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The therapeutic effectiveness of antidepressant drugs in major 
depression was discovered by pure serendipity. It took over 20 
years before the neurobiological modifications that could 
mediate the antidepressive response were put into evidence. 
Indeed, whereas the immediate biochemical effects of these 
drugs had been well documented, their antidepressant action 
generally does not become apparent before 2 to 3 weeks of 
treatment. The different classes of antidepressant
treatments were subsequently shown to enhance serotonin 
neurotransmission 

 

albeit via

 

 different pre- and postsynaptic 
mechanisms. Clinical trials based on this hypothesis led to the 

development of treatment strategies producing greater efficacy 
and more rapid onset of antidepressant action; that, is lithium 
addition and pindolol combination, respectively. It is expected 
that the better understanding recently obtained of the 
mechanism of action of certain antidepressant drugs in 
obsessive– compulsive and panic disorders will also lead to 
more effective treatment strategies for those disorders. 

 

[Neuropsychopharmacology 21:91S–98S, 1999]
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In the late 1950s, the therapeutic effect of certain drugs
in major depression was discovered by serendipity. An
antidepressant response was observed in patients with
tuberculosis taking iproniazide (Bloch et al. 1954), as
well as in patients taking G22355, later named imi-
pramine (Kuhn 1958). This discovery was a major
breakthrough, because it allowed for treatment of de-
pression on an outpatient basis. Until then, the only ef-
fective treatment modality for major depression was

electroconvulsive shock treatment (ECT), which was
generally given only to hospitalized patients.

It took several years after the demonstration of the
antidepressant effect of iproniazide and imipramine to
understand that these drugs could interfere with the ca-
tabolism of monoamines. The former drug was found
to inhibit the oxidative degradation of serotonin (5-HT),
noradrenaline (NE), and dopamine, and the latter agent
to prevent the reuptake of 5-HT and NE back into the
terminals responsible for their release in the extracellu-
lar space. Subsequently, multiple analogs of these two
drugs were developed. However, neither the delay in
onset of action, generally of 2 to 3 weeks, nor the effi-
cacy, in about two-thirds of the patients, was improved.
These features of the first generation of antidepressants
were considerable drawbacks, given the elevated sui-
cide risk of depressed patients (lifetime prevalence: 15–
20%) and the drugs’ toxicity in overdose, notwithstand-
ing their cumbersome side effects occurring from the
very first day of treatment.
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The development of selective 5-HT reuptake inhibi-
tors (SSRIs) constituted major progress, because they
retain a good efficacy, they are not toxic in overdose,
their side-effect profile is much more tolerable than that
of tricyclic antidepressants (TCAs) or first-generation
monoamine oxidase inhibitors (MAOIs), and their regi-
mens seldom need to be titrated. Despite this improve-
ment in the treatment of depression, important problems

remained. In particular, the immediate biochemical ef-
fect of SSRIs stood in clear discordance with their de-
layed therapeutic onset of action, which is similar to that
of tricyclics, and at least a third of the patients do not re-
spond at all to these newer drugs. A reduction of the
delay in onset of action and the problem of drug resis-
tance could be solved only through better understand-
ing of the basis for the antidepressant response.

Figure 1. Presynaptic and postsynaptic factors regulating the effectiveness of serotonin (5-HT) neurotransmission. Only the
subtypes of 5-HT receptors for which an electrophysiological response has been identified in unitary recordings are
depicted. 5-HT1A receptors on the cell body of 5-HT-containing neurons mediate an inhibitory effect on firing activity by the
opening of potassium channels. 5-HT1D receptors on the cell body and 5-HT1B receptors on the terminals exert an inhibitory
action on 5-HT release. The hub on the 5-HT terminal represents the high-affinity reuptake carrier. The different symbols
used to depict the postsynaptic 5-HT receptors is to indicate that they have different pharmacological properties.
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EFFECTS OF ANTIDEPRESSANT TREATMENTS 
ON POSTSYNAPTIC 5-HT RECEPTORS

 

