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The Expression of Synaptic Vesicle Proteins after
Chronic Antidepressant Treatment in Rat Brain
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Summary. The biological basis for the therapeutic mechanisms of depres-
sion are still unknown. We have previously performed EST analysis and
identified some common biological changes induced after chronic antide-
pressant treatment as antidepressant related genes/ESTs : ADRG#1-707.
Then, we developed our original cDNA microarray on which ADRG#1-
707 were spotted, for rapid secondary screening of candidate genes as the
- novel therapeutic targets. With this microarray, we found that the expres-
sion of some of the ADRGs were related to neurotransmiter release and lo-
cated on synaptic vesicle. Indeed, VAMP2/synaptobrevin, cysteine string
protein, synapsin I, Rab-1A and Rab-3B were induced after chronic ser-
traline treatment in rat frontal cortex. Western blot analysis also demon-
strated the induction of these ADRGs at protein levels after chronic treat-
ment with imipramine and sertraline. In addition, synaptophysin and
secretogranin II, often used as a marker protein for small synaptic vesicle
or large dense core granule were significantly increased after chronically
treatment with antidepressants. On the other hand, the expression of
SNAP-25 and syntaxin-1, which are used as markers for synapse and make
a SNARE-complex with VAMP2, were not affected by these treatments.
These results suggested that the number of synaptic vesicles, but not the
number of synapses, was increased after chronic antidepressant treatment.
The synaptic vesicles and proteins may be a new target molecular system
for antidepressant.

Key words. Depression, antidepressant, microarray, synaptic vesicle,
SNARE complex
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1 Introduction

It has been demonstrated that typical antidepressants acutely-inhibit the
monoamine reuptake in nerve terminals resulting in significant increase in
synaptic concentrations of monoamines, noradrenaline or serotonin. How-
ever, there is a latency period of several weeks before the onset of clinical
effect of antidepressants. There are several preclinical investigation shown
the delayed action of antidepressants on mood, motivation and cognition is
not linked to their primary mechanism of action but rather to the develop-
ment of various modifications (Duman and Vaidya 1998). Hyman and Nes-
tler proposed an “initiation and adaptation” model to describe the drug-
induced neural plasticity associated with the long-term actions of antide-
pressants in the brain (Hyman and Nestler 1996). However, the detailed
mechanisms underlying such drug-induced adaptive neuronal changes are
as of yet unknown. The delay of clinical effect from antidepressants could
be the result of indirect regulation of neural signal transduction systems or
changes at the molecular level by an action on gene transcription following
chronic treatment. Indeed, there are selective effects of antidepressants on
specific immediate early genes and transcription factors. These molecules
activate or repress genes encoding specific proteins by binding to a regu-
lating element of DNA. These functional proteins may be involved in criti-
cal steps in mediating treatment-induced neural plasticity. Therefore, we
demonstrated that certain novel candidate genes and molecular systems
may underlie the mechanism of action of antidepressants.

2 EST Analysis and Fabrication of the Original cDNA
Microarray for Antidepressant Research

We have performed expressed-sequence tag (EST) analysis to identify
some common biological changes induced after chronic treatment of two
different classes of antidepressants, imipramine (a tricyclic antidepressant)
and sertraline (a serotonin selective reuptake inhibitor, SSRI). Identifica-
tion of quantitative changes in gene expression that occur in the brain after
chronic antidepressant treatment can yield novel molecular machinery re-
sponsible for therapeutic effect of antidepressant. Until now, we have
molecularly cloned 707 cDNA fragments which were named them antide-
pressant related genes, ADRG from rat frontal cortex, hippocampus and
hipothalamus (Yamada et al. 1999). More recently, for high throughput
secondary screening of candidate genes, each of the ADRGs were spotted
in duplicate onto glass slides to develop our original microarray, ADRG
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microarray. After hybridization with samples obtained from sertraline
treated rat frontal cortex and normalization of the signals for both negative
and positive controls, we have identified several interesting candidate
genes and ESTs on the ADRG microarray that showing increased or de-
creased expression compared from control.

