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Introduction

Effective drug treatments for depression have been
available for more than 3 decades.! However, the first
generation of tricyclic antidepressants (TCAs) such as
the monoamine reuptake inhibitors imipramine (1) and
amitriptyline (2) were associated with anticholinergic
and cardiovascular side effects, while the early monoam-
ine oxidase inhibitors (MAOIs) like iproniazid (8) and
phenelzine (4) were plagued by serious and sometimes
life-threatening hypertensive crises precipitated by
interaction with tyramine-containing foodstuffs.! Second-

generation antidepressants have tended to be more
selective in their pharmacology and atypical in structure
and have generally lacked the characteristic side effects
of first-generation agents (Table 1). They have in-
creased the likelihood of a clinical response with a
reduction in unwanted toxicity.! Nevertheless, both the
early examples of the genre, such as mianserin (§) and
trazodone (68), and the later contenders, the selective
serotonin reuptake inhibitors (SSRIs) and the reversible
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inhibitors of MAO-A (RIMAs), have brought their own
particular pattern of adverse reactions. However, all of
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these drugs have a common mechanism of action in
acutely raising synaptic levels of those neurotransmit-
ters chiefly believed to be involved in depressive patho-
physiology, viz., norepinephrine (NE) and 5-hydroxy-
tryptamine (5-HT).}2 This concept was the basis forthe
biogenic amine hypothesis for depression, which postu-
lated that deficiencies of monoamines particularly NE
and 5-HT were responsible for symptomatology (Figure
1). It remains the inspiration for new drug design,
despite the realization that longer-term adaptive changes
in receptor sensitivity may better explain the delayed
onset of action of all antidepressants.2 Moreover, no
antidepressant is effective in all depressed patients, the
usual rule being that ca. 70% of patients will respond
to some degree, only one-half of whom will experience
a full response.

The major advantage of second-generation antide-
pressants is their relative safety in overdose.? Epide-
miological surveys of poisonings associated with anti-
depressant overdose on both sides of the Atlantic Ocean
have suggested that first-generation TCAs have a
higher incidence of fatalities than second-generation
non-TCAs when prescription volumes are compared,
whatever the age of the patient, while MAOIs fall in
between.?~6 The TCAs amitriptyline and dothiepin (7)
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Table 1. Characteristics of Three Generations of Antidepressants
side effects
time of first efficacy in =70% onset of action anti- cardio-  toxic in

generation introduction examples of patients (<2—-3 weeks) cholinergic vascular overdose

first® 1958 imipramine, iproniazid = = + + +

second” 1975 mianserin, trazodone, SSRIs, RIMAs - - - - -

third >2000 none * + - - -

¢ Tricyclic antidepressants (inhibitors of monoamine reuptake) and monoamine oxidase inhibitors.  Drugs of atypical structure and

atypical pharmacology. —, absent; +, present.

Synapse

Post-Synaptic

AR : Autoreceptor

HR  :Heteroreceptor

M : Mitochondrion

MAQO : Monoamine oxidase

R : Receptor
RU  :Reuptake
v : Vesicle

Figure 1. Schematic drawing of a synaptic contact illustrating
the role of autoreceptors, heteroreceptors, and postsynaptic
receptors in neurotransmission. Antidepressants can acutely
raise synaptic levels of neurotransmitters by various mecha-
nisms including inhibition of reuptake or monoamine oxidase
and auto- or heteroreceptor antagonism.

appear to be implicated in the majority of deaths and
have, together with desipramine (8), the highest inci-
dences of fatality. Furthermore, a recent prospective
Australian study’ confirmed that dothiepin was signifi-
cantly worse than other TCAs in precipitating general
seizures and cardiac arrhythmias, the latter being the
principal cause of death in antidepressant overdosage.?
Nevertheless, older TCAs like amitriptyline remain the
mainstays of daily practice, probably because of their
familiarity and low cost.*
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Second-generation antidepressants continue to be
developed, and recent introductions include the monoam-

ine reuptake inhibitor venlafaxine (9), the RIMA moclobe-
mide (10), the trazodone-like 5-HT> antagonist and 5-HT
reuptake inhibitor nefazodone (11), and the SSRIs
paroxetine (12), sertraline (13), and citalopram (14). The
SSRIs are now being extended with agents such as
duloxetine (15) which additionally inhibit reuptake of
NE and have a TCA-like profile but lack the traditional
side effects and toxicity. They are all based upon the
same mechanistic theme of enhancing monoaminergic
neurotransmission, and it is improbable that any of
them will offer advantages over previous examples of
the genre in terms of faster onset of action or broader
efficacy. There is a need for a third generation of
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antidepressants which will retain the gains already
made in terms of fewer side effects and lesser toxicity
in overdose but will additionally act in the first few days
of treatment and/or in a greater proportion of patients
(Table 1).! Such drugs will help to reduce the enormous
economic burden placed upon society by depressive
illness. Estimates for the U.K.? and the U.S.A.1? put
the total annual costs of depression at £3.5 and $44
billion, respectively. Direct pharmaceutical costs rep-
resent a minor proportion of these totals, and the major
component of treatment cost is the cost of treatment
failure.!! The largest contributors to the direct costs of
depression are in- and out-patient care, while indirect
costs generated through lost productivity are even more
substantial.*!? The overall costs of depression to society
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Table 2. Combination Treatment for Depression: Proposals for and Examples of Neurotransmitter Potentiation®

desired result mechanism or target examples controlled clinical trials
enhanced neurotransmitter reuptake inhibition/MAO inhibition TCAs*/MAOIs amitriptyline/tranylcypromine,!?
availability moclobemide2?
NE reuptake inhibition/os-antagonism TCAs/mianserin® imipramine,??2 desipramine?/
mianserin
og-antagonism/MAQ inhibition mianserin®/MAOIs mianserin/phenelzine?!
og-antagonism/Be-agonism mianserin/clenbuterol?
5-HT reuptake inhibition/ TCAs (SSRIs)lithium TCAs/lithium!8
5-HT supersensitivity
5-HT reuptake inhibition/ SSRIs/methiothepind
5-HT auto (ag-hetero-) receptor antagonism (mirtazapine)

5-HT reuptake inhibition/

SSRIs/5-HT) 4 antagonists

5-HT somatodendritic receptor antagonism

5-HT auto- (az-hetero-) receptor
antagonism/MAO inhibition
5-HT autoreceptor antagonism/
og-heteroceptor antagonism
accelerated downregulation S-adrenoceptors
of postsynaptic receptors  S-adrenoceptors

5-HT; receptors

methiothepin? (mirtazapine)
MAOIs
methiothepin?/
mirtazapine
TCAs/clenbuterold
TCAs/ay-antagonists imipramine,22.23
desipramine®¥/mianserin
TCAs/5-HT; agonists

¢ 5-HT = 5-hydroxytryptamine; MAO = monoamine oxidase; NE = norepinephrine; SSRIs = selective serotonin reuptake inhibitors;
TCAs = tricyclic antidepressants. ®* SSRIs such as fluoxetine?4 should be avoided because of the risk of a severe serotonin syndrome.
¢ Idazoxan, an unproven antidepressant, is more selective. ¢ Unproven as antidepressants.

are similar to those estimated for major diseases like
coronary heart disease and acquired immune deficiency
syndrome (AIDS).12

There are currently no third-generation antidepres-
sants (Table 1).1:13 Until such drugs become available,
drug-refractory patients may be treated by judicious use
of combinations of antidepressant modalities based
rationally upon sound pharmacological principles.! The
fact that combined therapy can often lead to immediate
response in a previously refractory patient suggests that
the goal of a single agent is more than ephemeral since
there appears to be no absolute mechanistic barrier such
as delayed sensitivity changes in relevant receptors.?
Potential targets for the design of third-generation
antidepressants have been identified.11® These include

"receptor multiplicity, intracellular events beyond the
receptor at the level of second messengers and G-
proteins, and the hypothalamic—pituitary—adrenal (and
thyroid) axis.

There are two major classes of affective disorders in
which antidepressants are used, the unipolar types, in
which depression is the sole recurring feature, and the
bipolar disorders, where patients suffer cycles of depres-
sion and mania. Antidepressants and lithium are used
to some extent in both classes of disorders but are
respectively the drugs of choice for unipolar and bipolar
patients. Lithium does have antidepressant as well as
antimanic properties, whereas antidepressants do not
affect mania except possibly to precipitate it. Some
antidepressants are used, however, in various forms of
anxiety disorders, including generalized anxiety, phobia,
panic, and obsessive-compulsive disorders (OCDs), as
well as in atypical depression. Targeted antidepressant
therapy for such disorders may become the norm in the
future.

Combination Therapies

The efficacy of first- and second-generation antide-
pressants is limited even when they are given in full
therapeutic doses. In primary care, however, low and
inadequate doses are frequently the norm, while many
depressed patients receive inappropriate treatment with
drugs lacking specific antidepressant properties such as
benzodiazepines.!* Although these are common reasons

to suggest treatment failure, there remains a substan-
tial minority of patients who fail to respond to an
adequate trial of an antidepressant that is, doses of
TCAs like imipramine up to 300 mg daily or the MAOI
phenelzine at 90 mg daily for at least 4 weeks, either
because the drugs are truly ineffective or because side
effects interfere with the therapeutic effect.1%16 Strate-
gies to deal with refractory or resistant depression are
now well established, including augmentation of full
doses of other antidepressants with lithium or triiodot-
hyronine.l” Other useful combinations in such patients
include TCAs with MAOIs or neuroleptics and the
addition of tryptophan or its 5-hydroxy derivative to a
regimen of lithium with MAOIs or clomipramine.

Much of the clinical evidence is anecdotal, double-
blind trials are rare, and large placebo-controlled studies
are unavailable. While the efficacy of lithium augmen-
tation is relatively well established in a series of small
placebo-controlled trials,1® that of triiodothyronine is
not.1516 Controlled trials of combinations of TCAs and
MAOISs, including recent studies of amitriptyline with
the nonselective inhibitor tranyleypromine!?® or the more
modern RIMA moclobemide,?’ have shown no added
advantage over either antidepressant given alone.
Phenelzine also added no extra benefit to mianserin
therapy.?

The efficacy of combination therapy is entirely expli-
cable in traditional terms of deficiencies of brain
monoamines in depression, whereby, for example, lithium
or tryptophan further enhance the raised central 5-HT
neurotransmission resulting from administration of
classical antidepressants.l'2 However, a far wider range
of possibilities exists for neurotransmitter potentiation
(see Figure 1), based upon the not mutually exclusive
mechanisms of enhanced neurotransmitter availability
or accelerated downregulation of postsynaptic receptors,
many of which have been demonstrated in experimental
animal studies and some of which are only now being
tested in clinical situations (Table 2).! The recent
availability of compounds of a highly selective pharma-
cological nature with restricted receptor interactions
may provide better tests of the concept. Nevertheless,
the ap-antagonist mianserin restored the efficacy of the
mixed reuptake inhibitor imipramine in the treatment
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of imipramine-resistant melancholia?? and enhanced the
effect of both imipramine and the selective NE reuptake
blocker desipramine in poststroke depression.2® Al-
though the combination with desipramine was less
effective than that with imipramine,?? suggesting an
involvement of the 5-HT antagonistic properties of
mianserin with the 5-HT reuptake inhibition of imi-
pramine, a proper test of the concept would have been
to combine desipramine with the selective ag-antagonist
idazoxan (16), a compound of unproven value in depres-
sion. Other possibilities for enhancing noradrenergic
transmission include combinations of reuptake inhibi-
tors with centrally active fs-agonists such as clenbuterol

(Table 2).
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Largely untested potential exists for enhancing sero-
tonergic transmission with 5-HT autoreceptor blockade
combined with selective inhibition of 5-HT reuptake or
with ag-antagonists which release 5-HT via their effects
upon ag-heteroceptors located on 5-HT terminals (Table
2).125 Selective 5-HT1ps autoreceptor antagonists are
not yet available for clinical use, and the best example,
methiothepin, has recently been identified as an inverse
agonist and additionally blocks dopamine receptors,25:26
However, the as-adrenoceptor antagonist mirtazapine
(17) is the first example of a clinically effective antide-
pressant which can release 5-HT by an action upon oy-
heteroceptors.?” It may also influence both 5-HT and
NE neuronal firing activity via antagonism of oy-
somatodendritic receptors.?® Somatodendritic 5-HT1a
receptors, which function to slow down the activity of
5-HT neurons, may also represent a good target. 5-HTy4
antagonists given with drugs which release or inhibit
the reuptake of 5-HT may be effective combinations, and
a pilot study using the S-blocker pindolol, which is not
selective but has high affinity for 5-HT; 4 receptors, has
demonstrated rapid improvement of depressed patients
refractory to SSRIs.?°

Certain compounds combine additive or synergistic
mechanisms in one molecule and represent interesting
drugs if the mechanisms are operational at about the
same dose.! They include mirtazapine (17), rolipram
(18), ABT-200 (19), sercloremine (20), and bazinaprine
(21). Mirtazapine is from the same series of tetracyclic
antidepressants as mianserin and setiptiline (22) but
differs from them in its ability to not only enhance NE
release by ag-adrenoceptor blockade but also enhance
5-HT release by means of antagonism of ag-heterocep-
tors,?” as well as enhancing neuronal cell firing in the
locus coeruleus and raphe nuclei via antagonism of og-
somatodendritic receptors.28 Although mirtazapine is an
effective antidepressant, studies in drug-refractory de-
pression have yet to be performed. Rolipram enhances
both presynaptic and postsynaptic effects of NE via
phosphodiesterase inhibition, raising central cAMP
levels and stimulating tyrosine hydroxylase.! Although
several double-blind clinical trials have suggested equiva-
lent efficacy and tolerance to standard TCAs, rolipram
has not demonstrated superior efficacy to placebo at the
doses tested, and development has been stopped. The
racemic ABT-200 resembles mianserin in combining NE
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reuptake inhibition and ag-adrenoceptor antagonism,3°
effects which are selectively possessed by each of the
individual enantiomers. Only preliminary phase II data
have been published, where the drug appeared to have
potential antidepressant effects.?! A sister compound,
A-80426 (23), is a potent and selective ag-antagonist in
vitro which has additional modest inhibitory effects
upon 5-HT reuptake.?? However, it was ineffective as
an og-antagonist in vivo, lacked efficacy in animal
models of depression, and was discontinued. Clinical
data have not been reported on either sercloremine, a
selective RIMA which inhibits 5-HT reuptake with
similar potency, or bazinaprine, which combines RIMA
activity with inhibition of dopamine (DA) reuptake.!
However, brofaromine (24), a more potent RIMA than
sercloremine but also possessing 5-HT reuptake-inhibit-
ing properties in vivo,! is an effective antidepressant
whose development was recently stopped in phase III.
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Receptor Multiplicity

