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Abstract

Depressive disorders are among the most frequent psychiatric diseases in the Western world with prevalence numbers between 9% and

18%. They are characterized by depressed mood, a diminished interest in pleasurable activities, feelings of worthlessness or inappropriate

guilt, decrease in appetite and libido, insomnia, and recurrent thoughts of death or suicide. Among other findings, reduced activity of

monoaminergic neurotransmission has been postulated to play a role in the pathogenesis of depression. Consistent with this hypothesis, most

antidepressive drugs exert their action by elevating the concentration of monoamines in the synaptic cleft. However, it is not the enhancement

of monoaminergic signaling per se, but rather long-term, adaptive changes that may underlie the therapeutic effect. These include functional

and structural changes that are discussed later. In addition, in the last years, evidence has emerged that remissions induced in patients using

lithium or electroconvulsive therapy are accompanied by structural changes in neuronal networks thereby affecting synaptic plasticity in

various regions of the brain.
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1. Introduction

1.1. Background

Behind cardiovascular diseases depression is the second

most important disease in the Western world. If one takes

into account the years of suffering from a given illness

together with the severity of the respective disease, unipolar

depression is ranked number 1 before all other somatic and

psychiatric illnesses (Lopez & Murray, 1998). Strengthening

the significance of depression is the fact that its incidence

has steadily increased in the last years. Depression therefore

is a serious psychiatric illness with a lifetime prevalence of

5% (Klerman & Weissman, 1988). An even higher number,

up to 20%, of individuals suffer from a depressive episode

once in their lifetime. Typical symptoms of depression

include depressed mood, diminished interest of pleasure

(anhedonia), feelings of worthlessness or inappropriate

guilt, decrease in appetite and libido, insomnia, and recur-

rent thoughts of death or suicide. Depression is potentially

fatal since most patients think about suicide, about 50% try

to commit suicide and up to 15% of patients with severe

depression die from suicide (Disalver et al., 1994; Strakow-

ski et al., 1996). In addition, in the last years, depression has

been found to be a risk factor in diseases such as diabetes

and cardiovascular disease (Musselman et al., 1998; Cie-

chanowski et al., 2000). Depression most often occurs in

defined episodes, which can last from weeks to months, in

severe cases for years. Many patients suffer from several

relapses and/or chronification, which then often leads to

severe cognitive and functional impairment as well as

psychosocial disability (Coryell et al., 1993; Zarate et al.,

2000). Treatment of depression includes various forms of

psychotherapy as well as pharmacotherapy with antidepres-

sants. In severe cases or in treatment-resistant depression,

electroconvulsive therapy (ECT) is also applied. Depression

is also a remitting disease in which normal clinical studies

show a placebo response rate of about 40%. It is of interest

that the rate of improvement under placebo treatment is

identical to that seen in drug studies suggesting that the

underlying mechanisms are very similar (Stassen et al.,

1999). In view of the efficacy of drugs (about 60%) and

ECT (80–90%) (Nobler & Sackheim, 2001; Shergill &

Katona, 2001), it is clear that we still have a need to better

understand the pathophysiology in order to develop effec-

tive medications.

Neurobiological basic research as well as clinical studies

have revealed that 2 monoaminergic systems are involved in

the etiology and therapy of affective disorders, namely

serotonin (5-hydroxytryptamine, 5-HT) and norepinephrine

(Coppen, 1967; Meltzer & Lowy, 1987; Charney, 1998).

Thus, the common basis of pharmacotherapy is based on the

enhancement of serotonergic and/or noradrenergic neuro-

transmission by either inhibiting the intracellular degrada-

tion of the monoamines with monoamino oxidase inhibitors

or blocking their reuptake back into the synaptic cleft by
selective serotonin reuptake inhibitors (SSRI), selective

norepinephrine reuptake inhibitors (SNRI), or tricyclic anti-

depressants (TCA) (Nemeroff, 1998). SSRI and SNRI bind

with high selectivity and affinity to the monoamine trans-

porter proteins and thereby block the neurotransmitter

translocation process that, in turn, leads to an increase of

synaptic monoamines (Schloss & Williams, 1998; Iversen,

2000).

1.2. Monoamine transporter proteins

In contrast to cholinergic neurotransmission where

acetylcholine is inactivated by enzymatic degradation,

the principal means of terminating monoaminergic signal-

ing is the rapid reuptake of these transmitters back into

the presynaptic terminal. There, monoamines are either

degraded by monoamino oxidases or they can be reloaded

into synaptic vesicles via vesicular monoamine transporter

proteins, which differ from the plasma membrane-bound

transporters. The identification of the cDNA of the rat g-

aminobutyric acid (GABA) transporter GAT1 and the

human norepinephrine transporter (NET) revealed that

the encoded proteins share a high degree of amino acid

identity (Guastella et al., 1990; Pacholczyck et al., 1991)

and following homology screening led to the cloning of

the related cDNA sequences of the selective transporters

for dopamine, glycine, and serotonin. In the following

years, several transporter isoforms were identified for

GABA and glycine; however, up to now, only one form

has been found for the transport of each of the mono-

amines dopamine, norepinephrine, and serotonin. All these

plasma membrane-bound transporters exhibited highly

related polypeptides that share a common, putative 12

transmembrane domain topological structure as shown by

hydrophobicity analysis or antibody mapping (Guastella et

al., 1990; Pacholczyck et al., 1991; Schloss et al., 1994;

Brüss et al., 1995; Clark, 1997; Chen & Reith, 2002).

