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Major depression is an affective disorder, or disorder of
mood. Symptoms include feelings of profound sadness,
worthlessness, despair and loss of interest in all pleasures.
Most individuals suffering from depression also experience
mental slowing, a loss of energy and an inability to make
decisions or concentrate. The symptoms can range from
mild to severe, and are often associated with anxiety and
agitation. Recurrent thoughts of death may also be mani-
fest. These feelings are persistent and can be distinguished
from bereavement, substance abuse or normal responses
to life crises.5

Major depression has been referred to as the “common
cold” of mental illness. It is a prevalent disorder with
approximately 18 million adults in the US population afflict-
ed on an annual basis.40 It has been estimated to be the
second leading cause of disability, surpassed only by heart
disease.41 Worldwide, its prevalence is 21% in women and
13% in men. Its occurrence is two to three times more
common in first-degree relatives of depressed persons,
suggesting a genetic predisposition.42 As with schizo-
phrenia, susceptibility is probably determined by multiple
predisposing genes with variable contributions from prior
experiential and environmental factors.

Although the underlying causes of depression have not been
conclusively identified, it is generally believed that the dis-
order stems from decreases in synaptic concentrations of
monoamine neurotransmitters, mainly norepinephrine and
serotonin, in critical brain areas. The origins of this
“monoamine theory of depression” parallel historically the
serendipitous observations that lead to the dopamine
hypothesis of schizophrenia. It had been noted in the 1950s
that iproniazid, a drug used to treat tuberculosis, induced a
mood-elevating effect in patients receiving the drug.25

Similarly, imipramine, a dibenzapine structurally similar to the
phenothiazines, was observed to exert an antidepressant
effect in depressed patients. Both drugs were later found to
have actions that result in an elevation of monoamine neuro-
transmitters at central synapses. Thus, iproniazid was found
to inhibit monoamine oxidase (MAO), the enzyme that
oxidatively deaminates both norepinephrine and serotonin.
This causes increases in intraneuronal stores of these trans-
mitters and subsequently greater levels of release from nerve
terminals. In contrast, imipramine, the first tricyclic anti-
depressant, was shown to inhibit the neuronal reuptake of
these monoamines thereby increasing their synaptic concen-
trations. Knowledge of these biochemical actions was critical
to the proposal in the mid-1960s that a deficiency of nor-
epinephrine and/or serotonin was responsible for depression,
and that drugs which could restore their levels at critical
brain synapses might relieve depression. A number of addi-
tional MAO inhibitors and tricyclic antidepressants were
synthesized and evaluated as antidepressants over the
ensuing decades. Drugs from both classes have shown
indisputable antidepressant efficacy.

Intensive study of their acute and chronic neurochemical
effects revealed that elevating synaptic levels of norepin-
ephrine or serotonin may constitute only an initial step in
antidepressant drug action. All antidepressants require
several weeks of administration before their clinical effects
are apparent, despite the fact that their biochemical actions
occur almost immediately. This delayed onset of action
suggests the involvement of adaptive changes secondary to
the increases in neurotransmitter levels. The nature of these
changes remains speculative, but subsensitivity of release-
regulating autoreceptors on norepinephrine and serotonin
nerve terminals is known to occur with a delay similar to the
onset of antidepressant activity. Autoreceptor subsensitivity
may permit increases in release from these terminals, causing
further elevation of synaptic transmitter levels. Postsynaptic
β-adrenoceptors and 5-HT2A receptors also down-regulate
over the same time course and may in some way contribute
to the delayed onset of antidepressant drug action.27