Molecular cloning techniques have allowed charac-
terization of a wide variety of receptors.3® The largest
multigenic family of membrane receptors are those
coupled to G-proteins, which are built on the model of
the ancient bacteriorhodopsins. Despite a stereotyped
structure of seven transmembrane helices and a com-
mon mode of action through coupling to an effector
system or ion channel via a trimeric GTP-binding
protein (Figure 2), such receptors display an extraor-
dinary diversity in being involved in the recognition of
signals from inter alia biogenic amines, neuropeptides,
and protein hormones. The multiplicity of these recep-
tors may provide opportunities to design more selective
and perhaps superior drugs for the treatment of depres-
sion, 1,13

oz-Adrenoceptors. A considerable body of evidence
has accumulated to suggest an underlying noradrener-
gic dysfunction in depression, based not only upon the
common effects of many antidepressant treatments but
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Figure 2. Schematic representation of a G-protein-coupled
receptor illustrating the location of intracellular loops and the
N- and C-termini of intracellular loop 3 (ICL 3). The a-helical
transmembrane regions of the protein are represented as
cylinders. The carboxy terminus of the a-subunit is important
for the interaction of the G-protein with the receptor. It is
not known with which intracellular part of the receptor this
interaction occurs. N, asparagine; L, leucine; K, lysine; D,
aspartic acid; C, cysteine; G, glycine; F, phenylalanine.

also upon direct studies of adrenoceptor function in
blood platelets and during challenge tests with drugs
affecting noradrenergic responses.?35 Depression seems
to be associated with a downregulation of ag-adreno-
ceptors. Release of NE in the central nervous system
(CNS) involves both exocytotic and carried-mediated
mechanisms. Release by exocytosis is autoregulated by
presynaptically located as-adrenoceptors, where NE acts
as an agonist to inhibit its own release (Figure 1).36
Carrier-mediated NE release occurs via the same mem-
brane transporters responsible for reuptake and can
therefore be inhibited by certain antidepressants par-
ticularly TCAs.?” ag-Adrenergic autoreceptors have
been identified in human cortex, and their blockade
leads to a situation of raised synaptic NE levels akin to
that following reuptake inhibition.® Release-inhibiting
op-adrenergic heteroceptors have also been demon-
strated to exist on serotonergic terminals in human
cortex, where their blockade facilitates 5-HT release
(Figure 1).%°

The pharmacological prospects for ag-adrenoceptor
antagonists are manifold,*® not least of which is their
potential application as antidepressants in their own
right or as adjuncts to traditional inhibitors of monoam-
ine reuptake.! However, convincing evidence of anti-
depressant efficacy exists only for the three tetracyclic
oz-antagonists mianserin (5), mirtazapine (17), and
setiptiline (22), all of which block central histamine and
5-HT receptors to a similar or greater degree.! Never-
theless, mianserin and mirtazapine have 5- and 30-fold
selectivity, respectively, for oy- over a;-adrenoceptors,
while mirtazapine has a 10-fold selectivity for pre- over
postsynaptic as-adrenoceptors.*! Many potent and se-
lective ag-adrenoceptor antagonists have been synthe-
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sized, and two, idazoxan (16) and fluparoxan (25), have
been evaluated in limited clinical trials as antidepres-
sants. Although idazoxan may be equivalent under
some circumstances to amitriptyline*? and bupropion,*?
the published information on its efficacy is unconvinc-
ing, and large placebo-controlled trials are required to
establish the value of such drugs. They are useful,
however, in challenge tests to explore the physiological
role of az-adrenoceptors in sickness and health.?®
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Many of the new selective antagonists, including
idazoxan, are imidazoline derivatives which may both
facilitate and inhibit NE release by interaction at
presynaptic ag-adrenergic and imidazoline-preferring
receptors, respectively.** The endogenous agonist for
imidazoline receptors appears to be agmatine (decar-
boxylated arginine), a non-catecholamine ligand at ;-
adrenoceptors which may act as a neurotransmitter in
the brain.4® The net effect upon NE release of imida-
zolines is uncertain, unlike that of non-imidazolines
such as the two recent lipophilic examples RS-15385-
197 (26) and the quinoline 27, both of which had
nanomolar affinities for central as-adrenoceptors.46:47
Such considerations may also affect the value of putative
antidepressants which combine az-adrenoceptor antago-
nism with NE reuptake inhibition; the non-imidazoline
ABT-200 (19) promotes NE release and is potentially
antidepressant in man,?3! whereas assorted fenmeta-
zole (28) analogues do not and have not been evaluated
in depression.4®
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The potential of ag-adrenoceptor antagonists as an-
tidepressants probably lies in their ability to promote
release of NE and/or 5-HT by virtue of their affinity for
presynaptic ag-autoceptors and/or as-adrenergic hetero-
ceptors. Both actions may depend upon selectivity for
og-adrenoceptor subtypes, of which four have been
identified pharmacologically including three character-
ized by molecular cloning.*~5! At least three genes, on
chromosomes 2, 4, and 10, code for as-adrenoceptors in
man, and three rat genes have been expressed. The
human blood platelet, often used as a proxy for central
og-adrenoceptors, contains prazosin-insensitive oga-
adrenoceptors. Although species and organ heterogene-
ity exist, there is general agreement that ag-autorecep-
tors in the brain are different from the prazosin-
sensitive agp- and asc-types and probably belong to the
prazosin-insensitive az4- or agp-families. Pharmacologi-
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cal identity, ags in the rabbit and agp in the rat, has
been claimed for both ag-autoreceptors and ag-hetero-
ceptors,52 while guinea pig cortex contains ogp-autore-
ceptors.’® Postsynaptic ag-adrenoceptors, which repre-
sent ca. 80% of the total population of ao-adrenoceptors
in rat cortex, are agp in nature.’® Cortical az-autore-
ceptors in man may also belong to the agp-subtype since
they are stereoselectively blocked by (+)-mianserin,®
while the (—)-enantiomer is highly selective toward aga-
rather than agp-sites in bovine brain.?® This confounds
previous notions that tetracyclic antidepressants were
selective for agp-adrenoceptors! and suggests that an-
tagonists selective for agp-adrenoceptors may have the
best chance to be antidepressant via enhancement of
NE release. ag-Adrenoceptor antagonists may also
affect neuronal cell firing mediated via the raphe
nucleus.?’ Blockade of somatodendritic ag-autoreceptors
and release-modifying terminal autoreceptors enhances
release of NE and facilitates 5-HT transmission.

Although pharmacological identity has been claimed
for ag-auto- and -heteroceptors in rat cortex,’? other
studies have suggested that they are different,8,56-57
In particular the relative affinities of the mianserin
enantiomers for the four subtypes® suggest that their
equipotency in blocking ag-heteroceptors on 5-HT ter-
minals?®%6 is due to interaction at probable agg- or, less
likely, aga-sites. Whatever the true nature of the oo-
heteroceptor, the tetracyclic antidepressant mirtaza-
pine, in addition to its ability to release NE via
antagonism of ag-autoreceptors, enhances 5-HT neuro-
transmission in rats in vivo.2"%8 This effect was not
seen with mianserin under the same conditions, al-
though mianserin was able to enhance NE neurotrans-
mission.5® (+)-Mirtazapine exhibited similar potency at
the ag-autoreceptors on NE terminals and at the oo-
heteroceptors on 5-HT terminals, whereas the (—)-
enantiomer was selective for ag-heteroceptors since it
blocked the effects of the agonist NE on 5-HT release
but not on NE release.5® This stereoselectivity was also
demonstrated electrophysiologically in rat dorsal raphe,
where only the racemate and not the (—)-enantiomer
was capable of enhancing the firing activities of 5-HT
neurons and antagonizing the suppressant effect of
clonidine on 5-HT neuronal firing, effects not involving
ag-heteroceptors.?® This suggests that selective oo-
adrenoceptor antagonists can be developed which will
modify NE and/or 5-HT neurotransmission. The ay-
heteroceptor represents an attractive target for modula-
tion of 5-HT neurotransmission,'60 and antagonists at
this receptor could be useful antidepressants in their
own right or as an important element in combination
treatment (see Table 2).

Alternative mechanisms to ap-adrenoceptors for stimu-
lating NE release in cerebral cortex have been identified
but have not yet been studied for their potential role in
antidepressant action. Thus, the excitatory amino acid
N-methyl-D-aspartate (NMDA) induces NE release
through NMDA receptors located presynaptically on
noradrenergic axons.’! NMDA-stimulated release of NE
is modulated by inhibitory presynaptic receptors of the
ag-adrenoceptor®? and histamine Hj receptor types.5?
Thyrotropin-releasing hormone (TRH) and a metaboli-
cally stable analogue are also able to facilitate cortical
NE release.’* Neither NMDA agonists nor Hs antago-
nists are yet known for their antidepressant properties,
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although TRH analogues possess psychotropic activity
but have not been evaluated in depression.! However,
the NMDA receptor complex has been suggested to play
a more fundamental role in the pathophysiology of
depression and the action of antidepressants.®5-%6 Thus,
functional antagonists of the NMDA receptor complex
appear to have antidepressant-like properties in ani-
mals and downregulate S-adrenoceptors after chronic
treatment, while chronic antidepressant treatment re-
duces glycine and glutamate binding in rat cortex.
Further support for a potential role is provided by
observations that the downregulating effect of chronic
imipramine treatment upon B-adrenoceptors is in part
dependent upon unimpaired glutamatergic transmis-
sion.%7

GABA Receptors. Another important mechanism
of NE, and other neurotransmitter, release is mediated
through y-aminobutyric acid (GABA) receptors. GABA
is the majority inhibitory neurotransmitter in the
mammalian CNS. Multiplicity of GABA receptors is
restricted to two main types: GABA,, associated with
the chloride channel and involved in fast inhibitory
signal transmission, and GABAg, which operates in a
modulatory fashion 33686 The GABA, receptor com-
plex, which consists of a pentameric structure as-
sembled from four possible subunit families, has addi-
tional binding sites for, among others, benzodiazepines,
barbiturates, and picrotoxin and is the locus of action
for anxiolytics, sedative hypnotics, anticonvulsants, and
anesthetics. A hypothesis of deficient GABA-ergic
transmission in depression enjoyed popularity in the
1970s and 1980s, leading to clinical evaluation of two
largely GABA, agonists, fengabine (29) and progabide
(80). Neither agent proved to be superior to placebo.”
Although many antidepressants block GABA4 receptors
and despite advancement of a GABAs-ergic predomi-
nance hypothesis for depression,”™ recent attention has
focused upon the GABAg receptors.
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Challenge testing of GABA function in depression has
been limited to the GABAg receptor.?> The agonist
baclofen produced an increase in growth hormone
secretion in normal subjects, a response which was
unaltered in depression before or during TCA treatment
and which is probably mediated via a postsynaptic
GABAg receptor.’? Depressed patients consistently
display a blunted growth hormone response to op-
adrenoceptor agonists, and it is significant that GABA
release is enhanced by presynaptic as-heteroceptors™
and inhibited by similarly located GABAg autorecep-
tors.” (—)-Baclofen also appeared to worsen the condi-
tion of some depressed patients.”> GABAg receptors
have been classified pharmacologically into two major
groups depending upon their relative sensitivity to
baclofen, while the baclofen-sensitive group has been
further subdivided into three types.®® Since no GABAg
receptor has yet been cloned, the structural character-
istics of the proposed subtypes are unknown. Compel-
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ling evidence indicates that a major function of GABAg
receptors is to mediate inhibition of neurotransmitter
release, not only of GABA itself but also of the monoam-
ines more familiar in depression such as NE, 5-HT, and
DA.%8 GABApg receptor antagonists should therefore
enhance the release of neurotransmitters.%

The first GABAp antagonists were phosphinic acid
analogues of baclofen, including phaclofen and 2-hy-
droxysaclofen, but they were inactive in vivo.%® Pen-
etration of the blood—brain barrier was first demon-
strated with a series of (3-aminopropyl)phosphinic acids;
GCP35348 (31), after systemic administration, antago-
nized the response to baclofen applied iontophoretically
to rat cerebral cortex. The first orally active compound,
GCP36742 (32), resembled desipramine in its ability to
upregulate rat cortical GABAg receptors upon multiple
dosage.”® However, both of these compounds are rela-
tively weak antagonists whose affinity for the receptor
has been vastly amplified by amino substitution, as
exemplified by the selective and potent antagonists
GCP52432 (33) and GCP54626(34). Both compounds
have nanomolar potency in antagonizing baclofen-
induced inhibition of GABA release in rat cerebral
cortex and are orally effective.5® 38 seems to be highly
selective toward the GABAg autoreceptor subtype, while
31 is more inclined to the GABAg heteroceptor mediat-
ing inhibition of glutamate release, but both are equally
effective against the third-type mediating inhibition of
somatostatin release.® Antagonists selective for those
GABAg receptors mediating inhibition of NE and/or
5-HT release will have considerable interest as a novel
type of putative antidepressant.!3:6°
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Serotonin Receptors. At least 14 serotonin recep-
tor subtypes have now been identified.”” The nomen-
clature is sometimes confusing since the original 5-HT¢
receptor is now regarded as being in the 5-HT, family
(5-HT3c), while the old 5-HT; or Sz receptor is now
designated 5-HTss. Several serotonin receptors are
under scrutiny as targets for drugs for affective disor-
ders. It is paradoxical that in many instances both
agonists and antagonists are investigated as antide-
pressants. With the existing uncertainty about the
mechanism of antidepressant effects and the role of
serotonin receptor subtypes, research approaches will
have to be eclectic and proceed with considerable
tolerance for uncertainty.

