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Abstract

Since the introduction of tricyclic antidepressants (TCAs) and monoamine oxidase inhibitors
(MAOIs) in mid-1950’s, treatment of depression has been dominated by monoamine hypotheses.
The well-established clinical efficacy of TCAs and MAOIs is due, at least in part, to the enhancement
of noradrenergic or serotonergic mechanisms, or to both. Unfortunately, their very broad mechanisms
of action also include many unwanted effects related to their potent activity on cholinergic, adrenergic
and histaminergic receptors.

The introduction of selective serotonin reuptake inhibitors (SSRIs) over twenty years ago had been
the next major step in the evolution of antidepressants to develop drugs as effective as the TCAs but
of higher safety and tolerability profile. During the past two decades SSRIs (fluoxetine, fluvoxamine,
paroxetine, sertraline, citalopram) gained incredible popularity and have become the most widely
prescribed medication in the psychiatric practice. The evolution of antidepressants continued
resulting in introduction of selective and reversible monoamine oxidase inhibitors (eg. moclobemid),
selective noradrenaline (eg. reboxetine), dual noradrenaline and serotonin reuptake inhibitors
(milnacipram, venlafaxin, duloxetin) and drugs with distinct neurochemical profiles such as
mirtazapine, nefazadone and tianeptine. Different novel serotonin receptor ligands have also been
intensively investigated. In spite of the remarkable structural diversity, most currently introduced
antidepressants are ‘monoamine based’. Furthermore, these newer agents are neither more
efficacious nor rapid acting than their predecessors and approximately 30% of the population do not
respond to current therapies.

By the turn of the new millennium, we are all witnessing a result of innovative developmental
strategies based on the better understanding of pathophysiology of depressive disorder. Several truly
novel concepts have emerged suggesting that the modulation of neuropeptide (substance P,
corticotrophin-releasing factor, neuropeptide Y, vasopressin V1, melanin-concentrating
hormone-1), N-methyl-D-aspartate, nicotinic acetylcholine, dopaminergic, glucocorticoid, 5-opioid,
cannabinoid and cytokine receptors, gamma-amino butyric acid (GABA) and intracellular messenger
systems, transcription, neuroprotective and neurogenic factors, may provide an entirely new set of
potential therapeutic targets, giving hope that further major advances might be anticipated in the
treatment of depressive disorder soon.

The goal of this review is to give a brief overview of the major advances from monoamine-based
treatment strategies, and particularly focus on the new emerging approaches in the treatment of
depression.
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Drive, MSC-8115, Rockville, MD 20852, USA; Tel: 301-496-6777; Fax: 301-480-0257 E-mails: ppacher@lycos.com.
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1. INTRODUCTION

Mood disorders such as major depressive disorders (MDDs) and bipolar disorder (manic
depressive illness) are common, severe, chronic and often life-threatening illness. More than
20% of the adult population suffers from these conditions at some time during their life. Suicide
is estimated to be a cause of death in up to approximately 15% of individuals with MDDs. In
addition MDDs represent a major risk factor for the development of cardiovascular disease
and death after myocardial infarction [1]. The World Health Organization (WHO) predicts that
depression will become the second leading cause of premature death or disability worldwide
by the year 2020.

The treatment of depression was dramatically changed about a half-century ago with the
introduction of two classes of agents that were discovered by serendipity: monoamine oxidase
inhibitors (MAOISs) and the tricyclic antidepressants (TCAS). The original tricyclic agents (e.g.,
imipramine) arose from antihistamine research, whereas the early monoamine oxidase
inhibitors (e.g. iproniazid) were derived from work on antitubercular drug. Both classes of
agents were demonstrated to dramatically improve the symptoms of depression, but had poor
tolerability and risk profile. The discovery of the acute protein targets of antidepressant
medications (monoamine transporters and monoamine oxidases), the recognition of the
importance of the serotonergic system in the pathophysiology and treatment of depression, and
the increasing need for the drugs with better tolerability and safety profile led to the
development of numerous second-generation medications (e.g. selective serotonin reuptake
inhibitors (SSRIs), selective and reversible monoamine oxidase inhibitors (eg. moclobemid),
selective noradrenaline (e.g. reboxetine), dual noradrenaline and serotonin reuptake inhibitors
(milnacipram, venlafaxin, duloxetin) and drugs with distinct neurochemical profiles such as
mirtazapine, nefazadone and tianeptine (Fig. 1). Some newly introduced compounds may not
offer unique spectra of action and are variations on old themes. Other new drugs are the results
of innovative developmental strategies based on the better understanding of the
pathophysiology of depressive disorder.

While agents modulating monoaminergic system will likely continue to dominate the treatment
of major depression, a number of truly novel targets and agents [2—-26] show considerable
promise for refining treatment options. In this article major advances from monoamine-based
treatment strategies and new promising directions in pharmacological research of depression
will be reviewed.

2. MODULATION OF MONOAMINE SYSTEM

For over 4 decades, the biological approach to depression has been dominated by the
monoamine hypothesis. The hypothesis proposed that depression was caused by functional
deficit of monoamines (noradrenaline (NA), serotonin (5-HT), and possibly dopamine (D)) in
the limbic (emotional) regions of the brain. This hypothesis was supported by the finding that
treatment with reserpine (an antihypertensive drug, which depletes monoamines) caused
depressive episodes in some patients and also by observations that effective antidepressant
drugs exerted their primary effects by increasing intrasynaptic concentrations of these biogenic
amines. Furthermore, the monoaminergic systems are extensively distributed throughout the
network of limbic, striatal and prefrontal cortical neuronal circuits thought to support the
behavioral and visceral manifestations of mood disorders. However, the hypothesis could not
explain why up to 2-3 weeks of treatment were necessary to alleviate depressive symptoms,
even though monoamine levels increased within 1-2 days. Nor could it explain several other
anomalies, such as why some drugs (e.g. amphetamine and cocaine) that enhance noradrenergic
or serotonergic transmission are not very effective antidepressants. Nevertheless, despite its
drawbacks, monoamine hypothesis has continued to provide the predominant framework for
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understanding depression and has provided the rational for the development of several classes
of antidepressants (see below 2.1-2.9).

The cell bodies of noradrenergic neurons are predominantly originate from the locus coeruleus
(LC) with extensive connections to fear circuitry structures and corticotropin-releasing factor
(CRF) system. Noradrenaline modulates 5-HT and dopamine release, particularly in the
thalamocortical regions. LC noradrenergic system is vitally important in the control of
concentration, attention, mood, sleep, emotions, blood pressure and pain regulation.
Dysfunction of these pathways implicated in negative affect state in depression. Postsynaptic
ay and oy recepors are likely to be implicated in the effects of NA on mood, attention and
cognition in the frontal cortex.

