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There is growing evidence from neuroimaging and post-
mortem studies that severe mood disorders, which have
traditionally been conceptualized as neurochemical disor-
ders, are associated with impairments of structural plas-
ticity and cellular resilience. It is thus noteworthy that
recent preclinical studies have shown that critical mole-
cules in neurotrophic signaling cascades (most notably
cyclic adenosine monophosphate [cAMP] response ele-
ment binding protein, brain-derived neurotrophic factor,
bcl-2, and mitogen activated protein [MAP] kinases) are
long-term targets for antidepressant agents and antide-
pressant potentiating modalities. This suggests that effec-
tive treatments provide both trophic and neurochemical
support, which serves to enhance and maintain normal
synaptic connectivity, thereby allowing the chemical sig-
nal to reinstate the optimal functioning of critical circuits
necessary for normal affective functioning. For many
refractory patients, drugs mimicking “traditional” strate-
gies, which directly or indirectly alter monoaminergic
levels, may be of limited benefit. Newer “plasticity en-
hancing” strategies that may have utility in the treatment
of refractory depression include N-methyl-D-aspartate
antagonists, alpha-amino-3-hydroxy-5-methylisoxazole
propionate (AMPA) potentiators, cAMP phosphodiester-
ase inhibitors, and glucocorticoid receptor antagonists.
Small-molecule agents that regulate the activity of growth
factors, MAP kinases cascades, and the bcl-2 family of
proteins are also promising future avenues. The develop-
ment of novel, nonaminergic-based therapeutics holds much
promise for improved treatment of severe, refractory mood
disorders. Biol Psychiatry 2003;53:707–742 © 2003 Soci-
ety of Biological Psychiatry
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Introduction

Despite the devastating impact that mood disorders
have on the lives of millions worldwide, there is still

a dearth of knowledge concerning their underlying etiol-
ogy and pathophysiology. The brain systems that have
heretofore received the greatest attention in neurobiologic
studies of mood disorders have been the monoaminergic
neurotransmitter systems, which are extensively distrib-
uted throughout the network of limbic, striatal, and pre-
frontal cortical (PFC) neuronal circuits thought to support
the behavioral and visceral manifestations of mood disor-
ders (Drevets 2001; Manji et al 2001a; Nestler et al 2002).
Thus, clinical studies over the past 40 years have at-
tempted to uncover the specific defects in these neuro-
transmitter systems in mood disorders by using a variety
of biochemical and neuroendocrine strategies.

Although such investigations have been heuristic over
the years, they have been of limited value in elucidating
the unique biology of mood disorders, which must include
an understanding of the underlying basis for the predilec-
tion to episodic and often profound mood disturbance,
which can become progressive over time. Thus, mood
disorders likely arise from the complex interaction of
multiple susceptibility (and protective) genes and environ-
mental factors, and the phenotypic expression of these
diseases includes not only episodic and often profound
mood disturbance, but also a constellation of cognitive,
motoric, autonomic, endocrine, and sleep/wake abnormal-
ities. Furthermore, although most antidepressants exert
their initial effects by increasing the intrasynaptic levels
of serotonin and/or norepinephrine, their clinical antide-
pressant effects are only observed after chronic (days
to weeks) administration, suggesting that a cascade of
downstream effects are ultimately responsible for their
therapeutic effects. These observations have led to the
appreciation that although dysfunction within the mono-
aminergic neurotransmitter systems is likely to play
important roles in mediating some facets of the pathophys-
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iology of mood disorders, they likely represent the down-
stream effects of other, more primary abnormalities (Manji
and Lenox 2000; Payne et al 2003).

In addition to the growing appreciation that investiga-
tions into the pathophysiology of complex mood disorders
have been excessively focused on monoaminergic sys-
tems, there has been a growing appreciation that progress
in developing truly novel and improved antidepressant
medications has consequently also been limited. The
selective serotonin reuptake inhibitors (SSRIs), for exam-
ple, have a better side effect profile for many patients and
are easier for physicians to prescribe; however, these
newer medications have essentially the same mechanism
of action as the tricyclic antidepressants and, as a result,
the efficacy of the newer agents and the range of depressed
patients they treat are no better than the older medications.
Moreover, today’s treatments remain suboptimal for many
patients afflicted with depressive syndromes, and they
continue to suffer protracted illnesses.

A recognition of the clear need for better treatments and
the lack of significant advances in our ability to develop
novel, improved therapeutics for these devastating ill-
nesses has led to the investigation of the putative roles of
intracellular signaling cascades and nonaminergic systems
in the pathophysiology and treatment of mood disorders.
Consequently, recent evidence demonstrating that impair-
ments of neuroplasticity and cellular resilience may un-
derlie the pathophysiology of mood disorders, and that
antidepressants and mood stabilizers exert major effects
on signaling pathways that regulate neuroplasticity and
cell survival, have generated considerable excitement
among the clinical neuroscience community and are re-
shaping views about the neurobiological underpinnings of
these disorders (D’Sa and Duman 2002; Manji et al 2000,
2001a; Nestler et al 2002; Young 2002).

“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 central
nervous system (CNS) have been characterized as in-
cluding alterations of dendritic function, synaptic remod-
eling, long-term potentiation, axonal sprouting, neurite
extension, synaptogenesis, and even neurogenesis (see
Mesulam 1999 for an excellent overview). Although the
potential relevance of neuroplastic events for the patho-
physiology of psychiatric disorders has been articulated
for some time, recent morphometric studies of the brain
(both in vivo and postmortem) is beginning to lead to a
fuller appreciation of the magnitude and nature of the
neuroplastic events involved in the pathophysiology of
mood disorders. In this article, we review these data and
discuss their implications not only for changing existing
conceptualizations regarding the pathophysiology of mood

disorders, but also for the strategic development of im-
proved therapeutics for difficult-to-treat depression.