3 New Candidate Molecular Systems in Depression
Research

We found some of the candidate molecules and molecular systems with
this ADRG microarray. Interestingly, the expression -of some of the
ADRG:s related to neurotransmiter release and located on synaptic vesicles
were induced after chronic treatment with sertraline in rat frontal cortex
(Fig. 1). We previously reported that the expression of ADRGSS, identified
as cysteine string protein (CSP), was induced after chronic antidepressant
treatment (Yamada et al. 2001). CSP is localized to synaptic vesicle mem-
branes and modulates the activity of presynaptic calcium channels, result-
ing in neurotransmitter release at the nerve terminal in the central nervous
system (Gundersen et al. 1995). In addition, we have also demonstrated
that the expression of ADRG14, identified as vesicle associated membrane
protein VAMP2/ synaptobrevin, was induced after chronic antidepressant
treatment (Yamada et al. 2002). VAMP2/ synaptobrevin is a key compo-
nent of the synaptic vesicle docking/fusion machinery that forms the
SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment
protein receptor) complex (Weis and Scheller 1998). More recently, we
identified some more ADRGs related to neurotransmiter release and lo-
cated on synaptic vesicles, including synapsin I, Rab-1A and Rab-3B. Syn-
apsin I is an actin-binding protein that localized on the cytoplasmic face of
small synaptic vesicles and inhibits neurotransmitter release, an effect that
is abolished upon its phosphorylation by Ca®*/calmodulin-dependent pro-
tein kinase II. Rab protein is low molecular weight GTP-binding protein of
the Ras superfamily of GTPases. Rab protein is involved in intracellular
membrane fusion reactions located in cytoplasmic face of organelles and
vesicles. The synapsin I, Rab-1A and Rab-3B were induced after chronic
antidepressant treatment in rat frontal cortex, when determined by ADRG
microarray. _

Western blot analysis also demonstrated the induction of these synaptic
vesicle proteins after chronic treatment with imipramine and sertraline in
rat frontal cortex. These results indicate that two possibilities i) the number
of synaptic vesicles is increased, ii) the number of synapses is increased af-
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ter chronic antidepressant treatment. To investigate the first possibility, the
expression of synaptophysin and secretogranin II were determined by
Western blot analysis. Then, to investigate the second possibility, the ex-
pression of SNAP-25 and syntaxin-1, which are used as markers for syn-
apse and make a SNARE-complex with VAMP2, were determined. Inter-
estingly, the expression of both synaptophysin (a marker protein for small
synaptic vesicles) and secretogranin II (a marker protein for large dense
core granules) were significantly increased after chronic treatment with an-
tidepressants. On the other hand, the expression of SNAP-25 and syntaxin-
1 were unaffected by these treatments. These results strongly suggested
that the number of synaptic vesicles, but not the number of synapses, was
increased after chronic antidepressant treatment.

actin

synaptic vesicle

pre ptic
menibrane

— postsynaptic membrane TSN~

Fig. 1. Synaptic vesicle proteins identified as ADRG and related proteins. The ex-
pression of some of the ADRGs related to neurotransmiter release and located on
synaptic vesicle including VAMP2/synaptobrevin, cysteine string protein (CSP),
synapsin I, Rab-1A and Rab-3B were induced after chronic sertraline treatment in
rat frontal cortex determined by ADRG microarray

There are several articles that reporting the change of synaptic protein
expression, activity or phosphorylation affected by antidepressant treat-
ments (Popoli et al. 1995). Further, long-term treatment of hippocampal
slice cultures with brain-derived neurotrophic factor (BDNF) that is one of
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the key molecule induced by antidepressant treatment (D'Sa and Duman
2002) increased the number of docked vesicles, but not that of reserve pool
vesicles at CAl excitatory synapses. BDNF also increased the levels of
vesicle proteins synaptophysin, synaptobrevin, and synaptotagmin, without
affecting the presynaptic membrane proteins syntaxin and SNAP-25, or the
vesicle-binding protein synapsin-I (Tartaglia et al. 2001). Taken together,
these finding may suggest a link between the modulation of synaptic vesi-
cle proteins and the therapeutic mechanisms of antidepressants.

