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Major depressive disorders (MDDs) have
traditionally been considered to have a
neurochemical basis, but recent studies
have associated these complex disorders
with regional reductions in central nervous system (CNS) vol-
ume, as well as in the numbers and/or sizes of glia and neurons
in discrete brain areas. Although the precise cellular mecha-
nisms underlying these morphometric changes are unknown,
the data indicate that MDDs are associated with impairments
of structural plasticity and cellular resilience. A number of pre-
clinical and clinical studies have shown that signaling path-
ways involved in regulating cell survival and cell death are
long-term targets for the actions of antidepressant agents.
Antidepressants and lithium are now known to indirectly regu-
late a number of factors involved in cell-survival pathways, in-
cluding cyclic AMP responsive element binding protein
(CREB), brain-derived neurotrophic factor (BDNF), the protein
Bcl-2 and mitogen-activated protein (MAP) kinases, which may
explain some of the delayed, long-term beneficial effects ob-
served in patients receiving these drugs. Other drugs designed
to target the signaling pathways that regulate neuroplasticity
and may therefore be developed as long-term treatments for
MDD.

Mood disorders such as MDDs and bipolar disorder (manic-
depressive illness) are common, severe, chronic and often life-
threatening illness. Suicide is estimated to be the cause of death
in up to approximately 15% of individuals with MDD, and
many other deleterious health-related effects have been recog-
nized1–4. Indeed, there is a growing appreciation that, far from
being diseases with purely psychological manifestations, MDDs
are systemic diseases with deleterious effects on multiple organ
systems1–4. For example, MDDs represent a major risk factor for
both the development of cardiovascular disease, as well as for
death after an index myocardial infarction1. Moreover, a recent
study that controlled for physical illness, smoking and alcohol
consumption found that the magnitude of the increased mor-
tality risk conferred by the presence of high depressive symp-
toms was similar to that of stroke and congestive heart failure2.
The costs associated with disability and premature death repre-
sents an economic burden of tens of billions of dollars annually
in the United States alone. It is thus not altogether surprising
that the Global Burden of Disease Study has identified MDDs
among the leading causes of disability worldwide, and as ill-
nesses likely to represent an increasingly greater health, soci-
etal and economic problem in the coming years5.

Despite the devastating impact of MDDs, little is known
about their etiology or pathophysiology. The brain systems
that have received the greatest attention in neurobiological
studies of MDDs have been the monoaminergic neurotransmit-
ter systems. These systems were implicated by the observations
that effective antidepressant drugs exerted their primary bio-
chemical effects by regulating intrasynaptic concentrations of
serotonin and norepinephrine. Treatment with antihyperten-
sives, which depleted these monoamines, sometimes precipi-

tated depressive episodes in susceptible
individuals6–10. Furthermore, the
monoaminergic systems are extensively
distributed throughout the network of

limbic, striatal and prefrontal cortical neuronal circuits
thought to support the behavioral and visceral manifestations
of mood disorders11–13. Thus, clinical studies over the past 40
years have attempted to uncover the specific defects in these
neurotransmitter systems in MDDs by using a variety of bio-
chemical and neuroendocrine strategies. Assessments of cere-
brospinal fluid (CSF) chemistry, neuroendocrine responses to
pharmacological challenge, and neuroreceptor and transporter
binding have demonstrated a number of abnormalities of the
serotonergic, noradrenergic and other neurotransmitter and
neuropeptide systems in MDDs (Table 1).

Although such investigations have provided useful informa-
tion, they have been of limited value in elucidating the patho-
genesis of MDD. MDDs arise from the complex interaction of
multiple-susceptibility (and likely protective) genes and envi-
ronmental factors, and disease phenotypes include not only
episodic and often profound mood disturbances, but also a
range of cognitive, motoric, autonomic, endocrine and
sleep/wake abnormalities. Moreover, although most antide-
pressants exert their initial effects by increasing the intrasynap-
tic levels of serotonin and/or norepinephrine, their clinical
antidepressant effects occur only after chronic administration
(days to weeks), indicating that a cascade of downstream effects
are ultimately responsible for their therapeutic effects. These
observations have led to the appreciation that although dys-
function within the monoaminergic neurotransmitter systems
is likely to play important roles in mediating some facets of the
pathophysiology of MDD, they likely represent the down-
stream effects of other, more primary abnormalities16–18.