Evidence for Impairments of Structural
Plasticity and Cellular Resilience in Mood
Disorders

Positron emission tomography imaging studies have re-
vealed multiple abnormalities of regional cerebral blood
flow and glucose metabolism in limbic and PFC structures
in mood disorders. These abnormalities implicate limbic–
thalamic–cortical and limbic–cortical–striatal–pallidal–
thalamic circuits, involving the amygdala, orbital and
medial PFC, and anatomically related parts of the striatum
and thalamus in the pathophysiology of mood disorders.
Interestingly, recent morphometric magnetic resonance
imaging (MRI) and postmortem investigations have also
demonstrated abnormalities of brain structure that persist
independently of mood state and may contribute to the
corresponding abnormalities of metabolic activity (dis-
cussed in Manji and Duman 2001; Manji et al 2001a).

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 ventricle of patients with mood-disordered relative
to healthy control samples (Appendix 1) (reviewed in
Beyer and Krishnan 2002; Drevets 2001; Strakowski et al
2002). Also consistent is the presence of white matter
hyperintensities (WMH) in the brains of elderly depressed
patients and patients with bipolar disorder; these lesions
may be associated with poor treatment response (Lenox et
al 2002). There is a growing awareness of the genetic
influences on WMH and their possible impact on neuro-
psychological functioning (Carmelli et al 2002), but WMH
may have multiple causes, including cerebrovascular ac-
cidents, demyelination, loss of axons, dilated perivascular
space, minute brain cysts, and necrosis (Lenox et al 2002).
In this context, it is noteworthy that recent studies have
used diffusion tensor imaging of brain tissue to study
possible white matter tract disruption in mood disorders
(Taylor et al 2001). This procedure measures the apparent
diffusion coefficient (ADC), or isotropic diffusion, and
anisotropy, or diffusion as influenced by tissue structure.
These authors showed that WMH showed higher ADC and
lower anisotropy than did normal regions, with gray matter
showing similar trends. Together, these results support the
contention that WMH damage the structure of brain tissue
and likely disrupt the neuronal connectivity necessary for
normal affective functioning. Although the cause of WMH
in mood disorders is unknown, their presence—particu-
larly in the brains of young bipolar patients—suggests
importance in the pathophysiology of the disorder (Lenox
et al 2002; Stoll et al 2000).
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Complementary postmortem neuropathologic studies
have shown abnormal reductions in cortex volume, glial
cell counts, and/or neuron size in the subgenual PFC,
orbital cortex, dorsal anterolateral PFC, amygdala, and in
basal ganglia and dorsal raphe nuclei (reviewed in Cotter
et al 2001; Manji and Duman 2001; Rajkowska 2002b)
(Table 1). It is not known whether these deficits constitute
developmental abnormalities that may confer vulnerability
to abnormal mood episodes, compensatory changes to
other pathogenic processes, or the sequelae of recurrent
affective episodes per se. Understanding these issues will
partly depend on experiments that delineate the onset of
such abnormalities within the illness course and determine
whether they antedate depressive episodes in individuals
at high familial risk for mood disorders. Although there is
not total reproducibility among either the neuroimaging or
postmortem studies, the differences likely represent vari-
ations of experimental design (including medication ef-
fects; see below) and—as would be expected in heterog-
enous disorders such as mood disorders—in patient
populations. Thus, research is required to understand
whether more rigorously defined subtypes of depression,
or mood disorders, are associated with any particular
abnormality (Lenox et al 2002). Nevertheless, the marked
reduction in glial cells in these regions has been particu-
larly intriguing in view of the growing appreciation that
glia play critical roles in regulating synaptic glutamate

concentrations and CNS energy homeostasis, as well as in
releasing trophic factors that participate in the develop-
ment and maintenance of synaptic networks formed by
neuronal and glial processes (Coyle and Schwarcz 2000;
Haydon 2001; Ongur et al 1998; Rajkowska 2000b;
Rajkowska et al 1999; Ullian et al 2001). Abnormalities of
glial function could thus prove integral to the impairments
of structural plasticity and overall pathophysiology of
mood disorders.

Stress and Glucocorticoids Modulate Neural
Plasticity: Implications for Mood Disorders

In developing hypotheses regarding the pathogenesis of these
histopathologic changes in mood disorders, the alterations in
cellular morphology resulting from various stressors have
been the focus of considerable recent research (D’Sa and
Duman 2002) (Figure 1). Thus, although mood disorders
undoubtedly have a strong genetic basis, considerable
evidence has shown that severe stressors are associated
with a substantial increase in risk for the onset of mood
disorders in susceptible individuals. Most studies of atro-
phy and survival of neurons in response to stress, as well
as hormones of the hypothalamic–pituitary–adrenal (HPA)
axis, have focused on the hippocampus. This is owing, in
part, to the well-defined and easily studied neuronal
populations of this limbic brain region, including the

Table 1. Postmortem Morphometric Brain Studies in Mood Disorders Demonstrating Cellular Atrophy and/or Loss

Reduced Volume/Cortical Thickness
● Cortical thickness rostral oribitofrontal cortex, MDD (Rajkowska et al 1999)
● Laminar cortical thickness in layers III, V, and VI in subgenual anterior cingulate cortex (area 24) in BPD (Bouras et al 2001)
● Volume of subgenual prefrontal cortex in familial MDD and BPD (Ongur et al 1998)
● Volumes of nucleus accumbens (left), basal ganglia (bilateral) in MDD and BPD (Baumann et al 1999)
● Para hippocampal cortex size (right) in suicide (Altshuler et al 1990)

Reduced Neuronal Size and/or Density
● Pyramidal neuronal density, layers III and V in dorsolateral prefrontal cortex in BPD and MDD (Rajkowska 2000a)
● Neuronal size in layer V (�14%) and VI (�18%) in prefrontal cortex (area 9) in BPD (Cotter et al 2002)
● Neuronal size in layer VI (�20%) in prefrontal cortex (area 9) in MDD (Cotter et al 2002)
● Neuronal density and size in layer II–IV in rostral oribitofrontal cortex, in layer V/VI in caudal oribitofrontal cortex, and in supra and infra

granular layers in dorsolateral prefrontal cortex, in MDD (Rajkowska et al 1999)
● Neuronal size in layer VI (�23%) in anterior cingulate cortex in MDD (Cotter et al 2001)
● Neuronal density in layer III, V, and VI in subgenual anterior cingulate cortex (area 24) in BPD (Bouras et al 2001)
● Layer specific interneurons in anterior cingulate cortex in BPD and MDD (Vincent et al 1997)
● Nonpyramidal neuronal density in layer II (�27%) in anterior cingulate cortex in BPD (Benes et al 2001)
● Nonpyramidal neurons density in the CA2-region in BPD (Benes et al 1998)

