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Major depression is associated with reduced volumes in the

hippocampus and prefrontal cortex, whereas antidepressant

treatments promote several forms of neuronal plasticity,

including neurogenesis, synaptogenesis and neuronal

maturation, in the hippocampus. Several neurotrophic factors

are associated with depression or antidepressant action.

Stress suppresses brain-derived neurotrophic factor (BDNF)

synthesis in the hippocampus, at least partially through a

sustained modification of chromatin structure. Essentially all

antidepressant treatments increase BDNF synthesis and

signaling in the hippocampus and prefrontal cortex. This

signaling is required for the behavioral effects of antidepressant

drugs in rodents, and increased BDNF levels in the

hippocampus mimic the behavioral effects of antidepressants.

However, injection of BDNF into the mesolimbic dopamine

pathway produces an opposing depression-like response. One

hypothesis emerging from these data proposes that mood

disorders reflect failed function of critical neuronal networks,

whereas a gradual network recovery through activity-

dependent neuronal plasticity induces the antidepressant

effect. Neurotrophic factors themselves do not control mood,

but they act as necessary tools in the activity-dependent

modulation of networks, the physiological function of which

determines how a plastic change influences mood.
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Introduction
Neurotrophic factors are critical regulators of the forma-

tion and plasticity of neuronal networks [1]. Of these

neurotrophic factors, the neurotrophin family — compris-

ing nerve growth factor, brain-derived neurotrophic factor

(BDNF), neurotrophin-3 and neurotrophin-4 — is the

best characterized. However, other factors such as mem-

bers of the insulin-like growth factor (IGF), fibroblast

growth factor (FGF) and vascular endothelial growth

factor (VEGF) families also regulate neuronal plasticity.
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Recently, the involvement of neurotrophic factors, partic-

ularly BDNF and its tyrosine kinase receptor TrkB, in

the regulation of mood disorders and antidepressant

effects has been under intense investigation. These stud-

ies, which are briefly reviewed below (for more compre-

hensive recent reviews, please see [2–4]), have led to the

formulation of the neurotrophic hypothesis of depression,

which proposes that reduced brain BDNF levels predis-

pose to depression, whereas increases in brain BDNF

levels produce an antidepressant action. However, several

recent observations, together with information gained

on the basic role of neurotrophins in the developing

and adult brain, suggest a modified neurotrophic hypoth-

esis which emphasises the role of BDNF as a tool of

experience-dependent modifications in neural networks

that regulate different aspects of mood.

BDNF in depression and stress
In humans, brain BDNF levels have been found to be

reduced in postmortem samples from depressed patients,

and antidepressant therapy restores brain BDNF levels to

the normal range [2,5]. BDNF is found in the blood,

where it mostly accumulates in platelets. Interestingly,

several studies have found decreased blood levels of

BDNF in depressed patients and, again, antidepressant

therapy appears to normalize this change [6,7]; however,

the relevance of these findings to the action of BDNF in

the brain remains to be established. Furthermore, a

polymorphism in the BDNF coding region, which pro-

duces pro-BDNF with either valine or methionine in

position 66, has been associated with mood disorders in

several (albeit not in all) depressed populations [2].

Interestingly, this polymorphism is also associated with

other disorders, including anxiety, obsessive-compulsive

disorder and eating disorders, which are successfully

treated with antidepressant drugs [2].

Chronic stress is widely used as a model for mood dis-

orders in experimental animals [8]. Stress reduces BDNF

expression in the hippocampus and this reduction can be

prevented by antidepressant drug treatment [9��,10].

Stressed animals and depressed patients show reduced

volume of the hippocampus, and at least part of this effect

can be counteracted by antidepressant drugs [8,10].

Whether neurotrophic factors are directly involved in this

volume reduction is currently unclear.

BDNF and antidepressant drug action
Several studies have suggested that normal BDNF sig-

naling is both necessary and sufficient for antidepressant

drug action. We have recently found that antidepressants

acting through different mechanisms rapidly increase
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TrkB activation and signaling within an hour of drug

administration [11,12] (Rantamäki and Castrén, unpub-

lished). Antidepressant-induced tyrosine phosphorylation

of TrkB does not induce activity of the extracellular

signal-regulated kinase pathway, but does activate phos-

pholipase-Cg signaling and lead to the phosphorylation of

cAMP-related element binding protein (Rantamäki and

Castrén, unpublished), a major transcription factor direct-

ing gene expression of plasticity-related molecules. After

several days of treatment, essentially all antidepressant

treatments, including electroconvulsive shock treatment

(ECT), antidepressant drugs and lithium, increase

expression of BDNF mRNA in the hippocampus and

cortex (reviewed in [4]). Thus, all antidepressants, regard-

less of their primary mechanism of action, share the

ability to rapidly activate TrkB signaling and induce a

long-lasting increase in BDNF production.