A multitude of brain functions are influenced by serotonin, including cognition, sleep, motor
activity, sensory perception, appetite, sexual behavior, temperature regulation, nociception and
hormone secretion. The majority of serotonergic neuron bodies in the brain are localized in the
raphe nuclei of the brainstem. Projections from these neurons to the frontal cortex may be
important for regulating mood, whereas projections to basal ganglia may help control
movement, obsessions and compulsions. Abnormalities in serotonergic function in anxiety
may be the result of deficient or excessive innervations to key structures, and/or cellular
mechanisms resulting in aberrant neurotransmission. At the cellular level, abnormalities may
include abnormal regulation of 5-HT release and/or reuptake (a role of the presynaptic
receptors) or abnormal responsiveness to 5-HT signal (a role of the postsynaptic receptors).
The presence of 5-HT heteroreceptors on neurons of other neurochemical systems means that
the end result of altering serotonin neurotransmission may be the modulation of other,
nonserotonergic systems. The serotonergic neurotransmission can be pharmacologically
manipulated by targeting serotonin reuptake transporter (SERT), presynaptic autoreceptors and
different postsynaptic receptor subtypes [13] (see below 2.7 and Fig. 2).

2.1 Tricyclic Antidepressants (TCAS)

Since the early 1960s for two decades the tricyclic antidepressants represented the major
pharmacological treatment for depression. The TCAs have generally been considered a
homogeneous group of drugs (Fig. 3), differing mostly in their potency to inhibit presynaptic
norepinephrine or serotonin uptake and in their propensity for causing variety of unwanted
effects. Their efficacy in the treatment of major depression is well established, and they also
have proven to be useful in a number of other psychiatric disorders. These medications can be
further divided into two main classes [12,13]. The tertiary amines (e.g. amitriptyline and
imipramine) are drugs that are generally dual (serotonin (5-HT) and norepinephrine (NE))
reuptake inhibitors, are metabolized to secondary amines, and have a high burden of
anticholinergic side effects. The secondary amines (e.g., nortriptyline and desipramine) are
generally more selective at blocking NE reuptake with somewhat reduced anticholinergic side
effects. The TCAs induce anticholinergic, antihistaminergic and cardiotoxic side effects which
are related to their action on muscarinic (mainly M), histamine (H4), adrenergic (a) receptors
and cardiac Na* and Ca?* channels [13,27-29]. The improved safety, tolerability, and broad
therapeutic action of the newer drugs have resulted in displacement of the TCAs as the first-
choice drugs for treating recurrent major depression and these compounds occupy a narrower
but still important role in the psychopharmacological armamentarium.

2.2 Reversible and Selective Inhibitors of Monoamine Oxidase Type A (RIMAS)

The major goal of developing new MAO-A inhibitors is to avoid the severe life-threatening
hypertensive reaction that can occur when irreversible inhibition of the A form of MAO, which
is found in the gut as well as in the brain, decreases intestinal and hepatic degradation of
tyramine, allowing excessive amounts of this naturally occurring pressor amine to be absorbed
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from the food. Minimalizing the complications of earlier generation agents inspired the
development of both selective and reversible MAOAISs. The newer generation preferentially
and reversibly affects the MAO-A, the enzyme system primarily responsible for deamination
of those amines believed to be implicated in the ethiology of depression. Since these
compounds form unstable complexes with MAO-A subtype, they can therefore be displaced
from the enzyme by tyramine, making it possible for ingested tyramine to be metabolized,
markedly diminishing the need for the dietary restrictions that plague the use of older
irreversible MAO-A inhibitors. The new class of selective and reversible inhibitors of MAO-
A includes moclobemide, brofaromine (Fig. 3), cimoxatone and befloxatone. Moclobemide is
a benzamide derivative containing a morpholine ring (p-chloro-N-[2-morpho-linoethy)
benzamide) (Fig. 3). The neuropharmacological profiles of cimoxatone [30] and moclobemide
[31,32] have been reviewed. The development of brofaromine has been stopped because of the
side effects [33]. In preclinical assays befloxatone was of higher efficacy than previous
reversible (moclobemid) and irreversible (clorgyline) MAOIs, TCA (imipramine) and SSRI
(fluoxetine) and is currently evaluated in clinical trial for depression [34,35]. MAOlIs are
generally used in patients with atypical depression or who do not respond to other
antidepressants [13,36,37].

2.3 Selective Serotonin Reuptake Inhibitors (SSRIs)

Although much of the interest in the early development of antidepressant drugs was on the
norepinephrine system, by the 1980s, attention focused on the importance of serotoninergic
system in the pathophysiology and treatment of depression.

The search for selective serotonin reuptake inhibitors have been fruitful, and the development
of such drugs has represented a revolution in the pharmacotherapy of depression, moving
management from the psychiatrist’s clinic to the general practitioner [38]. This led to the
introduction of SSRIs in the 1980s, which have dominated the treatment of depression for the
past decade. Fluoxetine was the first truly specific serotonin uptake blocker. It containes the
propylamine side chain found in most tricyclics (Fig. 3). Sertraline, the second specific
serotonin uptake inhibitor to reach the market, is structurally different, being a 1-amino-
tetrahydronapthalene (Fig. 3). Paroxetine is a phenylpiperidine derivative, while fluvoxamine
is a 2-aminoethyl oxime arylketone (Fig. 3). Citalopram has the dimethylaminopropyl side
chain (Fig. 3). These compounds selectively and powerfully block the reuptake of serotonin at
central synapses [13,39-41]. Because reuptake is the primary mechanism of serotonin
inactivation, inhibition of the serotonin reuptake carrier raises the level of this neurotransmitter
in the synapse. In the short term, the increased concentration of serotonin available to act on
pre-synaptic autoreceptors leads to reduction in serotonin neurotransmission. However,
approximately 2 weeks after the initiation of treatment, the pre-synaptic serotonin
autoreceptors become desensitised, the release of serotonin from nerve terminals is increased
and serotonergic neurotransmission is potentiated [13,42].

Although SSRIs differ in chemical structure [43] (Fig. 3) and pharmacokinetic characteristics,
all are extensively biotransformed before excretion, initially through oxidative pathways.
Fluvoxamine is metabolized by oxidation, oxidative deamination and hydrolysis to several
metabolites [44]. Only few of them have been tested for their effects on monoamine uptake
mechanisms, and showed no or only weak inhibition of serotonin uptake (i.e the carboxyl acid
derivative) comparing to the parent drug [45]. The main metabolites of paroxetine are also
weak in vitro inhibitors of serotonin uptake mechanisms. Fluoxetine, citalopram and sertraline
are all first demethylated to their nor-derivatives norfluoxetine, demethylcitalopram and
norsertraline, which are also SSRIs. All the parent compounds and their nor-derivatives are
further biotransformed to a number of metabolites.
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Paroxetine and sertraline are available only as single enantiomers. On the contrary, both
fluoxetine and citalopram are available as racemic mixtures. In each case, it is the enantiomer
with the greatest serotonergic activity that is marketed as an antidepressant [46]. Fluvoxamine
is not chiral. The (S)- and (R)-enantiomers of fluoxetine are almost equipotent [47,48], but the
(S)-enantiomer of its metabolite, norfluoxetine, is a more potent serotonin reuptake inhibitor
than the (R)-enantiomer [48]. In patients, the plasma concentration of (S)-norfluoxetine usually
twice exceeds that of the (R)-enantiomer, whereas the ratio of (S)-fluoxetine to (R)-fluoxetine
ranges between 1 and 3.5. The (S) enantiomers of citalopram, the plasma level of which
represents approximately one-third of the total plasma concentration of citalopram [49,50] is
more potent serotonin reuptake inhibitors than the (R) form [51]. The (S)-enantiomer of
citalopram and of fluoxetine, and its major metabolite norfluoxetine may have antimigraine
effects not found with the (R)-enantiomer of fluoxetine.