Using various biochemical techniques, it has been shown

that the transporters for GABA, dopamine, and serotonin

assemble into dimeric or tetrameric quaternary forms

(Milner et al., 1994; Jess et al., 1996; Chang et al.,

1998; Kilic & Rudnick, 2000; Schmid et al., 2000;

Hastrup et al., 2001; Horschitz et al., 2003; Kocabas et

al., 2003). The cytoplasmic regions of all transporters

contain phosphorylation sites, which can be used for

regulation of transporter activity. Indeed, it has been

shown that activation of protein kinase C in cells express-

ing the monoamine transporters and also the transporters

for glycine and GABA results in a down-regulation of

transporter activity (Kitayama et al., 1994; Osawa et al.,

1994; Sato et al., 1995a, 1995b; Huff et al., 1997; Quian

et al., 1997; Apparsundaram et al., 1998; Blakely et al.,

1998; Bonisch et al., 1998; Zahniser & Doolen, 2001). It

is thought that this effect results from a redistribution of

the transporter proteins from the cell surface to intracel-

lular compartments. Thus, subcellular distribution of trans-
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porter proteins upon activation of second messenger

systems obviously is a very effective process to control

transporter activity and thereby the efficiency of neuronal

signaling.

TCA, SSRI, and SNRI block their respective norepi-

nephrine and/or serotonin transporter (SERT) protein there-

by causing an increase of the neurotransmitter concentration

in the synaptic cleft. Inhibition of uptake is achieved rapidly

and efficiently. However, mood improvement occurs only

after more than 1 week of antidepressant therapy. This

finding suggests that it is not the reuptake inhibition per

se but rather long-term neuroadaptive changes that may

underlie the therapeutic effect. Here, it is feasible to consider

that the efficiency of monoaminergic signaling can be

enhanced by molecular changes at single synapses such as

up-regulation of post-synaptic receptors and/or down-regu-

lation or desensitization of presynaptic autoreceptors that

are negatively coupled to exocytotic neurotransmitter re-

lease. Additional possibilities include enhanced neurotrans-

mitter synthesis/release or down-regulation/desensitization

of transmitter transporters. A different possibility takes into

account that the efficiency of monoaminergic signaling is

not only modulated at single synapses but also by the

density of synaptic contact sites. This idea implies that

long-term antidepressant treatment induces sprouting of

monoaminergic fibers and the formation of new synapses

or even neurogenesis.

Both ideas suppose that acute effects of antidepressant

treatment strongly differ from the effects observed upon

chronic administration. In the last years, many pieces of

evidence have been found suggesting that indeed chronic

antidepressant treatment induces long-lasting changes on

proteins at single synapses as well as in the density of

synapse formation.
2. Molecular effects of

long-term antidepressant treatment

2.1. Regulation of post-synaptic receptors

The finding that increasing catecholamine concentra-

tions in the synapse led to an antidepressant response with

a delay of 1–3 weeks suggested that some downstream

process must be responsible. For over 2 decades, theories

were formulated concerning the down-regulation or desen-

sitization of specific receptors. In general, neither of these

processes takes place in a time scale consistent with

antidepressant action. Desensitization is a general phenom-

enon for most receptors and results in decreased efficacy

of an agonist following agonist exposure. This process

occurs within minutes and often involves phosphorylation

of the receptor. Receptor down-regulation was felt to be

more consistent with the time needed for antidepressant

response. Multiple theories were developed involving both

noradrenergic and serotonin receptors to explain antide-
pressant action. The first and probably the most consistent

is the view that all antidepressants cause the down-regu-

lation of the h-adrenergic receptor. This was certainly true

for the tricyclics, but with the advent of mianserin and

subsequently the SSRI, this theory fell into disrepute.

However, data using the animal model of depression,

learned helplessness, showed that, in helpless animals,

SSRI and mianserin cause a down-regulation of the h
receptor (Henn et al., 1993). That is, the pharmacological

response seen in wild-type animals is altered in animals

showing depressive like features. Multiple studies using

postmortem tissue also showed an up-regulation of the h
receptor in suicide victims (Biegon & Israeli, 1988; Sastre

et al., 2001). Nonetheless, the time scale for down-regula-

tion of receptors is only a matter of hours after exposure to

an agonist. The mechanism involves the internalization of

the receptor and not a metabolic response and is clearly

too rapid to be the final effector mechanism in the action

of antidepressants.

There are several important points in considering the role

of post-synaptic receptors in the etiology of depression. The

lag time seen in antidepressive responses to medications is

not always reflected in the rate of onset of the illness. The

data on learned helplessness make it clear that the pharma-

cological effect of a given medication is different in wild-

type tissue and pathological tissue. This is potentially an

important distinction in that almost all of the studies on the

mechanism of action of psychoactive drugs take place on

wild-type animals, and we have only a few animal models

that allow an investigation of the pharmacology in patho-

logical tissue. In those cases where it has been studied,

differences in post-synaptic receptor regulation have been

observed in models where long-term behavioral changes are

present. Thus, the major data we have on post-synaptic

receptor regulation may be inapplicable to the action of

these compounds in depression. Finally, a simplistic view of

receptor regulation that postulates up-regulation with a

decreased concentration of the receptor in the synaptic cleft

and down-regulation with an increased concentration may

also be incorrect. The effects of other circuits and modu-

lators may lead to very different results. An example of this

is the case of the 5-HT1A receptor, which is differentially

regulated in the hippocampus and hypothalamus. The 5-

HT1A receptor has been implicated through a variety of

studies in affective disorders. It is present both pre- and

post-synaptically. In the raphe, the receptor is located on cell

bodies of 5-HT cells and slows the firing rate in a direct

feedback loop (de Montigny et al., 1984; Aghajanian et al.,

1990). In the terminal field areas of the 5-HT system

including limbic and cortical areas, the receptor is located

post-synaptically (Vergé et al., 1986; Hensler et al., 1991;

Riad et al., 2000). The receptors in the hypothalamus, which

control the reaction to stress, are rapidly down-regulated by

agonist or antidepressant administration and this appears to

occur acutely (Larsson et al., 1990). On the other hand, the

receptors in the hippocampus are not altered even after
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chronic administration of agonists or SSRI (Hensler, 2003).

This suggests post-synaptic regulation is a complex phe-

nomenon and is differently regulated in different brain areas

and by different pharmacological means.