More recently, research into the pathophysiology and treat-
ment of MDDs has focused on intracellular signaling pathways.
Multicomponent, cellular signaling pathways interact at vari-
ous levels, thereby forming complex signaling networks that
allow neurons to receive, process and respond to information,
and to modulate the signal generated by multiple neurotrans-
mitter and neuropeptide systems19,20. These signaling pathways
are undoubtedly involved in neuroplastic events that regulate
complex psychological and cognitive processes, as well as di-
verse vegetative functions such as appetite and wakefulness.
Consequently, in the clinical neuroscience community, con-
siderable excitement has been generated by recent evidence
that impairments of neuroplasticity and cellular resilience
might underlie the pathophysiology of MDD, and that antide-
pressants and lithium exert major effects on signaling path-
ways that regulate neuroplasticity and cell survival. These
findings are reshaping views about the neurobiological under-
pinnings of these disorders. Here we review these data and dis-
cuss their implications not only for changing existing ideas
regarding the pathophysiology of MDD, but also for the strate-
gic development of improved therapeutics.

The cellular neurobiology of depression
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Major depressive disorders, long considered to be of neurochemical origin, have recently been associated with
impairments in signaling pathways that regulate neuroplasticity and cell survival. Agents designed to directly target

molecules in these pathways may hold promise as new therapeutics for depression.
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Neuroanatomical correlates of mood disorders
Positron emission tomography (PET) imaging studies have re-
vealed multiple abnormalities of regional cerebral blood flow
(CBF) and glucose metabolism in limbic and prefrontal cortical
(PFC) structures in mood disorders. Although disagreement ex-
ists regarding the specific locations and the direction of some
of these abnormalities, in resting, unmedicated subjects with
familial MDD, regional CBF and metabolism are consistently
increased in the amygdala, orbital cortex and medial thalamus,
and decreased in the dorsomedial/dorsal anterolateral PFC and
anterior cingulate cortex ventral to the genu of the corpus cal-
losum (the subgenual PFC) relative to healthy controls11,13.
These abnormalities implicate limbic –thalamic –cortical and
limbic–cortical–striatal–pallidal–thalamic circuits, involving

the amygdala, orbital and medial PFC, and anatomically re-
lated parts of the striatum and thalamus (Fig. 1) in the patho-
physiology of MDD. These circuits have also been implicated
more generally in emotional behavior by the results of electro-
physiological lesion analysis and brain-mapping studies of hu-
mans and experimental animals11,21.

During symptom remission some of these abnormalities re-
verse, implicating areas where neurophysiological activity may
increase or decrease to mediate or respond to the emotional
and cognitive manifestations of depression. Nevertheless, CBF
and metabolism do not entirely normalize during effective an-
tidepressant treatment in many of these areas. In the latter re-
gions recent morphometric MRI and post mortem
investigations have also demonstrated abnormalities of brain

Table 1 Direct and indirect evidence implicating multiple systems in MDD: a role for proximal abnormalities in signaling pathways?

Serotonergic system Cholinergic system

- Reduced CSF 5-HIAA - Depressogenic effect of cholinomimetics
- Blunted neuroendocrine and - Enhanced cholinergic sensitivity
temperatures responses to 5-HT agonists - Role in sleep EEG abnormalities
- Reduced [3H]IMI binding in platelets (commonly observed in MDD)
and postmortem brain - Antimanic effects of cholinomimetics
- Reduced 5HT1A receptor binding in living
brain & postmortem brain tissue Glutamatergic system
- Antidepressant efficacy of agents which - Stress increases Glu signaling
increase intrasynaptic 5-HT - Lithium facilitates Glu reuptake
- Depressogenic effects of Trp depletion in - Lamotrigine, which has antidepressant
antidepressant-treated patients efficacy decreases Glu release
- Antidepressants decrease 5HT2 density, but ECS increases - Ketamine may have antidepressant effects

