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Abstract Recent studies have suggested antidepressant
involvement in synaptic plasticity, possibly mediated by
neurotrophins and neuropeptides. Pituitary adenylate cyclase
activating polypeptide (PACAP) is a neuropeptide and
neuromodulator. Since its discovery, PACAP has been
extensively investigated with regard to its neurotrophic
properties including regulation of brain-derived neurotro-
phic factor (BDNF) expression, a neurotrophin postulated to
be involved in the mechanism of antidepressant action and
etiology of affective disorders. Using real-time polymerase
chain reaction (PCR) technique, we demonstrate in this
paper a robust upregulation of BDNF messenger RNA
(mRNA) expression in rat primary cortical neurons follow-
ing a 6-hour incubation with PACAP, and subsequently
elevated BDNF expression after prolonged treatment. Addi-
tional experiments were conducted to evaluate the effects of
antidepressants on the expression of PACAP, its receptors
and BDNF. In rat hippocampal neurons, prolonged (72-hour)
treatment with selective serotonin reuptake inhibitors parox-
etine and citalopram significantly up-regulated BDNF and
PACAP expression and down-regulated PACAP receptor
(PAC1 and VPAC2) expression; the tricyclic antidepressant
imipramine had an opposite effect. These alterations in
BDNF expression correlated negatively with PAC1 and
VPAC2 expression, and positively with PACAP mRNA

levels. Thus, our findings suggest the possible involvement
of PACAP signaling in the neuronal plasticity induced by
antidepressant treatment.
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Introduction

Pituitary adenylate cyclase activating polypeptide (PACAP)
is widely expressed in the central and peripheral nervous
systems, exerting an extensive profile of biological activ-
ities including its function as a neurohormone, neurotrans-
mitter, and neuromodulator (Arimura and Shioda 1995;
Sherwood et al. 2000; Vaudry et al. 2000; Waschek 2002).
It is a member of the vasoactive intestinal peptide (VIP)/
secretine/glucagone family of peptides (Miyata et al 1989)
and exists in two amidated forms that result from
alternative splicing: PACAP27 and PACAP38. The latter
is the prevalent form in mammalian tissues (Miyata et al.
1989, 1990). The effects of PACAP are mediated by two
types of G-protein coupled receptors. Type I receptor
(PAC1) is the predominant PACAP receptor in the brain
(Cauvin et al. 1991; Shioda 2000), exhibiting a high affinity
for PACAP (Kd=0.5 nM) and a much lower affinity for
VIP (Kd>500 nM) (Gottschall et al. 1990; Lam et al. 1990;
Cauvin et al. 1991; Suda et al. 1991). Type II PACAP
receptors, VPAC1 and VPAC2, have equal affinity for
PACAP and VIP (Kd=1 nM). Previous studies indicated
that PACAP plays a role during neural development, and
may be involved in pathological conditions as a part of
developmental mechanisms reemployed following neuronal
injury (Waschek 2002). PACAP exhibits trophic effects in
various neuronal systems and is considered to interact with
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growth factors influencing neuronal survival (Somogyvari-
Vigh and Reglodi 2004). In primary cultured neurons,
PACAP was reported to stimulate the expression of brain-
derived neurotrophic factor (BDNF) (Frechilla et al. 2001),
one of the most studied neurotrophins that is critical for
axonal growth, neuronal survival, and synaptic plasticity. It
is differently regulated by stress and antidepressants, and is
postulated to be involved in the etiology of depression and
the clinical action of antidepressants (Altar 1999; Duman
and Monteggia 2006; Pittenger and Duman 2008). Con-
comitantly, PACAP represents an essential element of the
hypothalamic–pituitary–adrenal (HPA) axis, a mechanism
activated in reaction to stress. HPA axis hyperactivity had
been proposed to play a role in stress-related depressive
conditions (Vinet et al. 2004; Malkesman et al. 2006)
leading to increased plasma glucocorticoids, while anti-
depressants were demonstrated to reduce brain glucocorti-
coid levels (Weber et al. 2006).