Reduced Glia
● Density/size of glia in dorsolateral prefrontal cortex and caudal oribito frontal cortex in MDD & BPD-layer specific (Miguel-Hidalgo and

Rajkowska 2002; Rajkowska et al 1999)
● Glial cell density in sublayer IIIc (�19%) (and a trend to decrease in layer Va) in dorsolateral prefrontal cortex (area 9) in BPD (Selemon,

unpublished data)
● Glial number in subgenual prefrontal cortex in familial MDD (�24%) and BPD (�41%) (Ongur et al 1998)
● Glial cell density in layer V (�30%) in prefrontal cortex (area 9) in MDD (Cotter et al 2002)
● Glial cell density in layer VI (�22%) in anterior cingulate cortex in MDD (Cotter et al 2001)
● Glial cell counts, glial density, and glia-to-neuron ratios in amygdala in MDD (Bowley et al 2002)

MDD, major depressive disorder; BPD, bipolar disorder. Modified and reproduced with permission from Manji and Duman 2001.

Cellular Resilience and Mood Disorders 709BIOL PSYCHIATRY
2003;53:707–742



dentate gyrus granule cell layer, and the CA1 and CA3
pyramidal cell layers. These cell layers and their connec-
tions (mossy fiber pathway and Schaffer collateral) have
also been used as cellular models of learning and memory
(i.e., long-term potentiation). Another major reason that
the hippocampus has been the focus of stress research is
that the highest levels of glucocorticoid receptors (GRs)
are expressed in this brain region (Lopez et al 1998);
however, it is clear that stress and glucocorticoids also
influence the survival and atrophy of neurons in other
brain regions (e.g., PFC; see below) that have not yet been
studied in the same detail as the hippocampus.

One of the most consistent effects of stress on cellular
morphology is atrophy of hippocampal neurons (for reviews
see McEwen 1999; Sapolsky 2000). This atrophy is
observed in the CA3 pyramidal neurons but not in other
hippocampal cell groups (i.e., CA1 pyramidal and dentate
gyrus granule neurons). The stress-induced atrophy of
CA3 neurons (i.e., decreased number and length of the
apical dendritic branches), occurs after 2–3 weeks of
exposure to restraint stress or more long-term social stress
and has been observed in rodents and tree shrews (Mc-
Ewen 1999; Sapolsky 2000). Atrophy of CA3 pyramidal
neurons also occurs upon exposure to high levels of
glucocorticoids, suggesting that activation of the HPA axis
likely plays a major role in mediating the stress-induced
atrophy (McEwen 1999; Sapolsky 1996, 2000). The hip-
pocampus has a very high concentration of glutamate and
expresses both type I (mineralocorticoid receptor; MR)
and type II (glucocorticoid receptor; GR) corticosteroid
receptors, though type II receptors may be relatively
scarce in the hippocampus of primates (Patel et al 2000;
Sanchez et al 2000) and more abundant in cortical regions.
Type I receptor activation in the hippocampus (CA1) is
associated with reduced calcium currents, whereas activa-
tion of type II receptors causes increased calcium currents
and enhanced responses to excitatory amino acids. Very
high levels of type II receptor activation markedly in-
creases calcium currents and lead to increased N-methyl-
D-aspartate (NMDA) receptor throughput that could
predispose to neurotoxicity. Indeed, as we discuss in
greater detail below, a growing body of data has impli-
cated glutamatergic neurotransmission in stress-induced
hippocampal atrophy and death (McEwen 1999; see Fig-
ure 1).

A cautionary note in the interpretation of the clinical
studies is suggested by the results of the recent longitudi-
nal studies undertaken to investigate the effects of early-
life stress and inherited variation in monkey hippocampal
volumes (Lyons et al 2001). In these studies, paternal
half-siblings raised apart from one another by different
mothers in the absence of fathers were randomized to one
of three postnatal conditions that disrupted diverse aspects

of early maternal care. These researchers found that adult
hippocampal volumes did not differ with respect to the
stressful postnatal conditions but estimated that proportion
of genetic variance (heritability) was 54% for hippocam-
pal size. Furthermore, paternal half-siblings with small
adult hippocampal volumes responded to the removal of
all mothers after weaning with initially larger relative

Figure 1. Neurotrophins and the ERK MAP kinase signaling
cascade. Cell survival is dependent on neurotrophic factors, such
as BDNF and NGF, and the expression of these factors can be
induced by synaptic activity. The influence of neurotrophic
factors on cell survival is mediated by activation of the MAP
kinase cascade. Activation of neurotrophic factor receptors, also
referred to as Trks, results in activation of the MAP kinase
cascade via several intermediate steps, including phosphorylation
of the adaptor protein SHC and recruitment of the guanine
nucleotide exchange factor Sos. This results in activation of the
small guanosine triphosphate–binding protein Ras, which leads
to activation of a cascade of serine/threonine kinases. This
includes Raf, MAP kinase kinase (MEK), and MAP kinase (also
referred to as extracellular response kinase, or ERK). One target
of the MAP kinase cascade is RSK, which influences cell
survival in at least two ways. RSK phosphorylates and inacti-
vates the pro-apoptotic factor BAD not shown in figure. Rsk also
phosphorylates CREB and thereby increases the expression of
the antiapoptotic factor Bcl-2. These mechanisms underlie many
of the long-term effects of neurotrophins, including neurite
outgrowth, cytoskeletal remodeling, and cell survival. It is now
clear, however, that BDNF also exerts many acute synaptic
effects, including regulating the release of a number of neuro-
transmitters. MAP, mitogen-activated protein; BDNF, brain-
derived neurotrophic factor; NGF, nerve growth factor; CREB,
cyclic adenosine monophosphate response element–binding pro-
tein; RTK, receptor tyrosine kinase; Y, tyrosine; P, phosphory-
lated; GDP, guanidine di-phosphate; GTP, guanidine tri-phos-
phate; GAP, GTPase activating proteins (also called RGS or
regulators of G protein signaling proteins); GRB2, scaffolding
protein that recognizes specific phosphotyrosine residues on the
receptor; pCREB, phosphorylated CREB; Elk-1, promoter that
increases transcription of neurotrophic genes.
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increases in cortisol levels (Lyons et al 2001). Plasma
cortisol levels 3 and 7 days later, and measures of
cortisol-negative feedback in adulthood were not, how-
ever, correlated with hippocampal size. Thus, these studies
suggest that small hippocampi also reflect an inherited
characteristic of the brain and highlight the need for
caution in attribution of causality in the cross-sectional
human morphometric studies of the hippocampus.