- Antidepressants chronically reduce
Noradrenergic system NMDA receptor subunit expression
- Reduced CSF and urinary MHPG - Neuronal atrophy and dendritic
- Elevated plasma NE reshaping (very indirect)
- Blunted neuroendocrine responses to clonidine
- Altered α2AR and β-AR density and responsivity GABAergic system
in peripheral circulating cells - Reduced CSF and plasma GABA
- Altered densities of α2ARs and β-ARs in areas -? reduced Occ. Cx GABA
of postmortem brain - Lithium, VPA ± antidepressants
- Antidepressant efficacy of agents whose may increase GABA signaling
biochemical effects includes increasing NE
- Reduced internal jugular venoarterial NE CRF and HPA axis
metabolite concentration gradients - Hypercortisolemia and resistance to

feedback inhibition
Dopaminergic system - Adrenal and Pituitary Hypertrophy
- Reduced CSF HVA - Increased CSF CRF, & reduced
- Blunted neuroendocrine and CRF receptors in postmortem brain
temperatures responses to DA agonists - Depressogenic/anxiogenic effects
- Antidepressant efficacy of agents whose of CRF agonists in preclinical models
biochemical effects includes increasing DA - Hypercortisolemia normalized by
- Depressogenic effects of AMPT and reserpine successful antidepressant treatment
in susceptible individuals
- Reduced internal jugular venoarterial DA Neurophysiology
metabolite concentration gradients - Reduced CBF and metabolism in the dorsomedial
- Depression in Parkinson disease and dorsal anterolateral PFCx
- Prominent anhedonia & amotivation; - Elevated CBF and metabolism in the lateral Orb
role of DA in reward and motivation circuits Cx & anterior insula in MDDs

- Elevated amygdala CBF & metabolism in some
subtypes
- Abnormal CBF and metabolism in subgenual & pregenual por-
tions of the anterior cingulate gyrus and in the posterior cingu
late gyrus

CSF, cerebrospinal fluid; 5-HIAA, 5-hydroxyindole acetic acid (a major serotonin metabolite); IMI, impramine; 5-HT, 5-hydroxytryptamine (serotonin); Trp, tryptophan, NE,
norepinephrine, MHPG, 3-methoxy 4-hydroxyphenylglycol (a major NE metabolite); DA, dopamine; HVA, homovanillic acid (a major DA metabolite); AR, adrenergic receptor;
AMPT, a-methyl-para-tyrosine (an inhibitor of catecholamine biosynthesis); Glu, glutamate; NMDA, N-methyl-D-aspartate; VPA, valproate; CRF, corticotrophin releasing fac-
tor; PFCx, prefrontal cortex; CBF, cerbral blood flow Orb Cx, orbital cortex. Data derived from refs. 6–10, 14–16, 55, 64–66, 71, and 72.
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Fig. 1 Anatomical circuits implicated by neuroimaging and
neuropathological studies of familial mood disorders. The re-
gional abnormalities summarized are thought to contribute
to the genesis of pathological emotional behavior. Regions
shaded in red have neuromorphometric and/or histopatho-
logical abnormalities in primary MDDs and/or bipolar disor-
der (BD). Regions shaded in yellow have not been
microscopically examined in mood disorders, but are areas
where structural abnormalities are suspected based upon the
finding of third ventricle enlargement in children and adults
with BD. Open arrows to the right of each region indicate ob-
served increases or decreases in CBF and metabolism re-
ported in MDDs patients, relative to controls. Pink question
marks indicate PET data that require replication. The open
arrow within parentheses indicates the increase in metabolic
abnormalities after correcting the PET measures for partial
volume effects of reduced grey matter volume. The blue
question mark indicates where decreased gray matter is sus-
pected as the explanation for reductions in CBF and metabo-
lism, but partial volume-corrected PET results have not been
reported. Solid lines indicate major anatomical connections
between structures, with closed arrowheads indicating the
direction of projecting axons (reciprocal connections have ar-
rowheads at both line ends). Affected prefrontal cortical areas include the
ventrolateral and orbital PFC, the anterior cingulate gyrus ventral and ante-
rior to the genu of the corpus callosum (subgenual PFC (SGPFC) and pre-
genual anterior cingulate (PAC), respectively), and the dorsomedial/dorsal
anterolateral PFC (DM/DALPFC). A.Ins refers to the anterior (agranular) in-
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structure that persist independently of mood state and may
contribute to the corresponding abnormalities of metabolic ac-
tivity11,13,22–24 (Fig. 1).