It was reported that different classes of antidepressants,
including the selective serotonin reuptake inhibitors (SSRI)
and tricyclic antidepressants (TCA), significantly induce
the expression of BDNF messenger RNA (mRNA) in the
major subfields of the hippocampus in rodents (for
review, see Duman and Monteggia 2006). Additionally,
analyses of post-mortem hippocampal tissues obtained from
antidepressant-treated subjects revealed significantly higher
BDNF protein levels compared to tissues obtained from
untreated subjects (Chen et al. 2001; Dwivedi et al. 2003),
suggesting that antidepressants exert their effects at least
partially through an up-regulation of BDNF expression.
Moreover, several clinical trials demonstrate a reduction in
serum BDNF levels in subjects diagnosed with severe
depression (Karege et al. 2002; Shimizu et al. 2003), while
antidepressants were shown to reverse this effect (Aydemir
et al. 2005; Gervasoni et al. 2005; Gonul et al. 2005).

The goal of the current study was to explore PACAP
involvement in the mechanism of antidepressants action.
To address this question, we first evaluated the effect of
PACAP38 on the expression of BDNF mRNA in rat primary
cortical neurons. Subsequently, we examined the effects of
three commonly prescribed antidepressants, citalopram,
paroxetine, and imipramine, on the expression of PACAP,
its receptors, and BDNF in rat primary hippocampal neurons
using a quantitative real-time polymerase chain reaction
(PCR) approach.

Materials and Methods

Cell Cultures

Primary hippocampal and cortical neuron-enriched cell
cultures were established from postnatal day 1 (P1)

Sprague–Dawley rat pups (Harlan Laboratories, Israel,
Institutional License number IL-13-10-06). Dissected tissues
were incubated for 20 min at 37°C in serum-free Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, 11960-028) con-
taining 100 units/ml penicillin–streptomycin (P/S) (Gibco,
15140-122) and 0.25% trypsin solution (Gibco, 15090-046).
The trypsin digestion was terminated by transferring the
tissues into DMEM containing 10% fetal calf serum (FCS),
followed by mechanical cell dissociation by trituration
through a Pasteur pipette. The cell suspension was centrifuged
at 1300×g for 3 min followed by resuspension in neurobasal
medium (NB) (Gibco, 211030-49) supplemented with 1 × B-27
(Gibco, 17504-044), 0.5 mM L-glutamine and 100 units/ml P/S
solution, which was used further for cell culturing. For the gene
expression assay, cortical or hippocampal cells were plated onto
six-well plates (Costar) coated with poly-D-lysine (PDL)
(0.1 μg/ml, Sigma, P1024) at a density of 2×105 cells per
well. For the cell viability assay, cells were plated onto 96-well
plates, coated with PDL at the density of 3×104 cells per well.
All cultures were maintained in NB medium at 37°C in an
atmosphere containing 5% CO2 for 7 days prior to treatment.

Drug and Peptide Treatments

Cortical neuron-enriched cultures were treated with peptides
PACAP38 (H-8430, Bachem) and PACAP(6-38) (H-2734,
Bachem). Hippocampal neuron-enriched cultures were treated
with the antidepressants imipramine hydrochloride (17379-
5G, Sigma-Aldrich, Israel), citalopram hydrobromide (LU10-
171-B, H. Lundbeck, Denmark) and paroxetine hydrochloride
hemihydrate (P9623-10MG, Sigma-Aldrich, Israel). The
medium was changed daily prior to drug/peptide treatment
to avoid unwanted cumulative effects. All the compounds
were initially dissolved in water followed by preparation of
working concentrations in an appropriate medium. Control
samples were treated with vehicle (water).

RNA Extraction, Reverse Transcription,
and Quantitative PCR

Total RNA was isolated using a Versagene RNA purifica-
tion kit, including DNAse treatment procedure (Gentra,
200561). A total of 0.5–1.0 μg RNA was reverse-
transcribed according to the manufacturer’s instructions
(Stratascript 5.0 multi-temp RT kit, Stratagene), using
oligo-dT 18-bp primers (C1101, Promega). The relative
expression of the investigated genes was measured by real-
time quantitative PCR on an M×3000P detection system
(Stratagene) using the Dynamo HS SYBR Green master kit
(Finnzymes, FZ-F-410L). As an endogenous normalization
factor, the transcript levels of the hypoxanthine-guanine
phosphoribosyltransferase (HPRT) gene were used. All
real-time PCR reactions were carried out in triplicate and
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the results were analyzed with the comparative CT method
using MxPRO software (Stratagene). Primers were designed
using Primer3 Software (http://frodo.wi.mit.edu/). Primer
sequences and features are depicted in Table 1. Product
specificity was confirmed in the initial experiments by agarose
gel electrophoresis and routinely by melting curve analysis.