An extremely illuminating study revealed the role of

chromatin remodeling in stress and antidepressant treat-

ment, and suggested molecular explanations for several

puzzling observations related to depression and antide-

pressant treatment [9��]. Chromatin remodeling, such as

methylation or acetylation of histone subunits which wrap

around chromosomal DNA, regulate the activity of gene

transcription. The study reported that social defeat stress

in mice produces long-lasting methylation of histone-3

subunits around the BDNF gene promoter region and that

increased methylation correlates with suppression of

BDNF gene transcription. This suggests that chronic

stress can mark a long-lasting repressive state, which lasts

for at least a month after the cessation of the stressor.

Chronic anti-depressant treatment counteracted the

reduction in BDNF mRNA; however, it did not reverse

the methylation of histone 3, but instead induced another

modification — acetylation — at the same histone sub-

unit. This effect was mediated by anti-depressant-

induced downregulation of histone deacetylase-5. Thus,

although imipramine restored the level of BDNF mRNA

expression suppressed by social stress, this was a com-

pensatory effect at the chromatin level and did not ‘cure’

the underlying sustained histone methylation. Interest-

ingly, imipramine induced histone acetylation in mice

previously exposed to social stress but not in non-stressed

controls. This might explain why antidepressant treat-

ment helps depressed patients but does not affect the

mood of healthy controls. BDNF is not the only gene

epigenetically modified at the chromatin level by trau-

matic experiences and drug treatments, and therefore this

landmark study should open up several new avenues for

fruitful research.

We recently found that the behavioral responses pro-

duced by antidepressants in the forced swim test are lost

in mice with either reduced brain BDNF levels or inhib-

ited TrkB signaling [12], and these observations have

subsequently been confirmed [13,14]. These data suggest
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that increased BDNF signaling is required for the normal

behavioral response to antidepressant drugs, at least in

experimental animals. Furthermore, BDNF signaling

appears to be sufficient for antidepressant effects, as

direct infusion of BDNF into midbrain areas or hippo-

campus induces behavioral responses that are similar to

those produced by antidepressants [4]. Increased TrkB

signaling produced by overexpression of TrkB in neurons

also mimics the effects of antidepressants; moreover, the

effects of antidepressants and TrkB overexpression are

not additive [15], suggesting that their effects may be

mediated through a common mechanism.

Chronic antidepressant treatment induces several plastic

changes in the rodent forebrain [2–4]. ECT and antide-

pressant drugs both increase neurogenesis and the turn-

over of dentate granule neurons [10,16�]. When

neurogenesis is prevented, the behavioral responses to

antidepressants are lost [17]. BDNF signaling does not

appear to play a role in antidepressant-induced neurogen-

esis, but is required for the long-term survival of newborn

hippocampal granule neurons [16�]. In addition to neu-

rogenesis, ECT increases dendritic sprouting in the hip-

pocampus, and this response is attenuated in mice with

reduced BDNF levels in the brain [18]. Furthermore,

antidepressant treatment promotes morphological matur-

ity of newly born neurons [19] and enhances synaptogen-

esis in many regions of the hippocampus, including the

CA1 area where neurogenesis does not occur [20�]. We

have recently observed that chronic antidepressant treat-

ment induces the expression of plasticity-related pro-

teins, such as phosphorylated CREB and polysialylated

neural cell adhesion molecule, specifically in the hippo-

campus and prefrontal cortex [21]. Together, these data

suggest that antidepressant treatment induces a relatively

broad increase in neuronal plasticity, at least in the

hippocampus. To what extent this increase is dependent

upon BDNF signaling remains to be investigated.