4 Conclusion

In the present study, we have demonstrated that the synaptic vesicles and
proteins may play a role in the therapeautic molecular systems of antide-
pressant treatment. These alterations of the expression pattern of synaptic
vesicle proteins may also be associated with neural plasticity including
modifications in neural connectivity, and modulation of synaptic vesicle
density that occur during antidepressant treatment. Here, we propose that
the changes in neural plasticity are implicated in the adaptive mechanisms
underlie the delayed onset of therapeutic action of antidepressants. Our re-
sults may contribute to a novel model for the therapeutic mechanism of
depression and new molecular targets for the development of therapeutic
agents.
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Summary. Although blockade by antidepressants of monoamine uptake
into nerve endings is one of the cornerstones of the monoamine hypothesis
of depression, there is a clear discrepancy between the rapid effects of an-
tidepressants in increasing synaptic concentrations of monoamine and the
lack of immediate clinical efficiency of antidepressant treatment. Pharma-
cogenomics, functional genomics and proteomics are powerful tools that
can be used to identify genes/ESTs or molecular systems affected by anti-
depressants. Using a differential cloning strategy, we and other groups
have isolated genes that are differentially expressed in the brain after
chronic antidepressant treatment. Some of these candidate genes may en-
code functional molecular systems or pathways induced by chronic antide-
pressant treatment. Defining the roles of these molecular systems in drug-
induced neural plasticity is likely to transform the course of research on
the biological basis of depression. Such detailed knowledge will have pro-
found effects on the diagnosis, prevention, and treatment of depression.

Key words. Depression, antidepressant, differential cloning, system biol-
ogy

1 Introduction

Depression is one of the major psychiatric diseases; represent abnormality
of emotional, cognitive, autonomic and endocrine functions. Anti- depres-
sants are very effective agents for the prevention and treatment of depres-
sion, and have been used clinically for more than 50 years. Although the
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therapeutic action of these antidepressants most likely involves the regula-
tion of serotonergic and noradrenergic signal transduction pathways, to
date, no consensus has been reached concerning the precise molecular and
cellular mechanism of action of these drugs. Many antidepressants acutely
regulate monoaminergic signal transduction within a few hours of initial
treatment. However, at the same time, the onset of the clinical effect of
these drugs lags by several weeks. A satisfying explanation for the discrep-
ancy in the acute increase of synaptic monoamines and delayed clinical ef-
fect remains elusive. Consequently, the monoamine hypothesis does not
fully explain this clear discrepancy. Novel biological approaches beyond
the “monoamine hypothesis” are definitely expected to cause paradigm
shifts in the future of depression research. In this article, we demonstrated
that certain novel candidate molecular systems might underlie the mecha-
nism of action of antidepressants.

2 The Delayed Clinical Effects and Changes in Gene
Expression Elicited by Antidepressant in the Brain

To advance our understanding of the therapeutic actions of anti- depres-
sants, we must now extend our efforts beyond theories based on the simple
pharmacology of the synapse. This new effort must seek a deeper under-
standing of cellular and molecular neurobiology as well as examine the ar-
chitecture and function of relevant neural systems. Many now believe that
changes in brain gene expression, which are elicited after chronic antide-
pressant treatment, might underlie the drug-induced neural plasticity asso-
ciated with the long-term actions of antidepressants in the brain and their
clinical effects.

On the other hand, there are several preclinical investigations shown
that the delay of clinical effect from antidepressants could be the result of
indirect regulation of neural signal transduction systems or changes at the
molecular level by an action on gene transcription following chronic treat-
ment. Indeed, there are selective effects of antidepressants on specific im-
mediate early genes and transcription factors including c-fos, zif268,
NGFI-A and the phosphorylation of CRE binding protein. These molecules
activate or repress genes encoding specific proteins by binding to a regu-
lating element of DNA. These functional proteins may be involved in criti-
cal steps in mediating treatment-induced neural plasticity (see review by
Yamada et al., 2002).
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Understand the therapeutic mechanisms of antidepressant
independent of any preconceived hypothesis
Pharmacogenomics/Functional genomics/ Proteomics

Rational drug deveiopment
Biomarkers for clinical diagnosis

Fig. 1. Pharmacogenomics, Functional genomics and Proteomics are powerful
tools that can be used to identify neuronal systems or pathways affected by anti-
depressants

Recent developments in molecular neurobiology provide new conceptual
and experimental tools to investigate, and facilitate understanding of the
mechanisms by which antidepressants produce long-lasting alterations in
brain function. The emerging techniques and powerful tools derived from
the relatively new subfields of genomics and proteomics hold great prom-
ise for the identification of genes and, gene products that are altered by
chronic antidepressant treatment or other effective therapeutic manipula-
tions, such as electroconvulsive treatment (ECT). Using a differential clon-
ing strategy, we and other groups have isolated genes that are differentially
expressed in the brain after chronic antidepressant treatment. Independent
of any preconceived hypothesis, these genes and proteins have been impli-
cated in a physiological or pathophysiological process. Defining the roles
of the candidate systems in antidepressant-induced neural plasticity is
likely to transform the course of research on the biological basis of mood
disorders, leading to develop a personalized medicine (Fig.1). Such de-
tailed knowledge will have profound effects on the diagnosis, prevention,
and treatment of depression.