Quantitation of Cell Viability (MTS)

Metabolic activity of viable cells in culture was measured
by a calorimetric method using a tetrazolium compound (3-
(4,5-dimethylthiazol-2-y1-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H tetrazolium) and an electron-coupling
reagent phenazine methasulfate using CellTiter96 Aqueous
Non-Radioactive Cell Proliferation assay (Promega, G5421)
applied directly onto 96-well plates. The tetrazolium com-
pound is bio-reduced by the living cells to the formazan
form that is detected at 490 nm by an enzyme-linked
immunosorbent assay (ELISA) reader.

Statistical Analyses

Data are presented as the mean ± SEM from three
independent experiments performed in triplicate. Statistical
analyses were performed on PrismPad software using
student t-test. A p value of < 0.05 was accepted as a statis-
tically significant difference.

Results

Effect of PACAP38 and the Antagonist PACAP (6-38)
on BDNF and PAC1 Expression in Primary Cortical Neurons

The effect of PACAP on BDNF gene expression was
evaluated either after single (acute) or extended (3 days,
daily) treatment. Cortical neurons were treated with
PACAP38 (10 nM or 100 nM) or its antagonist PACAP

(6-38) (10 nM) for 6, 24, 48, or 72 hours. The medium was
changed daily prior to peptide treatment. After the incuba-
tion period total RNA was extracted and subjected to gene
expression studies. Both acute (6 h) and prolonged (48 h
and 72 h) incubation with PACAP38 significantly up-
regulated BDNF mRNA expression (Fig. 1, ** at p<0.001,
and ***at p<0.0001). The dose-dependent effect of
PACAP38 on BDNF expression was observed only after
6-hour incubation. Daily treatment with the neuropeptide
for 48 and 72 hours maintained elevated levels of BDNF
mRNA compared to the control; however, the dose-
dependent effect was absent. Additionally, we report a
robust effect of PACAP38 treatment on BDNF expression
observed after 6 hours, compared to the milder yet
significant effect of the extended exposure to PACAP38
after both 48 and 72 hours. Interestingly, no effect of
PACAP38 on BDNF expression was observed after
24 hours. PACAP (6-38) exhibited an opposite effect to
PACAP38, causing BDNF down-regulation either after 48
or 72 hours of treatment. No effect of the antagonist on
BDNF expression was observed after either 6- or 24-hour
incubation. In parallel, the effect of exogenous PACAP38
on its specific receptor PAC1 was evaluated in this cell
model. Both concentrations of PACAP38 (10 and 100 nM)
markedly decreased the expression of PAC1 after 48 or
72 hours (Fig. 2). The results of this experiment confirm
that acute PACAP38 administration up-regulates BDNF
mRNA expression while the prolonged treatment maintains
the elevated levels of the neurotrophin. In contrast, repeated
exposure to antagonist down-regulates BDNF expression in
cortical neurons. The extended exposure to PACAP38 resulted
in gradual down-regulation of its specific receptor PAC1.

Effect of Antidepressants on BDNF and PACAP Receptors
Expression in the Rat Hippocampal Neurons

Hippocampal neurons were incubated for 72 hours with 1-
to 10-μM concentrations of antidepressants: citalopram,

Table 1 Primer sequences
and features Primer Length Tm GC% Product size (bp) Sequence

