previously
described [20,39]. Cortices were isolated from 18 day gestation rat fetuses, washed 3x with
Hank’s balanced salt solution (HBSS), and pipette-triturated in 10 ml Brooks Logan solution.
The cells were seeded at a density of 3–5 × 105 cells per ml on 6-well poly-L-lysine coated
plates. Neurobasal medium containing B-27 supplement, antibiotic/antimycotic, glutamine
(0.5 mM) and 5-fluoro-2′-deoxyruridine (20 μg/ml) was applied on day 2. On day 5, fresh
medium without 5-fluoro-2′-deoxyruridine was added. Neuronal cultures were used for
experiments after 8–9 days in culture.

Cell Treatments—SNP solution was freshly prepared each time before use. SNP, thrombin,
TRAP6 and PACAP were prepared in H2O and then added to the cells at appropriate
concentrations. Treatment media consisted of Neurobasal media containing N-2 supplement,
0.5 mM glutamine, and antibiotic/antimycotic. Concentrations of reagents used and duration
of treatments are indicated for specific experiments in the figure legends.

MTT Cell Survival Assay—Cell survival was measured using the Cell Titer96 AQueous
One Cell Cell Proliferation Assay Kit. The MTT substrate is prepared at a 1:40 dilution in
treatment media. The cells were incubated at 37°C for 10–15 min and absorbance read at 490
nm. The assay is based on conversion of the tetrazolium salt MTT to formazan, a purple dye.
This cellular reduction reaction involves the pyridine nucleotide cofactors NADH/NADPH
and is only catalyzed by living cells. The intensity of product color is proportional to the number
of living cells in the culture. Survival of control samples (untreated cells) is standardized to
100 and the amount of survival of each experimental sample is expressed as a percent of control.

Caspase 3 Activity Assay—Neuron cultures were exposed to a lowered dose (0.5 mM) of
SNP for an extended 24 h treatment to detect the change in levels of active caspase 3 and
caspase 3 activity. Caspase-3 activity was measured using QuantiZyme Assay System for
Caspase-3 Cellular Activity Assay Kit Plus following the manufacturer’s protocols with minor
modifications. The assay is based on caspase-3 cleavage of the Ac-DEVD-pNA substrate. The
substrate cleavage results in a colorimetric reaction monitored by reading absorbance at 405
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nm. Total protein in the cytosolic extract was quantified and 20 to 30 μg total protein in 50
μl assay buffer was used for each 100 μl activity reaction assay. The reaction was started with
the addition of 50 μl Ac-DEVD-pNA substrate. Caspase activity was monitored by reading the
plate continuously at 405 nm at defined time intervals. Data were plotted as absorbance units
(OD405 nm) versus time for each sample.

Western Blot Analysis—Neurons were washed with 1x PBS and lysed in buffer (20 mM
Tris-HCl pH 7.4, 50 mM NaCl, 0.5 % NP-40, 0.5 % deoxycholate, 0.5 % SDS, 1mM EDTA,
1 μg/ml aprotinin). After homogenization on ice, the cell lysates were clarified by
centrifugation at 15,000 × g for 10 mins at 4°C. The supernatant was used for western blot
analysis. Total protein concentration was determined using a commercial kit (Bio-Rad, Cat
No. 500-0006) based on the Bradford protein assay method. For detection of the various
proteins, 20–25 μg total protein was loaded in each lane and separated by SDS-PAGE
electrophoresis. Primary antibodies used include Cyclin E (M-20 1:1000), p57Kip2 (MS-897-
P0 1:100) and Bcl-2 (ab7973 1:100). Bands were detected using chemiluminescence on X-ray
film. Western blot images were scanned and quantified using Quantity One v4.6 software
(BioRad, Hercules, CA). Blots were later stripped with stripping buffer at 50°C for 1 h and re-
probed with GAPDH (MAB374 1:5000). Densitometric measurements of bands were
normalized to corresponding GAPDH levels and control sample was set arbitrarily to 100. For
p57KIP2 and cdk4, densitometric measurements were performed only for the band representing
the active form of the protein. Treatment values were then expressed as percent of control.

Statistical Analysis—Prism version 4.0 software (GraphPad Inc., San Diego CA) was used
for graphical presentation and statistical analysis. Statistical analysis used included student’s
t-test and one-way ANOVA followed by Newman-Keul’s post hoc multiple comparison tests
to compare the different treatment groups. A significant difference was defined as p < 0.05.
Data are presented as means ± SEM of at least 3 independent experiments, performed in
triplicate.