3 New Candidate Molecular Systems Responsible for the
Therapeutic Effect of Antidepressant

Many now believe that changes in brain gene expression, which are elic-
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ited after chronic antidepressant treatment, might underlie the drug-
induced neural plasticity associated with the long-term actions of antide-
pressants in the brain and their clinical effects. Here, we introduce three of
the new candidate molecular systems in antidepressant research.

3.1 Adult Neurogenesis in the Hippocampus

Although depression involves many psychological and social factors, it
also represents a biological process: the effects of repeated exposure to
stress on a vulnerable brain. Preclinical and clinical research has focused
on the interactions between stress and depression and their effects on the
hippocampus (Duman et al., 1999). The hippocampus is one of several
brain regions that, when exposed to stressful stimuli, can contribute to the
emotional, cognitive, and vegetative abnormalities found in depressed pa-
tients. This region of the brain is also involved in the feedback regulation
of the hypothalamus pituitary adrenal axis, the dysfunction of which is as-
sociated with depression. Recent studies suggest that stress-induced atro-
phy and loss of hippocampal neurons may contribute to the pathophysiol-
ogy of depression. Interestingly, hippocampal volume is decreased in
patients with stress-related psychiatric illnesses, including depression and
post-traumatic stress disorder (Sapolsky and Duman, 2000; Sheline et al.,
1996).

In vitro and in vivo data provide direct evidence that brain-derived
neurotrophic factor (BDNF) is one of the key mediators of the therapeutic
response to antidepressants (D'Sa and Duman, 2002). BDNF promotes the
differentiation and survival of neurons during development and in the adult
brain, as well as in cultured cells. Stress decreases the expression of BDNF,
and reduced levels could contribute to the atrophy and compromised func-
tion of stress-vulnerable hippocampal neurons. In contrast, antidepressant
treatment increases the expression of BDNF in the hippocampus, and
could thereby reverse the stress-induced atrophy of neurons or protect
these neurons from further damage (Duman, 1998; Duman et al., 1997).
These findings have resulted in the development of a novel model of the
mechanism of antidepressant action and have suggested new targets for the
development of therapeutic agents.

While hippocampal volume can decrease in disease, the hippocampus
is also one of only a few brain regions where the production of neurons
normally occurs throughout the lifetime of several species of animals, in-
cluding humans (Eriksson et al., 1998). Hippocampal neurogenesis is in-
fluenced by several environmental factors and stimuli (Gould and Tanapat,
1999; Nilsson et al., 1999; van Praag et al., 1999). For example, both acute
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and chronic stress cause decreases in cell proliferation. On the other hand,
administration of several different classes of antidepressant, as opposed to
non-antidepressant, agents increases the number of BrdU-labeled cells, in-
dicating that this is a common and selective action of antidepressants
(Malberg et al., 2000). In addition, recent evidence indicates that electro-
convulsive seizures (an animal model of ECT in humans) can also enhance
neurogenesis in rat hippocampus (Hellsten et al., 2002). These findings
raise the possibility that increased cell proliferation and increased neuronal
number may be a mechanism by which antidepressant treatment mitigates
stress-induced atrophy and loss of hippocampal neurons, and thus may
contribute to the therapeutic actions of antidepressant treatment. Further-
more, increased formation of new neurons in the hippocampus related to
antidepressant treatment may lead to altered expression of genes specifi-
cally expressed in immature neurons. Therefore, observed changes in gene
expression may reflect alterations in cell composition of the tissue rather
than changes in individual neurons.