PACAP(F) 20 59.91 55.00 179 ACAGCGTCTCCTGTTCACCT
PACAP(R) 20 60.12 55.00 CCTGTCGGCTGGGTAGTAAA
PAC-1(F) 21 59.89 52.00 197 GGTGAGATGGTCCTTGTAAGC
PAC-1(R) 20 60.15 50.00 CCCACAAGCATCGAAGTAGT
VPAC-1(F) 20 60.03 55.00 230 CAAGGATATGGCCCTCTTCA
VPAC-1(R) 20 60.16 55.00 TGATGAACACACTGGGCACT
VPAC-2(F) 20 59.97 55.00 165 CAGATGTTGGTGGCAATGAC
VPAC-2(R) 20 59.82 55.00 CCTGGAAGGAACCAACACAT
HPRT (F) 20 59.40 45.00 158 AGGCCAGACTTTGTTGGATT
HPRT (R) 20 60.10 45.00 GCTTTTCCACTTTCGCTGAT
BDNF (F) 20 59.99 50.00 237 GCGGCAGATAAAAAGACTGC
BDNF (R) 20 59.82 45.00 GCCAGCCAATTCTCTTTTTG
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Figure 2 Effects of PACAP on PAC1 expression in primary cortical
neurons. Cortical neurons were incubated daily with PACAP38 for
6 hours (A), 24 hours (B), 48 hours (C), or 72 hours (D) and subjected
to gene expression studies. Control cells were treated with vehicle.
Total RNA (0.5–1 μg), was reverse transcribed and the obtained
cDNA (15–20 ng) was used for the real-time PCR analyses. All

reactions were performed in triplicate, using HPRT gene as an
endogenous normalization factor. Results are expressed as relative
units (r.u.)—a number resulting from the normalization procedure;
values are the mean ± SEM (n=4). Statistical differences are shown as
two asterisks at p<0.01 and three asterisks at p<0.001

Figure 1 Effect of PACAP on BDNF expression in primary cortical
neurons. Cortical neurons were incubated daily with PACAP38 or its
antagonist PACAP(6-38), for 6 hours (A), 24 hours (B), 48 hours (C),
or 72 hours (D) and subjected to gene expression studies. Control cells
were treated with vehicle (water). Total RNA, 0.5–1 μg was reverse
transcribed and 15–20 ng of cDNA was used for the real-time PCR

analysis. All real-time PCR reactions were performed in triplicate,
using HPRT gene as an endogenous normalization factor. Results are
expressed as relative units (r.u.)—a number resulting from the
normalization procedure; values are the mean ± SEM (n=4).
Statistical differences are shown as two asterisks at p<0.01 and three
asterisks at p<0.001
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paroxetine (SSRIs), and imipramine (TCA). At the end of
the incubation period, cell cultures were subjected to
molecular studies.

Effect of Citalopram Daily treatments for 72 hours with
citalopram dose-dependently down-regulated PACAP
specific receptors PAC1 and VPAC2 (Fig. 3A,B; ** at p<
0.001) and simultaneously up-regulated BDNF mRNA
expression (Fig. 3C; ** at p<0.001, and *** at p<0.0001).
No changes in VPAC1 mRNA expression were observed
(data not shown).

Effect of Paroxetine Similar to citalopram, daily adminis-
tration of paroxetine for 72 hours caused a reduction in
PAC1 and VPAC2 expression (Fig. 4A,B; ** at p<0.001)
and an increase in BDNF expression (Fig. 4C; * at p<0.01
and ** at p<0.001). Microscopic observations and later cell
viability examination revealed that 10 μM of paroxetine
had a cytotoxic effect on hippocampal neurons; therefore,
this dose was excluded from further analyses. In agreement
with the results of citalopram treatment, VPAC1 mRNA
expression was not affected by the tested doses of
paroxetine (data not shown).

Effect of Imipramine In contrast to the effect of citalopram
and paroxetine on the expression levels of the investigated
genes, 72-hour daily exposure of hippocampal cells to imip-
ramine caused marked up-regulation of PAC1 and VPAC2
(Fig. 5A,B; * at p<0.01, and ** at p<0.001) and in parallel a
reduction of BDNF mRNA expression (Fig. 5; ** at p<
0.001). The highest dose of imipramine tested in this study
(10 μM) had an adverse effect on cell viability, resembling
the outcome of exposure to paroxetine 10 μM; therefore, this
dose was not included in further molecular studies. In
agreement with the experimental data from paroxetine and
citalopram testing, imipramine also had no effect on VPAC1
expression (data not shown), which may lead to the con-

clusion that VPAC1 receptor is not involved in the mecha-
nism of antidepressant action in hippocampal neurons.