Structural imaging studies have demonstrated reduced gray
matter volumes in areas of the orbital and medial PFC, ventral
striatum and hippocampus, and enlargement of third ventri-
cles in mood disordered relative to healthy control samples11,13

(Fig. 1). Complementary post mortem neuropathological stud-
ies have shown abnormal reductions in cortex volume, glial
cell counts, and/or neuron size in the subgenual PFC, orbital
cortex, dorsal anterolateral PFC and amygdala22–24 (Table 2). It is
not known whether these deficits constitute developmental ab-
normalities that may confer vulnerability to abnormal mood
episodes, compensatory changes to other pathogenic processes,
or the sequelae of recurrent affective episodes. Understanding

these issues will partly depend upon experiments that delineate
the onset of such abnormalities within the illness course and
determine whether they antedate depressive episodes in indi-
viduals at high familial risk for mood disorders. Nevertheless,
the marked reduction in glial cells in these regions has been
particularly intriguing in view of the growing appreciation that
glia play critical roles in regulating synaptic glutamate concen-
trations and CNS energy homeostasis, and in releasing trophic
factors that participate in the development and maintenance of
synaptic networks formed by neuronal and glial processes25,26.
Abnormalities of glial function could thus prove integral to the
impairments of structural plasticity and overall pathophysiol-
ogy of MDD.

Taken together with other clinical and preclinical data re-
garding these structures’ specific roles in emotional process-

ing, the neuroimaging and
neuropathological abnormalities in MDDs
indicate that MDDs are associated with ac-
tivation of regions that putatively mediate
emotional and stress responses (such as the
amygdala). However, areas that appear to
inhibit emotional expression (such as the
posterior orbital cortex) contain histologi-
cal abnormalities that might interfere with
the modulation of emotional or stress re-
sponses11,27. For example, in MDDs the ele-
vation of CBF and metabolism in the
amygdala is positively correlated with de-
pression severity, consistent with this
structure’s role in organizing the auto-
nomic, neuroendocrine and behavioral
manifestations of some types of emotional
responses21,27. During antidepressant drug
treatment that both induces and main-
tains symptom remission, amygdala CBF
and metabolism decrease to normative lev-

Table 2 Postmortem morphometric brain studies in mood disorders demonstrating
cellular atrophy and/or loss

Volume/cortical thickness
Volumes of NAcc (L), basal ganglia (bilateral) in MDDs and BD
Cortical thickness, rostral oribitoFCx, MDDs
Parahippocampal Cx size in suicide
Volume of subgenual PFCx in familial MDDs and BD

Neurons
Non-pyramidal neurons density in the CA2-region in BD
Layer-specific interneurons in ant. Cing Cx in BD
Layer-specific interneurons in ant. Cing Cx in MDDs
Pyramidal neurons density (layers III, V) in dorsolateral PFCx in BD
Neuronal density and size in rostral oribitoFCx, layer II/III in MDDs

Glia
Density/size of glia in dorsolateral PFCx and caudal oribitoFCx, in MDDs & BD, layer specific
Glial (but not neurons) number in subgenual PFCx in familial MDDs (24%) and BPD (41%)
Glial cell counts, glial density and glia-to-neuron ratios in amygdala

NAcc, nucleus accumbens; FCx, frontal cortex; BD, bipolar disorder; ant. Cing. Cx, anterior cingulate cortex.
Derived from refs. 13, 18, and 22–24.

sula. The parts of the striatum under consideration are the ventromedial
caudate and accumbens area, which particularly project to the ventral pal-
lidum. Other abbreviations: BNST, bed nucleus of the stria terminalis; NTS,
nucleus tractus solitarius; PAG, periaqueductal grey; LC, locus coeruleus;
VTA, ventral tegmental area. Modified from Drevets11.
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els, compatible with evidence that chronic antidepressant
drug administration has inhibitory effects on amygdala func-
tion in experimental animals11,13.