Since SSRIs demonstrate minimal affinity for muscarinic cholinergic, alfa-adrenergic and
histamine receptors, they are largely devoid of the adverse effects typically associated with
TCAs. Numerous studies have demonstrated that the SSRIs are as effective as the TCAs in the
treatment of depressive disorder but better tolerated and have superior safety profile in overdose
for most patients. However, the ability of several agents in this class to inhibit the cytochrome
P4502D6 enzyme increases the potential for drug-drug interactions [13,52]. Recent studies
have surprisingly demonstrated that SSRIs, similarly to older TCAs may interfere with
cardiovascular Ca2*, Na* and K* channels, which could explain cardiovascular side effects
occasionally observed in patients [27,52-61]. A major problem of the SSRIs is sexual
dysfunction [62]. A serotonin reuptake inhibitor that shared the good efficacy and side effect
profile of available SSRIs but lacked the propensity to cause sexual dysfunction would
represent a significant therapeutic advance.

2.4 Dual Serotonin and Noradrenaline Reuptake Inhibitors (SNRIs)

There is some evidence, although it is not universally accepted, that dual reuptake inhibitors
have more rapid onset of action or are more efficacious than single monoamine reuptake
inhibitors [63,64]. Available dual reuptake inhibitors include the tertiary TCAs, venlafaxine
and milnacipran (Fig. 3). Other effective new dual reuptake blocker, duloxetine, is in clinical
development in the United States [65,66]. The venlafaxine and milnacipran (Fig. 3), have some
difference in their structure from selective inhibitors of serotonin or noradrenaline uptake.
From the point of the putative mechanism of action, these drugs are similar to the tertiary amine
tricyclic antidepressant agents (TCA), since they affect both serotonin and noradrenaline
reuptake. Venlafaxine, a phenethylamine bicyclic derivative, is a weaker inhibitor of
synaptosomal noradrenaline uptake than serotonin and has also slight dopamine uptake
inhibitory properties [13,67]. Venlafaxine exists as a racemic mixture of the (R)- and (S)-
enantiomers. (—)-Venlafaxine inhibits reuptake of serotonin and noradrenaline, whereas the
(+)-isomer primarily inhibits serotonin reuptake. Milnacipran, a 1-aryl-2-(aminomethyl)
cyclopropane-carboxylic acid derivative, almost equipotently inhibits both serotonin and
noradrenaline reuptake without significantly affecting dopamine transporters [68].
Milnacipran shares some structural similarities with the monoamine oxidase (MAQ) inhibitor
tranylcypromine [69].

2.5 The Selective Noradrenaline Reuptake Inhibitors

Reboxetine is a recently marketed compound. Chemically it is (RS)-2-[(RS)-a-(2-
ethoxyphenoxy)]-benzylmorpholine methan-sulphonate (Fig. 3), shares some chemical
similarities with viloxazine, and to a lesser extent fluoxetine and structurally related
compounds. It exists as a racemic mixture of the (S)- and (R)-enantiomers both of which inhibit
noradrenaline uptake in rats, the (S)-enantiomer being approximately 20 times as potent as the
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(R)-enantiomer [70,71]. As expected, it has more distinct adverse side effect profile than the
SSRIs [13], with urinary and cardiovascular side effects of greater concern.

2.6 Drugs Enhancing Dopaminergic System

There is evidence for the reduction in the activity of certain dopamine (D)-containing pathways
in depressed patients, which may underlie symptoms of anhedonia and anergia. In addition,
drugs enhancing dopaminergic neurotransmission may have antidepressant properties.
Pramipexole, a D2 receptor agonist and 5-HT, receptor antagonist, has been reported to be as
effective as fluoxetine in treating depression [72]. Nomifestine, a potent D reuptake inhibitor
and an effective antidepressant, was withdrawn from the market because of adverse
hematological side effects. Sertraline, an SSRI antidepressant, also possesses D reuptake
antagonist properties. Tianeptine also may enhance the functional responsiveness of dopamine
D2 and D3 receptors. Bupropion seems to be both a dopamine and NA reuptake inhibitor
[13]. Several novel D reuptake inhibitors, including some that are also NA or 5-HT inhibitors
are under development.

2.7 Drugs Targeting Serotonin Receptors

During the last two decades significant progress has been made in understanding the function
of serotonergic system. Several distinct serotonin (5-HT) receptor subtypes, categorized into
seven main classes (5-HT1—-5HT7), are known to mediate the physiological effects of the
neurotransmitter [73,74]. Given the evidence for the involvement of the 5-HT system in
depression and the mechanism of action of antidepressants, much interest has focused on the
role of 5-HT receptors as potential therapeutic targets in depression [75].

2.7.1 5-HT1a Receptor Ligands—Within the 5-HT; family, at least five subtypes have
been documented: 5-HT1 A, 5-HT1g, 5HT1p, 5-HT1g and 5HT . The 5-HT1 A receptor subtype
is widely distributed in the central nervous system and has been the focus of considerable
research effort since the early 1980s. Until recently, only nonselective 5-HT 1 receptor
antagonists-such as (—)-pindolol (Fig. 4) and (-)-propranolol-had been available. It has been
well documented that the delayed onset of action of SSRIs may result from the time taken to
desensitize 5-HT autoreceptors on cell bodies (5-HT1 ) and/or presynaptic terminals (5-
HT4g) during chronic SSRI administration. This raises the possibility that selective 5-HT
autoreceptor antagonists, used either alone or in combination with SSRIs, may prove to be
effective antidepressants with a more rapid onset of action than can be achieved with an SSRI.
Pindolol, amixed 5-HT1 and B-adrenoceptor antagonist, has recently been shown to potentiate
the antidepressant effect of SSRIs and decreased the onset of action [76-78]. Further support
of this hypothesis was the observation that a 5-HT 5 antagonist WAY 100635 was found to
potentiate the antidepressant effects of several SSRIs [79,80]. Consequently, there has been
considerable interest by several groups to identify drug design strategies focusing on
incorporating a 5-HT1 5 antagonist component into a 5-HT reuptake inhibitor to bring about a
more immediate and complete antidepressant effect [81-85]. Perez et al. [81] synthesized
several molecules by covalent coupling of known 5-HT1 5 antagonists of the aminopropanol
family (pindolol, propranolol and penbutolol) with SSRIs like fluoxetine or paroxetine and
with the new serotonin noradrenalin reuptake inhibitor antidepressant milnacipram (Fig. 4)
[81]. Most of these hybrid molecules were as or even more potent 5-HT o antagonists than the
parent aminopropranol derivatives, however were found to interact moderately with the 5-HT
uptake site [81]. Other group focused on modifying a known class of indoles which embrace
the known 5-HT uptake inhibitor indalpine. This series of indoles was reported as being potent
5-HT uptake inhibitors and was used to attempt to incorporate 5-HT; 5 antagonistic activity
[84-85]. Work is in progress to evaluate the in vivo pharmacological properties of these hybrid
molecules.
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The discovery that anxiolytic agent buspirone which binds with high affinity to 5-HT1a
receptors has encouraged the development of 5-HT; 4 R ligands as potential antidepressants.
Several structural classes of agents were identified and known to bind 5-HT1 AR sites, such as
aminotetralins, indolylalkylamines, ergolines, aporphines, aryloxyalkylamines and
arylpiperazines [86]. Among these, arylpiperazine derivatives represent one of the most
important classes of 5-HT1aR ligands [82,83,87,88]. For a recent comprehensive review
summarizing structure-affinity relationships of agonists and antagonists, selectivity over other
serotonergic, alfal-adrenergic and dopaminergic D, receptors and ligand-receptor interactions
see Lopez-Rodriguez [89].

