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Although mood disorders have traditionally been regarded as good prognosis diseases, a
growing body of data suggests that the long-term outcome for many patients is often much
less favorable than previously thought. Recent morphometric studies have been investigating
potential structural brain changes in mood disorders, and there is now evidence from a variety
of sources demonstrating significant reductions in regional CNS volume, as well as regional
reductions in the numbers and/or sizes of glia and neurons. Furthermore, results from recent
clinical and preclinical studies investigating the molecular and cellular targets of mood stabili-
zers and antidepressants suggest that a reconceptualization about the pathophysiology and
optimal long-term treatment of recurrent mood disorders may be warranted. It is proposed
that impairments of neuroplasticity and cellular resilience may underlie the pathophysiology
of mood disorders, and further that optimal long-term treatment for these severe illnesses may
only be achieved by the early and aggressive use of agents with neurotrophic/ neuroprotective
effects. It is noteworthy that lithium, valproate and antidepressants indirectly regulate a num-
ber of factors involved in cell survival pathways including CREB, BDNF, bcl-2 and MAP kin-
ases, and may thus bring about some of their delayed long-term beneficial effects via underap-
preciated neurotrophic effects. The development of novel treatments which more directly
target molecules involved in critical CNS cell survival and cell death pathways have the poten-
tial to enhance neuroplasticity and cellular resilience, and thereby modulate the long-term
course and trajectory of these devastating illnesses. Molecular Psychiatry (2000) 5, 578–593.
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There is mounting evidence that recurrent mood dis-
orders—once considered ‘good prognosis diseases’—
are, in fact, often very severe and life-threatening ill-
nesses. Recurrent mood disorders can have devastating
long-term effects, and the cost of these illnesses in
terms of human suffering, productivity and health care
is enormous. Suicide is the cause of death in 10–20%
of individuals, and in addition to suicide, mood dis-
orders are associated with many other deleterious
health-related effects.1–5 Indeed, a recent study which
controlled for physical illness, smoking and alcohol
consumption found that the magnitude of the
increased mortality risk conferred by the presence of
high depressive symptoms was similar to that of stroke
and congestive heart failure.5 Not surprisingly, the
costs associated with disability and premature death
represent an economic burden of tens of billions of dol-
lars annually in the United States alone.1,6,7 It is now
recognized that, for many patients, the long-term out-
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come is often much less favorable than previously
thought, with incomplete interepisode recovery, and a
progressive decline in overall functioning observed.1

Indeed, according to the Global Burden of Disease
Study, mood disorders are among the leading causes
of disability worldwide, and are likely to represent an
increasingly greater health, societal, and economic
problem in the coming years.6,7

Despite the devastating impact that these diseases
have on the lives of millions worldwide, there is still
a dearth of knowledge concerning their underlying eti-
ology and pathophysiology. There is thus considerable
excitement regarding recent cellular and molecular
biological studies, which have identified critical mol-
ecules regulating signaling and neuroplasticty as
potential long-term mediators of mood stabilization.

‘Neuroplasticity’ subsumes diverse processes of vital
importance by which the brain perceives, adapts to and
responds to a variety of internal and external stimuli.
The manifestations of neuroplasticity in the adult CNS
have been characterized as including alterations of
dendritic function, synaptic remodeling, long-term
potentiation (LTP), axonal sprouting, neurite exten-
sion, synaptogenesis, and even neurogenesis (see Mes-
ulam for an excellent overview).8 Although the poten-
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tial relevance of neuroplastic events for the
pathophysiology of psychiatric disorders has been
articulated for some time,9 recent morphometric stud-
ies of the brain (both in vivo and postmortem) are
beginning to lead to a fuller appreciation of the magni-
tude and nature of the neuroplastic events involved in
the pathophysiology of mood disorders.10,11 In this
paper, we discuss the results from recent clinical and
preclinical studies using diverse paradigms which sug-
gest that a reconceptualization about the pathophysiol-
ogy, course, and optimal long-term treatment of recur-
rent mood disorders may be warranted. Indeed, it has
recently been proposed that impairments of neuroplas-
ticity and cellular resilience may underlie the patho-
physiology of mood disorders,10,11 and further that
optimal long-term treatment for these severe illnesses
may only be achieved by the early and aggressive use
of agents with neurotrophic/neuroprotective effects,
irrespective of the primary, symptomatic treatment.11

Such treatment modalities, via their effects on critical
molecules involved in cell survival and cell death
pathways, such as CREB, BDNF, Bcl-2, p53 and MAP
kinases have the potential to enhance neuroplasticity
and cellular resilience, and thereby modulate the long-
term course and trajectory of these devastating ill-
nesses.10,11

Evidence for cell death, cell atrophy, and
impairments of cellular resilience in mood
disorders

Volumetric brain imaging
Recent morphometric neuroimaging studies have dem-
onstrated that, in toto, patients with both bipolar dis-
order (BPD) and major depressive disorder (MDD) dis-
play morphometric changes suggestive of cell loss
and/or atrophy.12–18 The preponderance of the evi-
dence from recent volumetric neuroimaging studies
suggests an enlargement of third and lateral ventricles,
as well reduced gray matter volumes in the orbital and
medial prefrontal cortex (PFC), the ventral striatum,
and the mesiotemporal cortex in patients with mood
disorders.12–18 Reductions in frontal lobe volumes, and
striking |40% reductions in the mean gray matter vol-
ume in the region located ventral to the genu of the
corpus callosum have recently been demonstrated in
BPD depressives and familial unipolar depressives.14

Additional studies suggest that these subgenual PFC
gray matter volume reductions may be particularly evi-
dent in ‘enriched’ patient populations, namely those
with positive family histories of mood disorders.19

Reductions in the volume of the hippocampus have
also been observed in subjects with a history of MDD,
findings which may persist for up to decades after the
depressive episodes have resolved.16,17,20–22 Interest-
ingly, the loss of hippocampal volume appears to be
correlated with the total lifetime duration of MDD but
not with the age of the patients,17 leading to the sugges-
tion that these changes may represent the sequellae of
repeated and/or prolonged episodes of depression23–25

(discussed in detail later). Lending support to the
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structural neuroimaging literature are multiple func-
tional brain imaging studies which have shown abnor-
malities in metabolic rate and blood flow in these same
areas in mood disorders (reviewed in Drevets et al).15

Magnetic resonance spectroscopy
Magnetic Resonance Spectroscopy (MRS) is a tool
which provides a non-invasive window to brain neuro-
chemistry, and has increasingly been utilized in the
study of neuropsychiatric disorders. N-Acetyl-aspart-
ate (NAA) is one of the many neurochemical com-
pounds which can be quantitatively assessed via MRS.
NAA is the predominant resonance in the proton MRS
spectrum of the normal adult human brain and while
the functional role of this amino acid has not been
definitively determined,26 NAA is a putative neuronal
marker, localized to mature neurons and not found in
mature glial cells, CSF, or blood.27 A number of studies
have now shown that initial abnormally low brain
NAA measures may increase and even normalize with
remission of CNS symptoms in disorders such as
demyelinating disease, amyotrophic lateral sclerosis,
mitochondrial encephalopathies, and HIV dementia.27

NAA is synthesized within mitochondria, and inhibi-
tors of the mitochondrial respiratory chain decrease
NAA concentrations, effects which correlate with
reductions in ATP and oxygen consumption.28 Thus,
NAA is now generally regarded as a measure of neu-
ronal viability and function, rather than strictly a
marker for neuronal loss, per se (for an excellent recent
review of NAA see Tsai and Coyle).27 In recent studies
using high resolution spectroscopic imaging methods,
Bertolino et al29 and Frye et al30 found decreased NAA
levels bilaterally in the hippocampus of BPD subjects
compared to controls. Decreased levels of NAA have
also been found bilaterally in the dorsolateral pre-
frontal cortex (DLPFC) in BPD patients compared to
healthy controls.31 Together, these studies add neuro-
chemical support to the contention that mood dis-
orders are associated with regional neuronal loss
and/or reductions in neuronal viability/function. There
have also been a number of reports of abnormal brain
high energy phosphate metabolism in mood disorder
patients, most notably decreased phosphocreatine
(PCr) and/or ATP levels,32–38 as well as abnormal phos-
pholipid metabolism (predominantly phosphomono-
esters and phosphodiesters).33,34,36,37,39,40 The most
extensive series of studies investigating possible abnor-
malities in brain energy regulation in mood disorders
have been conducted by Kato and associates. Consist-
ent with the decreased PCr and ATP levels discussed
above, this research group has also found low pH levels
(measured indirectly via 31P MRS) in mood disorder
patients compared to normal controls,33,34,41 obser-
vations which have led to the postulation that BPD
may be associated with mitochondrial dysfunction.42

In a follow-up study, dynamic aspects of brain energy
metabolism were studied by examining alterations in
PCr and intracellular pH in the occipital region before,
during and after photic stimulation. Although a num-
ber of confounding methodological factors (most
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notably ongoing medication use) preclude a definitive
interpretation of the results, it is noteworthy that BPD
patients with a history of lithium-resistance exhibited
a pronounced decrease in PCr levels during photic
stimulation compared to the lithium-responsive
patients.42 In view of lithium’s robust effects on the
critical cytoprotective protein bcl-2 (vide infra), these
results raise the intriguing possibility that lithium-
responsiveness is due, at least in part, to enhancement
of CNS mitochondrial function and cellular resilience.
However, it is of course quite possible that lithium
exerts robust neurotrophic and neuroprotective effects
which are quite distinct from the mechanisms by
which it treats affective episodes per se. The fact that
lithium-responsive patients are much more likely to
have received long-term lithium treatment would thus
account for the ‘protection’ against photic stimulation-
induced PCr reductions.42

Postmortem morphometric findings
In addition to the accumulating neuroimaging evi-
dence, several postmortem brain studies are now pro-
viding direct evidence for reductions in regional CNS
volume, cell number and cell body size. Baumann and
associates43,44 reported reduced volumes of the left
nucleus accumbens, the right putamen and bilateral
pallidum externum in postmortem brain samples
obtained from patients with unipolar MDD or BPD.