Although not as extensively studied as the hippocampus,
recent research has also demonstrated histopathologic
changes in rat PFC after corticosterone administration (Well-
man 2001). Thus, using a Golgi–Cox procedure, Wellman
(2001) investigated pyramidal neurons in layer II–III of
medial PFC, and quantified dendritic morphology in three
dimensions. This study demonstrated a significant redis-
tribution of apical dendrites in corticosterone-treated ani-
mals, with the amount of dendritic material proximal to the
soma being increased and distal dendritic material being
decreased. These findings suggest that stress may produce
a significant reorganization of the apical dendritic arbor
from medial PFC in rats. Most recently, Lyons (2002)
demonstrated that 4 years after a brief stressor (intermit-
tent postnatal separations from maternal availability)
young adult squirrel monkeys showed significantly larger
right ventral medial prefrontal volumes. Neither overall
brain volumes nor left prefrontal measures were altered,
suggesting selective (rather than nonspecific) effects. An
intriguing observation of this study was that, similar to
their hippocampal findings (see above), these investigators
found a strong heritability of the right ventral medial
prefrontal volume. Thus, in this study, certain fathers
produced offspring with large right ventral medial prefron-
tal volumes, whereas others produced offspring with small
right ventral medial prefrontal volumes (Lyons 2002).
Because the paternal half-siblings were raised apart by
different mothers in the absence of fathers, the phenotypic
similarities in right ventral medial prefrontal volumes
likely represent a major genetic contribution, effects which
were not seen for other prefrontal regions (Lyons 2002).

Mechanisms Underlying Stress-Induced
Morphometric Changes

Microdialysis studies have shown that stress increases
extracellular levels of glutamate in hippocampus, and
NMDA glutamate receptor antagonists attenuate stress-
induced atrophy of CA3 pyramidal neurons (McEwen
1999; Sapolsky 2000). Although a variety of methodologic
issues remain to be fully resolved, the preponderence of
the evidence to date suggests that the atrophy, and possibly
death, of CA3 pyramidal neurons arises, at least in part,
from increased glutamate neurotransmission (McEwen
1999; Sapolsky 2000). It should be noted, however, that

although NMDA antagonists block stress-induced hip-
pocampal atrophy, there have not been any studies dem-
onstrating that they are able to block the cell death induced
by severe stress. This suggests that the mechanisms
underlying atrophy and death may lie on a continuum,
with severe (or prolonged) stresses “recruiting” additional
pathogenic pathways in addition to enhanced NMDA-
mediated neurotransmission. As discussed, stress in-
creases extracellular levels of glutamate, and sustained
activation of NMDA as well as non-NMDA ionotropic
receptors could result in high intracellular levels of cal-
cium. Overactivation of the glutamate ionotropic receptors
is known to contribute to the neurotoxic effects of a
variety of insults, including repeated seizures and ischemia
(Figure 1). Neurotoxicity follows as a response to overac-
tivation of calcium-dependent enzymes and the generation
of oxygen free radicals. Stress or glucocorticoid exposure
also compromises the metabolic capacity of neurons,
thereby increasing the vulnerability to other types of
neuronal insults.

Activation of the HPA axis appears to play a critical role
in mediating these effects, because stress-induced neuronal
atrophy is prevented by adrenalectomy and duplicated by
exposure to high concentrations of glucocorticoids (reviewed
in McEwen 1999; Sapolsky 1996, 2000). Increasing recent
data also suggest a critical role for corticotropin-releasing
hormone (CRH) in long-term effects of early-life stress on
hippocampal integrity and function. Thus, the administra-
tion of CRH to the brains of immature rats has been
demonstrated to reduce memory function throughout life;
these deficits are associated with progressive loss of
hippocampal CA3 neurons and chronic up-regulation of
hippocampal CRH expression, effects that do not require
the presence of stress levels of glucocorticoids (Brunson et
al 2001). The CRH1 receptor, which binds CRH with
higher affinity than does CRH2 receptor, plays a major
role in regulating adrenocorticotrophin hormone (ACTH)
release and has been implicated in animal models of
anxiety. Indeed, the central administration of CRH1 anti-
sense oligodeoxynucleotides has been demonstrated to
have anxiolytic effects against both CRH and psycholog-
ical stressors. Although CRH2 receptors appear to act in an
antagonistic manner (i.e., CRH1 activates and CRH2 at-
tenuates the stress response), its precise role is still being
characterized (reviewed in Reul and Holsboer 2002).
Interestingly, pretreatment with a CRH antagonist also
attenuates the stress-induced increases in MR levels in
hippocampus, neocortex, frontal cortex, and amygdala
(Gesing et al 2001). Rats that underwent a stressor also
showed increased ACTH and cortisol levels after the
administration of an MR antagonist, suggesting that the
up-regulation of MR in the stressed group is associated
with increased inhibitory tone of the HPA axis.
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Together, the abundant data for the critical roles of CRH
and glucocorticoids are noteworthy with respect to the
pathophysiology of mood disorders, because a significant
percentage of patients with mood disorders display some
form of HPA axis activation, and the subtypes of depres-
sion most frequently associated with HPA activation are
those most likely to be associated with hippocampal
volume reductions (Sapolsky 2000). A significant percent-
age of patients with Cushing’s disease, in which pituitary
gland adenomas result in cortisol hypersecretion, are also
known to manifest prominent depressive symptoms, as
well as hippocampal atrophy. Additionally, some patients
with Cushing’s disease show a reduction in hippocampal
volume that correlates inversely with plasma cortisol
concentrations; after corrective surgical treatment, en-
largement of hippocampal volume in proportion to the
treatment-associated decrement in urinary free cortisol
concentrations is observed (Simmons et al 2001; Starkman
et al 1999).