During last few years, several selective 5-HT1 5 receptor antagonists have been available just
naming a few (Fig. 4) [89-96]. These include the phenylpiperazine derivative WAY-100635
[91] and its close structural analogue p-MPPI [92], the pindolol analogue LY-297996 [93], the
aminomethylpiperidine SL-88.0338 [94], DU-125530 [95] and NAD-299 [96] (Fig. 4). In
certain animal models of anxiety these compounds have demonstrated anxiolytic properties,
however the precise mechanisms underlying this effects remain to be determined [90]. The
development of such compounds as novel anxiolytics and antidepressants is being actively
pursued by a number of pharmaceutical companies and data on the therapeutic potential of
these compounds may be available soon.

Other investigators have evaluated 5-HT 1 a receptor agonists or partial agonists (e.g. buspirone,
flesinoxan) (Fig. 4), which are thought to combine the ability to activate postsynaptic receptors
and desensitize autoreceptors more quickly. Unfortunately, in clinical trials these compounds
showed only weak antidepressant efficacy and/or significant side effects [97,98].

2.7.2 5-HT, Receptor Antagonist—Another potential strategy might be to combine an
SSRI with an antagonist of the 5-HT receptor(s) responsible for specific side effects such as
sexual dysfunction and sleep disorder [42]. Nefazodone is a phenoxyethy!l triazoline
phenylpiperazine derivative (Fig. 4) is structurally related to trazodone. It has potent
antagonistic effects on 5-HT,a receptors and moderate serotonin and noradrenaline reuptake
inhibiting properties [99]. Nefazodone indeed does appear to have less sexual side effects than
SSRIs and TCAs [99], but is considered clinically as an antidepressant of week efficacy.
Mirtazapine shares this absence of sexual dysfunction as well as reduced incidence of nausea
mostly due to 5-HT,a and 5-HT3 receptor antagonism [100]. Another compound YM 35992
(Fig. 4), which exhibit 5-HT,a receptor blocking properties together with more potent reuptake
inhibition, may prove to be more promising [101,102].

The use of several selective 5-HT,¢ receptor antagonists has been investigated in depression,
including SB-200646, SB 221284, SB 206553, SB-242084 and SB-243213 [103].
Unfortunately, the 5-HT,¢ antagonists have tended to stimulate the mesolimbic dopamine
system and interfere with cytochrome P450 isoenzymes. Deramciclane is a 5-HTop and 5-
HTyc antagonist currently in phase 111 trials for anxiety [104]. A combined 5-HT,¢ antagonist
and melatonin agonist, agomelatine (S 20098), is also under development [105].

In contrast, the 5-HT,¢ agonist Ro 60-0175 and Ro 60-0332 have demonstrated activity in
various animal models of depression and panic disorders. Such results are consistent with
hypothesis that 5-HT has complex, dual action on the neural mechanism of anxiety by either
facilitating or inhibiting different kinds of anxiety in different brain regions [104].

2.7.3 Other Serotonin Receptor Targets—There is also interest in several other 5-HT
receptor subtypes (e.g. 5SHTg, 5HT7 ) as potential target for antidepressant treatment [43,89,
106]. 5-HT7 receptor is positively coupled to the cyclic adenosine monophosphate (CAMP)
signal transduction cascade [75], which has contributed to the interest in agonists for this
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receptor subtype. 5-HT+7 receptor is a proposed target for the treatment of depression and
possibly jet lag. Studies of the selective 5-HT7 receptor antagonist SB-269970 have
demonstrated antidepressant effects in animal models. Similar agents, including DR 4004,
DR4365, LY 215840 and SB-258719 may have some potential in depression [107].

2.8 Tianeptine: a Serotonin Reuptake Enhancer

Unlike antidepressants which facilitate postsynaptic effects of central neurotransmitters by
blocking their reuptake or by inhibiting their catabolism (i.e. MAOQISs), tianeptine increases
presynaptic serotonin reuptake, thereby reducing synaptic availability of the neurotransmitter
[108-110]. Tianeptine also reduces stress-induced atrophy of neuronal dendrites and basal and
stress-evoked activity of HPA axis. The fact that enhancers as well as inhibitors of 5-HT uptake
act as antidepressants, challenges any simple explanation of their mechanism of action [111,
112]. Chemically it is a modified tricyclic (i.e. the sodium salt of 3-[(3-cloro-6-methyl-5,5-
dioxo-6,11-dihydrodibenzo(c,f(1,2-thiazepin))11-yl)amino]-heptaonic acid (Fig. 4).
Tianeptine is a racemate and its antidepressant-like properties associated with its effect on
serotonin disposition appear to depend on the (—)isomer [113].

2.9 Mirtazapine: an as-Adrenergic Auto- and Hetero-Receptor Blocker

This is the only antidepressant that increases noradrenergic and serotonergic (5-HT1-
mediated-) neurotransmission through a blockade of central a2-adrenergic auto- and hetero-
receptors. [13,114,115] Chemically, mirtazapine is 1,2,3,4,10,14b-hexahydro-2-methyl-
pyrazino[2,1-a]-pyrido-[2,3-c]benzazepin(Z)-2 butenedioate (Fig. 4). Mirtazapine is an
antidepressant with faster onset of action than SSRIs and with similar tolerability and safety
profile. The introduction of mirtazapine has led to renewed interest in adrenergic receptors as
a target for antidepressants [116]; however, it remains unclear whether this property is
responsible for mirtazapine’s antidepressant effects. Mirtazapine also inhibits several
postsynaptic serotonin receptor types (including 5-HT,a, 5-HToc and 5-HT3 receptors) and
can produce gradual downregulation of 5-HTx receptors [117]. Mirtazapine is also a potent
histamine Hq -receptor antagonist, and correspondingly relatively sedative [13].

3. MODULATION OF NEUROPEPTIDE RECEPTORS

During the latter half of this century, many fascinating discoveries about neuropeptides have
been made, but the clinical rewards have been less; thus, skepticism remains as to the medical
benefits of neuropeptide research. Inspite of the difficulties and first disappointing clinical data,
the development of selective and stable neuropeptide receptor antagonists with better
bioavailability has not lost its position as one of the maost promising pharmacological research
directions. Antagonists of substance P, corticotrophin-releasing factor (CRF), neuropeptide-
Y, vasopressin, cholecystokinin-B and melanin-concentrating hormone receptors are all being
investigated. Clinical development, however, will depend upon finding non-peptide analogues
that have good oral bioavailability and can penetrate the blood-brain barrier.