Extensive electrophysiological investigations carried
out in our laboratory have documented that several
types of antidepressant treatments enhance 5-HT neu-
rotransmission in the rat hippocampus (see Blier and de
Montigny 1994). This net effect that is common to the
major types of antidepressant treatments is, however,
mediated via different mechanisms (see Figure 1, Table
1). All TCA drugs, independent of their capacity to in-
hibit the reuptake of 5-HT and/or NE, progressively
enhance the responsiveness of postsynaptic 5-HT

 

1A

 

 re-
ceptors in the hippocampus. This sensitization, there-
fore, meets the criterion community of action, because
all TCA drugs tested exert this effect. This phenomenon
is not produced by the antipsychotic chlorpromazine
nor by the anxiolytic diazepam, indicating that it is spe-
cific to the TCA family. Our group and other laborato-
ries have indicated that this enhanced responsiveness to
5-HT also occurs in other brain regions implicated in
mediating depressive symptoms (i.e., the suprachias-
matic nucleus of the hypothalamus, the amygdala, the
lateral geniculate body, and the facial motor nucleus).
However, this sensitization to 5-HT by TCA drugs does
not occur throughout the CNS (i.e., the somatosensory
cortex). The sensitivity of 5-HT receptor subtypes other
than that of the 5-HT

 

1A

 

 receptors may also be altered by
TCA drugs. For example, in the facial motor nucleus,
the receptors mediating the effect of 5-HT are of the
5-HT

 

2

 

 subtype, and they are sensitized following re-
peated TCA drug administration (McCall and Aghaja-
nian 1979; Menkes et al. 1980). The sensitization to 5-HT
occurs with a time course (2–3 weeks) that is congruent
with the delayed onset of action of these drugs in major
depression (de Montigny and Aghajanian 1978).

Repeated, but not single, electroconvulsive shock ad-
ministration also induces this sensitization to 5-HT in
the dorsal hippocampus (de Montigny 1984; Chaput et
al. 1991; Table 1). This is consistent with the clinical ef-

fectiveness of repeated ECT sessions. Furthermore, it is
not produced by repeated subconvulsive shocks, a
mode of administration that does not produce a thera-
peutic response in humans.

To provide evidence that this sensitization to 5-HT
could occur in humans and could account for the anti-
depressant effect of TCA drugs, an agent known to en-
hance 5-HT release was given to depressed patients
treated with, but not responding to, TCA regimens. The
hypothesis for this strategy was to release more 5-HT
on already sensitized postsynaptic 5-HT receptors to
obtain an additional enhancement of 5-HT neurotrans-
mission. Since the initial report published in 1981 on the
use of lithium addition, it has become widely recog-
nized that this approach generally can produce a re-
sponse within 2 weeks in about half the patients not re-
sponding to their antidepressant drug (de Montigny et
al. 1981; Rouillon and Gorwood 1998). This potentiating
effect of the antidepressant response by lithium, which
was discovered through a rational research effort, allows
most patients to be treated more rapidly than by substi-
tuting their antidepressant drug and as effectively as by
carrying out a course of ECT (Dinan and Barry 1989).

 

ENHANCEMENT OF THE FUNCTION OF 5-HT 
NEURONS BY ANTIDEPRESSANT DRUGS

 

Monoamine oxidase (MAOI), selective serotonin re-
uptake (SSRI), and 5-HT

 

1A

 

 agonists, which have also
been shown to be effective in major depression in pla-
cebo-controlled trials (see Robinson et al. 1990, Wilcox
et al. 1996, and Stahl et al. 1998 for 5-HT

 

1A

 

 agonists), all
induce an initial attenuation of the firing activity of
5-HT neurons upon treatment initiation, because they
increase the degree of activation of the somatodendritic
5-HT

 

1A

 

 autoreceptors controlling the firing rate of 5-HT
neurons (Blier and de Montigny 1983, 1985, 1987). This
attenuation of firing prevents an enhancement of 5-HT
transmission, because the frequency of action potentials

 

Table 1

 

. Effects of Long-Term Administration of Antidepressant Treatments on 5-HT Neurotransmission

 

Responsiveness of 
Somatodendritic 

5-HT

 

1A

 

 Autoreceptors

Function of 
Terminal 

5-HT

 