The HPA axis hyperactivity in mood disorder patients is
generally manifest by increased cortisol levels in plasma
(especially at the circadian nadir), urine, and cerebrospinal
fluid, increased cortisol response to ACTH, blunted
ACTH response to CRH challenge, enlarged pituitary and
adrenal glands, and down-regulation at postmortem of
frontal cortical CRH receptors. Reduced corticosteroid
receptor feedback is implicated in this process by chal-
lenge studies with dexamethasone and dexamethasone
plus CRH in bipolar and unipolar subjects (McQuade and
Young 2000; Reul and Holsboer 2002).

Evidence in humans suggests that decreased corticoste-
roid receptor number (postmortem reduction of GR mes-
senger ribonucleic acid [mRNA]) may be present in the
hippocampus of individuals with bipolar and unipolar
disorder, and some antidepressants (tricyclics), electrocon-
vulsive therapy (ECT), and mood stabilizers (lithium) may
modulate GR number and/or function (reviewed in Hols-
boer 2000). Furthermore, transgenic mice with reduced
GR have HPA and cognitive disturbance that may parallel
depression in humans and that normalizes with antidepres-
sant exposure. Finally, antisense oligonucleotides targeted to
GR reduced immobility on the forced swim test, as does the
antiglucocorticoid drug mifepristone (RU-486) (Korte et al
1996).

In addition to directly causing neuronal atrophy, stress
and glucocorticoids also appear to reduce cellular resil-
ience, thereby making certain neurons more vulnerable to
other insults, such as ischemia, hypoglycemia, and exci-
tatory amino acid toxicity (Sapolsky 2000). Thus, recur-
rent stress (and presumably recurrent mood disorders
episodes, which are often associated with hypercortisol-
emia) may lower the threshold for cellular death/atrophy

in response to a variety of physiologic (e.g., aging) and
pathologic (e.g., ischemia) events. The potential functional
significance of these effects is supported by the demon-
stration that overexpression of the glucose transporter
blocks the neurotoxic effects of neuronal insults (Figure 1)
(Manji and Duman 2001; Sapolsky 2000). Such processes
may conceivably also play a role in the relationship
between mood disorders and cerebrovascular events, con-
sidering that individuals who develop their first depressive
episode in late life have an increased likelihood of show-
ing MRI evidence of cerebrovascular disease (Chemerin-
ski and Robinson 2000; Drevets 2000; Kumar et al 1997;
Murray and Lopez 1997; Steffens and Krishnan 1998;
Steffens et al 1999); furthermore, inflammatory reactions
consistent with ischemia are also suggested by the findings
of elevations of the intercellular adhesion molecule-1 in
dorsolateral PFC in postmortem studies of late-life depres-
sion patients (Thomas et al 2000, 2002). The precise
mechanisms by which glucocorticoids exert these delete-
rious effects remain to be fully elucidated, but likely
involve the inhibition of glucose transport (thereby dimin-
ishing capability of energy production and augmenting
susceptibility to hypoglycemic conditions), and the aber-
rant, excessive facilitation of glutamatergic signaling
(Sapolsky 2000). The reduction in the resilience of dis-
crete brain regions, including hippocampus and potentially
PFC, may also reflect the propensity for various stressors
to decrease the expression of brain-derived neurotrophic
factor (BDNF) in this region (Nibuya et al 1999; Smith et
al 1995). The mechanisms underlying the down-regulation
of BNDF by stress have not been fully elucidated. Adre-
nal-glucorticoids do not appear to account for these
actions of stress, because administration of a high dose of
glucocorticoid is not sufficient to decrease BDNF, and
adrenalectomy does not block the effect of stress.

Stress and Glucocorticoids Also Impair
Hippocampal Neurogenesis

The demonstration that neurogenesis occurs in the adult
human brain has re-invigorated research into the cellular
mechanisms by which the birth of new neurons is regu-
lated in the mammalian brain (Eriksson et al 1998). The
localization of pluripotent progenitor cells and neurogen-
esis occurs in restricted brain regions. The greatest density
of new cell birth is observed in the subventricular zone and
the subgranular layer of the hippocampus. Cells born in
the subventricular zone migrate largely to the olfactory
bulb and those in the subgranular zone into the granule cell
layer. The newly generated neurons send out axons and
appear to make connections with surrounding neurons,
indicating that they are capable of integrating into the
appropriate neuronal circuitry in hippocampus and cere-
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bral cortex. Neurogenesis in the hippocampus is increased
by enriched environment, exercise, and hippocampal-
dependent learning (Gould et al 2000; Kempermann et al
1997; van Praag et al 1999). Up-regulation of neurogen-
esis in response to these behavioral stimuli and the
localization of this process to hippocampus has led to the
proposal that new cell birth is involved in learning and
memory (Gould et al 2000).

Recent studies have shown that decreased neurogenesis
occurs in response to both acute and chronic stress (see
Gould et al 2000). Removal of adrenal steroids (i.e.,
adrenalectomy) increases neurogenesis, and treatment
with high levels of glucocorticoids reproduces the down-
regulation of neurogenesis that occurs in response to
stress. Aging also influences the rate of neurogenesis.
Although neurogenesis continues into late life, the rate is
significantly reduced (Cameron and McKay 1999). The
decreased rate of cell birth could result from up-regulation
of the HPA axis and higher level of adrenal-steroids that
occurs in later life. Lowering glucocorticoid levels in aged
animals restores neurogenesis to levels observed in
younger animals, indicating that the population of progen-
itor cells remains stable but is inhibited by glucocorticoids
(Cameron and McKay 1999). Interestingly, studies in GR
knockout mice showed significant alterations in hip-
pocampal neurogenesis (Gass et al 2000). A reduction of
granule cell neurogenesis (up to 65% of control levels)
was found in MR�/� mice, whereas GR�/� mice did
not show neurogenic disruption, suggesting the involve-
ment of the MR receptor in the pathogenesis of hippocam-
pal changes observed in chronic stress and affective
disorders (Gass et al 2000). These observations raise the
interesting possibility that CRH and GR antagonists,
currently being developed for the treatment of mood and
anxiety disorders, may have particular utility in the treat-
ment of elderly depressed patients. Also of potential
relevance for our understanding of the neurobiology and
treatment of mood disorders, ovariectomy decreases the
proliferation of new cells in the hippocampus, effects
which are reversed by estrogen replacement. The rate of
neurogenesis fluctuates over the course of the estrus cycle
in rodents, and the total rate of cell birth is higher in
female rodents relative to males. In addition to potentially
playing a role in the beneficial cognitive effects of
estrogen, the regulation of neurogenesis by this gonadal
steroid may also provide important clues about certain
sexually dimorphic characteristics of mood disorders.