Results
PACAP38 protected neurons against SNP-induced cell death

Neurons exposed to SNP over a 10 μM – 1mM range demonstrated a dose-dependent decrease
in cell survival (Figure 1A). Based on the observation that at 1 mM SNP neurons showed
approximately 50% cell survival, subsequent experiments were performed using that SNP
concentration. Cells treated with 1 mM SNP were co-incubated with increasing concentrations
(25 – 300 nM) of PACAP38 for 4 h and cell survival evaluated. The data showed that PACAP38
increased cell survival in a dose-dependent manner and that at 100 nM PACAP38 cell survival
was comparable to untreated control cultures (Figure 1B). Incubation of neuronal cultures with
PACAP38 alone did not affect cell survival. Exposure of neuronal cultures to PACAP38 either
1 h prior to or 1 h after SNP treatment resulted in significant (p<0.05) protection of neuronal
neurons against SNP-induced toxicity (Figure 1C).

The ability of SNP and SNP plus PACAP38 to affect neuronal cell apoptosis was assessed by
measuring caspase 3 activity. To detect activated caspase 3, neuronal cultures were exposed
to longer SNP treatment (24 h vs 4 h) at a lower dosage. Treatment of neuronal cultures with
SNP (0.5 mM) for 24 h evoked a significant (p<0.01) increase in caspase 3 activity. This
increased activity was reduced significantly (p<0.05) by incubating neuronal cultures with SNP
plus 100 nM PACAP38 (Figure 2).
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PACAP38 inhibited SNP-induced cyclin E upregulation and enhanced p57KIP2 expression
Cortical neurons were exposed to either 1 mM SNP, 100 nM PACAP38, or SNP plus PACAP38
for 4 h, the cell lysates collected and western blot analysis performed for cyclin E expression.
A 53 kDa band corresponding to cyclin E was detectable in all samples (Figure 3). PACAP38
alone caused a slight but not significant decrease in cyclin E levels. Exposure of neuronal
cultures to SNP evoked a significant (p<0.01) increase in cyclin E compared to untreated
control cultures. Incubation of neurons with both PACAP38 and SNP resulted in a significant
(p<0.05) reduction in SNP-induced cyclin E expression (Figure 3).

Western blot analysis of neuronal cultures showed the band for the cyclin kinase inhibitor
p57KIP2. Densitometric analysis showed that SNP treatment reduced the expression of
p57KIP2 (p<0.05) compared to untreated cells (Figure 4). Incubation of cultures with PACAP38
and SNP treatment caused a significant (p<0.01) increase in p57KIP2 level compared to SNP
alone (Figure 4).

PACAP38 attenuated Bcl-2 down regulation induced by SNP
Neuronal cultures were analyzed by western blot analysis for the anti-apoptotic protein Bcl-2.
Untreated cultures express a basal level of protein that was significantly (p<0.05) reduced by
exposure to SNP (0.5 mM) for 24 h (Figure 5). Pre-treatment of neurons with 100 nM
PACAP38 prior to SNP exposure significantly (p<0.05) blocked SNP-induced Bcl-2 down
regulation.

PACAP38 protected neurons against thrombin-induced cell death
We explored the effect of PACAP on neuronal cell death evoked by the neurotoxin thrombin.
Addition of thrombin (100 nM) to neuronal cultures for 24 h caused a significant (p<0.001)
decrease in cell survival, as assessed by MTT assay. Co-incubation of thrombin-treated neurons
with PACAP38 (100 nM) increased cell survival compared to thrombin alone (p<0.01) (Figure
6A).

We also used the thrombin receptor activating peptide (TRAP6) to clarify whether the decrease
in thrombin-induced cell death evoked by PACAP38 was directed against the thrombin
receptor or against the protease activity of thrombin. Previous dose experiments using TRAP6
indicated that 0.6 mM caused approximately 50% neuronal death (unpublished data). Here
treatment of neuronal cultures with 0.6 mM TRAP6 evoked a significant (p<0.001) decrease
in cell survival (Figure 6B). Co-incubation of neurons with both TRAP6 and 100 nM PACAP38
significantly (p<0.001) increased cell survival compared to TRAP6 alone.