3.1 Neurokinin (Substance-P) Receptor Antagonists

Substance P (SP), discovered in 1931 by von Euler and Gaddum, is one of the best-known
neuropeptides and the most abundant so-called neurokinin (NK) in the mammalian brain and
peripheral (notably sensory) neurons. SP was also localized in brain regions that coordinate
stress responses and receive convergent monoaminergic innervation (e.g. the amygdala and
locus coeruleus). Recent behavioral study using a SP receptor (SPR) knockout mouse has also
suggested that SP plays an important role in the adaptive response to stress and emotional
behavior [118]. The substance P receptor, called NK1, has been pursued as a therapeutic target
for diverse conditions including pain, inflammation, emesis, migraine, schizophrenia and
depression (for recent reviews see [7,8,119-120]. Substance P and other neurokinins are,
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hypothetically, mediators of emotional distress in depression, anxiety, or schizophrenia. Since
the first report on synthetic selective substance P receptor antagonist (SPA) in 1991 [121],
several antagonists have been synthesized, but none has been proven as an effective one in
reducing pain. However, one of the latest antagonists, MK-869 (Fig. 5), has been reported to
have antidepressant properties [122]. In a six-week randomized, double blind placebo-
controlled study, MK-869 was as effective as SSRI, paroxetine in patients with moderate to
severe depressive disorder, and differed in adverse effects. Nausea and altered sexual function
had been caused by paroxetine, whereas the substance-P antagonist produced less of these
effects but more irritability [122,123]. Preclinical studies showed that MK-0869 and its
metabolites had no significant affinity for monoamine reuptake sites or transporters, or for
MAO, or monoamine receptors; conversely, established antidepressants showed no significant
affinity for the human NK4 receptor. Interestingly, chronic treatment with conventional
antidepressant drugs reduced SP synthesis [122—-124] suggesting that SP may be a final
common pathway for the action of various classes of antidepressants [125]. There is also
preliminary evidence that substance P and NK; receptor density may be altered in depressive
disorder, suggesting a possible link between substance P and pathophysiology of depression
[reviewed in 120]. Interestingly, results of some animal studies have suggested that stimulation
of hippocampal neurogenesis by blockade of NK; receptors in the amygdale and interaction
with monoamines is involved in the psychotherapeutic effects of SPAs [119,120,126].

Currently several new SPAs antagonists are synthesized and being tested (Fig. 5) in both
preclinical and clinical models of depression and schizophrenia [7,8,119,120,126-129]. It must
be emphasized, however, that ongoing trials of various neurokinin antagonists are too early in
testing to be conclusive but neurokinin antagonists as a novel psychotropics are still a very
provocative possibility.

3.2 Dual Neurokinin-1 Receptor Antagonist-Serotonin Reuptake Inhibitors

The mode of action of NK; antagonists is believed to involve an indirect modulation of 5-HT
function via noradrenergic pathways [130,131] and NK receptor knockout mice and wild-type
mice treated with NK1 antagonist have an attenuated presynaptic 5SHTq A receptor function
[131,132]. These observations led to an interesting idea that the combination of serotonin
reuptake inhibition with NK; antagonism (modulating 5HT 1 function) may result in a new
class of antidepressants with an improved onset of action and better efficacy [133,134].
Ryckmans and his co-workers designed and synthesized several of these dual NK; antagonist-
serotonin reuptake inhibitor compounds of the family of benzyloxyphenethyl piperazines and
some of them were demonstrated to be orally active and validated in animal models of
depression sensitive to both mechanisms [133,134].

3.3 Corticotropin-Releasing Factor (CRF) Receptor Antagonists

The CRF family of neuropeptides has undergone considerable expansion during the past couple
of years. Recently, in mammalian brain, this family of neuropeptides consists of CRF, urocortin
(Ucn), Uen 11 (also known as stress-copin-related peptide) and Ucn 111 (also called stresscopin)
[135-141].

Two major CRF G-protein-coupled receptor types (CRFR1 and CRFR;) have been identified:
CRFR; is highly expressed in the brain, including the anterior pituitary, locus coeruleus,
amygdala, neocortex, hippocampus and cerebellum. CRFR5 is more abundant in peripheral
tissues. Whereas CRF is relatively selective for CRF; over CRF; receptors, Ucn binds to both
CRF; and CRF, with high affinity. Ucn Il and Ucn 111 are selective ligands for CRF, receptors.
Neither Ucn Il nor Ucn 111 binds to non-receptor CRF-binding protein (CRFBP), whereas CRF
and Ucn do [139-141].
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After its isolation and characterization in the 80s, the corticotropin-releasing factor, a 41 amino
acid-containing Neurokininl (Substance P) Receptor Antagonists peptide, has been found to
mediate not only the endocrine, but also the autonomic, immunological and behavioral
responses of mammalian organisms to stress [135]. There is evidence that CRF is hypersecreted
from hypothalamic as well as from extrahypothalamic neurons in depression. CRF acts both
as a neurohormon resulting in hyperactivity of the hypothalamic-pituitary-adrenal axis and a
neuromodulator in other brain regions [10,11,135,142-144]. Recent research results have
indicated that CRF mediates the responses to stress and anxiety via the CRF; receptor [138,
139].

Within the last few years, a number of pharmaceutical companies have developed selective,
small molecule CRFR7 antagonists, including R121919, SC 241, NBI-103, NBI-104, NBI
37582, NBI-27914, NBI 34041, NBI-29356, NBI-31199, NBI-31200, NBI 30545, CRA 1000,
CRA 1001, CRR 0165, PD 171729 and SSR125543A, which are currently being intensively
investigated [10,11,26,145,146] (see some on Fig. 5). These compounds block the effects of
CRF both in vitro and in vivo. There is also evidence that these agents possess anxiolytic and
antidepressant activity in animal behavioral models [10,11,144-148]. Structure of several
promising compounds is shown in (Fig. 5). Some of these CRFR; antagonists are currently
undergoing clinical trials.

3.4 Vasopressine Receptor Antagonists

Arginin vasopressin (AVP), a cyclic nonapeptide that is synthesized centrally in the
hypothalamus, was identified in 1954. Two major subtypes of AVP receptors have been
identified [149-151]. V1, receptors are found in blood vessels and in CNS [152], while V5
receptors are predominantly located in the cells of the renal collecting system, although there
is some evidence for central V5 receptors also. AVP participates in the hypothalamic-pituitary-
adrenal axis, regulating pituitary ACTH (corticotrophin) secretion by potentiating the
stimulatory effects of CRF. The ACTH releasing properties occur via Vqp, receptor subtype.
Extra-hypothalamic AVP-containing neurons have also been identified and characterized in
rat medial amygdala that innervates lateral septum and ventral hippocampus [153]. In these
structures, AVP was suggested to act as a neurotransmitter, exerting its action by binding to
specific G-protein-coupled AVP receptors, i.e., V15 and V1, [154-156]. It has been established
that AVP is involved in various types of behavioral processes [157,158]. In animal model of
anxiety the intra-septal application of a mixed V14, receptor antagonist d(CH»)sTyr(Et)VAVP
was found to produce anxiolytic effects, in contrast infusion of an antisense
oligodeoxynucleotide to the V1, subtype mRNA reduced anxiety [159,160]. In addition,
chronic immobilization stress has been shown to increase V1, receptor mRNA level in the rat
brain [161]. Griebel and his colleagues have recently demonstrated potent anxiolytic- and
antidepressant effects using the first orally active non-peptide V1, receptor antagonist,
SSR149415, in a variety of rodent models of anxiety and depression, providing the framework
for a novel perspective on potential antidepressant effects of V1, receptor antagonists [162].