Neurotrophic Signaling Cascades: A Focus
on BDNF

Neurotrophins are a family of regulatory factors that
mediate the differentiation and survival of neurons, as well

as the modulation of synaptic transmission and synaptic
plasticity (Patapoutian and Reichardt 2001; Poo 2001).
The neurotrophin family now includes, among others,
nerve growth factor, BDNF, neurotrophin (NT)3, NT4/5,
and NT6 (Patapoutian and Reichardt 2001). These various
proteins are closely related in terms of sequence homology
and receptor specificity. They bind to and activate specific
receptor tyrosine kinases belonging to the Trk family of
receptors, including TrkA, TrkB, TrkC, and a pan-neuro-
trophin receptor P75 (Patapoutian and Reichardt 2001;
Poo 2001). Additionally, there are two isoforms of TrkB
receptors: the full-length TrkB and the truncated form of
TrkB, which does not contain the intracellular tyrosine
kinase domain (Fryer et al 1996). The truncated form of
TrkB can thus function as a dominant-negative inhibitor
for the TrkB receptor tyrosine kinase, thereby providing
another mechanism to regulate BDNF signaling in the
CNS (Gonzalez et al 1999). Neurotrophins can be secreted
constitutively or transiently, and often in an activity-
dependent manner. Recent observations support a model
wherein neurotrophins are secreted from the dendrite and
act retrogradely at presynaptic terminals, where they act to
induce long-lasting modifications (Poo 2001). Within the
neurotrophin family, BDNF is a potent physiologic sur-
vival factor that has also been implicated in a variety of
pathophysiologic conditions. The cellular actions of
BDNF are mediated through two types of receptors: a
high-affinity tyrosine receptor kinase (TrkB) and a low-
affinity pan-neurotrophin receptor (p75). TrkB is prefer-
entially activated by BDNF and NT4/5 and appears to
mediate most of the cellular responses to these neurotro-
phins.

Brain-derived neurotrophic factor and other neurotro-
phic factors are necessary for the survival and function of
neurons (Mamounas et al 1995), implying that a sustained
reduction of these factors could affect neuronal viability;
however, what is sometimes less well appreciated is the
fact that BDNF also has a number of much more acute
effects on synaptic plasticity and neurotransmitter release,
and it facilitates the release of glutamate, �-aminobutyric
acid (GABA), dopamine, and serotonin (Goggi et al 2002;
Matsumoto et al 2001; Schinder et al 2000) (Table 2). In

Table 2. Acute Synaptic Effects of BDNF

● BDNF dramatically increases the frequency of spontaneously
initiated action potentials in hippocampal neurons

● BDNF potentiates both excitatory and inhibitory transmission via
different mechanisms

● trkB is contained in some GABAergic interneurons,
neuromodulatory (e.g., cholinergic, dopaminergic, and
noradrenergic) afferents, and glutamatergic afferents

● These acute synaptic effects of BDNF occur independently of its
long term effects on synapse number or neuronal survival

BDNF, brain-derived neurotrophic factor; GABA, �-aminobutyric acid.
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this context, BDNF has been shown to potentiate both
excitatory and inhibitory transmission, albeit via different
mechanisms; BDNF strengthens excitation primarily by
augmenting the amplitude of �-amino-3-hydroxy-5-meth-
ylisoxazole propionate (AMPA) receptor–mediated min-
iature excitatory postsynaptic currents but enhances inhi-
bition by increasing the frequency of miniature inhibitory
postsynaptic currents and increasing the size of GABAer-
gic synaptic terminals. Furthermore, full-length TrkB
receptor immunoreactivity has not only been found in
glutamatergic pyramidal and granule cells, but also in
some interneuron axon initial segments, axon terminals
forming inhibitory-type synapses onto somata and den-
dritic shafts, and excitatory-type terminals likely to origi-
nate extrahippocampally. Together, these results suggest
that TrkB is contained in some GABAergic interneurons,
neuromodulatory (e.g., cholinergic, dopaminergic, and

noradrenergic) afferents, and/or glutamatergic afferents
(Drake et al 1999).

As discussed above, BDNF is best known for its
long-term neurotrophic and neuroprotective effects, which
may be very important for its putative role in the patho-
physiology and treatment of mood disorders (see below).
In this context, it is noteworthy that although endogenous
neurotrophic factors have traditionally been viewed as
increasing cell survival by providing necessary trophic
support, it is now clear that their survival-promoting
effects are mediated in large part by an inhibition of cell
death cascades (Riccio et al 1999). Increasing evidence
suggests that neurotrophic factors inhibit cell death cas-
cades by activating the mitogen-activated protein (MAP)
kinase signaling pathway and the phosphotidylinositol-3
kinase/Akt pathway (Figure 2). One important mechanism
by which the MAP kinase signaling cascades inhibits cell
death is by increasing the expression of the antiapoptotic
protein bcl-2 (Bonni et al 1999; Finkbeiner 2000). Bcl-2 is
now recognized as a major neuroprotective protein, be-
cause bcl-2 overexpression protects neurons against di-
verse insults, including ischemia, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), �-amyloid, free
radicals, excessive glutamate, and growth factor depriva-
tion (Manji et al 2001b). Accumulating data suggest that
not only is bcl-2 neuropotective, it also exerts neurotrophic
effects and promotes neurite sprouting, neurite outgrowth,
and axonal regeneration (Chen and Tonegawa 1998; Chen
et al 1997; Chierzi et al 1999; Holm et al 2001; Oh et al
1996). Moreover, a recent study demonstrated that severe
stress exacerbates stroke outcome by suppressing bcl-2
expression (DeVries et al 2001). In this study, the stressed
mice expressed �70% less bcl-2 mRNA than did un-
stressed mice after ischemia. Furthermore, stress greatly
exacerbated infarct in control mice but not in transgenic
mice that constitutively express increased neuronal bcl-2.
Finally, high corticosterone concentrations were signifi-
cantly correlated with larger infarcts in wild-type mice but
not in bcl-2–overexpressing transgenic mice. Thus, en-
hanced bcl-2 expression appears to be capable of offset-
ting the potentially deleterious consequences of stress-
induced neuronal endangerment, and this suggests that
pharmacologically induced upregulation of bcl-2 may
have considerable utility in the treatment of a variety of
disorders associated with endogenous or acquired impair-
ments of cellular resilience (see below). Overall, it is clear
that the neurotrophic factor/MAP kinase/bcl-2 signaling
cascade plays a critical role in cell survival in the CNS and
that there is a fine balance maintained between the levels
and activities of cell-survival and cell-death factors; mod-
est changes in this signaling cascade or in the levels of the
bcl-2 family of proteins (potentially due to genetic-,
illness-, or insult-related factors) may therefore profoundly