The ability of TRAP6 and TRAP6 plus PACAP38 to affect neuronal cell apoptosis was
assessed by measuring caspase 3 activity. Treatment of neuronal cultures with TRAP6 (0.6
mM) for 24 h evoked a significant (p<0.001) increase in caspase 3 activity. This increased
activity was significantly (p<0.001) reduced when neuronal cultures were co-incubated with
both 100 nM PACAP38 and TRAP6 compared to TRAP6 alone (Figure 7).

PACAP blunted the effects of thrombin on cell cycle proteins cdk4 and p57KIP2

Western blot analysis of untreated neuronal cultures as well as neurons treated with PACAP38
(100 nM) showed expression of the 34 kDa band which corresponds to the inactive,
constitutively expressed form of the cell cycle kinase cdk4 (Figure 8). Exposure of neurons to
100 nM thrombin for 24 h resulted in the appearance of a faster migrating band corresponding
to the active, smaller form of cdk4 [40]. Incubation of neuronal cultures with PACAP38 1 h
after thrombin exposure significantly (p<0.001) decreased the level of active cdk4 (Figure 8).
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We also investigated the effect of PACAP38 on p57KIP2 expression in thrombin-treated cells.
Untreated neurons and neuronal cultures treated with 100 nM PACAP38 showed a high level
of active p57KIP2. Exposure of neurons to thrombin caused a significant decrease (p<0.001)
in the level of active p57 KIP2. However, incubation of neuronal cultures with PACAP38 1 h
after thrombin exposure significantly (p<0.001) increased the level of active p57KIP2 detectable
(Figure 9).

PACAP38 did not affect Bcl-2 down-regulation induced by thrombin
Western blot analysis indicated that untreated neurons as well as PACAP38 treated cells
expressed a basal level of the Bcl-2 protein (Figure 10). Incubation of neurons with thrombin
for 24 h resulted in a significant (p<0.01) reduction in expression of Bcl-2. Post-treatment of
cultures with PACAP38 had no effect on thrombin-induced decrease in Bcl-2 level (Figure
10).

DISCUSSION
Neuronal cell death is a tightly controlled process involving multiple checkpoints that regulate
apoptosis in neurons [41]. It is likely that diverse mechanisms contribute to the ability of
neurotrophic factors to support neuronal survival in the face of toxic injury. Indeed, activation
of cell surface receptors and signaling pathways in neurons as well as release of secondary
trophic factors may all contribute to neuroprotection. For example, in pyramidal neurons
PACAP activation of the G-protein coupled PACAP receptor reduces apoptosis via inhibition
of the mitogen-activated protein kinase family [19]. In addition, PACAP has been shown to
protect against gp120-induced neurotoxicity by release of the chemokines RANTES and
macrophage inhibitory protein -1α [42]. Neurotoxins, such as nitric oxide and thrombin, also
utilize multiple pathways to bring about neuronal cell death.

The neurotoxic properties of NO in vitro and in vivo have been extensively documented [21,
43,44]. The ability of nitric oxide to cause oxidant stress and oxidative injury has been thought
to account for its neurotoxicity. Nitric oxide can be scavenged in a rapid reaction with
superoxide to generate peroxynitrite [44]. Peroxynitrite is a potent oxidant and the primary
component of nitroxidative stress. High nitroxidative stress can initiate a cascade of redox
reactions which trigger apoptosis and evoke cytotoxic effects in neurons [45]. Despite a wealth
of data on NO-mediated neurotoxicity, possible effects of NO on cell cycle activation, an
important mechanism of neuronal cell death, have not been previously defined.

Re-initiation of the cell cycle in post-mitotic neurons is increasingly implicated in neuronal
cell death and degenerative diseases of the CNS [46–48]. Expression of cell cycle proteins has
been detected in neurons from Alzheimer’s disease and stroke patients [49,50]. Cell cycle
proteins are induced by traumatic brain injury and prevention of this induction has been shown
to limit subsequent neuronal cell death [31]. Control of the cell cycle involves the dynamic
interplay between proteins that favor vs. those that oppose cell cycle progression. The cell cycle
protein cyclin E is essential for progression through the G1 phase of the cell cycle and has a
major role in control of G1 to S phase transitions. The CIP/KIP family (p21CIP1, p27KIP1,
p57KIP2) inhibits the actions of cyclins including cyclin E as well as several cyclin-dependent
kinases [34,35]. The effect of NO on cell cycle induction has not been previously defined. Here
we show that treatment with the NO-releasing compound SNP causes neuronal death that is
associated with an increase in cyclin E expression and a decrease in expression of the cell cycle
inhibitor p57KIP2. Attenuation of NO-mediated death by PACAP is accompanied by a
corresponding decrease in cyclin E levels and an increase in p57 expression. Cell cycle
progression is tightly controlled by the cyclins, cyclin-dependent kinases and their
corresponding inhibitors. Thus, increased cyclin E expression with SNP treatment is indicative
of cell cycle re-entry and PACAP attenuation of cyclin E expression demonstrates anti-