Several recent postmortem stereological studies of
the prefrontal cortex have also demonstrated reduced
regional volume, cell numbers and/or sizes. Morpho-
metric analysis of the density and size of cortical neu-
rons in the DLPFC and orbitofrontal cortices has
revealed significant reductions in mood disorder
patients as compared to control subjects.45,46 The neu-
ronal reductions were, however, more subtle than the
corresponding glial alterations (vide infra), and were
detected only when specific morphological size-types
of neurons were analyzed in individual cortical layers.
For example, marked reductions in the density of large
neurons (corresponding to pyramidal glutamatergic
excitatory neurons) were found in layers III and V of
the DLPFC in BPD and MDD.45 In other prefrontal
regions such as rostral orbitofrontal cortex, the most
prominent neuronal reductions in MDD are confined to
layer II cells (mostly corresponding to non-pyramidal
inhibitory local circuit neurons). Reductions in the
density of specific populations of layer II non-pyrami-
dal neurons containing the calcium-binding protein
calretinin have also been reported in the anterior
cingulate cortex in subjects with a history of mood dis-
orders.47

Additional morphometric studies have also reported
layer-specific reductions in interneurons in the
anterior cingulate cortex,48 and reductions in nonpyr-
amidal neurons (|40% lower) in CA2 of the hippocam-
pal formation in BPD subjects compared to controls.49

Overall, the layer-specific cellular changes observed in
several distinct brain regions, including the prefrontal
cortex, anterior cingulate cortex and hippocampus sug-
gest that multiple neuronal circuits underlie the neuro-

pathology of mood disorders. This is not altogether sur-
prising since the behavioral and physiological
manifestations of the illnesses are complex and include
cognitive, affective, motoric, and neurovegetative
symptomatology, as well as alterations of circadian
rhythms and neuroendocrine systems, and are thus
undoubtedly mediated by networks of interconnected
neurotransmitter systems and neural circuits.50–52

In addition to neuronal pathology, unexpected
reductions in glial cell number and density have also
recently been found in postmortem brains of both MDD
and BPD patients. Marked decreases in overall and
laminar (layers III–IV) glial cell packing densities were
found in subjects with MDD compared to nonpsychi-
atric control subjects.45 Comparable reductions in glial
densities were also detected in DLPFC from subjects
with BPD.46,53,54 Further immunohistochemical exam-
ination of PFC glial cells in MDD revealed that the
reductions in the population of astroglial cells account,
at least in part, for the global glial deficit that has also
been found in this disorder.55 In BPD, however, it is
possible that a different population of glial cells
(oligodendroglia and/or microglia) may be involved in
this pathology, since reductions in a different morpho-
logical type of glial cell were consistently observed in
all cortical layers of DLPFC in BPD subjects.46 An inde-
pendent histological study of area sg24 located in the
subgenual PFC also found striking reductions in glial
cell numbers in patients with familial MDD (24%
reduction) and BPD (41% reduction) as compared to
controls.56 This observation is consistent with this
research group’s neuroimaging report on reductions in
cortical gray matter volume found in the same brain
region in a similar diagnostic group. While these
results are intriguing, further immunohistochemical
and molecular studies are needed to definitively deter-
mine if the same types of glial cells are involved in the
glial deficit that has been observed in both MDD and
BPD, and if this glial loss occurs via similar mech-
anisms. There is a growing appreciation of the critical
roles of glia in regulating synaptic glutamate levels,
CNS energy homeostasis, liberation of trophic factors,
and indeed the very existence of synaptic networks of
neurons and glia,57,58 all of which suggest that the
prominent glial loss observed in MDD and BPD may
be integral to the pathophysiology of the disorders, and
worthy of further study.

Overall, the preponderance of the data from the neu-
roimaging studies and the growing body of postmortem
evidence presents a convincing case that there is
indeed a reduction in regional CNS volume,
accompanied by atrophy and loss of cells in at least a
subset of patients with mood disorders. It remains to be
fully elucidated to what extent these findings represent
neurodevelopmental abnormalities, disease pro-
gression which fundamentally involves loss/atrophy of
glia and neurons, or the sequellae of the biochemical
changes (for example, in glucocorticoid levels)
accompanying repeated affective episodes per se. Fur-
thermore, precisely which of the prominent region-spe-
cific reductions in cell density represent true cell loss,
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rather than extensive atrophy of cell bodies and/or
their processes has not yet been fully established (for
further review, see Rajkowska54). Morphometric analy-
ses of cell sizes and cortical and laminar thickness sug-
gest that, in addition to cell atrophy, some cell loss
does occur in the PFC in mood disorders. The
reductions in neuronal densities are paralleled by
smaller sizes of neuronal somatas and significant 12–
15% decreases in cortical thickness observed in rostral
and middle orbitofrontal cortex in MDD.45 It is note-
worthy that while there are some striking similarities
in the morphological changes found in MDD and BPD,
there are also some differences. For example, the den-
sity of both large neurons and small neurons is
decreased in BPD, whereas in MDD the reductions in
the large neurons is accompanied by increases in the
population of small neurons, suggesting atrophy rather
than cell loss.46,54 In BPD, these decreases in the den-
sity of both large and small types of neurons strongly
indicate neuronal loss rather than an exclusive dimin-
ution in neuronal size in this disorder (Figure 1).

Potential mechanisms underlying cell death and
atrophy in mood disorders

Preclinical stress paradigms have been extensively util-
ized to study potentially relevant neurobiological
determinants of mood disorders. One of the most con-
sistent effects of stress on cellular morphology is atro-
phy of hippocampal neurons (for reviews see Refs
24,25,59). This atrophy is observed in the CA3 pyrami-
dal neurons, occurs after 2–3 weeks of exposure to
restraint stress or longer-term social stress, and can be
reversible.24,25,59 Atrophy of CA3 pyramidal neurons
also occurs upon exposure to high levels of glucocort-
icoids, suggesting that activation of the HPA axis likely
plays a major role in mediating the stress-induced atro-
phy.24,25 The potential etiological role for hypercortiso-
lemia in hippocampal atrophy also receives support
from the recent clinical study demonstrating increases
in hippocampal volume following surgical treatment
(transsphenoidal microadenomectomy) in Cushing’s
disease, effects which were associated with the magni-
tude of the decrease in urinary free cortisol.60 In
addition to neuronal atrophy, more long-term exposure
to stress (ie for several months) can also result in true

Figure 1 Patterns of cell change occurring in patients with mood disorders. (a) Normal cell number; (b) cell atrophy; (c) cell
loss. Two major patterns of cell changes have been observed in postmortem brains of mood disorders patients. Cell atrophy
(refers mainly to neurons—n, gray) is reported in DLPFC and orbitofrontal regions. This pathology is characterized by smaller
cell body size and unchanged cell number compared to the brains of normal controls. By contrast, cell loss (refers mostly to
glial cells—g, black) is reported in subgenual prefrontal cortex and possibly in DLPFC and orbitofrontal regions, and is charac-
terized by reduced number of cells as compared to controls.
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loss of hippocampal neurons.24 Furthermore, increas-
ing evidence has shown that stress and glucocorticoids
also reduce overall cellular resiliency, thereby making
neurons more vulnerable to a variety of other insults,
including excitatory amino acids, ischemia, and hypo-
glycemia.24 Thus, recurrent stress (and presumably
recurrent affective episodes) may lower the threshold
for cell death/atrophy in response to a variety of other
pathological events. To date, there is a dearth of know-
ledge regarding the deleterious effects of stress and glu-
cocorticoids on other brain areas; however, it is poss-
ible that stress and glucocorticoids also influence the
survival and atrophy of neurons in other brain regions.
This possibility is supported by recent clinical studies
demonstrating cerebral atrophy in Cushing’s disease,61

and smaller intracranial and cerebral volumes in
abused children and adolescents with post-traumatic
stress disorder (PTSD).62

A growing body of data has implicated enhanced
glutamatergic neurotransmission (mediated via both
NMDA and non-NMDA receptors) in stress-induced
hippocampal atrophy and death.25 Interestingly, recent
evidence suggests that certain insult-induced elev-
ations in intrasynaptic glutamate levels may arise more
from impairment of glutamate uptake (by both the pre-
synaptic glutamatergic neuron and by surrounding
glia), rather than by enhanced glutamate release.24,63

These findings are particularly noteworthy since
chronic lithium has recently been demonstrated to
enhance glutamate reuptake.64 Increases in extracellu-
lar levels of glutamate have been demonstrated to pro-
duce sustained activation of NMDA, and non-NMDA
ionotropic receptors, both of which can produce poten-
tially toxic increases in the levels of intracellular Ca2+.
Recent studies have demonstrated that both the subcel-
lular compartmentalization of Ca2+ and the source of
the Ca2+ may be a greater determinant of neurotoxicity
than the absolute intracellular Ca2+ levels per se.24 Fur-
thermore, there appear to be functional relationships
between Ca2+ released from IP3-sensitive endoplasmic
reticulum (ER) stores, and mitochondrial Ca2+ uptake,
suggesting a critical role for the anti-apoptotic protein
bcl-2 in subcellular Ca2+ homeostasis.65 In view of the
potential toxic effects of elevated intracellular Ca2+, it
is noteworthy that studies have consistently revealed
elevations in basal and stimulated intracellular Ca2+
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levels in peripheral cells of patients with BPD
(discussed in Refs 66–68). Furthermore, a variety of
missense, nonsense, frameshift and splicing mutations
have recently been identified in the gene encoding the
sarcoplasmic/endoplasmic reticulum calcium-pump-
ing ATPase (SERCA2) in patients with Darier’s disease
(predominantly a skin disorder), many of whom exhib-
ited neuropsychiatric (including affective) pheno-
types.69 These findings are intriguing since abnormali-
ties of Ca2+ handling have also been observed when
peripheral cells obtained from BPD patients have been
treated with the SERCA inhibitor thapsigargin.70 The
potential role for abnormalities of Ca2+ signaling in the
pathophysiology of BPD is also highlighted by the
recent observations that the chronic administration of
the most effective mood stabilizers, lithium and valpro-
ate (VPA), robustly increases the expression of two pro-
teins known to play important roles in calcium seques-
tration. Thus, lithium has been demonstrated to
robustly increase the levels of the major anti-apoptotic
protein bcl-2 in several brain regions and in human
neuroblastoma cells,11,71–75 whereas chronic VPA has
been demonstrated to increase the expression of the ER
chaperone protein GRP7876 (vide infra).