1B

 

 
Autoreceptors

Function of 
Terminal 

 

a

 

2

 

-Adrenergic 
Heteroreceptors

Responsiveness of 
Postsynaptic 

5-HT

 

1A 

 

Receptors

Net Effect 
on 5-HT 

Neurotransmission

 

SSRI

 

↓ ↓

 

s s

 

↑

 

MAOI

 

↓

 

s

 

↓

 

s

 

 or 

 

↓ ↑

 

5-HT

 

1A 

 

agonists

 

↓

 

s

 

ND

 

s

 

↑

 

TCA

 

s s s

 

 or 

 

↓ ↑ ↑

 

ECS

 

s s s

 

↑ ↑

 

Mirtazapine

 

s s

 

↓

 

s

 

↑

 

The treatments were administered for a duration of 2 to 3 weeks, and the electrophysiological experiments were carried out in the rat dorsal raphe
and CA

 

3 

 

region of the hippocampus. SSRI: selective serotonin reuptake inhibitors, MAOI: monoamine oxidase inhibitors, TCA: tricyclic antidepres-
sants, ECT: electroconvulsive shocks. 

 

↓: 

 

decrease

 

s

 

: no change ND: not determined

 

↑

 

: increase.
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arriving at 5-HT terminals in postsynaptic structures
determines in great part 5-HT release (Wilkinson et al.
1991). This is followed by a gradual recovery to normal
firing activity of 5-HT neurons when the treatment is
continued for 2 to 3 weeks because of a desensitization
of the 5-HT

 

1A

 

 autoreceptors. At this point, MAOIs en-
hance 5-HT transmission by increasing the amount of
5-HT released per action potential as a result of a
greater concentration of 5-HT in the terminals (Blier et
al. 1986). SSRIs produce the same effect, not by aug-
menting the releasable pool of 5-HT as MAOIs do, but
rather, by desensitizing the terminal 5-HT autoreceptor,
which exerts a negative influence on the amount of
5-HT that is released per impulse (Chaput et al. 1986).
5-HT

 

1A

 

 agonists produce an enhanced tonic activation
of postsynaptic 5-HT

 

1A

 

 receptors, as a result of a nor-
malized firing activity of 5-HT neurons (and of 5-HT re-
lease as well) in the presence of the exogenous 5-HT

 

1A

 

agonist acting on normosensitive postsynaptic 5-HT

 

1A

 

receptors (Blier and de Montigny 1987).
To provide more definitive evidence that various

types of antidepressant treatments enhance 5-HT

 

1A

 

transmission in the forebrain, a new experimental para-
digm was designed. It was reasoned that if such long-

term treatments enhanced the tonic activation of inhibi-
tory 5-HT

 

1A

 

 receptors in the hippocampus, then by
blocking them in baseline conditions with a selective
antagonist, a more pronounced increase in firing activ-
ity should be detectable. Such a greater disinhibition,
when using WAY100-635, was observed in rats that re-
ceived long-term treatment with a SSRI, a MAOI, a 5-HT

 

1A

 

agonist, a dual 5-HT/NE reuptake blocker, mirtazap-
ine, or ECT, but not with chlorpromazine, nor a single
ECT (Haddjeri et al. 1998; Rueter et al. 1998).

An important line of evidence supporting the puta-
tive mechanism of action of SSRIs consists of the accel-
eration of their antidepressant effect with the 5-HT

 

1A

 

/

 

b

 

-adrenergic antagonist pindolol (Artigas et al. 1994;
Blier and Bergeron 1995). This approach is based on the
capacity of pindolol to block the 5-HT

 

1A

 

 autoreceptor
on the cell body of 5-HT neurons so as to prevent the
initial decrease of the firing activity of these neurons at
the beginning of the SSRI treatment. It is important to
emphasize that pindolol does not block certain postsyn-
aptic 5-HT

 

1A

 

 receptors (Romero et al. 1996; Tada et al.
1999), otherwise the simultaneous blockade of both pre-
and all postsynaptic 5-HT

 

1A

 

 receptors would not lead to
a net increase in 5-HT neurotransmission via 5-HT

 