Foremost in this respect is the 5-HT14 receptor. Itis
implicated in the therapeutic effects of buspirone (35),78
which is a partial agonist for the 5-HTa receptor.”™
Although widely used as an antianxiety agent, it does
not relieve anxiety immediately but acts only after 1
week or more of treatment. This is similar to the action
of antidepressants in anxiety disorders. It may there-
fore be more appropriate to classify buspirone as an
antidepressant, and antidepressant effects have been
demonstrated in double-blind clinical trials.® Newer
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azapirone agonists for 5-HT14 receptors, such as gepirone
(86)®! and ipsapirone (87),%2 are in development as
antidepressants. A major obstacle in using the thera-
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peutic efficacy of the azapirones as evidence that activa-
tion of 5-HT14 receptors is implicated in antidepressant
effects is their common metabolite 1-pyrimidylpipera-
zine (1-PP), which is a blocker of ag-adrenoceptors.5?
Following oral administration, buspirone, for example,
is biotransformed by 90% to 1-PP after first-pass
metabolism by the liver.8¢ Essential information on the
significance of 5-HT1a receptor stimulation for the
treatment of affective disorders should come from highly
selective new compounds which are not biotransformed
to pharmacologically active metabolites. Such com-
pounds include flesinoxan (88), which is investigated in
clinical trials in depression,® and SR 57746A (39),
which is active in animal models.5¢

@'”C”‘\?‘@'" @‘C”

Identification of “silent” (complete) and selective
antagonists for the 5-HT) 4 receptor has been difficult.t?
The location of the receptor in the brain and on the
neuron determines its sensitivity for partial agonists.
Compounds which are antagonists for the postsynaptic
receptors in the hippocampus are often agonists on the
autoreceptors in the raphe nuclei.®88? A compound such
as NAN 190 (40) had long been considered as an
antagonist but was later shown to have agonistic
effects.®® Interpretation of data obtained in cell lines
with expression of receptor clones is even more difficult
since the cell responds extremely sensitively to ligands
when very high expression is obtained. Even potent
antagonists like spiroxatrine can behave as agonists in
a cell line with high-expression cloned 5-HT), recep-
tors.® The most recent discovery®? of a selective full
agonist is WAY 100635 (41) which is related to the
earlier WAY 100135 (42). Only 41 has antidepressant-
like effects in an animal model, while 42 seems to
resemble anxiolytics, but 41 has recently been discon-
tinued owing to lack of oral activity. Two other potential
5-HT1a antagonists are available, SDZ 216-525 (43)
which has been shown to have partial agonist activities
at the somatodendritic 5-HT1a receptor®® and MM-77
(44) which may be a full antagonist at postsynaptic
receptors.?® The demonstration that pindolol enhances
the antidepressant effect of SSRIs will give a strong
impetus to the search for selective and full 5-HT;a
antagonists.2?
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The 5-HTsc receptor is receiving increasing attention
as a target for novel antidepressant compounds. Many
behavioral effects of SSRIs can be mimicked by direct
agonists for the 5-HT4c receptors.?4% The oldest 5-HTc
agonist is MK 212 (45).9%6%7 This compound has been
tested in man in preliminary open trials, but its
development was not continued because the results were
insufficiently convincing. In France, oxaflozane (46) is
available as a treatment for dysthymia but has not been
well studied in major depressive disorders.*® Oxaflozane
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acts as a prodrug for the 5-HTy¢ agonist [m-(trifluoro-
methyl)phenyl]lmorpholine which is structurally related
to the widely used clinical research tool (m-chlorophe-
nyl)piperazine (mCPP). mCPP is a major metabolite of
the antidepressant trazodone and has predominantly
5-HT;c agonistic effects. It has been evaluated in an
open trial with severely depressed patients where it
induced remission of symptoms in four of the six
patients.?® There is a strong need for new and selective
agents in order to further evaluate and possibly exploit
the therapeutic potential of 5-HTyc agonists. Such
compounds may also affect appetite because the ap-
petite-suppressing effect of fenfluramine seems to be
mediated by 5-HTsc receptors.190

Similarly to the situation with the 5-HT;4 receptor,
both 5-HT9yc receptor agonists and antagonists are
under investigation as potential antidepressants.101:102
The efficacy of SSRIs in depression is in favor of
agonists, but a role for antagonists is supported by the
5-HTyc antagonistic effects of mianserin and other
nonselective antidepressants. This information is not
a sufficient basis to expect therapeutic effects for
selective 5-HToc antagonists. However, early reports
that mCPP induces panic attacks in panic disorder
patients and that obsessive compulsions are enhanced
in OCD patients have suggested that 5-HTsc receptors
mediate fear and therefore that antagonists for the
5-HTyc receptor should be beneficial in anxiety disor-
ders.1% Such expectations have hardly waned despite
a wealth of more recent studies showing that mCPP is
well tolerated by both healthy individuals and persons
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with various kinds of psychopathology.14-1% The first
reports on a selective 5-HTyc antagonist, SB 200646A
(47), have appeared, and information on its therapeutic
effects is eagerly awaited.1!
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Antagonists for 5-HT; receptors have enriched the
armamentarium of clinicians who need to give chemo-
therapy. These compounds are highly effective as
antiemetic agents. In addition, animal experiments
gave reason to suggest efficacy of 5-HT3 antagonists in
psychiatric disorders such as schizophrenia and anxiety,
but no information is yet available on results with such
compounds in affective disorders.!%’

Purely on the grounds that 5-HTips receptors are
located presynaptically in the human brain,'%8 it should
be possible to potentiate serotonergic transmission with
blockers for this autoreceptor in analogy with oo-
autoreceptor antagonists like mianserin and mirtaza-
pine. An action at 5-HT\ps autoreceptors, particularly
when combined with an intrinsic inhibition of 5-HT
reuptake in the same molecule, might achieve a more
selective and effective enhancement of serotonergic
transmission and even to efficacy in drug-refractory
patients (see also Combination Therapies and Table 2).
Few compounds are available as yet to exploit this
receptor for therapeutic purposes, and the best example,
methiothepin, is a nonselective antagonist!’® and may
even act as an inverse agonist.26 GRL 127935 (48)is a
potent and selective 5-HT1ps antagonist from a series
of benzanilides,'% but its development as an antide-
pressant was recently discontinued. An extra compila-
tion is the marked species difference in pharmacology
between rat (5-HTig) and human (5-HT1pg) receptors,
arising from only one amino acid substitution in the
otherwise common receptor structure.!10
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Other receptors for serotonin are at this moment of
importance for therapeutic applications unrelated to
affective disorders.

Alternatives to Lithium

Lithium is the most commonly used drug for the
management of bipolar disorders, both for acute mania
and maintenance therapy.l1! It is also effective in the
acute treatment of depression, both given alone and
particularly when used to augment mainline antide-
pressant treatment in refractory patients.!® Although
opportunistic clinical strategies have identified anti-
convulsants and calcium antagonists as the leading
alternatives to lithium,! the efficacy of carbamazepine!!!
and valproate!!? on the one hand and verapamil!!? on
the other has been established in mania rather than
depression. Furthermore, substantial efforts to capital-
ize on the structural and mechanistic variety offered by
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Figure 3. Phosphoinositol cycle. Activation of the receptor enables the catalytic hydrolysis of phosphatidylinositol 4,5-biphosphate
(PIP,) to inositol 1,4,5-triphosphate. The latter molecule induces a release of calcium from intracellular stores, which in turn
leads to activation of calmodulin-dependent protein kinase as well as protein kinase C. The latter enzyme is coactivated by
diacylglycerol (DAG). In eight enzymatic steps PIP: is regenerated. The lithium ion interferes with several of the steps symbolized

by 7-9. RyCOOH, arachidonic acid; R,COOH, stearic acid.

anticonvulsants and calcium antagonists have not been
made despite the potential rewards in terms of novel
psychotropic, including antidepressant, actions.!.1?
Rather, the wide spectrum of biochemical actions of
lithium itself has attracted the attention on the basis
that lithium mimetics are a more feasible option.!?
Thus, in addition to its enhancement of 5-HT transmis-
sion, supposed to be involved in its augmenting effect
upon traditional inhibitors of monoamine reuptake,
lithium affects G-protein-regulated phenomena such as
receptor-activated phosphatidylinositol and cAMP turn-
over leading to altered function of interregulated cAMP-
dependent protein kinases (Figures 3 and 4).114-116
Lithium may thus affect not only second-messenger
systems but also protein phosphorylation, properties it
may share to some extent with classical antidepres-
sants.!'7118 The first putative antidepressant known
to affect second-messenger systems was rolipram (18),
which raised cAMP levels by selective inhibition of
calcium-independent phosphodiesterase IV. Although
rolipram was never marketed because of insufficient
efficacy, its mechanism of action remains a viable target
for new antidepressant design,! especially in view of the
emerging multiplicity of cyclic nucleotide phosphodi-
esterase isozymes in mammalian brain.!!® Finally,
inositol itself, given in high doses, may have antidepres-
sant properties.'20

Signal Transduction Pathways as Molecular
Targets for Putative Antidepressants. Antidepres-
sants may be clinically effective not because they
directly influence monoamine availability but because
they modulate the converging postsynaptic signals
induced by the endogenous ligands.!?! Signal trans-

duction pathways are able to affect the functional
balance between neurotransmitter systems and are
attractive targets to explain the molecular mechanisms
of action of antidepressants. Since prolonged adminis-
tration of antidepressants is required for obtaining
therapeutic responses, neuroadaptive changes are im-
portant for mediating the clinical effects of these drugs.?
Several lines of evidence indicate that neuroadaptation
after treatment especially occurs at a level beyond the
receptor. Unravelling the functional alterations of
components of the intracellular signal transduction
pathway may ultimately lead to new biochemical target
mechanisms for innovative antidepressants including
substitutes for lithium or lithium mimetics. Further-
more, understanding of the biochemical basis for the
delayed onset of action of antidepressants may lead to
new treatment strategies for faster acting antidepres-
sants.?

The largest known family of cell surface signal-
transducing proteins is that of the G-protein-coupled
receptors (GPRs).33:122 Extracellular messages received
through these membrane-bound receptors are trans-
ferred by heterotrimeric (a-, 8-, y-subunits) G-proteins
to a variety of intracellular effectors (Figures 3 and 4).
Activation by agonists induces a conformational change
in the GPRs. As a result, the GDP/GTP exchange at
the a-subunit is facilitated, leading to dissociation of
a-GTP and fy-subunits. The intermediate agonist—
receptor—Gyg, (non-guanine nucleotide bound) ternary
complex represents the well-known high-affinity state
of these GPRs. The dissociated complexes (a-GTP and
Py-subunits) can both regulate the activity of specific
effector proteins.!?® Due to the intrinsic GTPase activity
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Figure 4. Receptor activation leading to production of cyclic adenosine 3,5-monophosphate (cAMP). Note o;- (inhibitory) and a.-
(stimulatory) subunits determine inhibition or activation of adenylyl cyclase. The encircled area is enlarged in Figure 2.

of the a-subunit, GTP is hydrolyzed to GDP. As a result
a-GDP reassociates with Sy, completing the cycle with
the formation of the inactive G-protein. G-proteins are
grouped into subfamilies based upon the overall identity
of the primary structure of their a-subunits, and the
subfamilies have functional correlates in terms of ef-
fector interaction: eg., G, stimulates adenylyl cyclase
(AC), G inhibits AC, and G, stimulates phospholipase
C-b.12* At least 16 isotypes of cDNAs encoding a-sub-
units have been identified.!2

Neuroadaptive changes can occur at different levels
in the cascade of GPR-mediated signal transduction and
at different time intervals. The fastest adaptive change
is a reduction of responsiveness of many G-protein-
coupled systems after prolonged exposure to agonists,
a process known as desensitization. As the currently
available antidepressants all enhance monoaminergic
neurotransmission (monoamine reuptake or oxidase
inhibition), they will indirectly give rise to desensitiza-
tion. Interestingly, desensitization processes do not
occur with nuclear receptors, and steroid treatment does
not lead to tolerance.!?6 Rapid desensitization involves
phosphorylation of receptors which can reduce the
coupling of receptors to G-proteins and also promotes
binding of proteins such as arrestins to the phosphor-
ylated receptors.!?” Two distinet types of kinases are
important: the second-messenger-activated cAMP-de-
pendent protein kinase and protein kinase C (PKC) and
the second-messenger-independent GPR kinases, which

are specific for agonist-occupied or -activated recep-
tors.12®8 cAMP-dependent protein kinases can be acti-
vated by specific membrane permeable cAMP analogues,
whereas PKC can be activated by phorbol esters and
bryostatin-1. Several protein kinase inhibitors are
known. They mainly originated from anticancer re-
search, since many oncogenes give abnormal activation
of certain protein kinases.!?® The structure of the
catalytic subunit of cAMP-dependent protein kinase
complexed with MgATP and a 20-residue inhibitor
peptide has been resolved.!3?

Inhibitors of the various events of the desensitization
process will be valuable tools to study the possible role
of desensitization in the mode of action of antidepres-
sants. Furthermore, modulation of the desensitization
process by drugs might represent a subtle mechanism
to increase neurotransmission by endogenous ligands.
Two principal mechanisms can be envisaged.

(a) Inhibition of receptor/effector phosphorylation by
kinases and/or subsequent interactions with arrestins.
This could be accomplished by disrupting specific pro-
tein—protein interactions necessary for the initial in-
teraction/recognition or by inhibiting the phosphoryla-
tion at the catalytic domain of these kinases. The
homologous desensitization of fS2-adrenergic receptors
by S-adrenergic receptor kinase (3ARK) can be inhibited
by polyanions (heparin and dextran sulfate) and poly-
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cations (poly(lysine)), as well as by synthetic peptides
derived from the intracellular loops of the fs-adreno-
ceptor.131

(b) Inhibition of the translocation of protein kinases
from the cytosolic to membrane cell fractions by inter-
ference with the isoprenylation of specific kinases.
Inhibition of posttranslational modification has success-
fully been applied in another therapeutic area, where
inhibition of the farnesylation of ras proteins has
produced potential anticancer agents.132 Alternatively,
translocation may be inhibited by interference with the
interaction of specific kinases (FARK1 and -2) with Gg,-
subunits. These kinases are not isoprenylated. Their
activity is stimulated by Gg, addition, which promotes
BARK association with membranes.}33 A 3D model for
the interaction of a putative a-helix at the C-terminus
of BARK1 with a two-stranded coil in Gg, has been
postulated.134

Apart from desensitization, a slower but more pro-
nounced form of neuroadaptation after antidepressant
treatment takes place at the DNA level. There is
increasing evidence that the currently available anti-
depressants affect gene expression. Chronic adminis-
tration of virtually all antidepressants, regardless of
their acute biochemical effects, results in downregula-
tion of 5-HT:; and/or Bi-adrenergic receptor/effector
systems in rat brain, the time course of which parallels
the onset of antidepressant action in patients with major
depression 118 Antidepressants may exert complex
transcriptional and posttranscriptional effects, leading
to modulation of receptors and G-proteins and modifica-
tion of signal transduction. The changes in gene
expression are orchestrated, at least in part, by 5-HT,
NE, and glucocorticoids.}3® These individual compo-
nents seem to be linked, resulting in integration of the
multiple signals by the cells to regulate gene expression.