Another mechanism that could contribute to the del-
eterious effects of stress, as well as the cellular changes
observed in mood disorders is the regulation of neuro-
trophic factors. Thus, immobilization-, footshock- and
chronic unpredictable-stress all decrease brain derived
neurotrophic factor (BDNF) expression in the hippo-
campus.77,78 Since BDNF and other neurotrophic fac-
tors are necessary for the survival and function of neu-
rons,79,80 sustained reduction of these factors could
markedly affect neuronal viability. The precise mech-
anisms underlying the stress-induced reductions in
BDNF expression remain to be fully elucidated, but do
not appear to involve glucocorticoids. The potential
role of cytokines is worthy of investigation since
interleukin-1b (IL-1 b), has been shown to contribute to
the stress-induced impairment of LTP and age-related
damage of hippocampus.81 In this context, it is note-
worthy that it has recently been suggested that brain
cytokines, in particular interleukin-1b, may be
involved in the pathophysiology and some of the
somatic consequences of MDD.4

Programmed cell death/apoptosis
A mounting body of data suggests that programmed
cell death or apoptosis may contribute to the loss of
neurons observed in a variety of pathological con-
ditions. There is a growing appreciation that for many
cells, there is a very fine balance maintained between
the levels and activities of pro- and anti-apoptotic fac-
tors, and that modest changes in these factors
(potentially due to genetic, illness or insult-related
factors) may profoundly affect cellular viability. A pri-
mary component of apoptosis is activation of a family
of cysteine proteases (referred to as caspases) which
degrade many proteins that are essential for cell sur-
vival.82 It is now clear that the Bcl-2 family of proteins
plays a critical role in regulating cellular survival.83

This family consists of both anti-apoptotic (eg Bcl-2
and Bcl-XL) and pro-apoptotic members (eg Bax and
Bad),83 many of which are expressed in the rodent and
mammalian CNS.84

Bcl-2 attenuates apoptosis by sequestering proforms
of death-driving caspases, by preventing the release of
mitochondrial apoptogenic factors into the cytoplasm,
and by enhancing mitochondrial calcium uptake.83,85

Increasing evidence suggests a critical role for the mito-
chondria in the process of apoptosis. Studies have
shown that mitochondria undergo major changes in
membrane integrity before classical signs of apoptosis
become manifest, leading to a disruption of the inner
transmembrane potential (DCm) and the release of
intermembrane proteins through the outer mem-
brane.86 One of the major mechanisms by which Bcl-2
appears to exert its protective effects against a variety
of disparate insults is by acting on mitochondria to sta-
bilize membrane integrity and to prevent opening of
the permeability transition pore.86 Additionally, a
growing body of data suggests that bcl-2 also regulates
calcium homeostasis in the ER.87,88 In view of the
mutations in the SERCA2 pump described above, it is
noteworthy that studies have shown that bcl-2 can
interact with SERCA and either maintain calcium
uptake into the ER or reduce calcium efflux from the
ER in cells treated with the SERCA inhibitor thapsigar-
gin.89,90 It is thus likely that bcl-2’s major effects on
calcium homeostasis play a critical role in its ability to
protect neurons from a variety of insults both in vitro
and in vivo (discussed in Refs 11,73,75,83–85 and ref-
erences therein). A growing body of data is also show-
ing that, in addition to its well established neuropro-
tective effects, bcl-2 may also exert independent
neurotrophic effects. Thus, Bcl-2 overexpression has
also been shown to promote regeneration of axons in
the mammalian CNS,91 to regulate neurite sprouting
and outgrowth,91 and to increase axonal growth
rate,92,93 effects which may all be independent of its
anti-apoptotic effects. Importantly for the present dis-
cussion, bcl-2 has also been demonstrated to rescue
cells from toxin-induced cell atrophy;94 it has thus
been convincingly argued that increasing CNS Bcl-2
levels may represent a very effective neurotrophic
strategy to enhance cellular resiliency.91

It is now known that neurotrophic factors (such as
BDNF) promote cell survival largely by suppressing
intrinsic, cellular apoptotic machinery, rather than by
inducing cell survival pathways.79,95 This occurs via
binding of these factors to specific membrane receptors
and the regulation of two intracellular signal transduc-
tion pathways that are crucial in promoting neuronal
survival—the mitogen activated protein (MAP) kinase
cascade and the phosphotidylinositol-3 kinase (PI-
3K)/Akt pathway96,97 (Figure 2). Recent studies have
demonstrated that the activation of the MAP kinase
pathway can inhibit apoptosis by inducing the phos-
phorylation of Bad and increasing the expression of
Bcl-2, the latter effect likely involving the cAMP
response element binding protein (CREB).98,99 Phos-
phorylation of Bad occurs via activation of a down-
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Figure 2 Cellular resilience in mood disorders. This figure depicts the multiple influences on neuroplasticity and cellular
resilience in mood disorders. Genetic/neurodevelopmental factors, repeated affective episodes (and likely elevations of
glucocorticoids) and illness progression may all contribute to the impairments of cellular resilience, volumetric reductions and
cell death/atrophy observed in mood disorders. Bcl-2 attenuates apoptosis by sequestering proforms of death-driving cysteine
proteases (called caspases), by preventing the release of mitochondrial apoptogenic factors such as calcium, cytochrome c and
AIF (apoptosis-inducing factor) into the cytoplasm, and by enhancing mitochondrial calcium uptake. Mitochondria undergo
major changes in membrane integrity before classical signs of apoptosis become manifest, leading to a disruption of the inner
transmembrane potential (DCm) and the release of intermembrane proteins through the outer membrane; bcl-2 acts on mitochon-
dria to stabilize membrane integrity and to prevent opening of the permeability transition pore. Lithium, via its effects on bcl-
2 and p53 may exert effects on the mitochondrial permeability transition pore, a key event in cell death. Lithium and VPA
also inhibit GSK-3b, biochemical effects shown to have neuroprotective effects. VPA also activates the ERK MAP kinase path-
way, effects which may play a major role in neurotrophic effects and neurite outgrowth. Antidepressants regulate the expression
of BDNF, and its receptor TrkB. Both TrkA and TrkB utilize the PI-3-kiase/Akt and ERK MAP kinase pathways to bring about
their neurotrophic effects. The ERK MAP kinase cascade also increases the expression of bcl-2 via its effects on CREB. BDNF,
brain derived neurotrophic receptor; trkB, tyrosine kinase receptor for BDNF; NGF, nerve growth factor; trkA, tyrosine kinase
receptor for NGF; Bcl-2 and Bcl-x, anti-apoptotic members of the bcl-2 family; BAD and Bax, proapoptotic members of the bcl-
2 family; GRB-2; scaffolding protein with src homology domains to coordinate MAP kinase signaling pathways; sos, son of
sevenless—facilitates guanine nucleotide exchange; GAPs, GTPase activating proteins; Ras, Raf, MEK, ERK, Elk1, components
of the ERK MAP kinase pathway; PTP, mitochondrial permeability transition pore; DCm, mitochondrial inner transmembrane
potential; CREB, cyclic AMP responsive element binding protein; Rsk-2, ribosomal S-6 kinase; ROS, reactive oxygen species;
GR, glucocorticoid receptor.

stream target of the MAP kinase cascade, ribosomal S-
6 kinase (Rsk). Rsk phosphorylates Bad and thereby
promotes its inactivation. Activation of Rsk also
mediates the actions of the MAP kinase cascade and
neurotrophic factors on the expression of Bcl-2. Rsk
can phosphorylate the cAMP response element binding
protein (CREB) and this leads to induction of Bcl-2
gene expression (see Figure 2).
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Do impairments in neurogenesis contribute to the
cellular changes observed in mood disorders?

The preceding discussion has centered largely around
the possibility that the regional reductions in cell num-
bers observed in mood disorders is primarily due to
cell death. However, the demonstration that neurogen-
esis occurs in the human brain into senescence,100
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raises the possibility that ongoing impairment of
neurogenesis may also play a role. The greatest density
of new cell birth is observed in the subventricular zone
and the subgranular layer of the hippocampus,
although a recent study has suggested that new neu-
rons originating from the subventricular zone are found
also in areas of association cortex of nonhuman pri-
mates.101 Recent studies have shown that decreased
neurogenesis occurs in response to both acute and
chronic stress, effects which appear to be mediated by
glucocorticoids.102 Thus, it is an interesting possibility
that the reduced hippocampal volumes that have been
observed in conditions associated with elevated gluco-
corticoid levels (eg MDD, Cushing’s, PTSD) may be
due, at least in part, to an impairment of neurogenesis.
At present, it is not clear to what extent ongoing neuro-
genesis may contribute to the appearance of new neu-
rons in other brain regions, and if these newborn neu-
rons are also regulated by glucocorticoids in a similar
manner. Age-related increases in glucocorticoid levels
have also been postulated to be responsible for the
reduced rate of neurogenesis observed in aged mam-
mals, since lowering of glucocorticoid levels in these
animals restores neurogenesis to levels observed in
younger animals.103 These observations raise the
intriguing possibility that CRF antagonists, currently
being developed for the treatment of mood and anxiety
disorders, may have particular utility in the treatment
of elderly depressed patients.