Figure 2. Cellular mechanisms by which stress and mood
disorders may bring about impairments of structural plasticity.
This figure depicts the multiple mechanisms by which stress and
potentially affective episodes may attenuate cellular resiliency,
thereby resulting in atrophy, death, and endangerment of hip-
pocampal neurons. The primary mechanisms appear to be: 1)
excessive NMDA and non-NMDA glutamatergic throughput; 2)
down-regulation of cell surface glucose transporters, which are
involved in bringing glucose into the cell. Reduced levels of
glucose transporters thus reduce the neuron’s energetic reservoir,
making them susceptible to energy failure when faced with
excessive demands; 3) reduction in the levels of BDNF, which is
essential for the neuron’s normal trophic support and synaptic
plasticity. The well-documented reduction in glial cells may
contribute to impairments of neuronal structural plasticity by
reducing the neuron’s energy supply and reduced glial-mediated
clearing of excessive synaptic glutamate. NMDA, N-methyl-D-
aspartate glutamate receptor; CRF, corticotropin release factor;
GR, glucocorticoid receptor; BDNF, brain derived neurotrophic
factor. Modified and reproduced, with permission, from Manji
and Duman 2001.
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affect cellular viability. We now turn to a discussion of the
growing body of data suggesting that neurotrophic signal-
ing molecules play important roles in the treatment of
mood disorders (Young 2001, 2002).

Influence of Antidepressant Treatment on
Cell Survival Pathways

Seminal studies from the Duman laboratory have investi-
gated the possibility that the factors involved in neuronal
atrophy and survival could be the target of antidepressant
treatments (D’Sa and Duman 2002; Duman et al 1999)
(Figure 3A). These studies demonstrate that one pathway
involved in cell survival and plasticity, the cyclic adeno-
sine monophosphate (cAMP)–cAMP response element–
binding protein (CREB) cascade is up-regulated by anti-
depressant treatment (Duman et al 1999). A recent study
has also demonstrated that antidepressant treatment in
vivo increases CREB phosphorylation and CRE-mediated
gene expression in mouse limbic brain regions (Thome et
al 2000). Up-regulation of CREB and BDNF occurs in
response to several different classes of antidepressant
treatments, including norepinephrine, SSRIs, and electro-
convulsive seizures, indicating that the cAMP–CREB
cascade and BDNF are common postreceptor targets of
these therapeutic agents (Nibuya et al 1995, 1996). In
addition, up-regulation of CREB and BDNF is dependent
on chronic treatment, consistent with the therapeutic
action of antidepressants. A role for the cAMP–CREB
cascade and BDNF in the actions of antidepressant treat-
ment is also supported by studies demonstrating that
up-regulation of these pathways increases performance in
behavioral models of depression (Duman et al 1999). It
has also been observed that induced CREB overexpression
in the dentate gyrus results in an antidepressant-like effect
in the learned helplessness paradigm and the forced swim
test in rats (Chen et al 2001b). Indirect human evidence
comes from studies showing increased hippocampal
BDNF expression in postmortem brain of subjects treated
with antidepressants at the time of death versus antide-
pressant-untreated subjects (Chen et al 2001).

Cellular/Neurotrophic Actions of Antidepressant
Treatments

There are several reports that support the hypothesis
that antidepressant treatment produces neurotrophic-
like effects. One early study reported that antidepres-
sant treatment induces a greater regeneration of cate-
cholamine axon terminals in the cerebral cortex
(Nakamura 1990). Additional studies have also exam-
ined the influence of antidepressant treatment on the
atrophy of hippocampal neurons in response to stress.

Chronic administration of an atypical antidepressant,
tianeptine, was reported to block the stress-induced
atrophy of CA3 pyramidal neurons (Watanabe et al
1992). This was measured as a blockade of the decrease in
the number and length of apical dendrite branch points.
Czeh et al (2001) have recently reported on some very
interesting preclinical studies, in which stress-induced
changes in brain structure and neurochemistry were coun-
teracted by treatment with tianeptine. In their study, male
tree shrews subjected to a chronic psychosocial stress
paradigm were found to have decreased N-acetylaspartate
(NAA), a putative marker of neuronal viability (Moore
and Galloway 2002; Tsai and Coyle 1995) measured in
vivo by 1H magnetic resonance spectroscopy, decreased
granule cell proliferation in the dentate gyrus of the
hippocampus, and a reduction in hippocampal volume as
compared with nonstressed animals. These stress-induced
effects were prevented/reversed in shrews treated concom-
itantly with tianeptine (Czeh et al 2001); once again,
however, the generalizability of these effects to other
classes of antidepressants is unclear. Additional studies are
needed to further characterize the influence of these and
other classes of typical and atypical antidepressants on the
atrophy of CA3 neurons. Moreover, the neurotrophic/
neuroprotective effects of antidepressants in other models
of cell damage or atrophy must also be examined.

Antidepressants Also Regulate Hippocampal
Neurogenesis: Is This Actually Relevant in the
Treatment of Depression?