2.2. Regulation of presynaptic auto and heteroreceptors

Several pieces of evidence have suggested that 5-HT

autoreceptors that negatively control Ca2 + -dependent 5-HT

release are involved in long-term adaptive changes induced

by chronic SSRI treatment. Activation of autoreceptors with

the selective 5-HT1A receptor agonist 8-OH-DPAT and the

5-HT1B receptor antagonist RU24969 and CP-93,129 result

in decreased 5-HT release (Hiorth & Magnusson, 1988;

Sharp et al., 1998a, 1998b). In addition, it has been shown

that the firing activity of some serotonergic neurons is

attenuated upon acute SSRI treatment but returns to basal

levels and elevates over basal levels after 2 weeks of

treatment (Auerbach & Hjorth, 1995). In another report,

acute SSRI treatment produced only a small increase in

extracellular 5-HT as measured by microdialysis, whereas

long-term application (2 weeks) caused a 6-fold increase in

synaptic 5-HT (Blier & de Montigny, 1994). One possible

explanation for this delayed effect is that acute inhibition of

5-HT reuptake first increases synaptic 5-HT concentration,

which, in turn, activates inhibitory somatodendritic 5-HT1A

and/or terminal 5-HT1B autoreceptors. Thus, acute admin-

istration of SSRI primarily leads to a reduction in transmitter

release. Long-term treatment may then induce adaptive

changes such as desensitization or down-regulation of

autoreceptors, finally resulting in potentiated synaptic sero-

tonergic activity underlying the therapeutic effect of antide-

pressant treatment. Supporting this hypothesis, pretreatment

with the selective 5-HT1A receptor antagonist, (� )pindolol,

has been shown to prevent the suppressing effect of parox-

etine on 5-HT release of neurons of the dorsal raphe nuclei

(Artigas et al., 1996). These findings go along with clinical

studies, in which it has been shown that in some patients a

combined therapy with an SSRI together with pindolol

shortened the latency of the onset of antidepressant therapy

(Artigas et al., 1994; Blier & Bergeron, 1995).

In animal experiments, the administration of the 5-HT1A

receptor selective antagonist WAY 100635 and the SSRI

fluoxetin also induced a strong increase in extracellular

hypothalamic 5-HT, indicating the synergistic effect of

combined blockade of autoreceptors and reuptake. Interest-

ingly, in this set of experiments, subsequent administration

of the serotonin precursor 5-hydroxytryptophan (5-HTP) led

to a further increase of 5-HT release (Dreshfield-Ahmad et

al., 2000). Down-regulation of 5-HT1B receptors upon long-

term SSRI treatment has been shown using in situ hybrid-

ization. In this study, the SSRI paroxetine and fluoxetine,

but not the SSRI sertraline, induced a significant decrease of

5-HT1B receptor mRNA in the dorsal raphe nucleus but not

in the hippocampus (Anthony et al., 2000). After several

days of washout, the 5-HT1B receptor mRNA levels then
returned to basal levels. The involvement of terminal 5-

HT1B autoreceptor in regulating 5-HT release has also been

demonstrated in transgenic mice, which lack the gene of this

receptor. Microdialysis experiments revealed that whereas

basal 5-HT release in the frontal cortex and the ventral

hippocampus did not differ between wild type and the

mutants, application of the 5-HT1B-selective agonist CP-

93,129 significantly decreased K + -evoked release in these

brain areas only in the wild-type mice but exhibited no

effect in the mutants (Trillat et al., 1997).

Also, in the noradrenergic system, different effects of

long-term versus acute SNRI application on presynaptic

adrenoceptors have been reported. Early functional studies

in the rat vas deferens had shown that antidepressants

through inhibition of monoamine uptake induce effects on

presynaptic a2-autoreceptors that differ depending on the

duration of antidepressant application: receptor activation

after acute treatment followed by desensitization with long-

term treatment (Garcia-Sevilla & Zubieta, 1986). In the rat

brain, the responsiveness of neurons from the locus coeru-

leus (LC) to administration of the a2-adrenoceptor antag-

onist idazoxan has been studied in the frontal cortex after

short- and long-term imipramine treatment. Combined

single-cell recording and microdialysis revealed that (i)

the firing rate of the neurons was significantly lower in rats

receiving acute imipramine application compared with rats

with long-term treatment, (ii) noradrenaline release was

higher in all imipramine treated animals compared with

control rats, and (iii) the enhancing effect of idazoxan on

the firing rate as well as on noradrenaline release was

higher after long- than after short-term imipramine treat-

ment of the animals (Linner et al., 1999). These data are

thought to be indicative for a functional down-regulation

of a2-autoreceptors on LC neurons upon long-term nor-

adrenaline reuptake inhibition and might suggest that

addition of a2-adrenoceptor antagonists to SNRI treatment

may augment the clinical effect in SNRI-based pharmaco-

therapy in major depression. In another study, the effect of

administration of the a2-adrenoceptor agonist clonidine has

been investigated in rats chronically treated with the SNRI

desipramine. Here, clonidine at 10 Ag/kg significantly

reduced extracellular noradrenaline in control rats but not

in desipramine treated animals. At higher doses, however,

clonidine exhibited similar effects in both rats. Because

radioligand binding studies in the LC did not show any

differences between the animals investigated, it was con-

cluded that long-term treatment with desipramine induces

adaptive changes involving the desensitization of a2-autor-

eceptors with no change in their density on noradrenergic

neurons (Sacchetti et al., 2001). In addition, a significant

reduction in noradrenaline uptake was measured in synap-

tosomal preparations from the dorsal hippocampus sug-

gesting an effect of long-term antidepressant treatment not

only on autoreceptors but also on the overall activity of

transporter proteins (Fig. 1). This aspect will be discussed

later.