Influence of antidepressant treatment on cell
survival pathways

Elegant recent work by Duman and associates10,104 has
shown that factors involved in neuronal atrophy and
survival may be the target of antidepressant treatments,
observations which have led to the formulation of a
heuristic molecular and cellular hypothesis of
depression.10 These investigators have demonstrated
that chronic, but not acute, administration of different
classes of antidepressants up-regulates the cAMP-
CREB cascade.105 This observation is particularly note-
worthy since BDNF is known to be regulated by
CREB,106 and consistent with this, chronic antidepress-
ant treatment increases the expression of BDNF in the
rodent hippocampus.107,108

More recently, the influence of chronic antidepress-
ant treatment on neurogenesis of hippocampal neurons
has been examined.109 Chronic, but not acute, antide-
pressant treatment was found to increase the number
of new cells in the dentate gyrus granule cell layer. Fur-
thermore, these effects were observed with different
classes of antidepressants, but not with several other
psychotropic medications investigated.109 Consistent
with their cellular effects, several reports support the
hypothesis that chronic antidepressant treatment pro-
duces neurotrophic-like effects.104 Thus, studies have
demonstrated that AD treatment induces greater regen-
eration of catecholamine axon terminals in the cerebral
cortex,110 and at least one atypical antidepressant
(tianeptine) has been demonstrated to attenuate stress-

induced atrophy of hippocampal CA3 pyramidal neu-
rons.111 Additional studies are clearly needed to
further characterize the neurotrophic/neuroprotective
effects of antidepressants in other models of cell dam-
age or atrophy. A recent electrophysiological study has
also demonstrated that chronic ADs increase the field
excitatory postsynaptics potentials connectivity in the
dentate gyrus, effects which could represent an
increase in synaptic connections and number of new
neurons in the dentate gyrus granule cell layer.112

Neurotrophic and neuroprotective effects of
lithium and vaproate

Lithium robustly upregulates the critical
cytoprotective protein bcl-2
Recent mRNA RT-PCR Differential Display studies
have led to the identification of a completely unexpec-
ted target for the actions of chronic lithium and valpro-
ate (VPA) in the frontal cortex (FCx)—the cytoprotec-
tive protein bcl-2.11,71,73,75 Chronic treatment of rodents
with ‘therapeutic’ doses of lithium or VPA was found
to produce a doubling of bcl-2 levels in the FCx, effects
which were primarily due to a marked increase in the
number of bcl-2 immunoreactive cells in layers II and
III of FCx (Figure 3). As discussed, these are the very
same brain regions where the greatest neuronal
changes have been observed in morphometric studies
of mood disorder patients, and primate studies have
indicated that neurons in the layers II–IV of the FCx
are important sites for connections with other cortical
regions, and major targets for subcortical input.45

Chronic lithium also markedly increased the number
of bcl-2 immunoreactive cells in the dentate gyrus and
striatum of rats,73 as well as in the hippocampus of
C57BL/6 mice.113 The fact that these intriguing effects
of lithium represent direct cellular effects of the mono-
valent cation, rather than alterations in synaptic
throughput or long-loop feedback pathways is sug-
gested by the demonstration that chronic in vitro lith-
ium also robustly increases the levels of bcl-2 in human
neuroblastoma SH-SY5Y cells,75 and in rat cerebellar
granule cells.72 Interestingly, not only does chronic
lithium increase the expression of bcl-2, it also pro-
duces reductions in the levels of the pro-apoptotic pro-
tein p53 both in rat cerebellar granule cells72 and
human neuroblastoma SH-SY5Y cells.114 Thus, overall
the data clearly show that chronic lithium robustly
increases the levels of the neuroprotective protein bcl-
2 in areas of rodent FCx, hippocampus and striatum in
vivo; and in cultured cells of both rodent and human
neuronal origin in vitro; furthermore, at least in cul-
tured cell systems, lithium has also been demonstrated
to reduce the levels of the pro-apoptotic protein p53.

Inhibition of glycogen synthase kinase 3b (GSK-3b)
may also exert neuroprotective effects
In addition to bcl-2, another novel target for the actions
of lithium has been identified in recent years. Thus,
Klein and Melton115 first demonstrated that lithium, at
therapeutically relevant concentrations, is an inhibitor
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Figure 3 Chronic lithium and valproate robustly increase bcl-2 immunoreactive neurons in the frontal cortex. Male Wistar
Kyoto rats were treated with either Li2CO3, valproate or saline by twice daily i.p. injections for 4 weeks. Rat brains were cut
at 30 mm; serial sections were cut coronally through the anterior portion of the brain, mounted on gelatin-coated glass slides
and were stained with thionin. The sections of the second and third sets were incubated free-floating for 3 days at 4°C in 0.01
M PBS containing a polyclonal antibody against bcl-2 (N-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:3000), 1%
normal goat serum and 0.3% Triton X-100 (Sigma, St Louis, MO, USA). Subsequently, the immunoreaction product was vis-
ualized according to the avidin-biotin complex method. The figure shows immunohistochemical labeling of bcl-2 in layers II
and III of frontal cortex in saline-, lithium- or valproate-treated rats. Blocking peptide shows the specificity of the antibody.
Photographs were obtained with 40 × magnification. Modified and reproduced, with permission, from Reference 71.

of GSK3b. In addition to its critical roles in the
developing CNS, GSK3b is now known to play an
important role in the mature CNS, by regulating vari-
ous cytoskeletal processes and long-term nuclear
events via phosphorylation of c-jun, nuclear, translo-
cation of b-catenin, and nuclear export of NF-ATc
(reviewed in Refs 116–118). GSK-3b also regulates the
phosphorylation of tau and beta-catenin, both of which
have been implicated in certain types of disease-related
neuronal death (discussed in Refs 73, 116, 117, 119,
120). Overexpression of GSK-3 has been shown to
induce apoptosis of PC12 cells,121 and to potentiate
staurosporine-induced caspase activation.122 Several
recent studies have also found that inhibition of GSK-
3b by lithium reduces tau phosphorylation, effects
which likely also occur at therapeutically relevant lith-
ium concentrations (see Jope for an excellent
discussion).118 Although many of the studies have util-
ized lithium concentrations in excess of those utilized
therapeutically, the available data suggest that lithium,
at concentrations of |1 mM does, indeed, reduce tau
phosphorylation.118,123–125 Overall, the data suggest that
in addition to bcl-2 upregulation, inhibition of GSK-3b
by lithium may also afford protection against the cell
death induced by various stimuli.126 In view of the
important role of GSK-3b in cell survival, a study was
undertaken to determine if other mood stabilizers also
regulate GSK3b. VPA was found to significantly inhibit
GSK3b at therapeutically relevant concentrations,
whereas carbamazepine was without any effect.127 Con-
sistent with GSK3b inhibition, VPA produced a robust
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time-dependent increase in both cytosolic and nuclear
b-catenin levels in human neuroblastoma SH-SY5Y
cells.127 Another independent laboratory has recently
also demonstrated that VPA increases b-catenin levels,
and increases the expression of a reporter gene driven
by b-catenin/LEF transcription factor (personal com-
munication to HK Manji from PS Klein, March 2000).
Most recently, it has been demonstrated that the
chronic (3–4 week) administration of lithium or VPA
also increases b-catenin levels in rodent brain (Chen
and Manji, unpublished observations), compatible
with inhibition of GSK3b during chronic in vivo
administration of the agents under therapeutic para-
digms.

Neuroprotective effects of lithium: compelling
preclinical evidence
Lithium’s robust effects of bcl-2 and GSK-3b in the
mature CNS suggest that it may possess significant
neuroprotective properties. Indeed, several studies
which were conducted before the identification of bcl-
2 or GSK-3b as targets for lithium’s actions had already
demonstrated neuroprotective properties of lith-
ium.128–134 The protective effects of lithium have been
investigated in a number of in vitro studies of rat cer-
ebellar granule cells, and lithium has been shown to
protect against the deleterious effects of glutamate,
NMDA receptor activation, low potassium, and toxic
concentrations of anticonvulsants.135,136 Lithium also
protects PC12 cells from serum/nerve growth factor
deprivation,128 protects both PC12 cells and human
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neuroblastoma SH-SY5Y cells from ouabain toxicity,130

and protects SH-SY5Y cells from both thapsigargin
(which mobilizes intracellular Ca2+) and MPP+-induced
cell death.76 Most recently, lithium has been shown to
protect cultured neurons from beta amyloid-induced
cell death,131 and to protect against the deleterious
effects of GSK-3b overexpression coupled to stauro-
sporine addition.122

Even more impressive are the studies which have
clearly demonstrated lithium’s neuroprotective effects
in the rodent brain in vivo. Lithium pretreatment has
been shown to attenuate both the biochemical and
behavioral manifestations of excitotoxic lesions of the
cholinergic system,133,137 and to attenuate the kainic
acid-induced reduction in glutamate decarboxylase
levels and [3H]D-asparatate uptake.138 Chronic lithium
has also been shown to exert dramatic protective
effects against middle cerebral artery occlusion, reduc-
ing not only the infarct size (56%), but also the neuro-
logical deficits (abnormal posture and hemiplegia).139

Most recently, the same research group has demon-
strated that chronic in vivo lithium treatment robustly
protects neurons in the striatum from quinolinic acid-
induced toxicity, in a putative model of Huntington’s
disease.140 In addition to its effects on bcl-2 and GSK-
3b, lithium’s effects on other signaling pathways and
transcription factors51,118 may also contribute to its
neuroprotective effects. In this context it is noteworthy
that recent studies have shown that modulation of Akt-
1 activity is involved in glutamate excitotoxicity, and
may play a role in lithium’s neuroprotective effects in
rat cerebellar granule cells.141 Furthermore, it has been
demonstrated that Akt phosphorylation of BAD (a pro-
apoptotic member of the bcl-2 family) blocks BAD-
induced death of primary neurons. These results sug-
gest that lithium’s effects on Akt-1 may also contribute
to neuroprotective effects; however, such a contention
awaits the clear demonstration of lithium-induced acti-
vation of Akt-1 in the CNS in vivo.