Sanchez et al. Page 6

Regul Pept. Author manuscript; available in PMC 2010 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mitogenic effects of the neuroprotective protein. The protective action of PACAP is likely also
mediated via its effect on p57KIP2 expression. In this regard, an anti-mitogenic action of
PACAP on p57KIP2 expression has been documented in neural progenitor cells [51]. Our data
here indicate that in differentiated, quiescent neurons, PACAP38 also evokes neuroprotection,
in part, through effects on p57KIP2 expression.

In contrast to a relative dearth of information on NO and cell cycle activation, there are
considerable data on the mitogenic effects of thrombin [52] and its action on cell cycle
progression in neuronal cells [36,53] and other cell types [54–57]. We have previously shown
that thrombin activates the cell cycle cascade by sequentially inducing cyclin D, cyclin E and
cdk4 and that thrombin-induced death of primary cortical neurons is decreased by inhibition
of cdk4 activity [36]. In the present study we demonstrate that exposure of cultured neurons
to PACAP38 protects neurons from thrombin-induced death. PACAP decreases the expression
of the active form of cdk4. We show constitutive expression of inactive cdk4 in control and
PACAP-treated cultured neurons. With thrombin exposure the inactive form is converted to
active cdk4 and in cells exposed to both thrombin and PACAP there is a significant decrease
in active cdk4. Furthermore, PACAP helps increase the level of a cell cycle inhibitor
(p57KIP2) that is down regulated by thrombin. These data demonstrate that there are multiple
and specific cell cycle targets that are likely to contribute to neuroprotection of PACAP.

Although both thrombin and SNP evoke neuronal cell death, their mechanisms of action are
distinct. NO-induced effects on cell viability are rapid and immediate at the doses studied,
where as the actions of thrombin require a longer time frame [36,58]. Also, in a previous study
examining mechanisms of neuronal cell death we show that multiple mechanisms are involved
in neuronal cell death that vary depending on the nature of the neurotoxic insult and are
influenced by subtle differences among neuronal cell phenotypes [20]. Caspase inhibition is
efficient in reducing nucleosome accumulation in primary cortical cultures stimulated by
TNFα and thrombin. In contrast, the same effect is not observed in differentiated PC12 cells.
In PC12 cells TNFα-induced LDH release is reduced by caspase inhibition. Because TNFα
treatment induces both LDH release and nucleosome accumulation in PC12 cells, caspase
inhibition may enhance cell survival under conditions that induce a mixed apoptotic/necrotic
response. Pytlowany and colleagues show that In PC12 cells NO released from SNP decreases
cell viability in a time and concentration dependent manner, with a higher concentration of NO
causing immediate and sustained decrease in cell survival without evoking a corresponding
immediate activation of caspase 3 [59]. In the current study we find that NO generated by 0.5
mM SNP activates caspase 3 in a longer time frame (24 h). Similarly, although treatment of
neuronal cultures with PACAP improves survival to both thrombin and SNP the biochemical
response is not identical. For example, PACAP is more effective at restoring p57KIP2