In contrast, some of the medial and orbital PFC areas where
metabolism is abnormal in MDDs appear to have roles in reduc-
ing autonomic and endocrine responses to stressors or threats,
and in extinguishing behavioral responses to fear-conditioned
stimuli that are no longer reinforced27. For example, physiologi-
cal activity increases in the posterior and lateral orbital cortex
during depressive episodes in MDD subjects, as well as during ex-
perimentally induced sadness or anxiety states in healthy sub-
jects as well as in subjects with obsessive compulsive disorder or
animal phobias11,13. In each of these conditions, the magnitude
of posterior/lateral orbital CBF and metabolism is inversely cor-
related with ratings of depression severity, sadness, obsessive
thinking or phobic anxiety, respectively11,13. These data are con-
sistent with data from electrophysiological and lesion analysis
studies indicating that the orbital cortex participates in inhibit-
ing or switching fearful, defensive and reward-directed behaviors
and thoughts as reinforcement contingencies change11,27.
Activation of the orbital cortex during depressive episodes may
thus reflect endogenous attempts to interrupt unreinforced,
aversive thought and emotion. However, the histopathological
abnormalities identified in these areas in MDDs post mortem in-
dicate that the ability to mediate these functions might be im-
paired. The hypothesis that dysfunction of these regions
contribute to depression development is consistent with evi-
dence that lesions involving either the PFC or the striatum (a
major target of efferent projections from the PFC; Fig. 1), and de-
generative diseases affecting the striatum are associated with in-

creased risk for developing the depressive syndrome28–30.

Stress and glucocorticoids modulate neural plasticity
In developing hypotheses regarding the pathogenesis of these
histopathological changes in MDD, the alterations in cellular
morphology resulting from various stressors have been the
focus of much recent research. Thus, although MDDs undoubt-
edly have a strong genetic basis, severe stressors have been as-
sociated with a substantial increase in risk for the onset of
MDDs in susceptible individuals (Table 3)31. In rodents, certain
stressors produce dendritic atrophy, death or endangerment

Fig. 2 Neuroplasticity and cellular resilience in mood disorders.
This figure depicts the multiple influences on neuroplasticity and
cellular resilience in mood disorders. Genetic/neurodevelopmen-
tal factors, repeated affective episodes and illness progression
might all contribute to the impairments of cellular resilience, vol-
umetric reductions and cell death/atrophy observed in mood dis-
orders. Stress and depression likely contribute to impairments of
cellular resilience by a variety of mechanisms, including reduc-
tions in the levels of BDNF, facitating glutamatergic transmission
via NMDA and non-NMDA receptors, and reducing the cells en-
ergy capacity. Neurotrophic factors such as BDNF enhance cell
survival by activating two distinct signaling pathways: the PI-
3–kinase pathway, and the ERK–MAP-kinase pathway. One of the
major mechanisms by which BDNF promotes cell survival is by
increasing the expression of the major cytoprotective protein,
Bcl-2. Bcl-2 attenuates cell death via a variety of mechanisms, in-
cluding impairing the release of calcium and cytochrome c, se-
questering proforms of death-inducing caspase enzymes, and
enhancing mitochondrial calcium uptake. The chronic adminis-
tration of a variety of antidepressants increases the expression of
BDNF, and its receptor TrkB. Lithium and VPA robustly upregu-
late the cytoprotective protein Bcl-2. Lithium and VPA also in-
hibit GSK-3β, biochemical effects shown to have neuroprotective
effects. VPA also activates the ERK-MAP-kinase pathway, effects
which may play a major role in neurotrophic effects and neurite
outgrowth. BDNF, brain derived neurotrophic receptor; trkB, ty-
rosine kinase receptor for BDNF; NGF, nerve growth factor; Bcl-2
and Bcl-x – anti-apoptotic members of the Bcl-2 family; BAD and
Bax, pro-apoptotic members of the Bcl-2 family; Ras, Raf, MEK,
ERK, components of the ERK MAP kinase pathway; CREB, cyclic
AMP responsive element binding protein; Rsk-2. Ribosomal S-6
kinase; ROS, reactive oxygen species; GR, glucocorticoid recep-
tor, GSK-3, glucogen synthase kinase.

Table 3 Direct and indirect evidence implicating impairments of
structural plasticity and cellular resilience in MDDs

- Stress produces atrophy, endangerment and, if prolonged, death of
hippocampal neurons
- Stress inhibits hippocampal neurogenesis
- MDD patients have regionally selective volumetric reductions
demonstrable on MRI, CT
-MDD patients have reductions in glial number and reductions in the
sizes and number of neurons in discrete brain areas
-Antidepressants increase the expression of BDNF and neurotrophin-3 in
discrete brain regions
- Antidepressants increase hippocampal neurogenesis
- Antidepressants may prevent stress-induced atrophy of hippocampal
neurons
- Lithium and valproate increase the expression of the cytoprotective pro-
tein Bcl-2
- Lithium, VPA inhibit GSK-3β (? Substrate-specific inhibition) and
increase β-catenin levels
- Lithium exerts neuroprotective effects against diverse insults
- Valproate activates the ERK–MAP-kinase pathway, and promotes neurite
outgrowth
- Lithium increases the levels of NAA in human brain
- Lithium increases gray matter volumes in human brain