Lithium increases hippocampal neurogenesis
As discussed already, the seminal study by Erikkson
and associates100 has shown that the dentate gyrus (an
area where robust lithium-induced increases in bcl-2
levels are observed) can produce new neurons during
adulthood in humans. A large number of the newborn
daughter cells are known to die rapidly, likely via
apoptosis.142 In view of bcl-2’s major neuroprotective
and neurotrophic role, a study was undertaken to
determine if lithium, administrated at therapeutically
relevant concentrations, affects neurogenesis in the
adult rodent brain. After treatment with lithium for 14
days, mice were administered single doses of BrdU
(bromodeoxyuridine, a thymidine analog which is
incorporated into the DNA of dividing cells) for 12 con-
secutive days. Lithium treatment continued throughout
the duration of the BrdU administration. Following
BrdU immunohistochemistry,113 unbiased, stereolog-
ical 3-D cell counting was performed using a computer-
assisted image analysis system, and revealed that
chronic lithium administration does, indeed, increase

in the number of BrdU positive cells in the dentate
gyrus by |25% (Figure 4).113 Moreover, approximately
two thirds of the BrdU-positive cells also double-
stained with the neuronal marker NeuN, confirming
their neuronal identity. Double staining of BrdU and
bcl-2 was also observed, and studies using bcl-2 trans-
genic animals are currently underway to delineate the
role of bcl-2 overexpression in the enhanced hippo-
campal neurogenesis observed.

Valproate robustly activates the ERK MAP kinase
pathway
VPA’s effects on bcl-2 and GSK-3b suggest that this
mood-stabilizer may also possess neuroprotective/
neurotrophic properties. Additionally, as discussed,
VPA also increases the expression of the molecular
chaperone GRP78.76 The ER chaperone protein GRP78
suppresses elevations of intracellular Ca2+ following
exposure of neurons to glutamate, effects which appear
to occur via suppression of Ca2+ from ryanodine-sensi-
tive stores.65 Although not as extensively studied as
lithium, a growing body of data suggests that VPA does,
indeed, exert neuroprotective effects.75,143–145

Although much recent evidence has also shown that
VPA increases AP-1 DNA binding activity and AP-1
mediated gene expression,146 the mechanisms underly-
ing these effects have not been fully elucidated. In this
context, MAP (mitogen activated protein) kinases play
a key role in the regulation of the AP-1 family of tran-
scription factors.147 In view of the important role of
MAP kinases in mediating long-term neuroplastic
events, and in regulating AP-1 activity, a series of stud-
ies were undertaken to determine if VPA regulates
MAP kinases. It was found that VPA robustly activates
the ERK MAP kinase pathway, as well as ERK/Elk-1
mediated gene expression113 (Figure 2). Since the ERK
MAP kinases are known to mediate many of the effects
of various neurotrophic factors (including nerve
growth factor (NGF) and brain derived neurotrophic
factor (BDNF)), and to promote neurite outgrowth,96,148

VPA’s effects on the morphology of SH-SY5Y cells
were investigated in detail. Exposure of SH-SY5Y cells
to VPA (1.0 mM) in serum-free media for 5 days not
only resulted in robust neurite outgrowth, but also
prominent growth cone formation, and marked
increases in the levels of both GAP-43 (.3-fold
increases) and bcl-2 (.5-fold increases).149 In view of
VPA’s apparent trophic effects, human neuroblastoma
SH-SY5Y cells were grown in the presence of thera-
peutic concentrations of VPA without any additional
neurotrophic factors. Remarkably, cells grown only in
the presence of VPA continued to grow well for .40
days. As discussed, a variety of neurotrophins activate
the ERK pathway via cell surface tyrosine kinase recep-
tors (eg trkB), and ERK pathways are known to play a
major role in neurotrophin-induced cell differentiation
and neurite growth.96,148 It is thus noteworthy that VPA
activates the ERK MAP kinase pathway and promotes
neurite growth in SH-SY5Y cells, effects which are
characteristic of endogeneous neurotrophic factors.
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Figure 4 Chronic lithium increases hippocampal neurogenesis. C57BL/6 mice were treated with lithium for 14 days, and then
received once daily BrdU injections for 12 consecutive days while lithium treatment continued. Twenty-four hours after last
injection, the brains were processed for BrdU immunohistochemistry. Cell counts were performed in the hippocampal dentate
gyrus at three levels along the dorsoventral axis in all the animals. BrdU-positive cells were counted using unbiased sterological
methods. Chronic lithium produced a significant 25% increase in BrdU immunolabeling in both right and left dentate gyrus
(*P , 0.05). Modified and reproduced, with permission, from Reference 113.

Can the neurotrophic effects of mood stabilizers
be demonstrated in the human brain?

While the body of preclinical data demonstrating neur-
otrophic and neuroprotective effects of lithium is strik-
ing, considerable caution must clearly be exercised in
extrapolating to the clinical situation with humans. In
view of lithium and VPA’s robust effects on the levels
of the cytoprotective protein bcl-2 in the frontal cortex,
Drevets and associates have re-analyzed their data
demonstrating |40% reductions in subgenual PFC vol-
umes in familial mood disorder subjects. Consistent
with neurotrophic/neuroprotective effects of lithium
and VPA, they found that the patients treated with
chronic lithium or VPA exhibited subgenual PFC vol-
umes which were significantly higher than the volumes
in non lithium- or VPA-treated patients, and not sig-
nificantly different from controls (personal communi-
cation from W Drevets to HK Manji, July 1999).

A longitudinal clinical study was recently under-
taken to determine if lithium also exerts neurotrophic/
neuroprotective effects in the human brain in vivo. Pro-
ton magnetic resonance spectroscopy (MRS) was util-
ized to quantitate NAA levels longitudinally. As dis-
cussed, NAA is believed to represent a putative marker
of neuronal viability and has been utilized to follow
the course of neurodegenerative disorders.27 After
extensive validation of this method for longitudinal in
vivo measurement, regional NAA concentrations were
measured in BPD patients at baseline (after a .2-week
medication washout), and again after 4 weeks of lith-
ium at therapeutic doses. Chronic Li administration
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was found to significantly increase NAA concentration,
and furthermore, a striking |0.97 correlation between
lithium-induced NAA increases and regional voxel
gray matter content was observed.150 These results sug-
gest that chronic lithium may not only exert robust
neuroprotective effects (as has been demonstrated in a
variety of preclinical paradigms), but also exerts neuro-
trophic effects in humans.

In a follow-up study to the NAA findings, it was
hypothesized that, in addition to increasing functional
neurochemical markers of neuronal viability, lithium-
induced increases in bcl-2 would also lead to neuropil
increases, and thus to increased brain gray matter vol-
ume in BPD patients. In this clinical research investi-
gation, brain tissue volumes were examined using high
resolution three dimensional MRI and validated quan-
titative brain tissue segmentation methodology to
identify and quantify the various components by vol-
ume, including total brain white and gray matter con-
tent. Measurements were made at baseline and then
repeated after 4 weeks of lithium at therapeutic doses.
This study revealed an extraordinary finding that
chronic lithium significantly increases total gray mat-
ter content in the human brain of the patients with MDI
(Figure 5).151 No significant changes were observed in
brain white matter volume, or in quantitative measures
of regional cerebral water content, thereby providing
strong evidence that the observed increases in gray
matter content are likely due to neurotrophic effects as
opposed to any possible cell swelling and/or osmotic
effects associated with lithium treatment. A finer
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Figure 5 Brain gray matter volume is increased following 4 weeks of lithium administration at therapeutic levels in BPD
patients. Inset (a) illustrates a slice of the three-dimensional volumetric MRI data which was segmented by tissue type using
quantitative methodology to determine tissue volumes at each scan time point. Brain tissue volumes using high resolution
three-dimensional MRI (124 images, 1.5-mm thick Coronal T1 weighted SPGR images) and validated quantitative brain tissue
segmentation methodology to identify and quantify the various components by volume, including total brain white and gray
matter content. Measurements were made at baseline (medication free, after a minimum 14-day washout) and then repeated
after 4 weeks of lithium at therapeutic doses. Chronic lithium significantly increases total gray matter content in the human
brain of patients with BPD. No significant changes were observed in brain white matter volume, or in quantitative measures
of regional cerebral water. Modified, and reproduced with permission, from Reference 151.

grained sub-regional analysis of this brain imaging data
is ongoing. Since it it believed that the majority of neu-
ron-specific NAA is localized to the neurites rather
than the cell body,152 the observed increase in NAA
is likely due to expansion of neuropil content. Such a
contention receives additional support from the post-
mortem brain study of BPD by Rajkowska and associ-
ates,46 which revealed a significant positive correlation
between the relative width of sublayer IIIc and the dur-
ation of antemortem lithium treatment. Taken together,
these exciting new results support the contention that
lithium does indeed exert neurotrophic effects in the
human brain in vivo.

Concluding remarks

The evidence reviewed in this paper suggests that
while MDD and BPD are clearly not classical neurodeg-
enerative diseases, they are, in fact, associated with
impairments of neuroplasticity and cellular resilience.