Fig. 1. Possible regulation of the efficiency of monoaminergic signaling at the synaptic level. Acute antidepressant administration shortly enhances the

transmitter concentration in the synaptic cleft (A, B). This will result in an activation of presynaptic autoreceptors, which are negatively coupled to monoamine

synthesizing enzymes (MSE) and/or exocytotic release (C). As a consequence, synaptic monoamine concentration will be lowered. Long-term activation of

these receptors, however, induces their desensitization, which then allows new transmitter synthesis and release (D). In addition, chronic exposition to

antagonists induces an internalization of transporter proteins into intracellular compartments, which causes a reduction of uptake capacity thereby additionally

enhancing the efficiency of monoaminergic signaling.
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Comparable to the effect of long-term antidepressant

application, a desensitization of a2-adrenoceptors has also

been shown to occur after chronic administration of the

monoamino oxidase inhibitor clorgyline (Prieto & Giralt,

2002). In hippocampal and cortical synaptosomal membrane

preparations, a reduction in the sensitivity of a2-adrenocep-

tors was measured upon chronic treatment with clorgyline.

Accordingly, clonidine induced a decrease in tyrosine hy-

droxylase (TH) activity in control rats and animals subjected

to an acute clorgyline treatment, but failed to do so after

chronic treatment.

2.3. Regulation of monoamine synthesis

One mechanism by which autoreceptors control neuro-

transmitter release is that following activation of the receptor

the h- and g-dimer is released from the trimeric G-protein.

This peptide binds with high affinity to voltage-gated calci-

um channels, thereby reducing their opening frequencies.

This in turn leads to a diminished exocytosis process.

Actually, in chick sympathetic neurons, it had been shown

that this is the only mechanism by which presynaptic a2-

autoreceptors control noradrenaline release (Boehm & Huck,

1996). On the other hand, presynaptic inhibitory receptors

also inhibit the synthesis of monoamines via down-regula-

tion of the rate limiting enzymes TH and tryptophan hy-

droxylase (TPH) (Esteban et al., 1996).

Post-translational up-regulation of TH and TPH activity

is known to be achieved through phosphorylation by various
kinases (Ehret et al., 1989; Johansen et al., 1995; Banik et

al., 1997; Lindgren et al., 2002; Stenfors & Ross, 2002;

Stultz et al., 2002; Bevilaqua et al., 2003). The activation of

both presynaptic a2-adrenoceptors and 5-HT1A and 5-HT1B

autoreceptors results in an inhibition of adenylyl cyclase,

and thus, the molecular mechanisms of autoreceptor induced

inhibition of TH and TPH may result from a down-regula-

tion of Ca2 + /calmodulin-dependent protein kinases and

cAMP-dependent protein kinase A (PKA), which attenuates

after autoreceptor desensitization.

TH can also be inactivated by the binding of noradren-

aline to its active site, which provides a direct negative

feedback loop (Hufton et al., 1995). A comparable direct

autoregulation is not known for TPH. Here, autoregulation

seems to occur indirectly on the transcriptional level. In

the TPH-expressing CA77 thyroid C-cell cell line, it has

been shown that expressing the 5-HT1 selective agonist

CGS12066A down-regulates TPH by repressing the TPH

promotor activity as revealed by Northern blot analysis

(Wood & Russo, 2001). Based on the results from trans-

fection reporter gene assays, the authors present a model of

autoregulation of the TPH promotor by 5-HT. In this

model, the transcription of TPH is stimulated by MAP

kinases, which leads to increased 5-HT synthesis. When

synaptic 5-HT increases, stimulation of 5-HT1 autorecep-

tors increases MAP kinase phosphatase-1. As a conse-

quence, MAP kinases are dephosphorylated and the

activation of the TPH promotor following TPH transcrip-

tion is reduced (Fig. 1).
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To estimate the in vivo rates of TH and TPH, the

accumulation of 3,4-dihydroxyphenylalanine (DOPA) and

5-HTP is measured after inhibition of the aromatic L-

amino acid decarboxylase. It has been shown that in vivo

application of a2-adrenoceptor agonist leads to significant

decreases of TH activity, whereas a2-adrenoceptor antag-

onists induce an increase of DOPA (Pi & Garcia-Sevilla,

1992). This assay system has also been used to investi-

gate the effect of acute and chronic antidepressant appli-

cation on the in vivo sensitivity of a2 adrenoceptors and

5-HT1A autoreceptors (Esteban et al., 1999). In these

studies, acute inhibition of noradrenaline uptake but not

of 5-HT uptake resulted in activation of a2-autoreceptors

indicated by reduced DOPA synthesis. Interestingly, acute

application of the SNRI desipramine also reduced 5-HTP

synthesis in the hippocampus, but not in the cortex. This

effect is thought to be mediated through endogenous

noradrenaline onto a2-heteroreceptors located on hippo-

campal serotonergic nerve terminals. Conversely, acute

inhibition of 5-HT reuptake resulted in a decrease of 5-

HTP synthesis but did not affect DOPA synthesis. Chron-

ic treatment with desipramine or the SSRI fluoxetine then

resulted in a time-dependent loss in the ability of these

drugs to reduce monoamine synthesis. This is most likely

due to an ongoing desensitization of presynaptic a2-

autoreceptors, a2-heteroreceptors, and 5-HT1A receptors

as shown before.

In the studies discussed above the rate of DOPA and

5-HTP has been measured to monitor the activity of TH

and TPH, respectively. This kind of assay, however, does

not allow to distinguish between pre- and post-transla-

tional effects of autoreceptor activation. In another ap-

proach to investigate whether long-term antidepressant

administration affects gene expression, Kim et al. (2002)

have analyzed the effect of chronic sertraline (SSRI) on

the mRNA and protein levels of TPH in vivo and in

vitro. As determined by in situ hybridization and immu-

nocytochemistry, injections of sertraline for 2 weeks

resulted in a significant up-regulation of TPH mRNA

and protein levels in the dorsal raphe nucleus of the rat

brain. In vitro, sertraline application to the basophilic cell

line RBL-2H3 also increased TPH mRNA and protein as

revealed by Northern and Western blot analysis. When

treating the cells with the selective PKA inhibitor H-89,

the sertraline-induced up-regulation of TPH gene expres-

sion was attenuated but not abolished. It is known that

long-term antidepressant administration increases the ex-

pression of cAMP-dependent PKA and thereby the activ-

ity of the transcription factor cAMP response element

binding protein (CREB), which leads to enhanced tran-

scription of genes containing a cAMP-responsive element

in their promotor (Duman et al., 1999). It is known that

the TPH gene contains a cAMP-responsive element

(Valenciano et al., 2000), and because PKA inhibition

does not completely block TPH induction, one might

speculate that sertraline exerts a long-term effect on
serotonergic neurotransmission by increasing the TPH