3.5 Neuropeptide Y (NPY) Receptor Ligands

NPY is a 36-amino acid containing peptide is widely distributed in the central nervous system.
In addition to its multiple effects NPY is thought to play a role in the pathophysiology of certain
mood disorders and in the mechanism of action of antidepressant drugs [163-165]. At present
five G protein-coupled NPY receptor subtypes have been cloned (Y1-Y5). Pre-clinical studies
have demonstrated multi-level changes in NPY immunoreactivity, NPY receptor mMRNA

expression and NPY receptor functioning both in animal models of depression and following
antidepressant treatment [165]. Available data suggest that the NPY Y1 receptor subtype seems
to be the major player. As NPY has been shown to display behavioral activity similar to that
of SSRIs in an animal model of depression [166], studies investigating the possible contribution

Curr Med Chem. Author manuscript; available in PMC 2008 August 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pacher and Kecskemeti Page 11

of the serotonergic system would be of interest. There is also clinical evidence suggesting a
role for NPY in depression [165].

3.6 Melanin-Concentrating Hormone (MCH) Receptor Antagonists

Melanin-concentrating hormone (MCH), a cyclic 19-aminoacid polypeptide, is produced
predominantly by neurons in the lateral hypothalamus and zona incerta, which project broadly
throughout the brain [167]. Several lines of evidence implicate MCH as an important mediator
in the regulation of energy balance and body weight. The effects of MCH are mediated through
G protein-coupled receptors. At present two main MCH receptor subtypes were identified
(MCHy and MCH,, receptors)[25,168-170]. In a recent study Borowsky et al. [25] have
demonstrated potent anxiolytic-and antidepressant effects using a novel selective, high-affinity
MCH; receptor antagonist SNAP-7941 (Fig. 6.), in a variety of rodent models of anxiety and
depression. The compound also exerted potent anorectic effects.

4. MODULATION OF NICOTINIC ACETYLCHOLINE RECEPTORS (NACHR)

There is accumulating evidence suggesting that the hypercholinergic neurotransmission
associated with depressed mood state, may be mediated through excessive neuronal nicotinic
receptor activation and conventionally used antidepressants including imipramine,
nortriptyline, amitriptyline, desipramine, fluoxetine, sertraline, paroxetine, nefazodone,
nisoxetine, citalopram, nomifensine and bupropion are potent nAChR antagonists [171].
Furthermore, preliminary evidence suggests that the potent centrally acting nAChR
antagonists, mecamylamine, which is devoid of monoamine reuptake inhibition, may reduce
symptoms of depression and mood instability in patients with comorbid depression and bipolar
disorder [172,173]. With this in mind, future preclinical and clinical research is warranted to
investigate the therapeutic potential of selective nicotinic receptor antagonists for the treatment
of mood disorders.

5. MODULATION OF GLUTAMATE RECEPTORS

L-glutamic acid (glutamate), primarily derived from intermediary glucose metabolism, is the
major excitatory amino acid in the central nervous system. Several glutamate transporters
regulate synaptic transmission and synaptic cleft levels of glutamate and several subtypes of
glutamate receptors with different function and distribution are identified. lonotropic glutamate
receptors, comprise of N-methyl-D-aspartate (NMDA\), alpha-amino-3-hydroxy-5-methylis-
oxazole propionate (AMPA), and kainite, are generally postsynaptic and mediate fast
excitations and synaptic plasticity associated with the opening of sodium and calcium-
permeable ligand-gated ion channels. Metabotropic glutamate receptors are present in various
sites (presynaptic, postsynaptic, glial, and heterosynaptic) and modulate postsynaptic
excitability to glutamate by providing positive or negative feedback to dectrease release of
presynaptic glutamate.

There is accumulating preclinical and clinical evidence showing structural and functional
abnormalities of glutamatergic transmission in depressive disorder [reviewed in 15,21],
suggesting that the modulation of this system may represent a suitable strategy for the
development of novel antidepressants [reviewed in 23,174,175].

The NMDA receptor is a ligand gated ion channel, which mediates excitatory synaptic
transmission in the CNS. Channel opening is triggered by synaptically released glutamate;
however, the NMDA receptor is unique in that it also has an absolute requirement for the
binding of glycine, a co-agonist, for receptor activation [176,177]. NMDA receptor is
composed of multiple protein subunits each encoded by a unique gene [178,179]. The
physiological receptor is a heteromer containing both NR1 and NR2 subunits. The NR1

Curr Med Chem. Author manuscript; available in PMC 2008 August 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pacher and Kecskemeti Page 12

subunits contain the glicin binding sites whereas the NR2 subunit contains glutamate binding
sites [180,181]. There are regional differences in expression of NMDA receptor subunits
throughout the CNS [182]. The subunit composition significantly affects the sensitivity to a
group of allosteric modulators, which includes protons, polyamines, Zn2*, and oxidizing/
reducing agents. The ion channel associated with the NMDA receptor is permeable to Na* and
Ca?*. lon flux through the NMDA channel is also regulated by the polarization state of the
postsynaptic membrane. The channel pore has a binding site for MgZ*, which occludes the
pore when occupied. The degree of Mg2* binding is dependent on polarization state: upon
depolarization, MgZ* binding is reduced, decreasing the block and allowing ion flux. Thus,
both presynaptic glutamate release and postsynaptic depolarization is required for NMDA
receptor activation. Glutamate plays an essential role as a neurotransmitter in many
physiological functions; however, under various conditions neurons can become so sensitive
to glutamate that it actually kills them through receptor-mediated depolarization and/or calcium
influx. Increased susceptibility can be governed by a number of factors, such as energy deficits,
neuronal depolarization, an increase in glutamate release, malfunctioning of neuronal and glial
uptake, or changes in glutamate receptor properties or expression pattern.

The hypothesis that aberrant activation of NMDA receptors underlies a number of
neurodegenerative (e.g. stroke, Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, ALS) and psychiatric disorders (depression and anxiety) has generated considerable
interest in the NMDA receptor as a target for new pharmacotherapies [183-185].

Interestingly, several studies showed that chronic antidepressant treatment with conventional
drugs can modulate NMDA receptor subunit expression and in turn NMDAR function [186-
190]. Preclinical studies demonstrated the antidepressant-like actions of different NMDAR
antagonists such as 2-amino-7-phosphoheptanoic acid (AP-7), 1-aminocyclopropancarboxylic
acid (ACPC), memantine, eliprodil and fenprodil [175]. AP-7 is a competitive NMDAR
antagonist, memantine isa low affinity uncompetitive channel blocker, ACPC is a partial glycin
agonist, eliprodil and ifenprodil act at the polyamine binding sites associated with NMDARs
[175]. This is consistent with a case report demonstrating that amantadine, an antiviral agent
with NMDA receptor antagonistic properties, has clinical efficacy in depression [191]. A
placebo-contolled pilot study has suggested that the administration of single dose of ketamine,
an NMDA receptor antagonist, produced a rapid antidepressant effects in depressed patients
[192]. NMDA-receptor antagonists are also reported to block the atrophy of hippocampal
pyramidal neurons and the down-regulation of neurogenesis that occurs in hippocampus in
response to stress [17,18]. The chemical structure of several NMDA receptor antagonists is
shown in (Fig. 6).