The cell death and atrophy that has been observed in
some patients despite the neurotrophic effects of some
of our existing psychopharmacologic agents suggests
that a reconceptualization about optimal long-term
treatment for these disorders may be warranted. We
would suggest that somewhat akin to the treatment of
conditions like hypertension and diabetes, early and
potentially sustained treatment may be necessary to
adequately prevent many of the deleterious long-term
structural brain changes associated with mood dis-
orders. In this context, it is noteworthy that a recent
study of BPD patients showed that while the number
of previous episodes was a strong predictor of outcome,
it was the first several episodes which accounted for
the bulk of the functional decline.153 Together with the
data demonstrating residual deficits in many patients
even following a first hospitalization,154,155 these
results highlight the need for early and aggressive
intervention, and perhaps even argue for prophylactic
treatment in ‘high risk’ individuals. It is presently
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unclear to what extent the cell death and atrophy that
occurs in MDD and BPD mood disorders arises due to
the magnitude and duration of the biochemical pertur-
bations (eg glucocorticoid elevations), an enhanced
vulnerability to the deleterious effects of these pertur-
bations (due to genetic factors and/or early life events),
or a combination thereof (Figure 2). While some data
suggest that hippocampal atrophy in MDD is related to
illness duration,17 it is presently not clear if the volu-
metric and cellular changes which have been observed
in other brain areas (most notably frontal cortex) are
related to the affective episodes per se. Indeed, some
studies have observed reduced gray matter volumes
and enlarged ventricles in mood disorder patients at
first onset.19,156 Furthermore, unlike the situation
observed in MDD, MRI hyperintensities in BPD have
been found in young patients, and do not appear to be
related to cerebovascular disease risk factors. This
raises the intriguing possibility that the cell death and
atrophy that occurs in BPD may arise more from an
endogenous impairment of cellular resiliency, whereas
that observed in MDD may be more a manifestation of
the neurotoxic sequellae of repeated affective episodes
per se. A growing body of data is also demonstrating a
relationship (potentially bidirectional) between mood
disorders and cardiovascular/cerebrovascular disease,
suggesting that at least in a subset of patient (? those
who have been ‘primed’ for impairments of cellular
resiliency by genetic factors), CNS vascular insuf-
ficiency may be a contributory factor.18,157,158 Clearly
the pathogenic mechanisms may be quite distinct in
subtypes of mood disorders but preliminary studies
have suggested that regional volume brain differences
in patients with mood disorders may be associated not
only with illness severity/duration, but also with pref-
erential treatment response.22,159,160

In conclusion, emerging results from a variety of
clinical and preclinical, experimental and naturalistic
paradigms suggest that a reconceptualization about the
pathophysiology, course and optimal long-term treat-
ment of recurrent mood disorders is warranted. Opti-
mal long-term treatment for these severe illnesses may
only be achieved by the early use of agents with
neurotrophic/neuroprotective effects, irrespective of
the primary, symptomatic treatment. Such treatment
modalities, via their effects on critical molecules
involved in cell survival and cell death pathways
would serve to enhance neuroplasticity and cellular
resilience (see Figure 2). Patients who exhibit cell loss
and atrophy despite adequate treatment with psycho-
tropic medications known to exert neurotrophic
effects, may do so because of potential impairments of
the intricate cellular machinery involved in mediating
neurotrophic effects (eg CREB/BDNF/trkB/MAP
kinase/Bcl-2) at distinct levels. For such patients with
putative abnormalities in neurotrophic pathways,
improved therapeutics may only be obtained by the
more direct targeting of downstream sites. It is thus
noteworthy that a variety of strategies to enhance neur-
otrophic factor signaling are currently under investi-
gation, and the development of selective, CNS-pene-
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trant GSK-3b inhibitors remains an exciting prospect
for the future. Furthermore, there is a growing appreci-
ation that mitochondria are critical for regulating cell
survival, and that the relative amount of death agonists
and antagonists from the Bcl-2 family constitutes a
regulatory rheostat whose function is determined, at
least in part, by selective protein–protein interac-
tions.161 An increasing number of strategies are also
being investigated to develop small molecule switches
for protein–protein interactions, which have the poten-
tial to regulate the activity of growth factors, MAP kin-
ases cascades, and interactions between homo- and
heterodimers of the bcl-2 family of proteins;162 these
developments hold much promise for the development
of novel therapeutics for the long-term treatment of
severe mood disorders, and for improving the lives of
millions.
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Note added in proof
Jacobs and associates (2000) have recently proposed a
novel theory of depression, wherein the waxing and
waning of neurogenesis in the hippocampal formation
are postulated to represent important causal factors in
the precipitation of and recovery from episodes of
depression.
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näive first-episode psychosis: preliminary observations. Schizo-
phrenia Res 1989; 2: 123.

41 Kato T, Takahashi S, Shioiri T, Inubushi T. Alterations in brain
phosphorous metabolism in bipolar disorder detected by in vivo
31P and 7Li magnetic resonance spectroscopy. J Affect Disord 1993;
27: 53–60.

42 Murashita J, Kato T, Shioiri T, Inubushi T, Kato N. Altered brain
energy metabolism in lithium-resistant bipolar disorder detected
by photic stimulated 31P-MR spectroscopy. Psychol Med 2000; 30:
107–115.

43 Baumann B, Danos P, Krell D et al. Reduced volume of limbic
system-affiliated basalganglia in mood disorders: preliminary data
from a postmortem study. J Neuropsych Clin Neurosci 1999; 11:
71–78.

44 Baumann B, Bogerts B. Post-mortem studies on bipolar disorder.
Br J Psychiatry 2000; (in press).

45 Rajkowska G, Miguel-Hidalgo JJ, Wei J, Dilley G, Pittman SD,
Meltzer HY et al. Morphometric evidence for neuronal and glial
prefrontal cell pathology in major depression. Biol Psychiatry
1999; 45: 1085–1098.

46 Rajkowska G, Selemon LD, Halaris A. Reductions in neuronal and
glial density characterize the dorsolateral prefrontal cortex in
bipolar disorder. Am J Psychiatry 2000; (under revision).

47 Diekmann S, Baumann B, Schmidt U, Bogerts B. Significant
reduction of calretinin-IR neurons in layer II in the anterior cingu-
late cortex in subjects with affective disorders. Soc Neurosci Abs
1998; 24: 386.5.

48 Vincent SL, Todtenkopf MS, Benes FM. A comparison of the den-
sity of pyramidal and nonpyramidal neurons in the anterior cingu-
late cortex of schizophrenics and manic depressives. Soc Neurosci
1997; 23: 2199.

49 Benes FM, Kwok EW, Vincent SL, Todtenkopf MS. A reduction
of nonpyramidal cells in sector CA2 of schizophrenics and manic
depressives. Biol Psychiatry 1998; 15: 4: 88–97.

50 Rajkowska G. Histopathology of the prefrontal cortex in
depression: what does it tell us about dysfunctional monoami-
nergic circuits. Prog Brain Res 2000; 126: 397–412.

51 Manji HK, Potter WZ, Lenox RH. Signal transduction pathways:
molecular targets for lithium’s action. Arch Gen Psychiatry 1995;
52: 531–543.

52 Manji HK, Lenox RH. Signaling: cellular insights into the patho-
physiology of bipolar disorder. Biol Psychiatry 2000; 48: 518–530.

53 Rajkowska G, Selemon LD, Goldman-Rakic PS. Marked glial



Neuroplasticity and cellular resilience in mood disorders
HK Manji et al

591neuropathology in prefrontal cortex distinguishes bipolar disorder
from schizophrenia. Schizophr Res 1997; 24: 41.

54 Rajkowska G. Postmortem studies in blood disorders indicate alt-
ered numbers of neurons and glial cells. Biol Psychiatry 2000;
(in press).

55 Miguel-Hidalgo JJ, Bauco CH, Dilley G, Overholser J, Meltzer H,
Stockmeier C et al. GFAP immunoreactivity in the dorsolateral
prefrontal cortex separates young from old adults with major
depressive disorder. Biol Psychiatry 2000; (in press).

56 Ongur D, Drevets WC, Price JL. Glial reduction in the subgenual
prefrontal cortex in mood disorders. Proc Natl Acad Sci USA
1998; 95: 13290–13295.

57 Coyle JT, Schwarcz R. Mind glue: implications of glial cell biology
for psychiatry. Arch Gen Psychiatry 2000; 57: 90–93.

58 LoTurco JJ. Neural circuits in the 21st century: synaptic networks
of neurons and glia. Proc Natl Acad Sci USA 2000; 97: 8196–8197.

59 Sapolsky RM. Stress, glucocorticoids, and damage to the nervous
system: the current state of confusion. Stress 1996; 1: 1–19.

60 Starkman MN, Giordani B, Gebarski SS, Berent S, Schork MA,
Schteingart DE. Decrease in cortisol reverses human hippocampal
atrophy following treatment of Cushing’s disease. Biol Psychiatry
1999; 46: 1595–1602.

61 Simmons NE, Do HM, Lipper MH, Laws ER Jr. Cerebral atrophy
in Cushing’s disease. Surg Neurol 2000; 53: 72–76.

62 DeBellis MD, Keshavan MS, Clark DB, Casey BJ, Giedd JN, Boring
AM et al. Developmental traumatology. Part II: Brain develop-
ment. Biol Psychiatry 1999; 45: 1271–1284.

63 Roettger V, Lipton P. Mechanism of glutamate release from rat
hippocampal slices during in vitro ischemia. Neuroscience 1996;
75: 677–685.

64 Hokin LE, Dixon JF, Los, GV. Acute inhibition but chronic upreg-
ulation and stabilization of glutamate uptake in synaptosomes by
lithium. In: Manji HK, Bowden CL, Balmaker RH (eds). Bipolar
Medications: Mechanisms of Action. American Psychiatric Press:
Washington, DC, 2000, pp 65–85.

65 Mattson MP, LaFerla FM, Chan SL, Leissring MA, Shepel PN,
Geiger JD. Calcium signaling in the ER: its role in neuronal plas-
ticity and neurodegenerative disorders. Trends Neurosci 2000; 23:
222–229.

66 Dubovsky S, Murphy J, Christiano J et al. The calcium second
messenger system in bipolar disorders: data supporting new
research directions. J Neurospsych 1992; 4: 3–14.

67 Emamghoreishi M, Schlichter L, Li PP, Pariksh S, Sen J, Kamble
A et al. High intracellular calcium concentrations in transformed
lymphoblasts from subjects with bipolar I disorder. Am J Psy-
chiatry 1997; 154: 976–982.

68 Wang JF, Young LT, Li PP, Warsh JJ. Signal transduction abnor-
malities in bipolar disorder In: Joffe RT, Young LT (eds). Bipolar
Disorder: Biological Models and their Clinical Application. Marcel
Dekker: New York, 1997, pp 41–79.