3.2 Vesicular Transport/Exocytotic Machinery

In our laboratory, we employed the RNA fingerprinting technique, a modi-
fied differential display PCR, to identify biochemical changes induced by
chronic antidepressant treatments. To date, we have cloned several cDNA
candidates as ESTs from rat frontal cortex and hippocampus. Some of
these candidate cDNAs should be affected by antidepressants and are thus
named antidepressant related genes (ADRGs). Among these ADRGs, we
previously demonstrated that a unique cysteine-rich protein, called cys-
teine string protein (CSP), is clearly elevated in rat brain after chronic an-
tidepressant treatment (Yamada et al., 2001). In rat brain, CSP interacts
with VAMP2 in synaptic vesicle membranes and modulating the activity of
presynaptic calcium channels, resulting in neurotransmitter release at the
nerve terminal. Considerable evidence indicates that VAMP-2 is a key
component of the synaptic vesicle transport/docking/fusion machinery that
forms the SNARE (soluble N-ethylmaleimide-sensitive fusion protein at-
tachment protein receptor) complex. Fusion of vesicles with the plasma
membrane leads to exocytosis, which mediates the release of neurotrans-
mitter into the synapse. Recently, we demonstrated a significant increase of
both VAMP2 mRNA and protein levels in rat frontal cortex after chronic
treatment with antidepressant and repeated ECT (Yamada et al., 2002). In
this context, pharmacological modulations of CSP and VAMP2 expres-
sions would also be predicted to alter neurotransmitter release. Interest-
ingly, the work of others shows that acute and chronic administration of
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antidepressants diminishes the release of glutamate and aspartate, and in-
hibits veratridine-evoked 5-HT release (Golembiowska and Dziubina,
2000).

On the other hand, post-mortem depressive suicide brain samples were
investigated to test the hypothesis that the regulation of SNARE proteins
could be abnormal in depression (Honer et al., 2002). Interestingly, the
immunoreactivity of VAMP2 was increased in depressive group. Further,
the correlation between VAMP2 and other SNARE protein or synapto-
physin were remarkably weak, and in some cases clearly non-significant.
Of course, there were limitation of the availability of tissue for investiga-
tion and drug treatment history; the authors concluded that the abnormali-
ties of SNARE complex could represent a molecular substrate for abnor-
malities of neural connectivity in depression.

Popoli and his fellows have demonstrated that the long-term treatment
with antidepressants induced presynaptic CaM Kinase II activity, one of
the kinases present involved in the modulation of transmitter release. Fur-
ther, phosphorylation of synapsin I and synaptotagmin, the presynaptic
substrates of CaM Kinase II were also increased after these treatments
(Celano et al., 2003). In addition, in the amygdala of rats that received
daily treatment with the TCA imipramine for 3 weeks, the gene encoding a -
mutation suppressor for the Sec4-8 yeast (Mss4) transcript was over-
expressed (Andriamampandry et al., 2002). Mss4 protein has the proper-
ties of a guanine nucleotide exchange factor, and interacts with several
members of the Rab family implicated in Ca**-dependent exocytosis of
neurotransmitters. Interestingly, Mss4 transcripts were specifically down-
regulated in the hippocampus and amygdala of rats after exposure to
chronic, mild stress. These findings suggest that gene expression- depend-
ent alterations of neuronal transmitter release may be an important compo-
nent of the pharmacological action of antidepressants.

3.3 Axonal/Dendritic Outgrowth and Sprouting

Interestingly, vesicular docking/fusion at the plasma membrane is respon-
sible not only for the release of neurotransmitters, but also for surface ex-
pression of plasma membrane proteins and lipids. Therefore, exocytosis
plays a fundamental role in axonal/dendritic outgrowth and sprouting be-
cause both processes involve major increases in the surface area of the
plasma membrane. In addition, treatment with chronic antidepressant in-
creases the expression of GAP-43 in the rat dentate gyrus (Chen et al.,
2003). Because GAP-43 regulates growth of axons and modulates the for-
mation of new connections, these findings suggest that chronic antidepres-
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sant treatment may have an effect on structural neuronal plasticity in the
central nervous system. As mentioned above, ECT is a safe and the most
effective treatment for severely depressed patients who are resistant to an-
tidepressant medications. Interestingly, the common effects of antidepres-
sants and ECT on connectivity and synaptic plasticity in the dentate gyrus
are likely to relate to affective functions of depression (Stewart and Reid,
2000). Consistent with these findings are data demonstrating that chronic
electroconvulsive seizure administration in animals induces sprouting of
the granule cell mossy fiber pathway in the hippocampus (Vaidya et al.,
1999).

4 Conclusion

In this article, we demonstrated that certain novel candidate molecular sys-
tems or pathways might underlie the mechanism of action of antidepres-
sants. Defining the roles of these molecular systems in drug-induced neural
plastlclty is likely to transform the course of research on the biological ba-
sis of depression. Identification of such targets will advance future efforts
in the quest to develop effective therapeutics that have a new mode of ac-
tion in the brain. Such detailed knowledge will have profound effects on
the diagnosis, prevention, and treatment of depression. In conclusion, in
the era of functional genomics, novel biological approaches beyond the
“monoamine hypothesis™ are expected to evoke paradigm shifts in the fu-
ture of depression research. Additional work will be necessary to test this
hypothesis.
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