Effect of Antidepressants on PACAP Expression

The effect of 72-hour exposure of hippocampal neurons to
antidepressants on PACAP expression greatly resembled
their effect on BDNF mRNA levels shown previously in
Figs. 3, 4, and 5C. While the SSRIs paroxetine and
citalopram induced PACAP mRNA expression, the tricyclic
compound imipramine caused a converse effect (Fig. 6; * at
p<0.01, and ** at p<0.001).

Correlation Between BDNF, PACAP and its Receptor’s
mRNA Expression

Strong correlations were found comparing BDNF and
PACAP expression levels (r=0.8979, p<0.0025) as well
as BDNF and PAC1 (r=−0.9137, p<0.0013) or BDNF and
VPAC2 (r=−0.8961, p<0.0026). Up-regulation of BDNF
expression resulted from SSRI treatment correlated with the
up-regulation of PACAP expression and down-regulation of
its receptors. At the same time, reduction in BDNF expres-
sion caused by imipramine accompanied the reduction of
PACAP and an increase in PAC1 and VPAC2 expression.

Effect of Antidepressants on Neuronal Cell Viability To
assess the effect of antidepressants on cell viability, the
neurons were seeded on 96-well plates and grown for
1 week in a culture medium; then cells were treated with
various concentrations of drugs or vehicle for 24 or
72 hours. Following the incubation period cell viability
was measured (Fig. 7). The results revealed that 24-hour
incubation with antidepressants had no effect on cell
viability relative to control cells (data not shown), whereas
72-hour treatment demonstrated that the highest of the

Figure 3 Effect of citalopram (72 hours) on BDNF and PACAP
receptors expression in the rat hippocampal neurons. Hippocampal
neurons were daily exposed to 1–10 μM of citalopram for 72 hours
followed by molecular studies. Expression levels of PAC1 (A),
VPAC2 (B), and BDNF (C) were measured. Real-time PCR reactions

were performed in triplicate, using HPRT gene as an endogenous
normalization factor. Results are expressed as relative units (r.u.)—a
number resulting from the normalization procedure. Values are the
mean ± SEM (n=6). Statistical differences are shown as two asterisks
at p<0.01 and three asterisks at p<0.001
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tested doses of both paroxetine (10 μM) and imipramine
(10 μM) caused a marked reduction of neuronal cell
viability, which manifested as an increased rate of neuronal
death. For this reason, the effect of this dose of paroxetine
and imipramine on gene expression was not evaluated.

Discussion

This is the first study addressing the possibility of PACAP
system involvement in the mechanisms of antidepressant
action. Our results suggest that PACAP up-regulation by
both the SSRI compounds tested, citalopram and parox-
etine, may contribute to maintenance of up-regulated
BDNF expression levels, which in turn may underlie some
of the antidepressant beneficial effects, including increased
cell survival. It is accepted that the increase in BDNF
mRNA levels does not necessarily correspond with the
changes in mature BDNF protein levels. Moreover, it may
reflect an increased translation of pro-BDNF protein, that
selectively binds p75 receptor, which participates in pro-

apoptotic signaling with a known adverse effect on
neuronal survival (Friedman 2000). Nevertheless, our cell
viability measurements (Fig. 7) suggest an increase in cell
viability rather than a toxic effect of the various doses of
antidepressants tested, with the exception of high (10 μM)
doses of paroxetine and imipramine.

The inducible effect of PACAP on BDNF mRNA
expression in rat primary cortical neurons was measured
using a real-time quantitative PCR approach. In our
experimental setting, treatment with 10 nM and 100 nM
PACAP38 produced a marked and dose-dependent upregu-
lation of BDNF mRNA expression after a 6-hour incuba-
tion, although this effect was abolished after 24 hours.
Moreover, daily incubation for 48 and 72 hours with both
concentrations of PACAP38 (10 and 100 nM) maintained
the elevated levels of BDNF mRNA compared to control,
although they were significantly lower in comparison to the
effect observed after 6 hours. Georg and Fahrenkrug 2000
demonstrated a similar effect of PACAP38 on endogenous
VIP gene transcription in human neuroblastoma cell line,
with maximal effect on VIP expression achieved sub-
sequent to 6-hour incubation, followed by a steep decline