expression partly by the cAMP/PKA pathway, but also

by other mechanisms. Actually, it should be mentioned

here that many results concerning the regulation of TPH

have been obtained in non-raphe cells that might contain

other noradrenergic or serotonergic receptors than original

serotonergic neurons. In addition, one must not forget that

chronic blockade of monoamine reuptake induces an

intracellular deficit of neurotransmitters to be loaded back

into the synaptic vesicles, which, to compensate for

monoamine depletion, urges an up-regulation of mono-

amine synthesis.

2.4. Regulation of neurotransmitter transporter activity

In addition to effects on presynaptic autoreceptors and

monoamine synthesizing enzymes, the effects of acute and

chronic application of antidepressants on the activity of the

NET and SERT have been thoroughly investigated in the

last years. This resulted in contradictory findings. Using

quantitative Northern blot analysis, Lesch et al. (1993)

found in vivo that long-term treatment with the nonselec-

tive noradrenaline/serotonin uptake inhibitor imipramine or

the SSRI fluoxetine strongly decreased SERT mRNA in

the rat midbrain raphe complex. In contrast, when analyz-

ing the effect of chronic imipramine and fluoxetine on the

expression of SERT also by Northern blot analysis, Koed

and Linnet (1997) report that ‘‘the serotonin transporter

messenger RNA level in rat brain is not regulated by

antidepressants.’’ Using quantitative in situ hybridization,

Lopez et al. (1994) report that chronic imipramine signif-

icantly increases SERT mRNA in the dorsal raphe nucleus,

whereas Neumaier et al. (1996) state that chronic fluox-

etine transiently reduces SERT mRNA in this brain region

with a return to basal levels after about 3 weeks.

On the protein level, down-regulation of SERT follow-

ing long-term SSRI application has been described (Pine-

yro et al., 1994). Here, in vitro uptake measurements in

hippocampal and dorsal raphe slices revealed a 50–60%

reduction in [3H]5-HT transport in preparations from

animals that were chronically treated with paroxetine

accompanied by a 50% reduction in the number of cell

surface expressed transporter molecules as estimated by

determining [3H]paroxetine binding parameters. In another

approach, it has been shown that long-term SSRI applica-

tion also reduces SERT density in the CA3 region of the

hippocampus by 80–90% as assessed by quantitative

autoradiography with [3H]cyanoimipramine (Benmansour

et al., 1999). As measured with high-speed in vivo

electrochemical recordings, in this area, SSRI did not

further diminish the clearance of serotonin as usually

observed in nontreated animals. These findings suggest

that serotonin clearance in vivo is altered to a greater

extent by antidepressant-induced down-regulation of the

SERT than by acute blockade of the protein (Benmansour

et al., 2002).
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In addition, reports on the regulation of the noradrenaline

transporter are not consistent. In vivo, elevation of NET

mRNA in the LC following short- and long-term SNRI

treatment has been described (Szot et al., 1993) as well as

that NET mRNA initially decreases upon acute desipramine

treatment but increases after chronic drug treatment (Zhu et

al., 2002; Zavosh et al., 1999). In the latter report, comparable

investigations also have been performed in vitro using

cultured SK-N-BE(2)M17 cells. As revealed by Northern

blot analysis, NET mRNA levels are first reduced and then

increase after longer drug incubation. Interestingly, NET

protein levels decreased after the third desipramine treatment,

but did not increase later. These opposite effects in NET

mRNA and protein levels suggest noncongruent regulatory

mechanisms induced upon chronic antidepressant treatment.

Actually, in vitro, it has consistently been shown that SNRI

treatment reduces the reuptake activity of endogenous NET

proteins in PC12 cells as well as of NET proteins heterolo-

gously expressed in HEK293 cells (Zhu & Ordway, 1997;

Zhu et al., 1998). Comparably, SSRI treatment induces a

down-regulation of recombinant SERT (Horschitz et al.,

2001). These modulations are selective, that is, longer incu-

bations with an SNRI do not affect SERT expression and

SSRI do not alter NET activity. It is hypothesized that similar

to phosphorylation-induced subcellular distribution of trans-

porters, ongoing occupation with antagonist may lead to

internalization of the proteins thereby altering their cell

surface expression and reduced transport activity indepen-

dent of regulation processes on mRNA level (Fig. 1). As a

physiological consequence, this would result in prolonged

synaptic monoamine action.

Here a very important question arises: what physiological

consequences does one expect upon measuring enhanced/

decreased transporter mRNA or protein level? In cell culture

experiments, a reasonable conclusion is that a drug-induced

decrease of transporters on the cell surface goes along with a

reduced transport activity and will result in enhanced mono-

aminergic neurotransmission. Thus, this could be indicative

of the physiological antidepressant effect underlying long-

term antidepressant therapy. This would for example explain

that in an animal model of depression an increase of SERT

has been found in hippocampal membrane preparations as

compared with control animals (Edwards et al., 1991). On the

other hand, in vivo, lower levels of transporter mRNA or

protein concentration may also reflect a down-regulation of

the density of synaptic contact site and consequently a

reduction in monoaminergic signaling. With this interpreta-

tion, an increase of monoamine transporter protein would

suggest higher monoaminergic signaling and would contra-

dict the observation by Edwards et al. (1991).