69 Jacobsen NJ, Lyons I, Hoogendoorn B, Burge S, Kwok PY, O’Dono-
van MC et al. ATP2A2 mutations in Darier’s disease and their
relationship to neuropsychiatric phenotypes. Hum Mol Genet
1999; 8: 1631–1636.

70 Hough C, Lu SJ, Davis CL, Chuang DM, Post RM. Elevated basal
and thapsigargin stimulated intracellular calcium of platelets and
lymphocytes from bipolar affective disorder patients measured by
a fluorometric microassay. Biol Psychiatry 1999; 46: 247–255.

71 Chen G, Zeng WZ, Jiang L, Yuan PX, Zhao J, Manji HK. The mood
stabilizing agents lithium and valproate robustly increase the
expression of the neuroprotective protein bcl-2 in the CNS. J Neur-
ochemistry 1999; 72: 879–882.

72 Chen RW, Chuang DM. Long term lithium treatment suppresses
p53 and Bax expression but increases bcl-2 expression. J Biol
Chem 1999; 274: 6039–6042.

73 Manji HK, Moore GJ, Chen G. Lithium at 50: have the neuroprotec-
tive effects of this unique cation been overlooked? Biol Psychiatry
1999; 46: 929–940.

74 Manji HK, Chen G, Hsiao JK, Masana MI, Moore GJ, Potter WZ.
Regulation of signal transduction pathways by mood stabilizing
agents: implications for the pathophysiology and treatment of
bipolar affective disorder. In: Manji HK, Bowden CL, Balnater RH
(eds). Bipolar Medications: Mechanisms of Action. American Psy-
chiatric Press: Washington, DC, 2000, pp 129–177.

Molecular Psychiatry

75 Manji HK, Moore GJ, Chen G. Lithium uprgulates the cytoprotec-
tive protein bcl-2 in vitro and in the CNS in vivo: a role for neuro-
trophic and neuroprotective effects in manic-depressive illness. J
Clin Psychiatry 2000; 61: 82–96.

76 Wang JF, Bown C, Young LT. Differential display PCR reveals
novel targets for the mood-stabilizing drug valproate including the
molecular chaperone GRP78. Mol Pharmacol 1999; 55: 521–527.

77 Smith MA, Makino S, Kvetnansky R, Post RM. Stress alters the
expression of brain-derived neurotrophic factor and neurotrophin-
3 mRNAs in the hippocampus. J Neurosci 1995; 15: 1768–1777.

78 Nibuya M, Takahashi M, Russell DS, Duman RS. Repeated stress
increases catalytic TrkB mRNA in rat hippocampus. Neurosci Lett
1999; 267: 81–84.

79 Thoenen H. Neurotrophins and neuronal plasticity. Science 1995;
270: 593–598.

80 Mamounas LA, Blue ME, Siuciak JA, Anthony AC. BDNF pro-
motes the survival and sprouting of serotonergic axons in the rat
brain. J Neurosci 1995; 15: 7929–7939.

81 Murray CA, Lynch MA. Evidence that increased hippocampal
expression of the cytokine interleukin-1b is a common trigger for
age- and stress-induced impairments in long-term potentiation. J
Neurosci 2000; 18: 2974–2981.

82 Nijhawan D, Honarpour N, Wang X. Apoptosis in neural develop-
ment and disease. Annu Rev Neurosci 2000; 23: 73–87.

83 Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell sur-
vival. Science 1998; 281: 1322–1326.

84 Merry DE, Korsmeyer SJ. Bcl-2 gene family in the nervous system.
Ann Rev Neurosci 1997; 20: 245–267.

85 Bruckheimer EM, Cho SH, Sarkiss M, Hermann J, McDonnell TJ.
The Bcl-2 gene family and apoptosis. Adv Biochem Eng Biotech-
nol 1998; 62: 75–105.

86 Kroemer G, Reed JC. Mitochondrial control of cell death. Nature
Med 2000; 6: 513–519.

87 Pinton P, Ferrari D, Magalhaes P, Schulze-Osthoff K, Di Virgilio
F, Poaazn T et al. Reduced loading of intracellular Ca(2+) stores
and downregulation of capacitative Ca(2+) influx in Bcl-2-overex-
pressing cells. J Cell Biol 2000; 148: 857–862.

88 Hacki J, Egger L, Monney L, Conus S, Rosse T, Fellay I et al. Apop-
totic crosstalk between the endoplasmic reticulum and mitochon-
dria controlled by Bcl-2. Oncogene 2000; 19: 2286–2295.

89 Kuo TH, Kim HR, Zhu L, Yu Y, Lin HM, Tsang W. Modulation of
endoplasmic reticulum calcium pump by Bcl-2. Oncogene 1998;
17: 1903–1910.

90 He H, Lam M, McCormick TS, Distelhorst CW. Maintenance of
calcium homeostasis in the endoplasmic reticulum by Bcl-2. J Cell
Biol 1997; 138: 1219–1228.

91 Chen DF, Schneider GE, Martinou JC, Tonegawa S. Bcl-2 promotes
regeneration of severed axons in mammalian CNS. Nature 1997;
385: 434–439.

92 Hilton M, Middleton G, Davies AM. Bcl-2 influences axonal
growth rate in embryonic sensory neurons. Curr Biol 1997; 7:
798–800.

93 Zhang KZ, Westberg JA, Holtta E, Andersson LC. BCL2 regulates
neural differentiation. Proc Natl Acad Sci USA 1996; 93: 4504–
4508.

94 Suzuki A, Tsutomi Y. Bcl-2 accelerates the neuronal differen-
tiation: new evidence approaching to the biofunction of bcl-2 in
the neuronal system. Brain Res 1998; 801: 59–66.

95 Pettman B, Henderson CE. Neuronal cell death. Neuron 1998; 20:
633–647.

96 Segal RA, Greenberg ME. Intracellular signaling pathways acti-
vated by neurotrophic factors. Annu Rev Neurosci 1996; 19:
463–489.

97 Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME. Ca2+

influx regulates BDNF transcription by a CREB family transcrip-
tion factor-dependent mechanism. Neuron 1998; 20: 709–726.

98 Riccio A, Ahn S, Davenport CM, Blendy JA, Ginty DD. Mediation
by a CREB family transcription factor of NGF-dependent survival
of sympathetic neurons. Science 1999; 286: 2358–2361.

99 Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg
ME. Cell survival promoted by the Ras-MAPK signaling pathway
by transcription-dependent and -independent mechanisms.
Science 1999; 286: 1358–1362.

100 Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg



Neuroplasticity and cellular resilience in mood disorders
HK Manji et al

592

Molecular Psychiatry

C, Peterson DA et al. Neurogenesis in the adult human hippocam-
pus. Nature Med 1998; 4: 1313–1317.

101 Gould E, Reeves AJ, Graziano MS, Gross CG. Neurogenesis in the
neocortex of adult primates. Science 1999; 286: 548–552.

102 Gould E, Tanapat P. Stress and hippocampal neurogenesis. Biol
Psychiatry 1999; 46: 1472–1479.

103 Cameron HA, McKay RD. Restoring production of hippocampal
neurons in old age. Nat Neurosci 1999; 2: 894–897.

104 Duman RS, Malberg K, Nakagawa S, D’Sa C. Neuronal plasticity
and survival in mood disorders. Biol Psychiatry 2000; (in press).

105 Thome J, Impey S, Storm D, Duman RS. Induction of CRE gene
expression by antidepressant treatment. J Neurosci 2000; (in
press).

106 Shieh PB, Hu SC, Bobb K, Timmusk T, Ghosh A. Identification
of a signaling pathway involved in calcium regulation of BDNF
expression. Neuron 1998; 20: 727–740.

107 Nibuya M, Morinobu S, Duman RS. Regulation of BDNF and trkB
mRNA in rat brain by chronic electroconvulsive seizure and anti-
depressant drug treatments. J Neurosci 1995; 15: 7539–7547.

108 Nibuya M, Nestler EJ, Duman RS. Chronic antidepressant admin-
istration increases the expression of cAMP response element bind-
ing protein (CREB) in rat hippocampus. J Neurosci 1996; 16:
2365–2372.

109 Malberg JE, AJ Eisch, EJ Nestler, RS Duman. Antidepressant treat-
ment increases the birth and survival of hippocampal neurons.
2000; (submitted).

110 Nakamura S. Antidepressants induce regeneration of catechola-
minergic axon terminals in the rate cerebral cortex. Neurosci Lett
1990; 111: 64–68.

111 Watanabe Y, Gould E, Daniels DC, Cameron H, McEwen BS.
Tianeptine attenuates stress-induced morphological changes in
the hippocampus. Eur J Pharmacol 1992; 222: 157–162.

112 Stewart CA, IC Reid. Repeated ECS and fluoxetine administration
have equivalent effects on hippocampal synaptic plasticity. Psy-
chopharmacology 2000; 148: 217–223.

113 Chen G, Rajkowska G, Du F, Seraji-Bozorgzad N, Manji HK.
Enhancement of hippocampal neurogenesis by lithium. J Neuro-
chem 2000; 75: 1729–1734.

114 Lu R, Song L, Jope RS. Lithium attenuates p53 levels in human
neuroblastoma SH-SH-SY5Y cells. Neuroreport 1999; 10: 1123–
1125.

115 Klein PS, Melton DA. A molecular mechanism for the effect of
lithium on development. Proc Natl Acad Sci USA 1996; 93:
8455–8459.

116 Dale TC. Signal transduction by the Wnt family of ligands.
Biochem J 1998; 329: 209–223.

117 Willert K, Nusse R. Beta-catenin: a key mediator of Wnt signaling.
Curr Opin Genet Dev 1998; 8: 95–102.

118 Jope RS. Anti-bipolar therapy: mechanism of action of lithium.
Mol Psychiatry 1999; 4: 117–128.

119 Zhang Z, Hartmann H, Do VM, Abramowski D, Struchler-Pierrat
C, Staufenbiel M et al. Destabilization of beta catenin by
mutations in presenilin-1 potentiates neuronal apoptosis. Nature
1998; 395: 698–702.