MRI, magnetic resonance imaging; CT, computed tomography; NAA, N-acetylaspar-
tate, a marker of neuronal viability. Derived from refs. 11, 18, 22–24, 32–34, 45, 47,
52, 53, 59, 62 and 63.
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(priming the substrate to be vulnerable to other pathophysio-
logical insults) of hippocampal CA3 pyramidal neurons32–34.
The extent to which such stress-induced neuronal changes also
occur in other brain regions remains unclear. Activation of the
hypothalamic–pituitary–adrenal (HPA) axis seems to have a
role in mediating these effects, as stress-induced neuronal atro-
phy is prevented by adrenalectomy, and duplicated by expo-
sure to high concentrations of glucocorticoids32–34. These
observations are noteworthy with respect to the pathophysiol-
ogy of MDDs as a significant percentage of patients with MDDs
display some form of HPA axis activation (Table 1), and the
subtypes of depression most frequently associated with HPA ac-
tivation are those most likely to be associated with hippocam-
pal volume reductions33. A significant percentage of patients
with Cushing disease, in which pituitary gland adenomas re-
sult in cortisol hypersecretion, are also known to manifest
prominent depressive symptoms35, as well as hippocampal at-
rophy36. Furthermore, some patients with Cushing disease
show a reduction in hippocampal volume that correlates in-
versely with plasma cortisol concentrations; following correc-
tive surgical treatment, hippocampal volume is enlarged in
proportion to the treatment-associated decrement in urinary
free cortisol concentrations36.

In addition to directly causing neuronal atrophy, stress and
glucocorticoids also reduce cellular resilience, thereby making
certain neurons more vulnerable to other insults, such as is-
chemia, hypoglycemia and excitatory amino acid toxicity33.
Thus recurrent stress (and presumably recurrent MDD episodes
which are often associated with hypercortisolemia) might
lower the threshold for cellular death/atrophy in response to a
variety of physiological (for example, aging) and pathological
events. Such processes might also have a role in the relation-
ship between mood disorders and cerebrovascular disease, in
that individuals who develop their first depressive episode in
late-life have an increased likelihood of showing MRI evidence
of cerebrovascular disease11,37.

The precise mechanisms by which glucocorticoids exert
these deleterious effects on the hippocampus are unclear, but
likely involve the facilitation of glutamatergic signaling and in-
hibition of glucose transport33. The reduction in the resilience
of hippocampal neurons might also reflect the propensity for
various stressors to decrease the expression of BDNF in this re-
gion32,33. BDNF and other neurotrophic factors are necessary for
the survival and function of neurons38,39, implying that a sus-
tained reduction of these factors could affect neuronal viabil-
ity. Although endogenous neurotrophic factors have
traditionally been viewed as increasing cell survival by provid-
ing necessary trophic support, it is now clear that their sur-
vival-promoting effects are mediated in large part by an
inhibition of cell death cascades39. Increasing evidence indi-
cates that neurotrophic factors inhibit cell death cascades by
activating the MAP kinase signaling pathway and the phospho-
tidylinositol-3 kinase (PI-3K)/Akt pathway (Fig. 2). One impor-
tant mechanism by which the MAP kinase signaling cascades
inhibits cell death is by increasing the expression of the anti-
apoptotic protein Bcl-2 (refs. 40, 41). The neurotrophic fac-
tor/MAP kinase/Bcl-2 signaling cascade might thus have a
critical role in cell survival in the CNS, as there is a very fine
balance maintained between the levels and activities of pro-
and anti-apoptotic factors. Modest changes in this signaling
cascade or in the levels of the Bcl-2 family of proteins (poten-
tially due to genetic, illness or insult-related factors) could

therefore profoundly affect cellular viability42,43.
The preceding discussion has focused on the possibility that