Interestingly, an effective dual serotonin and noradrenalin reuptake blocker antidepressant,
milnacipran was found to be a non-competitive NMDA-receptor antagonist [193]. By
increasing its specifical affinity for the NMDA receptor and decreasing its inhibitory effect on
the 5-HT/NE reuptake, Shuto and his co-workers developed a new class of efficient NMDA.-
receptor antagonists [193].

AMPA receptor potentiators such LY392098, LY451646 also showed antidepressant-like
effects in several animal models [23].

New pharmacological agents that modulate glutamatergic activity are expected in the near
future, with both metabotropic and ionotropic receptors as targets. Several NMDAR
antagonists with potential antidepressant properties are already in the phase of development
or preclinical evaluation.
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6. MODULATION OF GABA (GAMMA-AMINOBUTYRIC ACID) RECEPTORS

Gamma-aminobutyric acid, formed by the decarboxylation of glutamate, is the predominant
inhibitory neurotransmitter in the central nervous system. There are two different superfamilies
of GABA receptors: GABAA and GABAg. The protein of GABA receptor contains binding
sites for benzodiazepines, barbiturates, neurosteroids, picrotoxin and other anesthetics and is
a chloride channel regulated by GABA. This receptor subtype is targeted by anxiolytic and
sedative medications. GABAg is a G-protein coupled receptor that has been implicated in
presynaptic inhibition of GABA release as well as postsynaptic inhibition on some cell bodies
or dendrites.

There has been a renewed interest in GABA receptors as a potential therapeutic target in
depression with the discovery that major depressive disorder is associated with reduction in
GABAergic transmission in the brain. Furthermore, electroconvulsive therapy and
antidepressant treatment raise GABA levels in depressed patients, suggesting that normalizing
GABA function may contribute or reflect effective antidepressant treatment [194]. Thus,
correction of GABAergic dysfunction by modulating multiple subtypes of ionotropic
GABA receptors and G protein-coupled GABAGR receptors could be an important therapeutic
target for development of new antidepressants.

7. MODULATION OF GLUCOCORTICOID RECEPTORS (GRS)

It is well-known that Cushing's syndrome (hypersecretion of cortisol) is associated with a high
incidence of depression and impairment in memory. Similarly, pharmacological usage of
glucocorticoids may also lead to mood changes and impaired memory. Furthermore, in
depressive patients hypercortisolemia is associated with cognitive dysfunction and reduced
number and/or function of GRs. In each of these conditions, reduction of glucocorticoid level,
either through discontinuation of steroid treatment or through usage of agents that block
glucocorticoid synthesis, ameliorates the adverse behavioural effects. Although clinical usage
of the currently available antiglucocorticoid drugs is limited by significant adverse effects,
development of drugs specifically targeting the glucocorticoid receptor may lead to innovative
strategies in the treatment of mood disorders [reviewed in 195,196]. A recent study has reported
favorable results with short term use of GR antagonist, mifepristone (17(-hydroxy-11(-(4-
dimethylaminiophenyl)17((1-propynyl)estra-4,9-dien-3-one; RU486; C-1073), in major
psychatic depression [197].

8. MODULATION OF CYTOKINE RECEPTORS

Cytokines are low molecular-weight proteins or glycoproteins produced by different immune
cells in response to a wide range of physiological and pathophysiological stimuli. Initially
cytokines were considered to be mediators of communication between immune cells, but
recently it is well accepted that they play important role in the central nervous system [198].
During the last decade cytokines have been implicated in mood disorders and a
psychoneuroendocrinoimmunological model of depression was suggested. This model was
built on: 1) depressive effects of various cytokines in experimental animals; 2) experimental
work investigating the depressive effects of immunological therapies (interferon-alpha and
interleukine-2 therapy) in patients suffering from infectious viral disease (chronic hepatitis B
or C, AIDS, etc.) or cancer; 3) studies assessing circulatory levels or cytokine production in
stimulated lymphocytes of depressed patients; 4) investigations showing interaction between
proinflammatory cytokines such as IL-1 and the hypothalamo-pituitary-adreno-corticotrope
axis in depressed patients or in experimental animals; 5) studies showing modulatory effects
of different antidepressants on production of proinflammatory cytokines; 6) accumulated
experimental evidence showing that many of the functions that altered in depressed patients,
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including eating, sleeping, cognition, and endocrine activity, are influenced by cytokines [for
recent reviews see 199-201].

Depression was associated with increased production of several proinflammatory cytokines
such as IL-1, IL-6, IFN, TNF both in experimental animals and in humans. One of the most
interesting cytokine with respect to stress and depression is interleukin-1-beta (IL-1). IL-1 is
a potent activator of the HPA axis via the stimulation of the CRF and may also modulate
noradrenergic and serotonergic mechanisms in the brain by various mechanisms [reviewed in
199-201]. Should further work further establish the relationship between cytokines and
depression, medications targeting cytokine receptors might represent novel antidepressants.

9. MODULATION OF OPIOID RECEPTORS

Increasing evidence have implicated the involvement of opioid receptor system in the
pathophysiology of depressive disorder and in the mechanism of action of known
antidepressants. Early clinical experiments demonstrated that opioid peptides had
antidepressant activity in human patients. Also, enkephalinase inhibitors, which prevent the
degradation of endogenous enkephalins, produced antidepressant-like effects mediated
through the 3-opioid receptor in animal models of depression. Recent studies have
demonstrated antidepressant effects of non-peptidic 3-opioid receptor agonists SNC80,
BW373U86, (+)BW373U86 and BU48 (Fig. 6) in animal models [reviewed in 202].

10. MODULATION OF CANNABINOID RECEPTORS

Recently, there has been renewed interest in cannabis and its active constituents, cannabinoids,
as therapeutic agents [203,204]. The most important natural cannabinoid is the psychoactive
A9-Tetrahydrocannabinol (THC); others include cannabidiol and cannabigerol. Physiological
actions of endocannabinoids in the CNS are mediated by the activation of a specific
cannabinoid receptor, the CB1 receptor [205]. This receptor is abundant in the limbic system
and in the brain areas related to stress responses [206]. Anandamide is the endogenous ligand
[207]. Among other multiple roles, the endogenous cannabinoid system is involved in the
control of anxiety, mood, aggressive behaviour, memory and cognition, perception, movement,
appetite and sleep regulation [208]. The evidence for cannabis as an antidepressant is
conflicting. In 5 cases, cannabis appeared to have antidepressant effects [209], while another
study has suggested that it may actually provoke anxiety attacks [210]. Two trials, one of which
was randomized and controlled, suggest that THC may have antidepressant properties in cancer
patients [211,212]. Controlled studies with nabilone, a synthetic THC analogue, have also
shown anxiolytic and hypnotic effects [213,214].