In summary, chronic antidepressant therapy can modulate

the activity and expression pattern of autoreceptors, which

regulate neurotransmitter synthesis and release, as well as of

their direct targets, the transporter proteins for noradrenaline

and serotonin, respectively. Thus, in contrast to acute effects,

chronic antidepressants can enhance the activity of single
synapses on the molecular level by a variety of mechanisms

that might differ in different brain regions.
3. Cellular changes upon

long-term antidepressant treatment

In addition to changes in specific molecules, effects at the

cellular level (e.g., the density of monoaminergic synapses)

have been reported. Here, antidepressants not only affect

single molecules, but also are thought to induce signaling

cascades, which lead to the formation of new synapses

(synaptogenesis), thereby enhancing monoaminergic signal-

ing. This means that antidepressant therapy in addition to

influencing functional parameters of receptors, transporters,

and enzymes also induces anatomical-structural modifica-

tions in the brain and thus affects long-term neuronal

plasticity.

3.1. Neurotrophins/glucocorticoids

In recent years, it has been hypothesized that antidepres-

sant therapy is based on the activation of neurotrophic

factors, which induce the sprouting of neurons, that is

formation of new synapses, and stabilize already existent

synapses. Long before a connection among neurotrophins

and depression and antidepressant therapy had been pre-

sumed, the involvement of neurotrophic factors such as

brain-derived neurotrophic factor (BDNF), nerve growth

factor, and neurotrophin-3 has been investigated in the

differentiation of the nervous system (Thoenen, 1995).

Here, reciprocal interactions were found between BDNF

and the serotonergic system, only some of which are listed

below:

� In vivo, chronic infusion of BDNF into the neocortex

induces sprouting of serotonergic fibers and the forma-

tion of new serotonergic synapses in the rat brain

(Mamounas et al., 1995, 2000).
� Infusion of BDNF into the midbrain adjacent the dorsal

and median raphe nuclei leads to an increase of the

mRNA encoding the TPH (Siuciak et al., 1998).
� BDNF-deficient mice exhibit premature decrements of

forebrain serotonergic fiber density. Interestingly, this

anatomical serotonergic abnormality is associated with

enhanced aggressive behavior (Lyons et al., 1999).
� In vitro, application of BDNF, that is, activation of its

receptor TrkB up-regulates serotonergic phenotype in

cell culture (Galter & Unsicker, 2000; Rumajogee et al.,

2002).
� Activation of 5-HT2A receptors regulates the expression

of BDNF in vitro and in vivo (Meller et al., 2002).

The specific interactions between neurotrophic factors

and the activity of monoaminergic systems suggested the

involvement of neurotrophins in molecular processes un-
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derlying the etiology and therapy of depression. Important

investigations had been performed in various animal models

of depression and animals exposed to various kinds of

stress. Stress is known to elevate glucocorticoid levels,

which in turn induce molecular and structural changes in

various brain regions (Holsboer, 2000). Interestingly, in

many studies, chronic antidepressant administration has

been shown to counteract or even revert stress-induced

neuronal damage. In the rat cerebral cortex, it has been

shown that stress induces degeneration, but imipramine

induces regeneration of noradrenergic axons (Kitayama et

al., 1997), and in the hippocampus formation, stress-induced

decrease of cell proliferation is reversed upon treatment with

an SSRI (Malberg et al., 2000; Malberg & Duman, 2003).

Actually, it is postulated, that the therapeutic effect of

antidepressant treatment requires neurogenesis of hippo-

campal cells (Santarelli et al., 2003). Both stress- and

antidepressant-induced molecular and behavioral changes

are accompanied by significant changes in the expression

level of neurotrophins. Long-term stress via enhanced

glucocorticoids down-regulates, whereas chronic antide-

pressant treatment up-regulates, BDNF expression in the

rat brain (Nibuya et al., 1995; Smith et al., 1995). Interest-

ingly, an inbred strain of rats, which exhibit congenital

helplessness, react to stress with increased corticosterone

levels but no decrease in BDNF (Vollmayr et al., 2001).

Since these rats still respond to stress with elevated gluco-

corticoid levels, it is hypothesized that this strain has lost its

behavioral plasticity with respect to the coupling of BDNF

expression and glucocorticoid- and monoaminergic-mediat-

ed molecular signaling. Based on these finding, one might

build up a simplified model in which long-term stress can

disturb a given balance among monoamines, neurotrophins,

and glucocorticoids (Altar, 1999). Here, the efficiency of

monoaminergic signaling is positively coupled to the syn-

thesis of BDNF, and increased glucocorticoid levels lead to

a decrease of both neurotransmitter and neurotrophin. Most

likely, reduced monoaminergic signaling results from a

reduced transmitter concentration in the synaptic cleft as

well as reduction of the total number of noradrenergic and/

or serotonergic synapses. Recently, it has been shown that

glucocorticoids increase the expression of SERT in immor-

talized human B-lymphoblastoid cells (Glatz et al., 2003).

Thus, one might speculate that reduced monoaminergic

signaling results from both reduced monoamines in the

synaptic cleft (due to enhanced reuptake) and reduced

number of monoaminergic synapses. The effect of antide-

pressant will then include molecular changes at single

synapses as discussed in Section 2.4, such as down-regula-

tion of noradrenaline and SERT as well as the formation of

new synapses. Antidepressant-mediated enhanced activation

of adrenoceptors and 5-HT receptors is thought to trigger

intracellular signaling cascades, which result in an increase

of gene expression, protein synthesis, and release of BDNF

(Altar, 1999). Activation of the TrkC by released BDNF will

then trigger intracellular signaling pathways that induce the
formation of new synapses and/or the strengthening of

already existent synapses. Recently, it has been shown that

infusion of BDNF into the dentate gyrus of the hippocam-

pus produced antidepressant effects in different animal

models of depression (Shirayama et al., 2002). This was

comparable with chronic administration of antidepressants,

and thus, these findings suggest that antidepressants exert

their behavioral effects through neurotrophin-dependent

mechanisms.