Despite their efficacy as antidepressants, several serious
drawbacks have now relegated the older MAO inhibitors to
secondary status, and today, only phenelzine and tranyl-
cypromine remain available in the United States. One
problem was hepatotoxicity associated with some of the
hydrazine derivatives that are now no longer available. A
second drawback was their ability to bind to the enzyme
irreversibly and therefore permanently inactivate it. Since
MAO is an important amine-oxidizing enzyme in the liver,
as well as brain, its inactivation interferes with the metabo-
lism of tyramine, a food-derived, indirectly-acting sympath-
omimetic amine. Serious side-effects can occur if patients
taking MAO inhibitors ingest foods or beverages contain-
ing tyramine (such as aged cheeses, wine, beer, etc). In
such cases, tyramine enters central and peripheral adrener-
gic neurons and evokes massive release of norepinephrine,
which is present in elevated quantities in nerve terminals
due to blockade of its intraneuronal metabolism. The
ensuing hypertensive crisis can be life-threatening. Because
of this interaction, termed the “cheese effect”, phenelzine
and tranylcypromine are now used only in patients
unresponsive to other classes of antidepressants, and when
they are used, dietary restrictions must be followed.25

Although these older MAO inhibitors are rarely used clini-
cally, a number remain useful research tools for their ability
to irreversibly inhibit both the A and B isoforms of MAO
(e.g. iproniazid, nialamide, phenelzine). The MAO-A type
has substrate specificity for norepinephrine and serotonin,
while MAO-B has specificity for dopamine.

Agents that can selectively and reversibly inhibit MAO-A
have generated some resurgence of interest as anti-
depressants. Their reversibility and short duration of action
apparently do not result in inactivation of liver metabolism or
large intraneuronal stores of norepinephrine, so they are less
likely to interact with tyramine and thus do not require
dietary restrictions.43 Several short-acting MAO-A inhibitors
are under evaluation or in use as antidepressants (e.g.,
brofaramine, moclobemide, toloxatone, and befloxatone),
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Figure 2. Mechanism of Action of Selective Monoaminergic Reuptake Inhibitors. During neurotransmission, monoamine neurotransmitters such as
serotonin, dopamine or norepinephrine, are released into the synaptic cleft from storage vesicles present in the pre-synaptic neuron (A). The neurotransmit-
ters then bind to their respective receptors on the post-synaptic neuron, thereby transferring the signal. The actions of the neurotransmitters are terminated
via their reuptake into the pre-synaptic via specific transporter proteins following which the neurotransmitter is taken up into the vesicles for re-release.
When a monoaminergic reuptake inhibitor is present (B), it binds to the monoamine transporter and blocks the reuptake of the neurotransmitter, whose
levels increase in the synaptic cleft thereby enhancing neurotransmission. 
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but none are available clinically in the United States. One
selective MAO-B inhibitor, deprenyl (also known as selegiline)
is available in the United States, but is used exclusively for
the treatment of Parkinson’s disease due to its prevention of
dopamine metabolism. Deprenyl has not been thoroughly
investigated as an anitdepressant, although it may exert such
activity. Other selective MAO-B inhibitors are useful as
research tools, including pargyline, clorgyline, Ro 41-1049
and Ro 16-6491.25

Because of the problems associated with the use of the
non-selective MAO inhibitors, the tricyclic antidepressants
became the most widely used antidepressant drugs from
1960 to 1990.25 Like the MAO inhibitors, they cause an
increase in synaptic concentrations of norepinephrine
and/or serotonin, but do so by blocking reuptake of the
released amines by their respective membrane transporters
located on pre-synaptic nerve terminals (see Figure 2).
Important differences exist between the various tricyclic
antidepressants based on their relative abilities to inhibit
these transporters25 (see Table 2). Thus, desipramine,
nortriptyline, protriptyline, amoxapine and maprotiline are
all relatively selective norepinephreine reuptake inhibitors,
whereas imipramine, amitriptyline, doxepin, trimipramine
and clomipramine predominantly inhibit serotonin reup-
take. In addition, the tricyclic antidepressants also possess a
moderate affinity for α1-adrenoceptors and muscarinic
cholinergic receptors, and these actions are responsible for
a number of troublesome side-effects. Peripheral α1-adreno-
ceptor blockade causes postural hypotension, whereas
muscarinic blockade and inhibition of norepinephrine
reuptake contribute to cardiac stimulation and tachycardia.
Cardiac arrhythmias that occur upon over-dose are difficult
to treat and potentially life-threatening. Other peripheral
antimuscarinic side-effects are also prominent, including
dry mouth, urinary retention and constipation. These side-
effects prompted a search for safer, faster-acting and better
tolerated antidepressants, and eventually lead to the intro-
duction of a group of “second generation” or “atypical”
antidepressants, as well as the development of selective
serotonin reuptake inhibitors.