120 Nishimura M, Yu G, Levesque G, Zhang DM et al. Presenilin
mutations associated with Alzheimer disease cause defective
intracellular trafficking of beta-catenin, a component of the pre-
senilin protein complex. Nature Med 1999; 5: 164–169.

121 Pap M, Cooper GM. Role of glycogen synthase kinase-3 in the
phosphatidylinositol 3 Kinase/Akt cell survival pathway. J Biol
Chem 1998; 273: 19929–19932.

122 Bijur GM, De Sarno P, Jope RS. Glycogen synthase kinase-3 facili-
tates staurosporine- and heat shock-induced apoptosis: protection
by lithium. J Biol Chem 2000; 275: 7583–7590.

123 Munoz-Montano JR, Moreno FJ, Avila J, Diaz-Nido J. Lithium
inhibits Alzheimer’s disease-like tau protein phosphorylation in
neurons. FEBS Lett 1997; 411: 183–188.

124 Hong M, Chen DC, Klein PS, Lee VM. Lithium reduces tau phos-
phorylation by inhibition of glycogen synthase kinase-3. J Biol
Chem 1997; 272: 25326–25332.

125 Lovestone S, Davis DR, Webster MT, Kaech S, Brion JP, Matus A
et al. Lithium reduces tau phosphorylation: effects in living cells
and in neurons at therapeutic concentrations. Biol Psychiatry
1999; 45: 995–1003.

126 Hetman M, Cavanaugh JE, Kimelman D, Xia Z. Role of glycogen
synthase kinase-3beta in neuronal apoptosis induced by trophic
withdrawal. J Neurosci 2000; 20: 2567–2574.

127 Chen G, Huang LD, Jiang YM, Manji HK. The mood stabilizing
agent valproate inhibits the activity of glycogen synthase kinase
3. J Neurochem 1999; 72: 1327–1330.

128 Volonte C, Rukenstein A. Lithium promotes short-term survival
of PC12 cells after serum and NGF deprivation. Lithium 1993; 4:
211–219.

129 D’Mello SR, Anelli R, Calissano P. Lithium induces apoptosis in
immature cerebellar granule cells but promotes survival of mature
neurons. Exp Cell Res 1994; 211: 332–338.

130 Li R, Shen Y, El-Mallakh RS. Lithium protects against ouabain-
induced cell death. Lithium 1994; 5: 211–216.

131 Alvarez G, Munoz-Montano JR, Satrustegui J, Avila J, Bogonez E,
Diaz-Nido J. Lithium protects cultured neurons against beta-amy-
loid-induced neurodegeneration. FEBS Lett 1999; 453: 260–264.

132 Inouye M, Yamamura H, Nakano A. Lithium delays the radiation-
induced apoptotic process in external granule cells of mouse cere-
bellum. J Radiat Res (Tokyo) 1995; 36: 203–208.

133 Pascual T, Gonzalez JL. A protective effect of lithium on rat behav-
iour altered by ibotenic acid lesions of the basal forebrain chol-
inergic system. Brain Res 1995; 695: 289–292.

134 Grignon S, Levy N, Couraud F, Bruguerolle B. Tyrosine kinase
inhibitors and cycloheximide inhibit Li+ protection of cerebellar
granule neurons switched to non depolarizing medium. Eur J
Pharmacology 1996; 315: 111–114.

135 Nonaka S, Hough CJ, Chuang DM. Chronic lithium treatment
robustly protects neurons in the central nervous system against
excitotoxicity by inhibiting N-methyl-d-aspartate receptor-
mediated calcium influx. Proc Natl Acad Sci USA 1998; 95:
2642–2647.

136 Nonaka S, Katsube N, Chuang DM. Lithium protects rat cerebellar
granule cells against apoptosis induced by anticonvulsants, phen-
ytoin and carbamazepine. J Pharmacol Exp Ther 1998; 286:
539–547.

137 Arendt T, Lehmann K, Seeger G, Gartner U. Synergistic effects of
tetrahydroaminoacridine and lithium on cholinergic function
after excitotoxic basal forebrain lesions in rat. Pharmacopsychia-
try 1999; 32: 242–247.

138 Sparapani M, Virgili M, Ortali F, Contestabile A. Effects of chronic
lithium treatment on ornithine decarboxylase induction and exci-
totoxic neuropathology in the rat. Brain Res 1997; 765: 164–168.

139 Nonaka S, Chuang DM. Neuroprotective effects of chronic lithium
on focal cerebral ischemia in rats. Neuroreport 1998; 9: 2081–
2084.

140 Chuang DM, Wei H, Qin Z, Wei W, Wang Y, Qian Y. Lithium
inhibits striatal damage in an animal model of Huntington dis-
ease. Soc Neurosci Abs 1999, 241.7.

141 Chalecka-Franaszek E, Chuang DM. Lithium activates the
serine/threonine kinase Akt-1 and suppresses glutamate-induced
inhibition of Akt-1 activity in neurons. Proc Natl Acad Sci USA
1999; 96: 8745–8750.

142 Kempermann G, Gage FH. Experience-dependent regulation of
adult hippocampal neurogenesis: effects of long-term stimulation
and stimulus withdrawal. Hippocampus 1999; 9: 321–332.

143 Bruno V, Sortino MA, Scapagnini U, Nicoletti F, Canonico P.
Antidegenerative effects of Mg(2+) valproate in cultured cerebellar
neurons. Funct Neurol 1995; 10: 121–130.

144 Mark RJ, Ashford JW, Goodman Y, Mattson MP. Anticonvulsants
attenuate amyloid beta peptide neurotoxicity, Ca2+ deregulation,
and cytoskeletal pathology. Neurobiol Aging 1995; 16: 187–198.

145 Mora A, Gonzalez-Polo RA, Fuentes JM, Soler G, Centeno F. Dif-
ferent mechanisms of protection against apoptosis by valproate
and Li+. Eur J Biochem 1999; 266: 886–891.

146 Chen G, Yuan PX, Jiang Y, Huang LD, Manji HK. Valproate
robustly enhances AP-1 mediated gene expression. Mol Brain Res
1999; 64: 52–58.

147 Gutkind JS. The pathways connecting G protein-coupled receptors
to the nucleus through divergent mitogen-activated protein kinase
cascades. J Biol Chem 1998; 273: 1839–1842.

148 Finkbeiner S. CREB couples neurotrophin signals to survival
messages. Neuron 2000; 25: 11–14.

149 Chen G, Yuan PX, Huong LD, Gutkind JS, Manji HK. Valproic acid



Neuroplasticity and cellular resilience in mood disorders
HK Manji et al

593activates mitogen activated protein kinases and promotes neurite
growth. J Biol Chem 2000; (under revision).

150 Moore GJ, Bebchuk JM, Hasanat K, Chen G, Seraji-Bozorgzad N,
Wilds IB et al. Lithium increases N-acetyl-aspartate in the human
brain: in vivo evidence in support of bcl-2’s neurotrophic effects?
Biol Psychiatry 2000; 48: 1–8.

151 Moore GJ, Wilds IB, Bebchuk JM, Mitchell S, Chen G, Glitz DA
et al. Pharmacologic in human grey matter. The Lancet 2000;
(in press).

152 Birken DL, Oldendorf WH. N-acetyl-l-aspartic acid: a literature
review of a compound prominent in 1H-NMR spectroscopic stud-
ies of brain. Neurosci Biobehav Rev 1989; 13: 23–31.

153 MacQueen GM, Young LT, Robb JC, Marriott M, Cooke RG, Joffe
RT. Effect of number of episodes on wellbeing and functioning of
patients with bipolar disorder. Acta Psychiatr Scand 2000; 101:
374–381.

154 Strakowski SM, Keck PE Jr, McElroy SL, West SA, Sax KW, Hawk-
ins JM et al. Twelve-month outcome after a first hospitalization
for affective psychosis. Arch Gen Psychiatry 1998; 55: 49–55.

155 Keck PE Jr, McElroy SL, Strakowski SM, West SA, Sax KW, Hawk-
ins JM et al. 12-month outcome of patients with bipolar disorder
following hospitalization for a manic or mixed episode. Am J Psy-
chiatry 1998; 155: 646–652.

156 Strakowski SM, Wilson DR, Tohen M et al. Structural brain abnor-
malities in first-episode mania. Biol Psychiatry 1993; 33: 602–609.

Molecular Psychiatry

157 Doraiswamy PM, MacFall J, Krishnan KR, O’Connor C, Wan X,
Benaur M et al. Magnetic resonance assessment of cerebral per-
fusion in depressed cardiac patients: preliminary findings. Am J
Psychiatry 1999; 156: 1641–1643.

158 Steffens DC, Helms MJ, Krishnan KR, Burke G. Cerebrovascular
disease and depression symptoms in the cardiovascular health
study. Stroke 1999; 30: 2159–2166.

159 Pillay SS, Renshaw PF, Bonello CM, Lafer B, Fava M, Yurgelun-
Todd D. A quantitative magnetic resonance imaging study of cau-
date and lenticular nucleus gray matter volume in primary uni-
polar major depression: relationship to treatment response and
clinical severity. Psych Res Neuroimaging 1998; 84: 61–74.

160 Vakili K, Pillay SS, Lafer B, Fava M, Renshaw PF, Bonello-Cintron
BF et al. Hippocampal volume in primary unipolar major
depression: a magnetic resonance imaging study. Biol Psychiatry
2000; 47: 1087–1090.

161 Zamzami N, Brenner C, Marzo I, Susin SA, Kroemer G. Subcellu-
lar and submitochondrial mode of action of Bcl-2-like oncopro-
teins. Oncogene 1998; 16: 2265–2282.

162 Guo Z, Zhou D, Schultz PG. Designing small-molecule switches
for protein—protein interactions. Science 2000; 288: 2042–2045.

163 Jacobs BL, Praag H, Gage FH. Adult brain neurogenesis and psy-
chiatry: a novel theory of depression. Mol Psychiatry 2000; 5:
262–269.