expression in thrombin-treated compared to NO-exposed cells. Our results suggest that PACAP
protects neurons from cell death through multiple mechanisms and that its protective effects
are evident even if administered post-stress [60]. It has been shown that cell cycle proteins in
apoptotic neurons can activate pro-apoptotic protein expression, which leads to completion of
the apoptotic process. However, whether there is a regulation of pro-survival mediators such
as Bcl-2 in this process is not clear. Apoptosis depends on the balance between pro-apoptotic
and pro-survival proteins being tipped in favor of the former. The protective effect of PACAP
has been associated with increased expression of Bcl-2 in rat cerebellar granule cells [61] and
other members of the Bcl family in cardiomyocytes [62,63]. In this study, we sought to
determine whether the protective effect of PACAP38 proceeded via restoring this balance by
increasing expression of Bcl-2, a pro-survival mediator. The protective effect of PACAP38 on
the regulation of Bcl-2 expression is also agonist-variable. Untreated neuronal cultures express
a basal level of the anti-apoptotic protein Bcl-2 that is reduced by exposure to either SNP or
thrombin. The SNP-induced reduction of Bcl-2 is reversible by PACAP38 while thrombin-
induced reduction of Bcl-2 is unaffected by PACAP38. The restoration of Bcl-2 by PACAP38
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in SNP treated neurons whereas not in thrombin treated neurons demonstrates that there are at
least two mechanisms involved in altering the apoptosis survival balance mediated by
PACAP38. We have earlier shown that in thrombin-mediated neuronal apoptosis, there is an
upregulation of pro-apoptotic protein Bim [36]. Therefore a decrease in Bcl-2 may not be
necessary for favoring apoptosis, as an increase in Bim would naturally do so. However, in the
case of NO-mediated neurotoxicity, a decrease in Bcl-2 may be essential to favor apoptosis.
Studies using simvastatin to prevent NO-mediated neurotoxicity have also shown that Bcl-2
upregulation is an important step in the protection mechanism [64,65]. Such upregulation of
Bcl-2 has not been described with respect to protection against thrombin-induced
neurotoxicity.

It has been suggested that in neurodegenerative diseases neurons function in a dynamic steady
state, balancing chronic apoptotic stressors and compensatory survival pathways [41]. The two
neurotoxins understudy here, NO and thrombin have both been implicated in the pathogenesis
of neurodegenerative disease. The current data indicate that in terminally differentiated neurons
in culture, PACAP38 can be neuroprotective by at least via two mechanisms; suppression of
entry into the cell cycle and by its action on pro-survival proteins in the apoptotic pathways.
In neurodegenerative diseases of the brain multiple neurotoxic agents could be produced/
secreted at the same time. Thus, neuroprotective agents that can protect against multiple toxic
cascades would be especially useful therapeutics. PACAP38 shows promise as one such agent
capable of protecting neurons from diverse types of stress, extracellular (e.g. proteases such
as thrombin) as well as intracellular (e.g. oxidative stress from NO). These results support the
possibility that PACAP could be a useful therapeutic agent for reducing neuronal cell death in
neurodegenerative diseases.
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Figure 1. Pituitary adenylate cyclase activating peptide (PACAP) 38 protects cortical neurons
against sodium nitroprusside (SNP) treatment
Data represents cell survival as measured by MTT assay and expressed as percent of untreated
control (100%). Data are means ± SEM of three or 4 experiments performed in triplicate. One-
way Analysis of variance was performed followed by Newman-Keuls Multiple comparison
test. A. SNP evokes neuronal cell death. Cortical neurons were treated with a range of SNP
concentrations (10 μM – 1 mM) for 4 h. *** p <0.001 vs control. B. Cortical neurons were
treated with 1 mM SNP and co-incubated with a range of PACAP38 concentrations (25 nM –
300 nM for 4 h). a p<0.01 vs control, ** p<0.01 vs 1 mM SNP. C. Cortical neurons were
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exposed to PACAP38 at the time of SNP (1 mM, 4 h) treatment (Co-treatment), or 1 h prior
(Pre-treated), or 1 h after SNP treatment (Post-treatment).
a p<0.05 vs Control
* p<0.05 vs 1mM SNP.
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Figure 2. PACAP38 decreased SNP-induced increase in caspase-3 activity level
Cultured neurons were treated with medium (control), PACAP38 (100 nM), SNP (0.5 mM) or
with 100 nM PACAP38 plus 0.5 mM SNP for 24 h. Neuronal cultures were rinsed, cells
collected and lysates analyzed for caspase activity measured as conversion of substrate (OD
at 405 nm). Data are means ± SEM of three performed in triplicate.
* p<0.05 vs SNP
** p<0.01 vs control
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Figure 3. PACAP38 downregulated SNP-induced cell cycle protein (cyclin E) expression
Cortical neurons were exposed to either medium (control), 1 mM SNP, 100 nM PACAP38, or
SNP plus PACAP38 for 4 h, the cell lysates collected and western blot analysis performed for
cyclin E expression. Histogram represents densitometric measurements of three western blot
experiments normalized to GAPDH levels. Treatments were compared by one-tailed t-tests.
** vs control
* vs SNP
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Figure 4. PACAP38 blocks SNP-induced reduction in p57Kip2