Most antidepressants affect G-protein-regulated phe-
nomena such as receptor-activated cAMP and phos-
phatidylinositol/1,2-diacylglycerol turnover. These sec-
ond messengers modify the functions of the inter-
regulated cAMP-dependent protein kinase and PKC,
leading to altered concentrations of transcription fac-
tors. Within the nucleus, these transcription factors
interact with promotors on the genes to regulate the
initiation of RNA transcription, the first step in the
expression of a gene.!?! In nerve terminals, the control
of the mRNA of presynaptic receptors has been ques-
tioned because there is no retrograde transport for
cystolic molecules.’?® Corticosteroids directly interact
with nuclear receptors, which belong to the ligand
-activated enhancer binding factors. After initial bind-
ing to DNA sequences (hormone-response DNA ele-
ments) with its C-region, the agonist-bound nuclear
receptor activates transcription.1?6 In addition, other
regulation steps can be modified, such as posttranscrip-
tional processing (RNA splicing and polyadenyla-
tion), translation, and posttranslational protein modi-
fication (glycosylation, isoprenylation, and phosphoryl-
ation).

The impact of chronic antidepressant treatment on
the signal transduction pathways, as well as the rel-
evance of disturbances in these intracellular processes
concerning the pathophysiology of affective disorders,
has gained increasing attention in recent years. In this
respect, the receptor/Gs/adenylyl cyclase (AC) system
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and its intracellular “cross talk” with PKC seem to be
especially relevant. Several experimental data point
toward this particular system. (1) Gsa levels are
elevated in the cerebral cortex from postmortem brains
of manic-depressive patients.13 (2) In lymphocytes of
unipolar depressed patients, G, function as measured
with Gppovipp binding is sharply reduced, while non-Gs
functions are almost unchanged. G; function is normal-
ized in antidepressant-treated euthymic affective pa-
tients. The lymphocytes of manic patients show distinet
hyperfunctional G-proteins. Lithium treatment nor-
malizes these functions.!®” (3) The activity of the
adenylate cyclase system is significantly decreased in
the leukocytes of depressed patients as compared to
normal control subjects. This is suggested to be the
result of abnormal signal transduction mechanisms and
an abnormal G-protein function.!?® (4) Ex vivo and in
vitro studies indicate that components of the signal
transduction cascade such as G-proteins, AC, myoinosi-
tol-1-phosphatase, and protein phosphorylation appear
to be involved in the biochemical effects of lithium.139-14
Several of these effects are probably due to competition
of Li* with Mg?* at the level of Mg?*-dependent reac-
tions, as recently demonstrated for human myoinositol-
1-phosphatase.l*2 Alternative inhibitors, for example,
49 and 50, for this enzyme already exist, and the
availability of its crystal structure will encourage the
synthesis of new selective compounds.1? (5) Desipramine
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treatment attenuates AC responses to isoproterenol and
GTP in rat cortex. This effect cannot be attributed to
desensitization of SARs, as the subsensitivity develops
before the decrease in the number of SARs. Intraven-
tricular pretreatment with pertussis toxin reverses
these desipramine-induced effects. Therefore, the func-
tional decoupling of the SAR/Gs system in rat cerebral
cortex after desipramine administration requires an
active Gj-mediated signal transduction system.l4® (6)
Acute administration of high concentrations of various
antidepressants directly affects in vitro the function of
G-proteins, especially Gs. These effects were not ob-
served with MAOIs, antipsychotics, or anxiolyties.
Functional photoaffinity labeling of G-proteins indicates
an increase in Byax and Ky of Gs. These effects can be
the result of an increased GPTase activity and acceler-
ated dissociation of Ggg, into Go and Gg,.!” (7) In rat
brain and cell cultures, chronie, but not acute, exposure
to antidepressants produces downregulation of SARs,
accompanied by an increase in the ratio of the dissocia-
tion constants for the low- and high-affinity states of
the BAR. Chronic incubation of cultured cells with
desipramine reduces the amount of PKC,, whereas
coincubation with PKC inhibitors attenuates the SAR
downregulation. Therefore, the effects of antidepres-
sants on GPR-mediated systems is thought to be medi-
ated via intracellular “cross talk” with PKC.11614¢ (8)
Chronic, but not acute, treatment with TCAs, atypical
antidepressants, or electroshock significantly increased
the AC activity in synaptic membrane preparations from
rat cerebral cortex.118145 These effects were not due to
a change in the amount of the cyclase or G-protein
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subunits. Further experimental data suggest that
chronic treatment with antidepressants increases the
G:—AC coupling, probably by altering components of the
membrane or cytoskeleton.!45 As a result, an enhanced
binding of cAMP to the regulatory (R) subunit of the
cAMP-dependent protein kinase has been found. As
chronic desipramine treatment did not affect the ex-
pression of the mRNA of the R subunits (in situ
hybridization experiments), these effects are thought to
be due to translational changes of the enzyme.!1¢ (9)
Studies ex vivo reveal regionally specific effects of
antidepressants on G-protein a-subunits, as well as on
their mRNA levels,121.146 In the hippocampus most
antidepressants decrease the levels of Gys and Gy A
coordinated deamplification of again the BAR/G/AC
system by antidepressants in the hippocampus has been
proposed.}** This might be the mechanistic basis for
the increase in the 5-HTia-mediated responses as
measured by electrophysiological techniques in the
hippocampus.25

Modulation of the activity of G-proteins might be a
very attractive concept for innovative antidepressants.
Interfering with the receptor/G-protein or G-protein/
effector activation by mimicking or blocking these
protein—protein interactions could be an alternative for
receptor agonists and antagonists. In contrast to the
traditional search for selectivity for G-protein-coupled
receptors, selectivity for G-proteins or their effector
molecules becomes the objective. A complicating factor
is the divergency (one receptor can couple to multiple
G-proteins) and convergency (multiple receptors can
couple to one G-protein) of signaling pathways. In view
of potential side effects, this divergency might be a big
concern with drugs acting at the G-protein level. We
should however realize that the cellular environment
highly influences the selectivity for G-proteins, since
greater selectivity of receptor—G-protein coupling is
found in intact cells than in reconstituted systems.
Furthermore brain specific a-, 8-, and y-subunits have
been identified. As an example, oy is only expressed in
neuronal tissue and represents the major fraction of
o-subunits in the brain. On the other hand, the
divergency offers new prospects to interfere with only
one of the pathways downstream from the neurotrans-
mitter/receptor activation.

No compounds based upon these mechanisms are as
yet under development as potential antidepressants.
However, enormous progress has been made in our
understanding at the molecular level of the biochemical
events underlying the function of G-proteins. Especially
their a-subunits are very well characterized with respect
to their molecular structure versus function and their
association with other proteins (receptor, Sy-subunit,
and effector) and the lipid bilayer.!4” Recently the 3D
structure of retinal transducin (Gto) in its GDP-bound
form as well as bound to GTPyS has been described. 48149

It is well known that the receptor/G-protein interac-
tion can be modulated by peptides derived from the
C-terminus of the Gy-proteins, specific parts of the
intracellular loops of the GPRs, and several amphiphilic
peptides. The C-terminus of Gy is one site through
which G-proteins interact with their receptors. Inhibi-
tion of the GPR/G-protein interaction can be obtained
by inter alia pertussis-catalyzed ADP ribosylation of the
cysteine residue present near the C-terminus,!5° an Arg
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to Pro mutation in the C-terminus in the unc mutant,!5!
and antibodies!?2 to and synthetic peptides derived from
the C-termini.13® Altered receptor interactions have
been observed with ag/aye-chimeras in which the C-
terminal amino acids have been exchanged.}?* The 3D
structure of an 11-amino acid peptide derived from the
C-terminus of G, bound to rhodopsin has been studied
with nuclear magnetic resonance.l®® Conformational
differences (S-turns) in this peptide bound to the unex-
cited versus the excited rhodopsin were proposed based
upon the results obtained with analogues and NMR
studies.15

With respect to the GPRs, several extensive molecular
studies have focused on their G-protein-binding do-
mains. Four regions appear to be important for interac-
tion with G-proteins and determining specificity at the
receptor site: the intracellular loop i2, the N- and
C-termini of intracellular loop i3, and a portion of the
C-terminal part of the receptor. This is supported by
experimental data from deletion, proteolytic cleavage,
and mutation studies and experiments with chimeric
receptors. The signal transduction of the SAR/G; system
can be blocked by synthetic peptides derived from i2 of
the BAR,}5% whereas the dopamine D;R/G; system can
be uncoupled by synthetic peptides derived from parts
of i3 of the DaR.157 Coexpression of the i3 fragment of
the a;sAR with the complete ousAR and o3cAR inhibited
the inhibition of phospholipase C mediated by these
receptors but not by the M1 muscarinic receptor nor of
the dopamine Djs-mediated adenylate cyclase activ-
ity.}%® The C-terminus of the intracellular loop i3 of the
PBAR directly activates the Gs-protein as it dose depen-
dently enhances the AC activity and increases the initial
rate of GTP,S binding.15¢ Structural determinants for
Gie activation have been proposed derived from the
sequence of the insulin-like growth factor receptor (GF-
IIR), which despite its single transmembrane configu-
ration couples directly to Gj2.1%°

Several amphiphilic peptides such as mastoparan, a
wasp venom tetradecapeptide, substance P, and their
analogues directly activate certain G-proteins by
a mechanism similar to that of agonist-activated
GPRs.16%161  Direct activation of G-proteins is not
limited to peptides, as amiodarone, used in the therapy
of cardiac arrhythmias, directly activates PTX-sensitive
G-proteins at therapeutic relevant concentrations,162

In addition to the receptor/G-protein interaction, the
G-protein/effector interaction can also be modulated.!4?
Several effector-activating regions have been identified
for the Gs/AC and Gi/PDE (¢cGMP-dependent phos-
phodiesterase) systems.163.16¢ The G;,/PDE interaction
can be blocked by a peptide derived from the y-subunit
of PDE (residues 24—26).15* A segment of Gy, (residues
293—314) activates PDE through binding to the inhibi-
tory y-subunit of the latter. The question of selectivity
has been addressed by studying analogues of this
peptide. NMR conformational analysis suggests an
a-helical structure to be important for activity.1%

The peptides described above are used as tools to map
the receptor/G-protein or G-protein/effector interface.
Besides being potential leads for peptidomimetics, these
peptides can also be valuable to set up assays to screen
for nonpeptides. Clearly drugs acting at the signal
transduction pathway have to cross the plasma mem-
brane. This should not be an insurmountable hurdle,
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since several drugs on the market, e.g., lithium, steroids,
and xanthines, act intracellularly.

The structure—function relationships of the individual
components of G-protein-coupled pathways, together
with transcription factors and nuclear receptors, will
receive greater attention in the future. As a result more
information upon neuroadaptive responses after anti-
depressant treatment at the molecular level will become
available. This type of research will shed new light
upon regulation of receptor/effector systems, the poten-
tial molecular mechanisms of action of antidepressants,
the biochemical basis for their delayed onset of action,
and possibly the pathophysiology of depression. It is
likely that these insights can be translated into new
innovative antidepressants.

Hypothalamic—Pituitary Axis

HPA Axis. Disturbances of the hypothalamic—
pituitary—adrenal (HPA) axis are common in patients
with endogenous depression, characterized by hyperse-
cretion of cortisol even in the face of dexamethasone
suppression but with maintenance of the diurnal
rhythm 166167 T evels of adrenocorticotropic hormone
(ACTH) appear to be unchanged, but patients display
a blunted secretion of ACTH in response to corticotro-
pin-releasing hormone or factor (CRH or CRF).168
Elevated levels of CRH have been demonstrated in the
cerebrospinal fluid of patients with endogenous depres-
sion,1%? and the number of CRH-binding sites is reduced
in the frontal cortex of patients who committed sui-
cide.l” The current hypothesis to explain the distur-
bances in the HPA axis in major depressive disorders
is that there is a disinhibition of the axis combined with
a hypersensitivity of the adrenals, although the precise
biochemical mechanisms involved are still a matter for
dispute.166:167 Whatever the precise cause, it is likely
that both corticosteroids and CRH are involved in the
etiology of depression and therefore could represent
novel targets for the design of new antidepressant
treatments.

Corticosteroids. Hypercortisolemia may be an im-
portant factor in the occurrence of depression. Treat-
ment of depressed patients with antidepressants or
electroconvulsive therapy resulted in decreased cortisol
levels accompanied by a normalization of dexametha-
sone suppression.166:167 The decline in dexamethasone-
suppressed cortisol levels usually preceded or coincided
with good clinical outcome. Although depressed pa-
tients frequently have hypercortisolemia, they do not
develop the symptoms of Cushing’s syndrome, which is
characterized by a persistent elevation of plasma cor-
ticosteroids.166167 On the other hand, depression is a
frequent feature of Cushing’s syndrome and is signifi-
cantly more common in Cushing’s syndrome than in
other pituitary diseases. Cushing’s patients have in-
creased cortisol, normal CRH, and increased or normal
ACTH levels. Correction of Cushing’s syndrome is
usually followed by recovery from depression. Lowering
of plasma cortisol levels in Cushing’s patients by treat-
ment with inhibitors of corticosteroid synthesis, such
as metapyrone, aminoglutethimide, and ketoconazole,
reduces the severity of the associated depression.166:167

Steroid synthesis inhibition has also been investigated
as a therapeutic strategy in the treatment of endogenous
depression.196.167 Al] of the published studies are based
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upon open trials or case reports,}2~17¢ but the consensus
view is that such drugs are effective and rapid in
action.1® One of the drawbacks of this strategy is that
the enzymes involved in the synthesis of cortisol are
identical with those which participate in the biosynthe-
sis of other steroid hormones such as testosterone,
progesterone, estradiol, and aldosterone. Those inhibi-
tors used so far—metapyrone, aminoglutethimide, and
ketoconazole—are insufficiently selective for the purpose
of inhibiting only cortisol synthesis. An alternative
approach is to use selective glucocorticoid antagonists.
Indeed, initial open trials with the mixed glucocorticoid/
progesterone antagonist mifepristone (RU 486) have
suggested antidepressant efficacy.l”™ Those selective
antagonists that have been described, e.g., RU 43044
(81), are inactive in vivo due to very rapid metabo-
lism.!7® The antidepressant potential of selective glu-
cocorticoid antagonists remains hypothetical 176:177

Corticosteroids influence neuronal function by binding
to intracellular receptors and subsequent alteration of
the genomic action of the target cell.17® All five classes
of steroid receptors—glucocorticoid (GR), mineralocor-
ticoid (MR), estrogen, androgen, and progesterone
receptors—are ligand-dependent transcription factors.
The GR and MR systems are widely distributed in the
brain, and the former may be involved in the feedback
action of corticosteroids on stress-activated mechanisms
and the HPA axis. There are numerous links between
glucocorticoids and monoamine neurotransmitters.!35
Thus, innervations of the hippocampus by midbrain
serotonergic and locus ceruleus noradrenergic neurons
are under GR control. These projections are inhibited
by the glucocorticoid feedback at GR leading to desen-
sitization of 5-HT and NE neurons and receptors.
Chronic stress or corticosterone treatment leads to a
reduction in hippocampal GR and thereby antagonizes
the negative feedback mechanism. Antidepressants
seem to regulate GR corticosteroid receptor gene ex-
pression which may explain their normalization of HPA
axis hyperactivity.}”® On the other hand, they seem to
have little effect upon MR gene expression, which has
different transcriptional specificity.}7®

CRH. Numerous studies have demonstrated a hy-
pothalamic—limbic system ‘overdrive’ with excessive
secretion of CRH causing heightened HPA axis activity
in depression.166:167 Depressed patients display blunted
ACTH responses to CRH, which can be explained by a
downregulation of CRH receptors. Both the increased
CRH levels and the blunted ACTH responses could be
normalized by means of a number of antidepressant
treatments.