Does BDNF control mood?
A straightforward interpretation of the data reviewed

above is that mood is dependent upon and directly

proportional to the levels of BDNF expression in the

brain. However, several recent observations suggest that

the relationship between neurotrophins and depression is

more complex than originally thought. Although BDNF

signaling is clearly involved in the antidepressant

response, reduction of BDNF levels or BDNF signaling

does not produce depression-like symptoms [4,12]. We

have found that inhibition of BDNF signaling by over-

expression of the dominant-negative TrkB receptor fails

to induce depression-like effects in the forced swim test

[12], but these mice do show an anxiety-type behavioral

phenotype (Voikar and Castrén, unpublished). Conver-

sely, increased TrkB signaling produced by overexpres-

sion of TrkB reduces anxiety and depressive-like

behavior [15,22]. Interestingly, behavioral effects in
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BDNF conditional mutant mice might be gender depen-

dent: female mice with forebrain-specific BDNF deletion

showed increased immobility in a forced swim test, con-

sistent with depression-related behavior, whereas male

mice with the same genotype did not show this behaviour

[14].

Whereas infusion of BDNF into the hippocampus and

raphe-nucleus region mimics behavioral effects of anti-

depressants, infusion of BDNF into the ventral tegmental

area (VTA) produces an opposing depression-like phe-

notype [23]. This response appears to involve activity of

the mesolimbic dopamine pathways that extend from the

VTA to the nucleus accumbens, as inhibition of BDNF

signaling in the nucleus accumbens by virus-mediated

expression of the dominant-negative TrkB isoform

increases the latency to immobility in the forced swim

test (an antidepressant-like response) [23]. Furthermore,

the depression-like behavioral effects produced by social

defeat stress are dependent upon intact BDNF signaling

in the mesolimbic dopamine pathway; these behavioral

effects were blocked by local elimination of BDNF

within the VTA or by chronic antidepressant treatment

[24�]. Microarray analysis revealed that both inhibition of

BDNF and chronic antidepressant treatment largely pre-

vented changes in gene expression produced by social

defeat stress [24�]. These important studies strongly

suggest that depression and antidepressant effects are

not related to levels of BDNF expression in the brain

through any simple correlation. Rather, the studies are

consistent with the interpretation that BDNF is a critical

tool required for activity-dependent modifications in the

structure of neuronal networks, and it is the function of

these networks that determines whether activity-depen-

dent plasticity produces a depression-like or antidepres-

sant behavioral response. The functional consequences of

plasticity in hippocampal–prefrontal network and meso-

limbic pathways produce opposite effects, as far as

depression-related behavior is concerned [25] and, there-

fore, it is not surprising that increased BDNF levels and

inhibition of TrkB signaling produce different effects in

these two networks.

Other neurotrophic factors and depression
In addition to the above-mentioned neurotrophins, mem-

bers of other neurotrophic factor families also play a role

in mood disorders and antidepressant drug action [4].

Dysregulation of several members of the FGF family

and their receptors has been found to occur in brains of

patients with major depressive disorder [26], and FGFs

are regulated by antidepressant drugs [27]. IGF-I is also

increased in the hippocampus by antidepressants [28],

and IGF-I infusion into the brain produces behavioral

responses similar to those of antidepressants and BDNF

[29�]. VEGF is a key regulator of endothelial proliferation

and neovascularization, but also stimulates neurogenesis

in the hippocampus. ECT and fluoxetine increase cell
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proliferation not only in the hippocampus but also in the

prefrontal cortex; however, in this brain area, cells do not

differentiate into neurons, but rather into endothelial

cells [30,31]. Chronic antidepressant drug treatment

increases VEGF expression in the hippocampus [32].

Together, these data clearly demonstrate that many dif-

ferent factors with neurotrophic properties are able to

produce antidepressant-like behavioral responses in

experimental animals, and more factors with this poten-

tial are likely to be identified. It is probable that these

behavioral responses correlate with plastic changes in

neuronal pathways important in mood regulation.

Conclusions
A new view of the pathophysiology of mood disorders and

antidepressant drug action is emerging from research

performed during the past decade [3]. This view empha-

sizes defects in information processing within critical

neural networks as the mechanisms underlying mood

disorders, as well as the role of plasticity-induced network

recovery in antidepressant treatment. Recent findings

suggest that early childhood events and adult stress

produce neurodegenerative changes in the brain that

can eventually lead to breakdown of information proces-

sing in the neuronal networks regulating mood. Success-

ful antidepressant treatments promote activity-

dependent neuronal plasticity by activating neurotrophic

factor systems, thereby gradually restoring network func-

tion and mood. The next challenge is to translate this

improved understanding into better clinical strategies for

the treatment and prevention of mood disorders.
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