Figure 5 Effect of imipramine on (72 hours) BDNF and PACAP
receptors expression in the rat hippocampal neurons. Hippocampal
neurons were daily exposed to 1–10 μM of imipramine for 72 hours
followed by molecular studies. Imipramine-treated (10 μM) cells were
excluded from the molecular studies due to observed cytotoxic effect.
Expression levels of PAC1 (A), VPAC2 (B), and BDNF (C) were

measured. All real-time PCR reactions were performed in triplicate,
using HPRT gene as an endogenous normalization factor. Results are
expressed as relative units (r.u.)—a number resulting from the
normalization procedure. Values are the mean ± SEM (n=6).
Statistical differences are shown as asterisk at p<0.05 and two
asterisks at p<0.01

Figure 4 Effect of paroxetine (72 hours) on BDNF and PACAP
receptors expression in the rat hippocampal neurons. Hippocampal
neurons were daily exposed to 1–10 μM of paroxetine for 72 hours
followed by molecular studies. 10 μM paroxetine-treated cells were
excluded from the molecular studies due to observed cytotoxic effect
of this dose. Expression levels of PAC1 (A), VPAC2 (B), and BDNF

(C) were measured. All real-time PCR reactions were performed in
triplicate using HPRT gene as an endogenous normalization factor.
Results are expressed as relative units (r.u.)—a number resulting from
the normalization procedure. Values are the mean ± SEM (n=6).
Statistical differences are shown as asterisk at p<0.05 and two
asterisks at p<0.01
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24 hours after the initial treatment. The rapid and robust
upregulation of BDNF transcript levels measured 6 hours
after the exposure to PACAP38 may reflect an inhibition of
degradation of the existing BDNF transcripts, while the
delayed long-term up-regulated BDNF mRNA levels may
represent the activation of transcriptional mechanisms,
involving cyclic adenosine monophosphate (cAMP)-
responsive element-binding protein (CREB) phosphoryla-
tion and a subsequent production of new BDNF transcripts.
Consequently, we propose that repetitive prolonged treat-
ment of cultured cells with efficacious concentrations of
PACAP38 (10 nM and 100 nM) (Onoue et al. 2002) may
lead to adaptation changes in BDNF expression following
48- and 72-hour treatment (Fig. 1). These results are in
agreement with previous studies demonstrating a significant
upregulation of BDNF expression after exposure to nano-
molar concentrations of PACAP38 in rat cortical neurons
(Frechilla et al. 2001) as well as in rat hippocampal neurons
(Yaka et al. 2003). In addition, the PAC1 specific antagonist
PACAP (6-38) caused a significant down-regulation of
BDNF mRNA expression following extended, but not
acute, daily exposure, in comparison to both control and
PACAP38 treatments. Previous studies have indicated that
PACAP stimulates its own mRNA expression in rat cortical
neurons (Shintani et al. 2005), thus we found interesting
to investigate the possible effect of exogenous PACAP on
the specific PACAP receptor (PAC1) expression. A marked
down-regulation of PAC1 mRNA was observed after
24 hours incubation with both concentrations of PACAP38
(10 and 100 nM) compared to control (Fig. 2). This effect
sustained further following 48- and 72-hour daily treatment
with PACAP38. In contrast, there was no significant effect
of PACAP on the expression level of PAC1 6 hours after
the treatment. This may represent the time interval necessary

for the adaptation changes in the receptor expression levels
to take place, which may be a result of constant addition of
PACAP to the culture medium compared to control. It is
likely that system adaptation to repeated administration of
PACAP/synaptic plasticity underlie both the elevated BDNF
and the down-regulated PAC1 mRNA levels seen after
48 and 72 hours (Fig. 2). Numerous reports suggest the
involvement of BDNF in the mechanism of antidepressant
action and the etiology of affective disorders as well as its
possible regulatory role in the process of neurogenesis in
the hippocampus (Duman et al. 1997, 2000; Nestler et al.
2002; Duman 2004; Castren 2005).

In this study, we attempt to combine the current under-
standing of the relationship between PACAP and BDNF with
the available data suggesting the role of BDNF in antide-
pressant treatment and the etiology of affective disorders.

Thus, our second battery of experiments was designed to
assess the effect of antidepressants on PACAP, its receptors
and BDNF mRNA expression in primary rat hippocampal
neurons.