CRH is an important regulator of the release of ACTH
from the pituitary. In addition to its endocrine role,
CRH also acts as a neurotransmitter that activates and
coordinates endocrine, behavioral, and autonomic re-
sponses to stress and fear.180-182 The secretion of CRH
as well as the ACTH responses to CRH levels in man is
inhibited by glucocorticoids, while CRH secretion is
activated by several biogenic amines especially 5-HT
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through 5-HT)s and 5-HTj receptors and NE via o;-
adrenoceptors. Animal experiments have shown that
the depression-related effects of CRH stem from a
central action. Central injections of CRH produced
behavioral syndromes which resemble responses that
can be observed after confronting an animal with a
stressor, and these effects could not be blocked by
hypophysectomy or adrenalectomy. There are clear
inhibitory effects of the CRH antagonist a-helical
CRHy4; and CRH antisera on several responses in
stress.!81 The development of selective CRH antago-
nists would allow direct testing of the hypothesis that
CRH hypersecretion is responsible for certain of the
cardinal features of depression.182

Selective antagonists at central CRH receptors must
be sufficiently lipophilic to pass the blood—brain barrier.
However, most reported CRH antagonists are CRH-
related peptides which cannot penetrate into the
brain.!84-186 Recently a number of patents have ap-
peared on small heterocyclic molecules which can block
CRH effects, including a series of oxopyrazoline thio-
cyanates and disulfides (e.g., 52).1% These compounds
appear to penetrate the blood—brain barrier and have
been claimed as antidepressants. No data on their
therapeutic efficacy are currently available. The cloned
human CRH receptor provides a new tool for the further
refinement of selectivity and potency.18’
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HPT Axis. TRH (thyrotropin-releasing hormone) is
released from nerve terminals in the median eminence
of the hypothalamus and is transported to the anterior
pituitary. In the pituitary it releases TSH (thyrotropin)
which activates the thyroid to release L-tetraiodothy-
ronine (T4) and L-triiodothyronine (T3). T4 and T3 feed
back at both pituitary and hypothalamic sites to control
the secretion of TSH and TRH, respectively.!8 There
are three major findings that support a role of the
hypothalamic—pituitary—thyroid (HPT) axis in affective
disorders. Firstly, patients with thyroid disease, par-
ticularly primary hypothyroidism, frequently exhibit
prominent depressive symptoms.18%18 Secondly, many
patients with affective disorders have abnormalities in
HPT function, most demonstrably shown by a blunted
TSH response after TRH administration, which might
be explained by a TRH receptor downregulation.!®
Increased concentrations of TRH in the cerebrospinal
fluid of depressed patients have been reported by some
authors!?1.192 hut not by others,! and there is still
considerable controversy about whether both the blunted
TSH response and the increased TRH concentrations
represent a “state” or “trait” marker. A third argument
in favor of a role for the HPT axis in depression is the
use of hormones of this axis both to treat depression
and to accelerate and/or potentiate the effects of
TCAs.16.188.194

Prange et al.!% first reported that, in a series of
women with unipolar depression, the intravenous injec-
tion of TRH caused an antidepressant response that was
prompt, partial, and brief. Following this report, many
studies on TRH in depression were performed, but the
resuits can at best be described as equivocal. This
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might be caused by the poor blood—brain barrier
penetration of TRH. Analogues of TRH are available
which are more metabolically stable and retain psycho-
tropic activity.! None of them has been tested in
depression, but it is interesting to note that one is able
to facilitate cortical NE release in a manner akin to ag-
adrenoceptor antagonists.5

TSH has never been used for the treatment of
depression. One study, in depressed women, investi-
gated whether a TSH injection before a standard
imipramine regimen improved clinical outcome. The
patients who received TSH improved much faster than
their controls.1®* An explanation for this effect might
be the thyroid stimulation caused by TSH. A number
of investigations have evaluated the direct effects of T3
on the therapeutic effects of tricyclic antidepressants.
Since the first report by Prange et al.!°® that T3
accelerated the onset of the antidepressant effects of
imipramine in depressed patients, the augmentation by
T3 of antidepressant treatment has become standard
clinical practice especially in drug-refractory patients.1516
The evidence is largely based upon open trials or small
numbers in controlled studies, and there are several
that have demonstrated addition of T3 to be ineffec-
tive.18

Future Directions

There is concern about the economic burden placed
upon society by depressive illness. The changing health
care environment, in which the costs as well as the
benefits of drugs will play an important role, neces-
sitates the development of new and more effective
antidepressants. The older and cheaper TCAs are still
widely used because of their familiarity and low cost,
despite their clear overdosage risks and an enhanced
awareness of the dangers of suicide by depressed
patients. Safer alternatives like second-generation
antidepressants have made little impact on improving
the effectiveness of treatment although they have
reduced the risks. However, the worldwide availability
of generic fluoxetine within a few years may tip the
balance by providing a safer and equally cheap alterna-
tive to TCAs. A further consequence of generic SSRIs
may be to limit development of new antidepressants
which offer only marginal improvements over those
already available and to encourage pharmaceutical
companies to go for real innovation. Alternatively,
antidepressants may be targeted toward anxiety disor-
ders.

Combination therapy utilizing currently available
treatments can be effective in some patients who fail to
respond to a single drug, but new agents are needed
which will act more rapidly and more effectively.
Several targets have been identified for the design of
new antidepressants, including variations on the long-
running receptor agonist/antagonist theme utilizing the
growing multiplicity of subtypes particularly of og-,
5-HT, and GABA receptors. Additional targets exist
beyond the receptor, particularly at the level of second-
messenger and G-protein-coupled phenomena. Effects
on gene transcription may be the final common denomi-
nator of both future and current antidepressants. The
HPA axis remains crucial in depression, and drugs are
becoming available to manipulate its function. What-
ever the target chosen, it is unlikely that third-genera-
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tion antidepressants will be introduced until the next
century, when the health care environment may dictate
that only such truly innovative products will achieve
premium pricing.

Biographies

Chris L. E. Broekkamp received his Ph.D. degree from
the medical faculty of the University of Nijmegen and, follow-
ing postdoctoral work at Nijmegen and Vancouver, British
Columbia, joined Synthélabo in Paris as Project Leader in
behavioral pharmacology. Since 1983, he has been in the
Department of Neuropharmacology at N.V. Organon, Oss.

Dirk Leysen received his Ph.D. in medicinal chemistry
from the University of Antwerp in Belgium in 1987. He joined
N.V. Organon, Oss, in 1988, where he has worked on programs
in the antipsychotic and antidepressant areas.

Bernard W. M. M. Peeters received his Ph.D. in psychol-
ogy from the University of Nijmegen in 1991. From 1990 to
1995, he was a research scientist in the Department of
Neuropharmacology at N.V. Organon, Oss. He is presently
Project Manager, Cardiovascular Drugs.

Roger M. Pinder received his B.Sc. degree in chemistry
from the University of Hull followed by a Ph.D. on the
synthesis and pharmacology of adrenoceptor antagonists.
After a 2-year postdoctoral fellowship with Professor Alfred
Burger at the University of Virginia, Charlottesville, VA, he
joined the Chemical Defense Establishment at Porton Down,
Wiltshire, to work on hallucinogens and dopamine agonists.
In 1974, he moved to New Zealand and became editor of the
journal Drugs. In 1977, he joined Organon as head, and
subsequently manager, of the CNS-active drugs program.
From 1988 to 1992, he was Program Manager, Cardiovascular
Drugs, and became Director of Research, Coordination Phar-
ma, at the corporate headquarters of Akzo Nobel in Arnhem.
In July of 1995, he rejoined Organon as Medical Director CNS.

References

(1) Pinder, R. M., Wieringa, J. H. Third-generation antidepressants.
Med. Res. Rev. 1993, 13, 259—325.

(2) Norman, T. R.; Leonard, B. E. Fast-acting antidepressants. Can
the need be met? CNS Drugs 1994, 2, 120-131.

(3) Pinder, R. M. The benefits and nsks of antldepressant drugs.
Hum. Psychopharmacol 1988, 3, 73—86.

(4) Farmer, R. D.T,; Pinder, R. M. Why do fatal overdose rates vary?
Acta Psychiatr. Scand. 1989, 80 (Suppl. 354), 25—35.

(5) Kapur, S.; Mieczkowski, T.; Mann, J. Antidepressant medica-
tions and the relative risk of suicide attempt and suicide. oJ.
Am. Med. Assoc. 1992, 268, 3441-3445.

(6) Henry, J. A.; Antao, C. A. Suicide and fatal antidepressant
poisoning. Eur. J. Med. 1992, 1, 343—-348. -

(7) Buckley, N. A,; Dawson, A. H.; Whyte, I. M.; Henry, D. A.
Greater toxicity in overdose of dothiepin than of other tricyclic
antidepressants. Lancet 1994, 343, 159—162.

(8) Pinder, R. M. The toxicity of antidepressants in overdose:
incidence and mechanisms. Int. Rev. Psychiatry 1990, 2, 213—
227.

(9) Kind, R.; Sorensen, J. The costs of depression. Int. Clin.
Psychopharmacol. 1998, 7, 191-195.

(10) Greenberg, P. E.; Stiglin, L. E.; Finkelstein, S. N.; Berndt, E. R.
The economic burden of depression in 1990. J. Clin. Psychiatry
1993, 54, 405-418.

(11) McCombs, J. S.; Nichol, M. B.; Stimmel, G. L.; Sclar, D. A;
Beasley, C. M.; Gross, L. S. The cost of antidepressant drug
therapy failure. A study of antidepressant use patterns in a
Medicaid population. J. Clin. Psychiatry 1990, 51 (Suppl. 6),
60-69.

(12) Greenberg,P.E; Stlglm L. E.; Finkelstein, S. N.; Berndt, E. R.
Depression: Aneglected major 111ness J. Clin. Psychzatr:y 1998,
54, 419-424.

(13) Leysen, D.; Pinder, R. M. Toward third generation antidepres-
sants. Annu. Rep. Med. Chem. 1994, 29, 1-12.

(14) Thompson C.; Thompson, C. M. The prescription of antidepres-
sants in general practice. 1. A critical review. Hum. Psychop-
harmacol. 1989, 4, 91-102.

(15) Nierenberg, A. A Amsterdam J. D. Treatment-resistant depres-
sion: Definition and treatment approaches. J. Clin. Psychiatry
1990, 51 (Suppl. 6), 39—-47.

(16) Nemeroff, C. B. Augmentation regimes for depression. J. Clin.
Psychiatry 1991, 52 (Suppl. 5), 21-27.

(17) Nolen, W. A.; Haffmans, J. Treatment of resistant depression.
Int. Clin. Psychopharmacol. 1989, 4, 217—228.

Journal of Medicinal Chemistry, 1995, Vol. 38, No. 23 4629

(18) Austin, M. P. V.; Souza, F. G. M.; Goodwin, G. M. Lithium
augmentation in antidepressant-resistant patients. A quantita-
tive analysis. Br. J. Psychiatry 1991, 159, 510-514.

(19) O’Brien, S.; McKeon, Q.; O'Regan, M, The efficacy and toler-
ability of combined antidepressant treatment in different de-
pressive subgroups. Br. J. Psychiatry 1993, 162, 362—368.

(20) Tanghe, A.; Steeman, J.; Joosten, P.; van Renynghe de Voxvrie,
G. Moclobemide and amitriptyline, alone or in combination, in
therapy resistant depression. Presented at the CINP Regional
Workshop on Critical Issues in the Treatment of Affective
Disorders, Paris, France, March 1994; Abstracts, p 181.

(21) Coles, R. J.; Young, J. R. P,; Sitsen, J. M. A,; Wright, P.
Effectiveness of mianserin in combination with phenelzine in
depressed outpatients. Biol. Psychiatry 1991, 29, 362S.

(22) Lauritzen, L.; Clemmesen, L.; Klysner, R.; Loldrup, D.; Lunde,
M.; Schaumberg, E.; Waarst, W.; Bech, P. Combined treatment
with imipramine and mianserin. Pharmacopsychiatry 1992, 25,
182-1886.

(23) Lauritzen, L.; Bjerg Bendsen, B.; Vilmar, T.; Bjerg Bendsen, E;
Lunde, M.; Bech, P. Post-stroke depression: Combined treat-
ment with imipramine or desipramine and mianserin, a con-
trolled clinical study. Psychopharmacology 1994, 114,119-122,

(24) Feighner, J. P.; Boyer, W. F; Tyler, D. L. Adverse consequences
of fluoxetine-MAOI combination therapy. J. Clin. Psychiatry
1990, 5, 222—-225.

(25) Blier, P.; De Montigny, C. Current advances and trends in the
treatment of depression. Trends Pharmacol. Sci. 1994, 15, 220—
226.

(26) Moret, C.; Briley, M. The unique effect of methiothepin on the
terminal serotonin autoreceptor in the rat hypothalamus could
be an example of inverse agonism. J. Psychopharmacol. 1993,
7, 331-337.

(27) De Boer, T.; Nefkens, F.; van Helvoirt, A. The as-adrenoceptor
antagonist Org 3770 enhances serotonin transmission in vivo.
Eur. J. Pharmacol. 1994, 253, R5—R6.

(28) Haddjeri, N.; Blier, P.; Montigny, C. Effect of the ay-adrenoceptor
antagonist Remeron on rat 5-HT neurotransmission (abstract).
Soc. Neurosci. 1994, 20, 1553.

(29) Artigas, F.; Perez, V.; Alvarez, E. Pindolol induces a rapid
improvement of depressed patients treated with serotonin
reuptake inhibitors. Arch. Gen. Psychiatry 1994, 51, 248-251.

(30) Hancock, A. A.; Buckner, S, A.; Giardina, W. J.; Brune, M. E;
Lee, J. Y.; Morse, P. A.; Oheim, K. W.; Stanisic, D. S.; Warner,
R. B;; Kerkman, D. J.; DeBernardis, J. F. Preclinical pharma-
cological actions of (+)-(1R*,3R*)-3-phenyl-1-[(1",2",3",4’-tetrahy-
dro-5,6’-methylene-dioxy-1’-naphthalenyl)methyllpyrrolidine
methanesulfonate (ABT-200), a potential antidepressant agent
that antagonizes alpha-2 adrenergic receptors and inhibits the
neuronal uptake of norepinephrine. J. Pharmacol. Exp. Ther.
1995, 272, 1160-1169.