1A

 

 re-

Figure 2. Diagrams illustrating the in vivo electrophysiological paradigm aimed at assessing the degree of tonic activation of
postsynaptic 5-HT1A receptors in the CA3 pyramidal neurons recorded in anesthetized rats. The hollow circles represent
endogenous 5-HT being released from 5-HT terminals originating from the raphe nuclei. The firing activity of the pyramidal
neurons illustrated within rectangles is determined by the investigator using a small activation current of quisqualate in the
“prior to” condition, because these neurons hardly discharge under general chloral hydrate anesthesia. Following the intra-
venous injection of the selective 5-HT1A antagonist WAY 100, 635, illustrated by a semicircular bold line covering the 5-HT1A

receptor, an increase in firing, resulting from the blockade of the inhibitory 5-HT1A receptor, is produced in the presence of
an enhanced 5-HT signal transfer through the 5-HT1A receptor. This enhanced transmission can occur via a greater synaptic
amount of 5-HT, as depicted in the lower right diagram, or via sensitized postsynaptic 5-HT1A receptors as in the case follow-
ing long-term administration of electroconvulsive shocks.
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ceptors, which are present in a particularly high density
in the limbic system. Because 5-HT release in most
postsynaptic regions is highly dependent on electrical
impulse flow in 5-HT axons (Wilkinson et al. 1991), the
prevention of the initial decrease of 5-HT neuronal fir-
ing activity by pindolol would physiologically mimic
the desensitization of the 5-HT

 

1A

 

 autoreceptor, which
has been documented to occur after a 2-week SSRI
treatment. Five of six placebo-controlled trials indicate
that pindolol combination with a SSRI from the begin-
ning of the treatment does, in fact, accelerate the thera-
peutic effect of SSRIs in untreated depressed patients
(Berman et al. 1997; Pérez et al. 1997; Tome et al. 1997;
Bordet et al. 1998; Zanardi et al. 1997, 1998). In support
of this hypothesis, the lack of an accelerating effect of
pindolol addition to TCA drugs that do not block 5-HT
reuptake, and consequently do not initially inhibit the
firing rate of 5-HT neurons, can be mentioned (Blier et
al. 1997). Furthermore, pilot trials indicate that pindolol
also potentiates the antidepressant effect of the MAO-A
inhibitor moclobemide and of the 5-HT

 

1A

 

 agonist bus-
pirone (Blier et al. 1997; Blier and Bergeron 1997). See
Figure 2.

 

SEROTONIN AND THE ANTI-OBSESSIONAL 
EFFECT OF SSSRIs

 

Among all antidepressant treatments, including ECT,
only the drugs that are potent 5-HT reuptake blockers
exert a clear therapeutic effect in obsessive–compulsive
disorder (OCD) patients (Jenike 1993; Table 2). The first
placebo-controlled trials of the TCA drug chlorimi-
pramine (G34586), the only drug in this class with po-
tent 5-HT reuptake blocking property, clearly demon-
strated the effectiveness of this drug 13 years after the
initial report of its effectiveness in this disorder
(Fernandez and Lopez-Ibor 1967; Montgomery 1980).
Subsequently, elegant cross-over studies with chlorimi-
pramine and the selective NE reuptake blocker de-
sipramine, which is also a TCA, have clearly shown that

it is the capacity of the former drug to block the 5-HT
reuptake process that is responsible for the anti-OCD
effect (see Leonard et al. 1988). The advent of the newer
nontricyclic 5-HT reuptake blockers truly established
the pivotal role of the 5-HT system in the beneficial ef-
fect of certain antidepressant drugs. Because most of
these drugs (fluoxetine, fluvoxamine, sertraline, parox-
etine, citalopram) are from different chemical families,
and the only common neurobiological property they
share is their capacity to block the 5-HT reuptake pro-
cess potently, this leaves little doubt that the anti-OCD
effect of these drugs is mediated via the 5-HT system
(Goodman et al. 1997).