We choose two distinct classes of antidepressants—
SSRIs, represented by citalopram and paroxetine, and TCA,
represented by imipramine. Several studies indicate that
SSRIs up-regulate BDNF expression in the brain and also
in the serum of depressed patients (Martinez-Turrillas et al.
2005; Yoshimura et al. 2007).

Our data have shown that 72-hour daily incubation of
primary rat hippocampal neurons with these antidepressants
affected the expression of BDNF, PACAP and its receptors,
even though in animal models the effect of antidepressants
on gene expression is usually reported only after chronic
treatment (Martinez-Turrillas et al. 2005). Both paroxetine
and citalopram up-regulated the levels of BDNF and
PACAP mRNA, and at the same time reduced the levels

Figure 7 Effect of antidepressants (72 hours) on neuronal cell viability.
Hippocampal neurons were seeded on 96-well plates coated with PDL at
the density of 3×104 cells per well, and grown for one week prior to
daily treatment with various concentrations of antidepressants or vehicle
for 72 hours followed by cell viability analyses. The results are the
mean ± SEM (n=9) and expressed as a percentage of control values.
Statistical differences between control and antidepressants (citalopram,
paroxetine and imipramine; 0.3-10μM) are at p<0.05

Figure 6 Effect of antidepressants (72 hours) on PACAP expression.
Hippocampal neurons were treated daily with 3 μM of citalopram
(CIT), paroxetine (PAR) and imipramine (IMI), followed by molecular
studies after 72 hours. The changes in PACAP mRNA levels were
measured using HPRT gene as a normalizing factor. All real-time PCR
reactions were performed in triplicate. Results are expressed as
relative units (r.u.)—a number resulting from the normalization
procedure. Values are the mean ± SEM (n=6). Statistical differences
are shown as asterisk at p<0.05 and two asterisks at p<0.01
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of PACAP receptors PAC1 and VPAC2 transcripts (Figs. 3
and 4). Interestingly, the effect of imipramine was opposite
to the effect exhibited by the tested SSRIs (Fig. 5).
Imipramine is a non-selective antidepressant drug with
known anticholinergic side effects (Bohman et al. 1982;
Rana et al. 1993; Izaguirre et al. 1997), while blockade or
disruption of the cholinergic system was reported to down-
regulate BDNF (da Penha Berzaghi et al. 1993; Kotani
et al. 2006). This may be one of the explanations for the
suppressive effect of imipramine on BDNF and PACAP
mRNA expression observed in our experiments. An alter-
native possibility rises from a study where the effect of
acute and repeated treatment with antidepressants on BDNF
expression in rat brain was investigated. A bi-phasic and
time-dependent influence of some antidepressants on
BDNF expression was found (Coppell et al. 2003). It has
also been suggested that stimulation of BDNF mRNA
expression is dependent on the pharmacological profile and
on the time course of drug treatment (Larsen et al. 2008).
Another study suggests that the negative effect on BDNF
expression correlates with simultaneous neurogenic and
apoptotic processes, both inflicted by imipramine adminis-
tration, resulting in increased cellular turnover in mouse
hippocampus (Sairanen et al. 2005). This study also sup-
ports our results regarding the cell viability measurements
(Fig. 7), which show a negative effect of imipramine
(10 μM) and paroxetine (10 μM) on cultured neurons.
Furthermore, along with the down-regulation of BDNF and
PACAP after daily extended (72-hour) treatment with
imipramine, we observed a corresponding up-regulation of
PACAP receptors (PAC1 and VPAC2), further reinforcing
our speculations that PAC1 and VPAC2 receptor down-
regulation is due to the increased levels of PACAP. These
suggestions were further supported by correlative analyses
that revealed a strong positive correlation between BDNF
and PACAP expression on one hand and a negative correla-
tion with PACAP receptors expression on the other. Finally,
our experiments suggest that antidepressants may affect
neuronal plasticity via mechanisms that involve changes in
the activity of the PACAP signaling system. Neuropeptides,
which are also neurotransmitters and neuromodulators,
represent the major concern in the discovery of novel
antidepressants. This work may open new avenues for
exploration of PACAP’s role in the etiology of affective
disorders and the action of antidepressants, and possibly
provide new prospectives for novel therapeutic targets.
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