(31) Grebb, J. A; Jasinsky, O.; Thys, R.; Kennedy, S.; Sramek, J. J;
Cutler, N. R.; Sebree, T.; Kashkin, K. B. A pilot efficacy study
of A-75200 in patients with major depressive disorders. Pre-
sented at the CINP Regional Workshop on Critical Issues in the
Treatment of Affective Disorders, Paris, France, March 1994;
Abstracts, p 127. ‘

(32) Giardina, W. J.; Buckner, S. A.; Brune, M. E.; Hancock, A. A;;
Wismer, C. T.; Milicic, I.; Rattin, J.; Roux, S.; Wettstein, J. G,;
Meyer, M. D.; Porsolt, R. D.; Kerwin, J. F.; Williams, M. A-80426,
a potent and selective og-adrenoceptor antagonist with serotonin
uptake blocking activity and putative antidepressant-like effects.
II. Pharmacology profile. Drug Dev. Res. 1995, 35, 246—260.

(33) Parmentier, M.; Libert, F.; Perret, J.; Eggerickx, D.; Ledent, C,;
Schurmans, S.; Raspe, E.; Dumont, J. E.; Vassart, G. Cloning
and characterisation of G protein-coupled receptors. In Ad-
vances in Second Messenger and Phosphoprotein Research;
Brown, B. L., Dobson, P. R., Eds.; Raven Press: New York, 1993;
Vol. 28, pp 11-18.

(34) Karege, F.; Bovier, P.; Widmer, J.; Gaillard, J. M.; Tissot, R.
Platelet membrane og-adrenergic receptors in depression. Psy-
chiatry Res. 1992, 43, 243—252.

(35) Coupland, N.; Glue, P.; Nutt, D. J. Challenge tests: assessment
of the noradrenergic and GABA systems in depression and
anxiety disorders. Mol. Aspects Med. 1992, 13, 221-247.

(36) Ruffolo, R. R.; Nichols, A. J.; Stadel, J. M.; Hieble, J. P. Structure
and function of ag-adrenoceptors. Pharmacol. Rev. 1991, 43,
475-505.

(37) Levi, G.; Raiteri, M. Carrier-mediated release of neurotrans-
mitters. Trends Neurol. Sci. 1993, 16, 415—419.

(38) Raiteri, M,; Bonanno, G.; Maura, G.; Pende, M.; Andrioli, G. C.;
Ruelle, A. Subclassification of release-regulating as-adrenocep-
tors in human brain cortex. Br.J. Pharmacol. 1992, 107, 1146—
1151.

(39) Raiteri, M.; Maura, G.; Folghera, S.; Cavazzini, P.; Andrioli, G.
C.; Schlicker, E.; Schalnus, R.; Gothert, M. Modulation of
5-hydroxytryptamine release by presynaptic inhibitory a-
adrenoceptors in the human cerebral cortex. Naunyn-Schmiede-
berg’s Arch. Pharmacol. 1990, 342, 508—512.



4630 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 23

(40) Berlan, M.; Montastruc, J.-L.; Lafontan, M. Pharmacological

prospects for ag-adrenoceptor antagonist therapy. Trends Phar-
macol. Sci. 1992, 13, 277—-282.

De Boer, T.; Maura, G.; Raiteri, M.; De Vos, C. J.; Wieringa, J.;
Pinder, R. M. Neurochemical and autonomic pharmacological
profiles of the 6-aza analogue of mianserin, Org 3770, and its
enantiomers. Neuropharmacology 1988, 27, 399—408.
Montgomery, S. A. Theoretical and practical implications of a
controlled trial of an ag-adrenoceptor antagonist in the treatment
of depression. In Clinical Pharmacology in Psychiatry; Dahl,
S. G.,, Gram, L. F., Eds.; Springer-Verlag: Berlin, Germany,
1989; pp 105-108.

Grossman, F. A. Double-blind collaborative study with the NIMH
and Friends Hospital comparing the clinical effects of idazoxan
and bupropion in bipolar depressed patients. Presented at the
CINP Regional Workshop on Critical Issues in the Treatment
of Affective Disorders, Paris, France, March 1994; Abstracts, p
128.

Géthert, M.; Molderings, G. J. Involvement of presynaptic
imidazoline receptors in the az-adrenoceptor-independent inhibi-
tion of noradrenaline release by imidazoline derivatives, Nau-
nyn-Schmiedeberg’s Arch. Pharmacol. 1991, 343, 271-282.

Li, G.; Regunathan, S.; Barrow, C. J.; Eshragi, J.; Cooper, R.;
Reis, D. J. Agmatine: an endogenous clonidine-displacing
substance in the brain. Science 1994, 263, 966—969.

Brown, C. M.; MacKinnon, A. C.; Redfern, W. S,; Hicks, P. E,;
Kilpatrick, A. T.; Small, C.; Ramcharan, M,; Clague, R. U.; Clark,
R. D.; McFarlane, C. B.; Spedding, M. The pharmacology of RS-
15385-197, a potent and selective ap-adrenoceptor antagonist.
Br. J. Pharmacol. 1993, 108, 516—525.

Nicholls, I. A.; Morrison, S. F.; Brinkworth, R. I.; Alewood, P.
F.; Andrews, P. R. Central nervous system receptor binding
profiles of some 2-amino-4-phenylquinolines: a novel class of ap-
adrenoceptor selective ligands. Life Sci. 19983, 53, PL 343-347.
Melloni, P.; Della Torre, A.; Meroni, M.; Pevarello, P.; Varasi,
M.; Bonsignori, A.; Cini, M.; Vaghi, F.; Dostert, P. Synthesis of
new fenmetazole analogues with potential mixed os-adrenergic
antagonistic activity and noradrenaline-uptake inhibiting prop-
erties. Eur.J. Med. Chem. 1991, 26, 207-213.

Bylund, D. F. Subtypes of a;- and ag-adrenergic receptors.
FASEB J. 1992, 6, 832—-839.

Harrison, J. K.; Pearson, W. R.; Lynch, K. R. Molecular
characterization of a;- and og-adrenoceptors. Trends Pharmacol.
Sci. 1991, 12, 62-67.

Bylund, D. B.; Eikenberg, D. C,; Hieble, J. P.; Langer, S. Z;
Lefkowitz, R. J.; Minneman, K. P.; Molinoff, P. B.; Ruffolo, R.
R.; Trendelenburg, U. International Union of Pharmacology
Nomenclature of Adrenoceptors. Pharmacol. Rev. 1994, 46,
121-136.

Trendelenberg, A. U.; Trendelenberg, M.; Starke, K.; Limberger,
N. Release-inhibiting ag-adrenoceptors at serotonergic axons in
rat and rabbit brain cortex: evidence for pharmacological
identity with ag-autoreceptors. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 1994, 349, 25-33.

Trendelenberg, A. U.; Limberger, N.; Starke, K. ag-Autoreceptors
in the guinea-pig brain cortex are asp. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 1994, 349 (Suppl.), R79.

Heal, D. J.; Cheetham, S. C.; Butler, S. A.; Prow, M. W.; Buckett,
W. R. Evidence to demonstrate that postsynaptic ag-adrenocep-
tors in the rat cortex are of the agp subtype. Br.J. Pharmacol.
1994, 112, 319P.

Simonneaux, V.; Ebadi, M.; Bylund, D. B. Identification and
characterization of agp-adrenergic receptors in bovine pineal
gland. Mol. Pharmacol. 1991, 40, 235—-241.

Maura, G.; Bonanno, G.; Raiteri, M. Presynaptic as-adrenocep-
tors mediating inhibition of noradrenaline and 5-hydroxy-
tryptamine release in rat cerebral cortex: further characteri-
sation as different subtypes. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 1992, 345, 410—4186.

Gobbi, M.; Frittoli, E.; Mennini, T. The modulation of [3H]-
noradrenaline and [®*H]serotonin release from rat brain synap-
tosomes is not mediated by the agg-adrenoceptor subtype.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 1990, 342, 382—-386.
De Montigny, C.; Mongeau, R.; Haddjeri, N.; Blier, P. Alteration
of ag-heteroceptors on 5-HT terminals by antidepressant treat-
ments: possible involvement in their therapeutic effect. Pre-
sented at the CINP Regional Workshop on Critical Issues in the
Treatment of Affective Disorders, Paris, France, March 1994;
Abstract, pp 72-73.

De Boer, T.; Nefkens, F.; Van Helvoirt, A. Differential effects of
two ag-antagonist antidepressants, Remeron (Org 3770) and
mianserin on noradrenergic and serotonergic transmission in
vivo. Can. J. Physiol. Pharmacol. 1994, 72 (Suppl. 1), 439.
Blier, P.; Mongeau, R.; Weiss, M.; De Montigny, C. Modulation
of serotonin transmission by presynaptic as-adrenergic recep-
tors: A target for antidepressant pharmacotherapy? In New
Pharmacological Approaches to the Therapy of Depressive Dis-
orders; Mendlewicz, J., Brunello, N., Langer, S. Z., Racagni, G.,
Eds.; Karger: Basel, Switzerland, 1993; pp 74-82.

Perspective

Fink, K.; Schultheiss, R.; Géthert, M. Stimulation of noradrena-
line release in human cerebral receptors. Br. J. Pharmacol.
1992, 106, 67-72.

Fink, K; Gothert, M. Modulation of N-methyl-D-aspartate
(NMDA)-stimulated noradrenaline release in rat brain cortex
by presynaptic ag-adrenoceptors. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 1998, 348, 372—-378.

Fink, K.; Schlicke, E.; Géthert, M. N-methyl-D-aspartate (NMDA)-
stimulated noadrenaline (NA) release in rat brain is modulated
by presynaptic Hj-receptors. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 1994, 349, 113-117.

Itoh, Y.; Ogasawara, T.; Yamazaki, A.; Ukai, Y.; Miura, A;
Kimura, K. Enhancement of noradrenaline release from rat
frontal cortex by thyrotropin releasing hormone and its analogue,
(3R,6R)-6-methyl-5-0x0-3-thiomorpholinocarbonyl-L-histidyl-L-
prolinamide, as studied by intracerebral microdialysis. . Phar-
macol. Exp. Ther. 1994, 268, 255—-261.

Trullas, R.; Faiman, C. P.; Viu, E. P.; Skolnik, P. Antidepressant
properties of functional antagonists at the NMDA receptor
complex. J. Neurochem. 1998, 61 (Suppl.), 550.

Nowak, G.; Layer, R. T.; Skolnik, P.; Paul, I. A. Adaptation of
the NMDA receptor following chronic antidepressants. J. Neu-
rochem. 1993, 61 (Suppl.), S51.

Gambarana, C.; Meloni, D.; De Montis, M. G.; Tagliamante, A.
Mechanisms of neuronal plasticity implicated in the antidepres-
sant effect of imipramine. J. Neurochem. 1993, 61 (Suppl.),
S5202.

Bonanno, G.; Raiteri, M. Multiple GABAg receptors. Trends
Pharmacol. Sci. 1993, 14, 259—-261.

Bittiger, H.; Froestl, W.; Mickel, S. J.; Olpe, H. R. GABAs
receptor antagonists: from synthesis to therapeutic applications.
Trends Pharmacol. Sci. 1993, 14, 391-394.

Paykel, E. S.; Van Woerkom, A. E.; Walters, D. E.; White, W.;
Mercer, J. Fengabine in depression: a placebo-controlled study
of a GABA agonist. Hum. Psychopharmacol. 1991, 6, 147—-154.
Squires, R. F.; Saederup, E. A review of the evidence for
GABergic predominance/glutamatergic deficit as a common
etiological factor in both schizophrenia and affective psychoses:
more support for a continuum hypothesis of “functional” psy-
chosis. Neurochem. Res. 1991, 16, 1099—-1111,

Monteleone, P.; Maj, M.; lovine, M.; Steardo, L. GABA, depres-
sion and the mechanism of action of antidepressant drugs: a
neuroendocrine approach. J. Affective Disord. 1990, 20, 1-5.
Maura, G.; Pittaluga, A.; Ulivi, M.; Raiteri, M. Enhancement of
endogenous GABA release from rat synaptosomal preparations
is mediated by og-adrenoceptors pharmacologically different
from as-autoreceptors. Eur. J. Pharmacol. 1988, 157, 23-29.
Bonanno, G.; Cavazzani, P.; Andrioli, G. C.; Asaro, D.; Pellegrini,
G.; Raiteri, M. Release-regulating autoreceptors of the GABAg-
type in human cerebral cortex. Br.J. Pharmacol. 1989, 96, 341—
346.

Post, R. M,; Chuang, D. M. Mechanism of action of lithium:
comparison and contrast with carbamazepine. In Lithium and
The Cell: Pharmacology and Biochemistry; Birch, N. J., Ed,;
Academic Press: London, 1991; pp 199-241.

Pratt, G. D.; Bowery, N. G. Repeated administration of de-
sipramine and a GABAg receptor antagonist GCP36742 dis-
cretely upregulates GABAg receptor binding in rat frontal cortex.
Br. J. Pharmacol. 1993, 110, 724-735.

Hartig, P. R. Molecular pharmacology of serotonin receptors.
Experientia, Suppl. 1994, 71P, 93—-102.

Rickels, K. Buspirone in clinical practice. J. Clin. Psychiatry
1990, Suppl. 51P, 51-54.

Yoccea, F. D. Neurochemistry and neurophysiology of buspirone
and gepirone: interactions at presynaptic and postsynaptic
5-HT)4 receptors. J. Clin. Psychopharmacol. 1990, 10 (Suppl.
3), 65-128.

Rickels, K.; Amsterdam, J. D.; Clary, C.; Puzzuoli, G.; Schweizer,
E. Buspirone in major depression: a controlled study. J. Clin.
Psychiatry 1991, 52, 34—38.

Jenkins, S. W.; Robinson, D. S.; Fabre, L. F., Jr.; Andary, J. J.;
Messina, M. E.; Reich, L. A. Gepirone in the treatment of major
degression. J. Clin. Psychopharmacol. 1990, 10 (Suppl. 3), 77S5—
858S.

Heller, A. H.; Beneke, M.; Kuemmel, B.; Spencer, D.; Kurtz, N.
M. Ipsapirone: evidence for efficacy in depression. Psycho-
pharmacol. Bull. 1990, 26, 219-222.