The peculiar characteristic of SSRIs on the 5-HT sys-
tem, as depicted in Table 1, is their capacity to desensi-
tize terminal 5-HT autoreceptors. Such results were,
however, obtained in the rat hippocampus and, subse-
quently, in the rat hypothalamus after 2- to 3-week treat-
ments (Chaput et al. 1986; Moret and Briley 1990). It is,
however, difficult to extrapolate such results to the treat-
ment of OCD with SSRIs for two reasons. First, the opti-
mal anti-OCD effect of SSRIs generally requires a much
longer delay than the antidepressant effect (Montgom-
ery 1994). Second, positron emission tomography (PET)
scanning studies in humans have clearly delineated the
orbitofrontal cortex-head of the caudate nucleus-thala-
mus neuronal circuitry as being involved in mediating
OCD symptomatology (for a review, see Insel 1992), and
not the hippocampus or the hypothalamus.

After a 3-week treatment with a SSRI, the electrically
evoked release of [

 

3

 

H]5-HT is significantly enhanced in
the hypothalamus, but not in the orbitofrontal cortex in
guinea pig brain slices preloaded with [

 

3

 

H]5-HT. After
an 8-week treatment, however, the evoked release of
[

 

3

 

H]5-HT is significantly enhanced in the orbitofrontal
cortex. The concentration-effect curve using the 5-HT
autoreceptor agonist 5-methoxytryptamine was shifted
to the right in orbitofrontal, but not in dorsofrontal, cor-
tex slices prepared from guinea pigs treated for 8 weeks
with the SSRI paroxetine or fluoxetine (El Mansari et al.
1995; Bergqvist et al. 1999). These results indicate that

 

Table 2

 

. Effectiveness of Antidepressant Treatments in Major Depression,
Obsessive–Compulsive, and Panic Disorders

 

Depression OCD Panic Disorder

 

Tricyclic antidepressant drugs

 

111

 

0

 

a

 

111

 

Selective 5-HT reuptake inhibitors

 

111 11 111

 

Monoamine oxidase inhibitors

 

111 1 111

 

5-HT

 

1A

 

 agonists

 

11

 

0 0
Electroconvulsive shocks

 

111

 

0 ND

 

111

 

: Produces a remission in at least half the patients; 

 

11

 

: produces a partial response in about half of
patients with obsessive–compulsive disorder or a remission in a significant percentage of depressed patients;

 

1

 

: may be useful in some cases; 0: no therapeutic benefit; ND: not determined.

 

a

 

With the exception of chlorimipramine, which is the only tricyclic drug with a potent 5-HT reuptake
blocking property.
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the enhanced 5-HT release observed in the orbitofrontal
cortex could be attributed to a desensitization of the ter-
minal 5-HT autoreceptor in that particular brain region.

Taken together, these data indicate that the enhanced
5-HT release in the orbitofrontal cortex, manifesting it-
self after a prolonged SSRI treatment, is fully consistent
with the delayed onset of these drugs in OCD and,
therefore, suggest that such a phenomenon could be the
neurobiological substratum of the therapeutic effect of
5-HT reuptake inhibition in this disorder. This possibil-
ity is all the more likely, because the responsiveness to
microiontophoretically applied 5-HT remains unaltered
in the orbitofrontal cortex after an 8-week SSRI treat-
ment (El Mansari and Blier 1997). Because, in the same
experiments, the sensitivity to 5-HT

 

2

 

 agonists was unal-
tered, whereas, that to the 5-HT

 

1A

 

 agonist 8-OH-DPAT
was attenuated, it seems that an enhanced 5-HT release
resulting from long-term SSRI administration increases
5-HT transmission at postsynaptic 5-HT

 

2

 

 receptors.
These results imply that 5-HT

 

2

 

 agonists that could selec-
tively activate 5-HT

 

2

 

 receptors on orbitofrontal cortex
neurons would represent novel agents for the treatment
of OCD that could be effective either in combination
with SSRIs or possibly when used alone.