the regional reductions in cell numbers observed in mood dis-
orders are primarily due to cell death and/or profound cellular
atrophy. However, the demonstration that neurogenesis occurs
in the adult human brain into senescence44 raises the possibil-
ity that ongoing impairment of neurogenesis could also have a
role45–47. The greatest density of new cell birth is observed in the
subventricular zone and the subgranular layer of the hip-
pocampus; however, a recent study has suggested that new
neurons originating from the subventricular zone are also
found in areas of the association cortex of nonhuman pri-
mates48. Recent studies have also shown that decreased neuro-
genesis occurs in response to both acute and chronic stress,
effects which appear to be mediated by glucocorticoids46. Thus,
it is an interesting possibility that the reduced hippocampal
volumes that have been observed in conditions associated with
elevated glucocorticoid levels, such as MDD, Cushing disease
and post-traumatic stress disorder (PTSD) might be partially
due to impaired neurogenesis. Presently, it is not clear to what
extent ongoing neurogenesis contributes to the appearance of
new neurons in other brain regions, and if these newborn neu-
rons are also regulated by glucocorticoids in a similar manner.
Given the importance of glucocorticoids in mediating many of
these stress-induced cellular changes, it is noteworthy that ex-
posure to some types of stress in early life results in persistent
changes in the responses of CRF-containing neurons, the HPA
axis, the serotonergic and noradrenergic systems and the sym-
pathetic nervous system to subsequent stress49,50. Although ge-
netic factors (both susceptibility and protective) probably
modulate the impact of early stresses on neural plasticity, stress
responses are also influenced by nongenomic transmission
across generations of maternal behaviors that modify stress re-
sponsivity in the offspring51. The possibility that these alter-
ations contribute to a state of neuroendangerment and to the
subsequent development of morphological changes in the
adult brain warrants investigation.

Influence of antidepressant treatment on cell survival pathways 
In an extensive series of studies, Duman et al. have demon-
strated that an important pathway involved in cell survival
and plasticity, the cAMP–CREB cascade, is up-regulated by an-
tidepressant treatment45,52. Chronic antidepressant treatment
increases CREB phosphorylation and also increases the expres-
sion of a major gene regulated by CREB, the one encoding
BDNF (refs. 45,52). A role for the cAMP–CREB cascade and
BDNF in the actions of antidepressant treatment is also sup-
ported by studies demonstrating that upregulation of these
pathways increases performance in behavioral models of de-
pression45,52. Consistent with their cellular effects, several re-
ports support the hypothesis that chronic antidepressant
treatment produces neurotrophic-like effects. Thus, antide-
pressant treatment induces greater regeneration of cate-
cholamine axon terminals in the cerebral cortex, enhances
hippocampal synaptic plasticity, and may attenuate stress-in-
duced atrophy of hippocampal CA3 pyramidal neurons45,52.
Because there is overlap of some signaling pathways that medi-
ate neuronal plasticity and neurogenesis, the effects of antide-
pressants on hippocampal neurogenesis have also been
investigated. These studies demonstrate that chronic adminis-
tration of different classes of antidepressants increases the pro-
liferation and survival of new neurons47,53. The enhancement
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of hippocampal neurogenesis by antidepressants highlights
the capacity of treatments in regulating long-term neuroplastic
events in the brain. The precise clinical significance, however,
of enhancing adult hippocampal neurogenesis by antidepres-
sants is unclear. The memory impairments that occur in MDDs
represent the most intuitively obvious potential clinical corre-
late for hippocampal neurogenesis; however, given the key
role of the hippocampus in regulating diverse physiologic and
neurovegetative functions, impairments of neurogenesis
might also contribute to other facets of the clinical syndrome
of depression47,52,53.

Neurotrophic and neuroprotective effects of lithium
Recent studies have shown that lithium, a monovalent cation
efficacious in the treatment of manic and depressive episodes,
robustly increases the levels of the cytoprotective protein Bcl-2
in various areas of rodent brain, and in cells of human neu-
ronal origin54,56,57. Moreover, lithium also inhibits the activity
of glycogen synthase kinase 3β (GSK-3β)58, an enzyme whose
signaling cascade regulates various cytoskeletal processes and
long-term nuclear events in the mature CNS, and thereby has
an important role in regulating neuronal survival18 (Fig. 2).
Consistent with its effects on Bcl-2 and GSK-3β, lithium, at
therapeutically relevant concentrations, exerts cytoprotective
effects against the deleterious effects of a variety of insults, in-
cluding glutamate, NMDA-receptor activation, serum/nerve
growth-factor deprivation, radiation, striatal quinolinic acid
infusion and middle cerebral artery occlusion18,54,57, and lithium
also enhances hippocampal neurogenesis in the adult rodent59.