The “atypical” antidepressants do not possess the tradi-
tional tricyclic ring structure, but do generally share an
ability to elevate synaptic monoamines, in most cases by
blocking their reuptake. Bupropion, mianserin, mirtazapine,
nefazadone and trazadone are members of this group.
These agents are not necessarily more effective than the
older antidepressants, but they represent an improvement
over the earlier tricyclics insofar as they lack prominent
antimuscarinic, hypotensive and cardiac stimulating effects.
The atypical antidepressants have also been shown to be
effective in obsessive-compulsive, anxiety and panic
disorders.44 As with the tricyclic antidepressants and MAO

inhibitors, it takes several weeks before their antidepressant
effects become apparent. Mechanistically, these drugs have
diverse profiles. Bupropion inhibits the dopamine and, to
some extent, norepinephrine transporters. In contrast,
nefazadone and trazadone display relative selectivity for the
serotonin transporter. Mirtazapine is unique in that it
appears to block α2-adrenergic autoreceptors on nerve
terminals thereby increasing norepinephrine release.
Mirtazepine and mianserin also block postsynaptic sero-
tonin receptors, i.e. 5-HT2A, 5-HT2C and 5-HT3 receptors,25

although the contribution of these actions to their anti-
depressant effect, or side-effects, is unclear.

Even more so than the atypical antidepressants, the selec-
tive serotonin reuptake inhibitors (SSRIs) have come to
dominate the treatment of depression over the last two
decades. Fluoxetine, the first SSRI to be introduced, is the
prototype of this group. Other members include paroxe-
tine, sertraline, fluvoxamine, citalopram, and its S-enan-
tiomer, escitalopram. The selective inhibition of serotonin
uptake by these drugs, and their clinical efficacy as antide-
pressants, strongly support the hypothesis that a serotonin
deficiency is a common neurochemical basis for the etiolo-
gy of depression. However, it is not clear exactly how these
agents act to relieve depression. As with other classes of
antidepressants, there is a lag of several weeks before
onset of the mood-elevating effect, despite the rapid
blockade of serotonin reuptake. It is presumed that second-
ary adaptive changes must occur at serotonergic synapses,
similar to those occurring at adrenergic synapses after pro-
longed administration of tricyclic antidepressants, i.e.
down-regulation of release-regulating autoreceptors and
increased transmitter release. The SSRIs have become the
antidepressant drugs of choice largely because they are
free of serious toxicity. They lack appreciable muscarinic
and α-adrenoceptor blocking properties, and do not cause
tachyarrhythmias. However, the elevation of serotonin
levels at central and peripheral synapses leads to stimula-
tion of 5-HT2C and 5-HT3 receptors, which contributes to
agitation and restlessness, along with gastrointestinal and
sexual side-effects.25

The success of the SSRIs rekindled interest in the develop-
ment of selective norepinephrine reuptake inhibitors (SNRIs)
as potential antidepressants. A number of such compounds
have been synthesized, including nisoxetine, maprotiline,
tomoxetine and reboxetine. Reboxetine is available clinically
and has been shown to be effective in severe depression.25,45

It lacks the cardiotoxicity of the older tricyclic antidepres-
sants and the sexual dysfunction associated with the SSRIs,
but otherwise displays actions similar to desipramine, a tri-
cyclic antidepressant with selectivity for the norepinephrine
transporter.
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