Cortical neurons were exposed to either medium (control), 100 nM PACAP38, 1 mM SNP, or
SNP plus 100 nM PACAP38 (SNP+PACAP38) for 4 h. Cell lysates were collected and western
blot analysis performed for p57Kip2 expression. Treatments were compared by one-tailed t-
tests.
* p< 0.05 vs control
** p< 0.01 vs SNP
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Figure 5. PACAP38 attenuated Bcl-2 down regulation induced by SNP
Neuronal cultures were treated with PACAP38 (100 nM), SNP (0.5 mM) for 24 h or exposed
to PACAP38 for 1 h and then treated with SNP 24 h (SNP + PACAP38) and Bcl-2 expression
analyzed by western blot analysis. Histogram represents densitometric measurements of three
western blot experiments normalized to GAPDH levels. Treatments were compared by one-
tailed t-tests.
* p< 0.05 vs control
a p< 0.05 vs SNP
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Figure 6. Thrombin evoked neuronal death was decreased by PACAP38
A. Cortical neurons were treated with either media (control), PACAP38 (100 nM), thrombin
(100 nM) or thrombin plus PACAP38 for 24 h and cell survival measured by MTT assay. Data
are means ± SEM of three experiments and expressed as percent of untreated control (100%).
One-way analysis of variance was performed followed by Neuman-Keuls’ multiple
comparison. *** p<0.001 vs control; ** p<0.01 vs thrombin. B. PACAP38 protected against
thrombin neurotoxicity via the thrombin receptor. Cortical neurons were treated with either
media (control), PACAP38 (100 nM), TRAP6 (0.6 mM) or TRAP6 plus PACAP38 for 24h
and cell survival measured by MTT assay. One-way analysis of variance was performed
followed by Neuman-Keuls multiple comparison test. Data are means ± SEM of four
experiments.
a p<0.001 vs control
b p<0.001 vs TRAP6.
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Figure 7. PACAP38 decreased TRAP6-induced increase in caspase 3 activity level
Cultured neurons were treated with medium (control), PACAP38 (100 nM), TRAP6 (0.6 mM)
or TRAP6 plus PACAP38 for 24 h. Neuronal cultures were washed, cells collected and lysates
analyzed for caspase 3 activity measured as conversion of substrate (OD at 405 nm). Data are
means ± SEM of three experiments performed in triplicate.
*** p< 0.001 vs control
a p<0.001 vs TRAP6
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Figure 8. PACAP38 decreased formation of active cdk4 in thrombin treated neurons
Cultured neurons were incubated with either medium (control), PACAP38 (100 nM), thrombin
(100 nM), or treated with thrombin and later exposed to PACAP38 (thrombin + PACAP38)
for 1 h. Cultures were incubated for 24 h, washed, cells collected and lysates analyzed for cdk4
expression by western blot analysis. Histogram represents densitometric measurements of the
active, faster migrating band from three werstern blot experiments normalized to GAPDH
levels. Treatments were compaired by one-tailed t-test.
*** p<0.001 vs control
a p<0.001 vs thrombin
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Figure 9. PACAP38 increased formation of active p57Kip2 in thrombin treated neurons
Cultured neurons were treated with either medium (control), PACAP38 (100 nM), thrombin
(100 nM) or treated with thrombin and later exposed to PACAP38 for 1 h. Cultures were
incubated for 24 h washed, cells collected and lysates analyzed for p57Kip2 expression by
western blot analysis. Histogram represents densitometric measurements of three western blot
experiments normalized to GAPDH levels. Treatments were compared by one-tailed t-test.
***p<0.001 vs control
a p<0.001 vs thrombin
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Figure 10. PACAP38 did not affect Bcl-2 down regulation induced by thrombin
Cultured neurons were treated with either medium (control), PACAP38 (100 nM), thrombin
(100 nM) or treated with thrombin and later exposed to PACAP38 (thrombin + PACAP38).
Cultures were incubated for 24 h, washed, cells collected and lysates analyzed for Bcl-2
expression by western blot analysis. Histogram represents densitometric measurements of three
western blot experiments normalized to GAPDH levels. Treatments were compared by one-
tailed t-test.
** p< 0.01 versus control
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