To determine if lithium exerts neurotrophic effects in the
human brain in vivo, recent studies have used proton magnetic
resonance spectroscopy to quantify the levels of N-acetylaspar-
tate (NAA, a putative marker of neuronal viability and func-
tion)60–62. Four weeks of lithium treatment produced a
significant increase in NAA levels, effects that were localized al-
most exclusively to gray matter62. A follow up volumetric MRI
study has demonstrated that four weeks of lithium treatment
also significantly increased total gray-matter content in the
human brain63, indicating an increase in the volume of the
neuropil (the moss-like layer comprised of axonal and den-
dritic fibers which occupies much of the cortex gray-matter
volume). Taken together, these clinical data support the hy-
pothesis that some of the therapeutic actions of lithium may
involve hitherto underappreciated neurotrophic/neuroprotec-
tive effects.

Implications for the development of novel treatments
The evidence reviewed here suggests that novel strategies tar-
geting the regionally selective impairments in neuroplasticity
and cellular resilience observed in MDDs might have consider-
able utility. Current research is examining the potential effi-
cacy of antagonists of corticotropin-releasing factor (CRF),
antiglucocorticoids and direct and indirect glutamate antago-
nists15,55,64–66. It is possible that subgroups of MDD patients
have selective impairments at distinct levels of the cellular
mechanisms involved in mediating the neuroplastic effects of
endogenous growth factors (for example, the BDNF/trkB/MAP-
kinase/Rsk-2/CREB/Bcl-2 signaling cascade; Fig. 2). Such puta-
tive impairments of receptor-coupled neurotrophic signaling
cascades might account for the post mortem appearance of cell
death and atrophy in some patients, despite the indirect neu-
rotrophic effects of existing antidepressant drugs. For such pa-

tients, new medications that simply mimic the traditional
drugs designed to alter monoaminergic neurotransmitter lev-
els or to bind to cell-surface receptors may be of limited bene-
fit57. For patients refractory to conventional medications,
improved therapeutics might require more direct intracellular
targeting of critical signaling molecules54. It is thus notewor-
thy that a variety of strategies to enhance neurotrophic factor
signaling, and to inhibit the activity of GSK-3β are currently
under development as potential novel treatments for several
human diseases. Many of these approaches emphasize the de-
velopment of small-molecule switches for the protein–protein
interactions that regulate activity of growth factors, MAP ki-
nase cascades and interactions between the Bcl-2 family of
proteins68. Another strategy worthy of investigation for the
treatment of MDDs involves phosphodiesterase (PDE) in-
hibitors, given that that increasing cAMP levels exerts neu-
rotrophic effects via CREB-mediated Bcl-2 upregulation41.
Consistent with this, the PDE4 inhibitor rolipram increases
the proliferation of cells in the subgranular layer of the hip-
pocampus, whereas the transgenic expression of a dominant-
negative mutant CREB decreases the survival of newly born
neurons45. The efficacy of using CNS-penetrant, isozyme-selec-
tive PDE inhibitors as novel, adjunctive treatments for MDDs
requires further investigation.

Conclusion
Regionally selective impairments of structural plasticity and
cellular resiliency, which have been postulated to contribute to
the development of classical neurodegenerative disorders69,
might also exist in MDDs (ref. 45,54) (Table 3). It remains un-
clear whether these impairments correlate with the magnitude
or duration of the biochemical perturbations extant in MDD, if
they reflect an enhanced vulnerability to the deleterious effects
of these pertubations (for example, due to genetic factors
and/or early life events), or if they represent the fundamental
etiological process in MDDs (Fig. 2). The intracellular signaling
cascades involved in regulating neuroplastic events and cell
survival also affect the signal generated by multiple neurotrans-
mitter and neuropeptide systems70. Alterations in these signal-
ing pathways might therefore account for the findings of
dysfunction in diverse neurochemical and neurophysiological
systems in MDDs (Table 1). The increasing number of strategies
being investigated to influence the activity of growth factors,
MAP-kinase signaling cascades, GSK-3β and the Bcl-2 family of
proteins which mediate neurotrophic signaling may thus hold
considerable promise for the development of novel, improved
long-term treatments of MDD.
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