11. MODULATION OF THE MECHANISMS BEYOND THE RECEPTORS

11.1 Modulation of Intracellular Signal Transduction Proteins

Several lines of evidence have suggested that protein phosphorylation, a prominent regulatory
process used by most signaling pathways, is involved in the long term action of conventional
antidepressants. These findings stimulated the interest in the investigation of the role of various
signal transduction cascades in the pathophysiology of depressive disorder and in the
identification of potential novel therapeutic targets [17-19,215].

11.2 cAMP Signal Transduction Cascade

Chronic treatment with most currently used antidepressants increasing synaptic concentrations
of norepinephrine and/or serotonin, stimulating adenyl-cyclase via G-protein coupled receptors
and up-regulating the cAMP cascade at several levels, including increased levels of cCAMP-

dependent protein kinase (PKA) and up-regulation of the function and expression of the CAMP-
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response-element-binding protein (CREB) [Reviewed in 14,17-19,195]. Among the multiple
target genes that could be regulated by CREB and that could be involved in pathophysiology
of depression and antidepressant actions is a brain derived neurotrophic factor (BDNF), a major
neurotrophin in brain, suggesting that agents that activate this pathway might be beneficial in
the treatment of depression.

cAMP-specific phosphodiesterase (PDE4) is responsible for the breakdown of cAMP. Clinical
trials with rolipram (Fig. 6), a selective inhibitor of phosphodiesterase IV have shown that the
compound exhibit antidepressant effects, however, administration and development may be
limited by reports of nausea as an adverse effect [216—220]. Recent molecular cloning studies
have demonstrated 4 separate genes of PDE4, three of which are expressed in brain (PDE4A,
PDE4B and PDE4D). Current evidence suggests that PDE4A and PDE4B may be suitable
targets for novel antidepressant medications.

11.3 Mitogen-Activated Protein Kinase (MAP) Cascade

Recent studies have suggested the involvement of the MAP kinase cascade in response to
antidepressant medications [reviewed in 17-19]. One of the multiple functional effects of MAP
kinase activation is the phosphorylation of CREB, which is involved in the regulation of BDNF
expression. BDNF acts via activation of tyrosine kinase receptors, MAP kinase and other
intracellular cascades. Stress reduces BDNF expression in hippocampus, whereas chronic
antidepressant treatment up-regulates BDNF expression suggesting that one important
mechanism of antidepressants may include the up-regulation of BDNF-MAP kinase pathway.

11.4 Modulation of Cell Survival Pathways

There is increasing evidence suggesting that chronic-stress and depression is associated with
reduction in number or size of neurons and glia of specific brain regions, which could be
reversed by chronic antidepressant therapies [reviewed in 17-19]. These studies have
implicated processes of neurogenesis and cell survival in the pathophysiology and treatment
of depressive disorders.

11.4.1 Neurogenesis—In contrast to earlier dogma, it has recently been demonstrated that
neurogenesis occurs in the adult brain. Moreover, there is evidence that stress and depression
may decrease neurogenesis, while chronic treatment with conventional antidepressants and
electroconvulsive therapy increases this process. The exact molecular and cellular mechanisms
that control adult neurogenesis have not yet been identified, however, there are reports that
certain neurotrophic factors may be involved, such as BDNF, insulin-like growth factor-1
(IGF-1) and fibroblast growth factor-2, and their downstream signaling pathways.

Recent findings suggest that conventional antidepressant medications might work by
increasing the production of the brains own neurotrophic factors and depression might also be
associated with the compromised production of these factors [221-223]. BDNF is an
endogenous protein, a member of structurally related family of trophic factors, which includes
nerve growth factor, neurotrophin-3 and neurotrophin-4. BDNF was shown to promote the
function and growth of 5-HT-containing neurons. Notable, 5-HT receptors (including the 5-
HT,a subtype), phosphodiesterase inhibition, and p-adrenoreceptors appear to be positively
coupled to the production of BDNF mRNA in some brain areas [223-225]. Interestingly,
exposure of neurons to the BDNF resulted in reduction in NMDA receptor subunit mRNA and
protein and marked decrease in NMDA-evoked Ca? increase [226].

Small molecule agonists that selectively target BDNF mRNA expression could represent a new
generation of antidepressants with greater specificity than currently used 5-HT or NA reuptake
blocking compounds.
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11.4.2 Apoptosis—Apoptosis, or programmed cell death, which is highly regulated by
neurotrophic factors and the MAP kinase pathway, is a major determinant of neural survival
during development and in the adult brain. Work could focus on the development of new
strategies aimed to decrease the expression of pro-apoptotic proteins (e.g. Bax, Bid) and
increase the expression of anti-apoptotic ones (e.g. Bcl-2, Bcl-x).

12. CONCLUSIONS

The extended knowledge of mood disorders and the increased interest in the development of
better antidepressants resulted in the introduction of great number of new compounds.
Although, most currently available antidepressants in the market are still monoamin based and
modulating monoamine activity as a therapeutic strategy continues to dominate antidepressant
research, several truly novel concepts have emerged by the turn of the new millennium
suggesting that the modulation of neuropeptide (substance P, corticotrophin-releasing factor,
neuropeptide Y, vasopressin V1, melanin-concentrating hormone-1), N- methyl-D-aspartate
(NMDA), nicotinic acetylcholine (nACh), dopaminergic, glucocorticoid, 5-opioid,
cannabinoid and cytokine receptors, gamma-amino butyric acid (GABA), intracellular
messenger systems, transcription, neuroprotective and neurogenic factors, may provide an
entirely new set of potential therapeutic targets, giving hope that further major advances might
be anticipated in the treatment of depressive disorder soon. However, the heterogenous nature
of anxiety and depression makes it unlikely that the hope for the ideal antidepressant will ever
be realized. Instead, each new addition to the armamentarium of antidepressants eventually is
found to have its own application and limitations.
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ABBREVIATIONS

MDD(s)

Major depressive disorder(s)
TCA

Tricyclic antidepressants
MAOIs

Monoamine oxidase inhibitors
RIMAs

Reversible monoamine oxidase inhibitors
SSRIs

Selective serotonin reuptake inhibitors
NA

Noradrenaline, norepinephrine
5-HT

5-Hydroxytryptamine, serotonin
5-HTR

5-Hydroxytryptamine receptor
LC

Locus coeruleus
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SNRIs
Serotonin and noradrenaline reuptake inhibitors
SP
Substance
P
NK-neurokinin
SPR(s)
Substance P receptor(s)
SPA(s)
Substance P receptor antagonist(s)
CRF
Corticotropin-releasing factor
CRFR(s)
Corticotropin-releasing factor receptor(s)
NMDA
N-Methyl-D-aspartate
NMDAR(s)
N-Methyl-D-aspartate receptor(s)
CREB
CAMP-response-element-binding protein
BDNF
Brain derived neurotrophic factor
GABA
Gamma-amino butyric acid
GR(s)
Glucocorticoid receptor(s)
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Fig. 2. Targets in serotonergic synapse

Released serotonin (5-HT) binds to target receptors and heteroreceptors.

NA- noradrenaline; SERT- serotonin reuptake transporter; NRT- noradrenaline reuptake
transporter.
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