3.2. Intracellular pathways

The induction of BDNF transcription again is thought to

be based on the activation of the cAMP cascade in response

to chronic antidepressant treatment. Here, long-term activa-

tion of 5-HT2A receptors and h-adrenoceptors enhances the
functional coupling of the stimulatory G-protein to adenylyl

cyclase, which, in turn, leads to elevated levels of cAMP, the

cAMP-dependent PKA, and finally the phosphorylated form

of the CREB protein (for detailed reviews, see Duman et al.,

1999; Duman, 2002; Nestler et al., 2002). Enhanced tran-

scriptional activity of phosphorylated CREB then induces

the synthesis and release of BDNF, which, in hippocampal

pyramidal neurons, increases dendritic arborizations, and in

the frontal cortex, promotes the sprouting of serotonergic

fibers (Mamounas et al., 2000; Nestler et al., 2002).

On the other hand, the effect of antidepressants and stress

on synaptic changes in the hippocampus and behavior do

not by all means have to include the cAMP-CREB pathway.

In this line, it has been shown that CREB knock-out mice

still normally respond to antidepressant treatment in the

forced swimming test without exhibiting elevated BDNF

expression in the hippocampus (Conti et al., 2002). In

addition, it has been reported that chronic stress produces

an atrophy of apical dendrites in the CA3 region of the

hippocampus with no change of BDNF or neurotrophin-3

expression levels (Kuroda & McEwen, 1998). Interestingly,

this neuronal atrophy was reversible by the atypical antide-

pressant tianeptine.

In this context, one should point out that many incon-

gruent results with regard to the molecular mechanisms

underlying the late onset of antidepressant therapy have

often been obtained either in cell culture systems or in

‘‘normal’’ animals, that is, animals that do not reflect the

rodent equivalent of human depression. In addition, many

studies have focussed on certain brain areas especially the

hippocampus or frontal cortex, thereby neglecting possible

changes occurring in the amygdala, the midbrain, or other

areas.

Originally, it was thought that neurotrophins are secreted

from their target tissues (e.g., post-synaptic dendrites) to

increase the number of contact sites to the presynaptic

innervation or to sustain already existent synapses. In this

model, neurotrophin (NT) bind to and activate their opposite

presynaptic tyrosine kinase receptors. NT/Trk complexes

are then internalized by the nerve terminal and are retro-



Fig. 2. Possible regulation of the efficiency of monoaminergic signaling on the cellular level. Chronic, but not acute, antidepressant treatment results in

enhanced monoaminergic activation of G-protein-coupled receptors, which leads to an up-regulation of adenylyl cyclase and cAMP. PKA-mediated

phosphorylation of CREB then induces the expression of BDNF. By activating the RAS/MAPK/ERK or PI3K/AKT pathways, BDNF switches on molecular

mechanisms that are necessary for cell survival and/or cell growth. In addition, released BDNF can act paracrine on adjacent nerve terminals. Thus, BDNF can

induce dendritic arborizations and the sprouting of nerve terminals, which results in increased synaptic connectivity not only of monoaminergic neurons.
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gradely transported as so-called signaling endosomes. In the

cell body, they signal through RAS-mediated activation of

mitogen-activated protein kinases (MAPK) and/or the phos-

phatidylinositol-3-kinase (PI3K) (Heerssen & Segal, 2002;

Coyle & Duman, 2003). The MAPK cascade triggers

activation of the extracellular signal-regulated kinases

(ERK), whereas PI-3K activation results in activation of

AKT, also referred to as protein kinase B (PKB), which, in

turn, inactivates glycogen synthase-3h. Because activated

glycogen synthase-3h inhibits the transcription of CREB

and, in addition, induces apoptosis, activation of the PI3K/

AKT cascade is important for cell survival and the consol-

idation of synaptic contact sites (Jope & Bijur, 2002). The

RAS/MAPK/ERK cascade is involved in the regulation of

transcription, protein translation, and arrangement of cyto-

skeletal proteins and thus is believed to contribute to

synaptogenesis. Besides signaling in the soma, activated

Trk also exerts its stimuli within the axon, where it induces

axonal elongation and outgrowth (Heerssen & Segal, 2002).

In addition, it has been shown that upon CREB-mediated

transcription, the translated BDNF protein is also anterog-

radely transported to the axon terminals. Here, after secre-

tion BDNF can act paracrine or autocrine, depending on the

site of Trk expression (see Fig. 2).
4. Electroconvulsive therapy

4.1. General background

ECT is the most effective form of antidepressant therapy

available. It is effective in between 85% and 90% of cases of
major depression compared with antidepressant medica-

tions, which are effective in 60–65% of cases (Nobler &

Sackheim, 2001; Shergill & Katona, 2001). Thus, under-

standing the mechanism of ECT might be a major clue to

understanding the etiology of depression. ECT treatment

requires the induction of a series of convulsions, usually

induced 3 times a week by the application of either bilateral

or unilateral electrical shocks. The response is usually seen

after 4–8 treatments and usually results in decided reduction

in the symptoms of depression with the fourth to sixth

treatment. Thus, repeated convulsions are necessary for the

therapeutic effect (Franco-Bronson, 1996), and the drop in

symptoms can occur in 1–2 weeks.

4.2. Molecular changes

ECT causes a widespread release of neurotransmitters

with the resultant increase in the concentration of mono-

amines, among other transmitters. This results in a down-

regulation of a variety of receptors including those felt to be

up-regulated in depression such as the h-norepinephrine
receptor and the 5-HT1A receptor (Nutt et al., 1989; Gur et

al., 2002). There are also strong effects on the release of

GABA and, of course, glutamate (Bajkowska et al., 1999;

Sanacora et al., 2003). The widespread effects secondary to

a generalized seizure make it difficult to isolate those events

that are specific to the therapeutic effect of ECT. However,

aside from the numerous receptor changes seen with chronic

ECT, there are also changes along signal transduction path-

ways that are thought to play a role in the action of other

antidepressants (Duman & Vaidya, 1988). Since ECT

requires chronic administration and the therapeutic effect



P. Schloss, F.A. Henn / Pharmacology & Therapeutics 102 (2004) 47–6056
lasts for a considerable time suggesting stable central

nervous system changes, it may be that it acts through

changes in gene expression patterns. Such patterns appear

stable and may provide new clues to antidepressant action

(Altar, personal communication). Transcription factors

could be induced through ECT, and this is felt to be a key

mechanism in triggering neural plasticity (Nestler et al.,

2002).