 

SEROTONIN AND THE ANTIPANIC
EFFECT OF SSRIs

 

The first antidepressant drugs reported to be effective
in this disorder were the TCA imipramine and a MAOI
(Klein 1964; West and Dally 1959). Following the intro-
duction of the SSRIs, it was observed that the latter
drugs were also effective in the treatment of panic dis-
order. It is striking to observe clinically that at the be-
ginning of the treatment, whether a TCA or a SSRI is
used at the usual starting dose for depression, an exac-
erbation of the symptoms occurs, usually in the form of
an increase in the number of spontaneous attacks. This
problem does not arise as commonly when treating de-
pression or OCD with the same drugs. Consequently,
the starting dose is decreased by at least half to avoid
this exacerbation and is then increased progressively to
the therapeutic range used in depression. This differ-
ence between depressed patients and those suffering
from panic disorder clearly delineates a hypersensitiv-
ity of 5-HT and/or NE receptors in the latter patients.
Subsequently, the therapeutic effects of the drugs occur
gradually at about the same rate as in the treatment of
major depression. Typically, after about 6 weeks of
treatment, spontaneous panic attacks rarely occur. This
observation suggests that similar adaptive changes that
mediate the antidepressant response may also account
for the antipanic action of these drugs. However, not all
drugs effective in the treatment of depression are also
useful in panic disorder. For example, 5-HT

 

1A

 

 agonists,

which are endowed with antidepressant properties
when given at adequate doses for a sufficient time,
have, thus far, not been found of therapeutic value in
panic disorder (Table 2). The latter clinical observation
suggests that postsynaptic 5-HT receptors other than
those of the 5-HT

 

1A

 

 subtype are responsible for the anti-
panic effect of SSRIs, TCAs, and MAOIs. Obviously, the
changes responsible for the antipanic effect may also
occur in brain areas different from those responsible for
the antidepressant action. For example, at a structural
level, PET scan studies have consistently identified ab-
normalities in the parahippocampal region in panic dis-
order patients (see Baxter 1995). At a neurochemical
level, it is interesting to note that the shortest active
form of cholecystokinin, a four-amino acid peptide,
when injected intravenously in human subjects, imme-
diately triggers a classical panic attack (de Montigny
1989; Bradwejn et al. 1991). However, cholecystokinin
terminals in the brain are endowed with 5-HT

 

3

 

 recep-
tors, and a subpopulation of 5-HT

 

3

 

 receptors was re-
ported to be desensitized following long-term adminis-
tration of a SSRI (Paudice and Raiteri 1991; Blier and
Bouchard 1994). Interestingly, the panicogenic response
to cholecystokinin is markedly attenuated following
long-term treatment with the TCA imipramine or the
SSRI fluvoxamine (Bradwejn and Koszycki 1994; van
Megen et al. 1996).

Another mechanism by which SSRIs could exert, at
least in part, their antipanic effect is by an attenuation
of the efficacy of NE neurotransmission. Indeed, it is
generally recognized that panic disorder patients have
an increased NE activity, and the 

 

a

 

2

 

-adrenoceptor an-
tagonist yohimbine can trigger panic attacks in these in-
dividuals (Charney et al. 1984). It was recently observed
that long-term, but not acute or subacute, administra-
tion of SSRIs decreases the firing activity of locus coer-
uleus NE neurons (Béïque et al. 1998; Szabo et al. 1999).
Because the time course of this effect of SSRIs is fully
consistent with their onset of action on panic attacks, it
is possible that the gradual enhancement of the inhibi-
tory influence of 5-HT on locus coeruleus neurons does
contribute to their therapeutic effect in panic disorder.

 

CONCLUSION

 

In the late 1960s, it was proposed that the 5-HT system
may play a major role in both the etiopathology and the
therapeutics of major depression (Coppen 1967). Major
breakthroughs were made in the therapeutics of major
depression based on a better knowledge of the physiol-
ogy of the 5-HT system. Furthermore, the observation
that SSRIs were effective in several other psychiatric
disorders served as an additional incentive to pursue
the study of the heterogeneity of 5-HT receptors in dif-
ferent brain structures and their relationship with other



 

NEUROPSYCHOPHARMACOLOGY 1999–VOL. 21, NO. 2S Serotonin and Drug-Induced Therapeutic Responses 97S

chemospecific systems. Such research endeavors should
continue to generate new therapeutic approaches for
various psychiatric disorders.
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