Tollefson, G. D.; Lancaster, S. P.; Montague-Clouse, J. The
association of buspirone and its metabolite 1-pyrimidinylpip-
erazine in the remission of comorbid anxiety with depressive
features and alcohol dependency. Psychopharmacol. Bull. 1991,
27, 163-170.

Jann, M. W. Buspirone, an update on a unique anxiolytic agent.
Pharmacotherapy (Carlisle, Mass.) 1988, 8, 100-116.

Grof, P.; Joffe, R.; Kennedy, S.; Persad, E.; Syrotiuk, J.; Bradford,
D. An open study of oral flesinoxan, a 5-HT)a receptor agonist,
in treatment-resistant depression. Int. Clin. Psychopharmacol.
1993, 8, 167-172.



Perspective

(86) Cervo, L.; Bendotti, C.; Tarizzo, E.; Cagnotto, A.; Skorupska, M.;
Mennini, T.; Samanin, R. Potential antidepressant properties
of SR57746A, a novel compound with selectivity and high affinity
for 5-HT)4 receptors. Eur. J. Pharmacol. 1994, 253, 139—-147.

(87) Fletcher, A.; Cliffe, I. A,; Dourish, C. T. Silent 5-HT)4 receptor
antagonists: Utility as research tools and therapeutic agents.
Trends Pharmacol. Sci. 1993, 14, 441—-448.

(88) Munday, M. K.; Fletcher, A.; Marsden, C. A. Effect of the
putative 5-HT4 antagonists WAY 100135 and SDZ 216-525 on
5-HT neuronal firing in the guinea-pig dorsal raphe nucleus.
Neuropharmacology 1994, 33, 61—66.

(89) Millan, M. J.; Canton, H.; Gobert, A.; Lejeune, F.; Rivet, J.-M.;
Bervoets, K.; Brocco, M.; Wissowson, P.; Mennini, T.; Audinot,
V.; Honoré, P.; Renouard, A.; Le Marouille-Girardon, S.; Verriéle,
L.; Gressier, H.; Peglion, J.-L. Novel benzodioxopiperazines
acting as antagonists at postsynaptic 5-HT)4s receptors and as
agonists at 5-HT)4 autoreceptors: a comparative pharmacologi-
cal characterization with proposed 5-HT;s antagonists. J.
Pharmacol. Exp. Ther, 1994, 268, 337—352.

(90) Rydelek-Fitzgerald, L.; Teitler, M.; Fletcher, P. W.; Ismaiel, A.
M.; Glennon, R. A. NAN-190: Agonist and antagonist interac-
tions with brain 5-HT)4 receptors. Brain Res. 1990, 532, 191—
196.

(91) Boddeke, H. W. G. M,; Fargin, A.; Raymond, J. R.; Schoeffter,
P.; Hoyer, D. Agonist/antagonist interactions with cloned human
5-HT1a receptors: Variations in intrinsic activity studied in
transfected HeLa cells. Naunyn-Schmiedeberg’s Arch. Pharma-
col. 1992, 345, 257-263.

(92) Munday, M. K,; Fletcher, A.; Marsden, C. Effect of the putative
5-HT)a antagonist WAY100635 on 5-HT neuronal firing in the
guinea-pig dorsal raphe nucleus. Br.J. Pharmacol. 1994, 112
(Suppl.), 93P.

(93) Mokorsz, M. J.; Chojnacka-Wojcik, E.; Tatarczynska, E.; Klodz-
inska, A.; Filip, M.; Boksa, J.; Charakchieva-Minol, S.; Mokrosz,
J. L. 1-(2-Methoxyphenyl)-4-(4-succinimido)butylpiperazine (MM-
77). A new, potent, postsynaptic antagonist of 5-HT)4 receptors.
Med. Chem. Res. 1994, 4, 161—-166.

(94) Berendsen, H. H.; Broekkamp, C. L. Comparison of stimulus
properties of fluoxetine and 5-HT receptor agonists in a condi-
tioned taste aversion procedure. Eur.J. Pharmacol. 1994, 253,
83-89.

(95) Jenck, F.; Broekkamp, C. L. E.; Van Delft, A. M. L. The effect of
antidepressants on aversive periaqueductal gray stimulation in
rats. Eur. J. Pharmacol. 1990, 177, 201-204.

(96) Conn, P. J.; Sanders-Bush, E. Relative efficacies of piperazines
at the phosphoinositide hydrolysis-linked serotonergic (5-HT;
and 5-HT)c) Receptors. J. Pharmacol. Exp. Ther. 1987, 242,
552-557.

(97) Lee, H. S.; Bastani, B.; Friedman, L.; Ramirez, L.; Meltzer, H.
Y. Effect of the serotonin agonist, MK-212, on body temperature
in schizophrenia. Biol. Psychiatry 1992, 31, 460—-470.

(98) Bertolino, A.; Palermo, M.; Porro, V. Un nouvel antidépresseur
non tricyclique, L'Oxaflozane, dans le traitement des syndromes
anxio-dépressifs. (Oxaflozane, a new non tricyclic antidepres-
sant in the treatment of anxiety-depressions syndromes.) Acta
Ther, 1985, 11, 209-217.

(99) Mellow, A. M.; Lawler, B. A.; Sunderland, T.; Mueller, E. A.;
Molchan, S. E.; Murphy, D. L. Effects of daily oral m-chlorophe-
nylpiperazine in elderly depressed patients; initial experience
with a serotonin agonist. Biol. Psychiatry 1990, 28, 588—-594.

(100) Grignaschi, G.; Samanin, R. Role of 5-HT receptors in the effect
of d-fenfluramine on feeding patterns in the rat. Eur. J.
Pharmacol. 1992, 212, 287—-289.

(101) Kennett, G. A.; Wood, M. D.; Glen, A.; Grewal, S.; Forbes, I.;
Gadre, A.; Blackburn, T. P. In vivo properties of SB 2006464, a
5-HTgcop receptor antagonist. Br. J. Pharmacol. 1994, 111,
797-802.

(102) Jenck, F.; Moreau, J.-L.; Mutel, V.; Martin, J. R. Brain 5-HT)¢
receptors and antidepressants. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 1994, 18, 563—574,.

(103) Zohar, J.; Mueller, E. A.; Insel, T. R.; Zohar-Kadouch, R. C.;
Murphy, D.L. Serotonergic responsitivity in obsessive-compul-
sive disorder: comparison of patients and healthy controls.
Arch. Gen. Psychiatry 1987, 44, 946-951.

(104) Murphy, D. L.; Mueller, E. A.; H111 J. L.; Tolliver, T. J.; Jacobsen,
F. M. Compantlve anxiogenic, neuroendocnne, and other physi-
ological effects of m-chlorophenylpiperazine given intravenously
or orally to healthy volunteers. Psychopharmacology 1989, 43,
527-552.

(105) Lawler, B. A.; Sunderland, T.; Mellow, A. M.; Molchan, S. E.;
Martinez, R.; Murphy, D. L. A pilot placebo-controlled study of
chronic m-CPP administration in Alzheimer’s disease. Biol.
Psychiatry 1991, 30, 140—-144,

(106) Kahn, R. S.; Siever, L. J.; Gabriel, S.; Amin, F.; Stern, R. G;
DuMont, K.; Apter, S.; Davidson, M. Serotonin function in
schizophrenia: Effects of meta-chlorophenylpiperazine in schizo-
phrenic patients and healthy subjects. Psychiatry Res. 1992,
43,1-12,

Journal of Medicinal Chemistry, 1995, Vol. 38, No. 23 4631

(107) Costall, B.; Domeney, A. M.; Kelly, M. E.; Tomkins, D. M,;
Naylor, R. J.; Wong, E. H.; Smith, W, L.; Whiting, R. L.; Eglen,
R. M. The effect of the 5-HT; receptor antagonist, RS-42358-
197, in animal models of anxiety. Eur.J. Pharmacol. 1993, 234,
91-99.

(108) Maura, G.; Thelling, S.; Andrioli, G. C.; Ruelle, A.; Raiteri, M.
Release-regulating serotonin 5-HT)p autoreceptors in human
cerebral cortex. J. Neurochem. 1993, 60, 1179-1182,

(109) Clitherow, J. W.; Scoper, D. 1. C.; Skingle, M.; Jordan, C. C.;
Feniuk, W.; Campbell, 1. B,; Carter, M. C.; Collington, E. W_;
Connor, H. E.; Higgins, G. A.; Beattie, D.; Kelly, H. A.; Mitchell,
W. L.; Oxford, A. W.; Wadsworth, A, H.; Tyers, M. B. Evolution
of a series of [(N,N-dimethylamino)propyl]- and piperazinylbenz-
anilides as the first selective 5-HTp antagonists. J. Med. Chem.
1994, 37, 2253-2257.

(110) Oksenberg, D.; Marsters, S. A.; O'Dowd, B. F.; Jin, H.; Havlik,
S.; Peroutka, S. J.; Ashkenazi, A. A single amino-acid difference
confers major pharmacological variation between human and
rodent 5-HT)p receptors. Nature 1992, 360, 161-163.

(111) Prien, R. F.; Gelenberg, A. J.; Alternatives to lithium in the
preventive treatment of bipolar disorders. Am. J. Psychiatry
1989, 146, 840—848.

(112) Bowden, C. L.; Brugger, A. M.; Swann, A. C.; Calabrese, J. R.;
Janicak, P. E.; Petty, F.; Dilsaver, S. C.; Davis, J. M.; Rush, A.
J.; Small, J. G.; Garza-Trevino, E. S.; Risch, S. C.; Goodrich, O.
J.; Morris, D. D. Efficacy of divalproex vs lithium and placebo
in the treatment of mania. J. Am. Med. Assoc. 1994, 271, 918—
924,

(113) Héschl, C. Do calcium antagonists have a place in the treatment
of mood disorders? Drugs 1991, 42, 721-729.

(114) Danoff, S. K.; Ross, C. A. The inositol triphosphate receptor gene
family: implications for normal and abnormal brain function.
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 1994, 18, 1-16.

(115) Parthasarathy, L.; Vadnal, R. E.; Parthasarathy, R.; Devi, C. S.
Biochemical and molecular properties of lithium-sensitive myo-
inositol monophosphatase. Life Sci. 1994, 16, 1127-1142.

(116) Manji, H. K.; Lenox, R. H. Long-term action of lithium: a role
for transcriptional and posttranscriptional factors regulated by
protein kinase C. Synapse 1994, 16, 11-28.

(117) Ozawa, H.; Katamura, Y.; Hatta S.; Amemiya, N.; Saito, T.;
Ohshika, H Takahata N Antldepressants dlrectly influence
in situ binding of guanine nucleotide in synaptic membrane. Life
Sci. 1994, 54, 925—932.

(118) Perez, J.; Mori, S.; Brunello, N.; Racagni, G. Cyclic AMP protein
kinase as an intracellular target for the action of antidepressant
drugs. In Critical Issues in the Treatment of Affective Disorders;
Langer, S. Z., Brunello, N., Racagni, G., Mendlewicz, J., Eds;
Karger: Switzerland, 1994; Vol. 9, pp 110-117.

(119) Beavo, J. A,; Reifsnyder, D. H. Primary sequence of cyclic
nucleotide phosphodiesterase isozymes and the design of selec-
tive inhibitors. Trends Pharmacol. Sci. 1990, 11, 150—155.

(120) Levine, J.; Gonzalves, M.; Babur, 1.; Stir, S.; Elizur, A.; Kofman,
O.; Belmaker, R. H. Inositol 6g daily may be effective in
depression but not in schizophrenia. Hum. Psychopharmacol.
1993, 8, 49—53.

(121) Lesch, K.-P.; Aulakh, C. S.; Wolozin, B. L.; Murphy, D. L.
Serotonin (5-HT) receptor, 5-HT transporter and G protein-
effector expression: implications for depression. Pharmacol.
Toxicol. 1992, 71 (Suppl. 1), 49—60.

(122) Baldwin, J. M. The probable arrangement of the helices in G
protein-coupled receptors. EMBO J. 1993, 12, 1693-1703.

© (123) Birnbaumer, L. Receptor-to-effector signaling through G pro-

teins: roles for By dimers as well as o subunits. Cell 1992, 71,
1069-1072.

(124) Hepler, J. R.; Gilman, A. G. G proteins. Trends Biochem. Sci.
1992, 17, 383-387.

(125) Simon, M. L.; Strathmann, M. P.; Gautam, N. Diversity of G
proteins in signal transduction. Science 1991, 252, 802-808.

(126) Laduron, P. M. Towards genomic pharmacology: from membra-
nal to nuclear receptors. Adv. Drug. Res. 1992, 22, 107-148.

(127) Lohse, M. J.; Benovic, J. L.; Codina, J.; Caron, M. G.; Lefkowitz,
R. J. B-Arrestin: a protein that regulates S-adrenergic receptor
function. Science 1990, 248, 1547-1550.

(128) Inglese, J.; Freedman, N. J.; Koch, W. J.; Lefkowitz, R. J.
Structure and mechanism of the G protein-coupled receptor
kinases. oJ. Biol. Chem. 1993, 268, 23735-23738.

(129) Girault, J.-A. Protein kinases and phosphatases. Neurotrans-
missions 1994, 10 (3), 1-5.

(130) Zheng, J.; Knighton, D. R.; ten Eyck, L. F.; Karlsson, R.; Xuong,
N.; Taylor, S. S.; Sowadski, J. M. Crystal structure of the
catalytic subunit of cAMP-dependent protein kinase complexed
with MgATP and peptide inhibitor. Biochemistry 1993, 32,
2154-2161.

(131) Benovic, J. L.; Onorato, J.; Lohse, M. J.; Dohlman, H. G
Staniszewiski, C.; Caron, M. G.; Lefkowitz, R. J. Synthetic
peptides of the hamster Be-adrenoceptor as substrate and
inhibitors of the 8-adrenoceptor kinase. Br.J. Clin. Pharmacol.
1990, 30 (Suppl. 1), 35-128.

(132) Travis, J. Novel anticancer agents move closer to reality. Science
1993, 260, 1877-1878.



4632 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 23

(133)

(134)

(185)

(136)

(137)

(138)

(139)

(140

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155

(156)

Haga, T.; Haga, K.; Kameyama, K.; Nakata, H. Phosphorylation
of muscarinic receptors: regulation by G proteins. Life Sci.
1993, 52, 421-428.

Simonds, W. F.; Manji, H. K.; Lupas, A. N; Garritsen, A. G
proteins and SARK: a new twist for the coiled coil. Trends
Biochem. Sci. 1993, 18, 315-317.

Rossby, S. P.; Huang, M.; Burt, A.; Gillespie, D. D.; Sulser, D.
The “serotonin/norepinephrine/glucocorticoid link” as a target
for antidepressant drug action. Neuropsychopharmacology 1994,
10, 173S.