In going downstream from the catecholamine receptors,

one transcription factor appears to play an important role,

namely the CREB. CREB has been implicated in the action

of antidepressants (Nibuya et al., 1996; Thome et al., 2000).

Both the level of CREB and transcription mediated by

CREB are increased in both the hippocampus and the

cerebral cortex by a variety of antidepressant treatments,

including ECT (Nibuya et al., 1996; Koch et al., 2002;

Nakagawa et al., 2002). In addition, low levels of CREB

have been reported in depressed patients (Dowlatshahi et al.,

1998) who committed suicide, though these findings are not

significant by diagnosis alone. Recently another transcrip-

tion factor has been implicated in the action of antidepres-

sants D fosB. Hope et al. (1994) have shown that the AP-1

complex is induced with chronic ECT involving the induc-

tion of D fosB. The delta form of fosB is an alternatively

spliced form, which complexes with JunD and binds to AP-

1 sites. This form of fosB is a weak transcriptional factor

and gradually accumulates in cells during chronic ECT.

Using transgenic fosB mice Chen et al. (2004) have recently

shown that it down-regulates the CCAAT-enhancer binding

protein h. Since the delta form of fosB is a weak transcrip-

tional activator, it has been suggested that it may act as a

repressor in some circumstances (Nakabeppu & Nathans,

1991). CCAAT-enhancer binding protein h appears to play a

role in memory consolidation (Taubenfeld et al., 2001) and

apparently can be induced by serotonin (Alberini et al.,

1994). The significance of these findings is not clear, but

they suggest that ECT can play a role in the regulation of

various transcription factors.

4.3. Cellular changes

There are a variety of cellular changes induced by ECT.

These include both changes in cell morphology and pre-

sumably cell function as well as the induction of new cells

or neurogenesis. Initially, studies showed that a chronic

course of ECT could promote synaptic spine formation.

Vaidya et al. (1999) reported that chronic ECT induced

mossy fiber sprouting in the hippocampus. This finding is

not seen with other antidepressants (Lamont et al., 2001),

and indeed, information on the effect of various antidepres-

sant treatments on spine formation and formation of new

synapses is generally inconsistent. One problem may be

similar to that which we saw in looking at the effect of

antidepressants on post-synaptic densities, namely, that

pathological tissue acts differently from wild type. On clue

that this might be the case is the role of BDNF in synapse
formation. Vollmayr et al. (2001) have shown that BDNF

reacts differently in learned helpless animals and in wild

type, suggesting that the entire downstream actions of

neurotrophins may be different in depression. Studies by

Vaidya et al. (1999) show that ECT can robustly induce

neurogenesis and can lead to increased neuron formation in

the hippocampus. This suggests another possible pathway

for antidepressant action. The article by Santarelli et al.

(2003) using X-rays to halt neuron formation by progenitor

cells suggests that this is the mechanism by which anti-

depressants may act. Their data suggest that active neuro-

genesis is necessary for antidepressant action. In another

article, Vollmayr et al. (2003) suggest that neurogenesis is a

general reaction to stress and not associated with depressed

affect. These data on learned helpless animals show that one

can dissociate the effect of stress that decreases neuro-

genesis but does not necessarily lead to helplessness. It still

may be that antidepressants act through a pathway involving

neurogenesis, but it is unlikely that this mechanism under-

lies depression. In conclusion, it appears that the final

common pathway of antidepressants involves the induction

of gene expression and structural as well as functional

alterations. However, the exact nature of these changes

remains to be elucidated.
5. Conclusions

This review examines the role of monoamines and

subsequent downstream actions that result from alterations

in these systems. This appears to be a reasonable approach

to understanding the basis of antidepressant action, since all

the currently effective antidepressants appear to act on

aminergic systems. It must be remembered that a variety

of peptide systems also play a role in depression including

corticotropin-releasing hormone, substance P, and neuro-

peptide Y. In addition, the involvement of melatonin in

mood disorders, especially its implication in the etiology of

seasonal affective disorder, is also in discussion (Mendle-

wicz et al., 1979; Thompson et al., 1990). All of these

systems are currently being investigated as possible avenues

for new antidepressant medications. Nonetheless, even in

these cases, it appears that the final pathway of change in

antidepressant actions must be functional changes in how

information is evaluated and processed. Clearly, the core of

clinical depression is the negative evaluation patients have

of themselves and the hopelessness they feel. What anti-

depressants do is alter this negative information processing.

Current thinking suggests that this can only occur with some

type of structural change that involves the activation of

genes. This review, by concentrating on the differences

between acute and chronic changes on signal transduction

systems, gene activation of neurotrophins, and changes in

synaptic connectivity and neurogenesis, aims to focus on the

final common pathways that control affect. The data, even

in this limited review, suggest that there are multiple inputs
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to such final pathways. Clearly, one must conclude that

different brain areas may be differently affected by anti-

depressants, that in vitro data may not mirror the changes

seen in vivo, and that experiments on wild-type animals

may not reflect what happens in pathological tissue. Even

with these caveats, one must conclude that a study of the

factors controlling synaptic efficacy, synaptogenesis, and

neurogenesis clearly offer the most promise in understand-

ing antidepressant action and insights into how to design

more effective medications. The roles of 5-HT and norepi-

nephrine are central to both induction of synaptogenesis and

neurogenesis and they may well act through independent

pathways (Delgado et al., 1999). Thus, an understanding of

the acute and chronic adaptations of these systems to

antidepressant modulation may give us an understanding

of the factors that control the final common pathways of

change due to these medications.
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