Young, L. T; Li, P. P.; Kish, S. J.; Siu, K. P.; Warsh, J. J.
Postmortem cerebral cortex Gs a-subunit levels are elevated in
bipolar affective disorder. Brain Res. 1991, 553, 323—-326.
Avissar, S.; Schreiber, G. Antidepressant and antibipolar treat-
ments effects on receptor-coupled G proteins measured in
lymphocytes of patients with mood disorders. Neuropsycho-
pharmacology 1994, 10, 1708S.

Pandey, G. N.; Pandey, S. C.; Janicak, P. G.; Davis, J. M. Signal
transduction abnormalities in leukocytes of depressed patients.
Neuropsychopharmacology 1994, 10, 158S.

Newman, M. E.; Belmaker, R. H. Effects of lithium in vitro and
ex vivo on components of the adenylate cyclase system in
membranes from the cerebral cortex of the rat. Neuropharma-
cology 1987, 26, 211-217.

Snyder, S. H. Second messengers and affective illness-Focus on
the phosphoinositide cycle. Pharmacopsychiatry 1992, 25, 25—
28

Racagni, G.; Brunello, N.; Tinelli, D.; Perez, J. New biochemical
hypotheses on the mechanism of action of antidepressant
drugs: cAMP-dependent phosphorylation system. Pharmaco-
psychiatry 1992, 25, 51-55.

Pollack, S. J.; Atack, J. R.; Knowles, M. R.; McAllister, G.; Ragan,
C. I; Baker, R.; Fletcher, S. R.; Iversen, L. L.; Broughton, H. B.
Mechanism of inositolmonophosphatase, the putative target of
lithium therapy. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 5766—
5770.

Okada, F.; Tokumitsu, Y.; Ui, M. Possible involvement of
pertussis toxin substrates (Gi, G,) in desipramine-induced re-
fractoriness of adenylate cyclase in cerebral cortices of rats. J.
Neurochem. 1988, 51, 194—199.

Manji, H. K;; Chen, G.; Lesch, K. P.; Potter, W. Z. Signal
transduction modulation by antidepressants: G proteins and
protein kinase C isoenzymes as targets. Neuropsychopharma-
cology 1994, 10, 1698S.

Rasenick, M. M. G proteins as the molecular target of antide-
pressant action: chronic treatment increases coupling between
a G, and adenylyl cyclase. Neuropsychopharmacology 1994, 10,
580S.

Lesch, K. P.; Aulakh, C. S.; Tolliver, T. J.; Hill, J. L.; Murphy,
D. L. Regulation of G proteins by chronic antidepressant drug
treatment in rat brain: tricyclics but not clorgyline increase G,
subunits. Eur. J. Pharmacol. 1991, 207, 361—-364.

Conklin, B. R.; Bourne, H. R. Structural elements of G, subunits
that interact with Gg,, receptors, and effectors. Cell 1993, 73,
631-641.

Lambright, G. G.; Noel, J. P.; Hamm, H. E,; Sigler, P. B.
Structural determinants for activation of the a-subunit of a
heterotrimeric G protein. Nature 1994, 369, 621-628.

Noel, J. P.; Hamm, H. E,; Sigler, P. B. The 2.2a crystal structure
of transducin-a complexed with GTPyS. Nature 1998, 366, 654—
663.

Kurose, H.; Katada, T.; Amano, T.; Ui, M. Specific coupling by
islet-activating protein, pertussis toxin of negative signal trans-
duction via a-adrenergic, cholinergic, and opiate receptors in
neuroblastoma x glioma hybrid cells. J. Biol. Chem. 1983, 258,
4870-4875.

Sullivan, K. A.; Miller, R. T.; Masters, S. B.; Beiderman, B.;
Heideman, W.; Bourne, H. R. Identification of receptor contact
site involved in receptor-G protein coupling. Nature 1987, 330,
758-760.

Simonds, W. F.; Goldsmith, P. K.; Woodward, C. J.; Unson, C.
G.; Spiegel, A. M. Receptor and effector interactions of G..
Functional studies with antibodies to the as carboxyl-terminal
decapeptide. FEBS Lett. 1989, 249, 189-194.

Palm, D.; Miinch, G.; Malek, D.; Dees, C.; Hekman, M. Identi-
fication of a Gs-protein coupling domain to the 3-adrenoceptor
using site-specific synthetic peptides. Carboxyl terminus of G,
is involved in coupling to 3-adrenoceptors. FEBS Lett. 1990,
261, 294—298.

Conklin, B. R.; Farfel, Z.; Lustig, K. D.; Julius, D.; Bourne, H.
R. Substitution of three amino acids switches receptor specificity
of Ggo to that of Gio. Nature 1993, 363, 274—276.

Dratz, E. A.; Furstenau, J. E.; Lambert, C. G.; Thireault, D. L.;
Rarick, H.; Schepers, T.; Pakhlevaniants, S.; Hamm, H. E. NMR
structure of a receptor-bound G protein peptide. Nature 1993,
363, 276—281.

Palm, D.; Miinch, G.; Malek, D.; Dess, C.; Hekman, M. Mapping
of the B-adrenoceptor coupling domains to G.-protein by site-
specific synthetic peptides. FEBS Lett. 1989, 254, 89-94.

(157)

Perspective

Malek, D.; Miinch, G.; Palm, D. Two sites in the third inner loop
of the dopamine D; receptor are involved in functional G protein-
mediated coupling to adenylate cyclase. FEBS Lett. 1993, 325,
215-219.

(158) Luttrel, L. M.; Ostrowski, J.; Cotecchia, S.; Kendall, H.; Lefkowtitz,

(159)
(160)

(161)

(162)

(163)
(164)

(165)
(166)
(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

177

(178

(179)

(180)

(181)
(182)

(183)

R. J. Antagonism of catecholamine receptor signaling by expres-
sion of cytoplasmic domains of the receptor. Science 1993, 259,
1453-1457.

Okamoto, T.; Nishimoto, I. Native peptides that activate and
antagonize G proteins. J. Neurochem. 1993, 61 (Suppl.), S118.
Higashijima, T.; Burnier, J.; Ross, E. M. Regulation of G; and
G, by mastoparan, related amphiphilic peptides, and hydropho-
bic amines. J. Biol. Chem. 1990, 265, 14176—-14186.

Mousli, M.; Bronner, C.; Bockaert, J.; Rouot, B.; Landry, Y.
Interaction of substance P, compound 48/80 and mastoparan
with the a-subunit C-terminus of G protein. Immunol. Lett.
1990, 25, 355-357.

Hageliiken, A ; Seifert, R. Amiodarone is a potent direct activator
of pertussis toxin-sensitive G-proteins. Naunyn-Schmiedeberg’s
Arch, Pharmacol. 1994, 349 (Suppl.), R18.

Berlot, C. H.; Bourne, H. R. Identification of effector-activating
residues of Gg,.. Cell 1992, 68, 911-922.

Artemyyev, N. O.; Rarik, H. M.; Mills, J. S,; Skiba, N. P.; Hamm,
H. E. Sites of interaction between rod G-protein a-subunit and
¢GMP-phosphodiesterase. Implications for the phosphodi-
esterase activation mechanism. <. Biol. Chem. 1992, 267,
25067-25072.

Artemyev, N. O.; Hamm, H. E. Probing G-protein function.
Struct. Biol. 1994, 1, 752—754.

Murphy, B. E. P. Steroids and depression. J. Steroid Biochem.
Mol. Biol. 1991, 38, 537—-559.

Checkley, S. Neuroendocrine mechanisms and the precipitation
of depression by life events. Br.J. Psychiatry 1992, 160 (Suppl.
15), 7-17.

Katho, R. G.; Jaeckle, R. S.; Lopez, J. F.; Meller, W. H. Consistent
reduction of ACTH responses to stimulation with CHR, vaso-
pressin and hypoglycaemia in patients with major depression.
Br. J. Psychiatry 1989, 155, 468—478.

Roy, A.; Pickar, D.; Paul, S.; Doran, A.; Chrousos, G. P.; Gold,
P. W. CSF corticotropin-releasing hormone in depressed patients
and normal control subjects. Am.J. Psychiatry 1987, 144, 641—
645.

Nemeroff, C. B.; Owens, M. J.; Bissette, G.; Andorn, A. C,;
Stanley, M. Reduced corticotropin releasing factor binding sites
in the frontal cortex of suicide victims. Arch. Gen. Psychiatry
1988, 45, 577—-5179.

Ravaris, C. L.; Sateia, M. L.; Beroza, K. W.; Noordsy, D. L. Effect
of ketoconazole on a hypophysectomized, hypercortisolemic,
psychotically depressed woman. Arch. Gen. Psychiatry 1988, 45,
966—-967.

Murphy, B. E. P.; Dhar, V.; Ghardirian, A. M.; Chouinard, D.;
Keller, R. Response to steroid suppression in major depression
resistant to antidepressant therapy. J. Clin. Psychopharmacol.
1991, 11, 121-126.

Molkowitz, O. M.; Reus, V. I.; Manfredi, F.; Ingbar, J.; Brizen-
dine, L.; Weingartner, H. Ketoconazole administration in hy-
percortisolemic depression. Am. J. Psychiatry 1993, 150, 810—
812.

Thakore, J. H.; Dinan, T. G. Cortisol synthesis inhibition. A
new treatment strategy for depression. oJ. Psychopharmacol.
1994, 8 (Suppl.), A50.

Murphy, B. E. P.; Filipini, D.; Ghadirian, A. M. Possible use of
glucocorticoid receptor antagonists in the treatment of major de-
pression: Preliminary results using RU486. J. Psychiatry
Neurosci. 1993, 18, 209-213.

Teutsch, G.; Gaillard-Moguilewski, M.; Lemoine, G.; Nique, F;
Philibert, D. Design of ligands for the glucocorticoid and proges-
tin receptors. Proc. Soc. Trans. 1991, 19, 901-905.

Sutanto, W.; De Kloet, E. R. Corticosteroid receptor antago-
nists: a current perspective. Pharmacy Wid. Sci. 1995, 17, 31—
41.

Barden, N. Antidepressant regulation of corticosteroid receptor
gene expression: a mechanism for their normalization of HPA
axis hyperactivity seen in depression. Neuropsychopharmacol-
ogy 1994, 10, 6398.

Pearce, D. A mechanistic basis for distinct mineralocorticoid and
glucocorticoid receptor transcriptional specificities. Steroids
1994, 59, 153-159.

Fisher, L. A. Corticotropin-releasing factor: endocrine and
autonomic responses to stress. Trends Pharmacol. Sci. 1989,
10, 189-192.

Orth, D. N. Corticotropin-releasing hormone in humans. En-
docrine Rev. 1992, 13, 164—-191.

Nemeroff, C. B. New vistas in neuropeptide research in neuro-
psychiatry: Focus on corticotropin-releasing factor. Neuropsy-
chopharmacology 1992, 6, 69-75.

Curtis, A. L.; Valentino, R. J. Acute and chronic effects of the
atypical antidepressant, mianserin, on brain noradrenergic
neurons. Psychopharmacology 1991, 103, 330—338.



Perspective

(184)

(185)

(186)

(187)

(188)

(189)

Hernandez, J. F.; Kornreich, W.; Rivier, C.; Miranda, A,
Yamamoto, G.; Andrews, J.; Tache, Y.; Vale, W.; Rivier, J.
Synthesis and relative potencies of new constrained CRF
antagonists. J. Med. Chem. 1993, 36, 2860—28617.

Rivier, J.; Rivier, C.; Galyean, R.; Miranda, A.; Miller, C.; Craig,
A. G.; Yamamoto, G.; Brown, M.; Vale, W. Single point D-
substituted corticotropin-releasing factor analogues: Effects on
potency and physiocochemical characteristics. J. Med. Chem.
1993, 36, 2851-2859.

Miranda, A.; Koerber, S. C.; Gulyas, J.; Lahrichi, S. L.; Craig,
A. G.; Corrigan, A.; Hagler, A.; Rivier, C.; Vale, W.; Rivier, J.
Conformationally restricted competitive antagonists of human/
rat corticotropin-releasing factor. J. Med. Chem. 1994, 37,
1450-1459,

Vita, N.; Laurent, P.; Lefort, S.; Chalm, P.; Lelias, J.-M.; Kaghad,
M.; Le Fur, G.; Caput, D.; Ferrara, P. Primary structure and
functional expression of mouse pituitary and human brain
corticotropin-releasing factor receptors. FEBS Lett. 1993, 335,
1-7.

Prange, A. J.; Garbut, J. C.; Loosen, P. T. The hypothalamic-
pituitary-thyroid axis in affective disorders. In Psychopharma-
cology. The third generation of progress; Meltzer, H. J., Ed;
Raven Press: New York, 1987; pp 629-636.

Gold, M. S.; Pottash, A.; Extein, I. Hypothyroidism and depres-
sion: Evidence from complete thyroid evaluation. J. Am. Med.
Assoc. 1981, 245, 1919-1921.

Journal of Medicinal Chemistry, 1995, Vol. 38, No. 23 4633

(190)

(191).

(192)

(193)

(194)

(195)

(196)

Loosen, P. T.; Prange, A. J. Serum thyrotropin response to
thyrotropin-releasing hormone in psychiatric patients: A review.
Am. J. Psychiatry 1982, 139, 405-416.

Kirkegaard, C.; Faber, J.; Hummer, L.; Rogowski, P. Increased
levels of TRH in cerebrospinal fluid from patients with endog-
enous depression. Psychoneuroendocrinology 1979, 4, 227-235.
Banki, C. M.; Bissette, G.; Arato, M.; Nemeroff, C. B. Elevation
of immunoreactive CSF TRH in depressed patients. Am. J.
Psychiatry 1988, 145, 1526—1531.

Roy, A.; Wolkowitz, O. M.; Bissette, G.; Nemeroff, C. B. Differ-
ences in CSF concentrations of thyrotropin-releasing hormone
in depressed patients and normal subjects: Negative findings.
Am. J. Psychiatry 1994, 151, 600-602.

Prange, A. J.; Loosen, P. T.; Wilson, J. C. The therapeutic use
of hormones of the thyroid axis in depression. In Neurobiology
of mood disorders; Post, R. M., Ballenger, J. C., Eds.; Williams
& Wilkins: Baltimore, MD, 1984; pp 311-322.

Prange, A. J.; Wilson, J. C.; Lara, P. P. Effects of thyrotropin-
releasing hormone in depression. Lancet 1972, 2, 999—1002.
Prange, A. J.; Wilson, 1. C.; Rabon, A. M. Enhancement of
imipramine antidepressant activity by thyroid hormone. Am.
J. Psychiatry 1969, 126, 457—469.

JM950032A