Recent studies have shown that chronic, but not acute,
antidepressant treatment also increases the neurogenesis of
dentate gyrus granule cells (D’Sa and Duman 2002;
Jacobs et al 2000; Manev et al 2001). These studies
demonstrate that chronic administration of different
classes of antidepressant treatment, including norepineph-
rine, SSRIs, and electroconvulsive seizures, increases the
proliferation and survival of new neurons. By contrast,
increased neurogenesis is not observed in response to
chronic administration of nonantidepressant psychotropic
drugs. Studies demonstrating that neurogenesis is in-
creased by conditions that stimulate neuronal activity (e.g.,
enriched environment, learning, exercise) suggest that this
process is also positively regulated by, and may even be
dependent on, neuronal plasticity (Kempermann 2002).
The enhancement of hippocampal neurogenesis by antide-
pressants serves to highlight the degree to which these
effective treatments are capable of regulating long-term
neuroplastic events in the brain; however, at this point, it
is not completely clear precisely what the clinical signif-
icance of enhancement of adult hippocampal neurogen-
esis by antidepressants truly represents. In view of the
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opposite effects of stress and antidepressants on hip-
pocampal neurogenesis, it is quite plausible that alter-
ations in hippocampal neurogenesis are fundamental to

the clinical syndrome of depression (D’Sa and Duman
2002; Jacobs et al 2000; Kempermann 2002); however, as
Kempermann (2002) has clearly articulated, much more

Figure 3. (A) Neurotrophic effects of antidepres-
sants. Antidepressant treatment increases synaptic
levels of norepinephrine (NE) and serotonin (5-HT)
via blocking the reuptake or breakdown of these
monoamines. This results in activation of intracel-
lular signal transduction cascades, one of which is
the cAMP–CREB cascade. Chronic antidepressant
treatment increases Gs coupling to adenylyl cyclase
(AC), particulate levels of cAMP-dependent pro-
tein kinase (PKA), and CREB. CREB can also be
phosphorylated by Ca2�-dependent protein ki-
nases, which can be activated by the phosphatidyl-
inositol pathway or by glutamate ionotropic recep-
tors (e.g., NMDA) (not shown). One gene target of
antidepressant treatment and the cAMP–CREB
cascade is BDNF, which contributes to the cellular
processes underlying neuronal plasticity, and res-
toration/enhancement of neural connectivity mech-
anisms, which are essential for healthy affective
functioning. The restoration of the circuitry allows
adequate “throughput” of critical neurotransmitters
to treat depression. (B) Resolution of the trypto-
phan depletion conundrum of the neurotrophic
hypothesis of antidepressant drug action. Treat-
ment of depression is attained by providing both
trophic and neurochemical support; the trophic
support restores normal synaptic connectivity,
thereby allowing the chemical signal to reinstate
the optimal functioning of critical circuits neces-
sary for normal affective functioning. Brain-de-
rived neurotrophic factor also facilitates the release
of neurotransmitters that act on this restored, intact
circuit. Acute reduction in synaptic serotonin levels
via its effects on reducing BDNF levels is capable
of rapidly reducing the release of a number of
neurotransmitters. Thus, tryptophan depletion diets
are capable of inducing a depressive relapse in
selective serotonin reuptake inhibitor–treated pa-
tients via the effects on neurotransmitter release,
although likely not having major effects on struc-
tural brain changes. cAMP, cyclic adenosine mono-
phosphate; CREB, cAMP response element–bind-
ing protein; NMDA, N-methyl-D-aspartate; BDNF,
brain-derived neurotrophic factor; AR, adrenore-
ceptors; PLC, phospholipase C; PIP2, phosphoino-
sitide 4,5-biphosphate; DAG, diacylglycerol; IP,
inositolmonophosphate; p, phosphorylated; TrkB,
specific tyrosine kinases receptor; Trp, tryptophan;
GABA, �-aminobutyric acid; Glu, glutamate. Mod-
ified and reproduced, with permission, from Nes-
tler et al 2002 and Payne et al 2002.
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research is required to adequately link changes in adult
hippocampal neurogenesis to the pathophysiology and
treatment of depression.

A role in the memory impairment that occurs in depres-
sion represents the most intuitively obvious potential
clinical correlate for hippocampal neurogenesis; however,
although mouse strains with lower neurogenesis tend to be
known as strains with reduced performance on learning
tasks, old mice, who have very little adult neurogenesis
(less than one tenth that of young adults) are not impaired
on learning tasks to the same degree (see Kempermann
2002 for an excellent discussion). Although there is yet no
direct link between adult hippocampal neurogenesis and
mood and emotion, the key role of the hippocampus in
regulating diverse physiologic and neurovegetative func-
tions suggests that impairments of neurogenesis may also
contribute to other facets of the clinical syndrome of
depression (D’Sa and Duman 2002; Jacobs et al 2000;
Kempermann 2002). A critical step will be the demonstra-
tion that inhibition of antidepressant-induced adult hip-
pocampal neurogenesis results in an attenuation of the
behavioral effects of antidepressants. Given the inherent
difficulty in selectively inhibiting adult hippocampal neu-
rogenesis (i.e., without producing a large number of other
neuroplastic effects that may also have behavioral conse-
quences), it is likely going to be more straightforward to
investigate correlations between antidepressant-induced
neurogenesis and behavioral effects in different mouse
strains. In this context, it is noteworthy that Kempermann
and associates have demonstrated marked genetic influ-
ences on hippocampal neurogenesis in adult mice (dis-
cussed in Kempermann 2002). Furthermore, genetic fac-
tors have also been clearly demonstrated to play a critical
role in determining performance and sensitivity to differ-
ent types of antidepressant drugs in rodent models of
depression (notably forced swim and tail suspension).
Ongoing studies (Kempermann 2002, personal communi-
cation) attempting to correlate antidepressant-induced
changes in hippocampal neurogenesis in different mouse
strains with performance in depression models should
provide much needed information about the role of hip-
pocampal neurogenesis in antidepressant drug action.

If Neurotrophic Effects Are Actually Involved in the
Mechanisms of Action of Antidepressants, Why
Does Tryptophan Depletion Cause Rapid Relapse
in SSRI-Treated Patients?

A problem to be addressed with the neurotrophic
hypothesis of antidepressant drug action is the “trypto-
phan depletion conundrum.” Thus, it is now well
established that patients successfully treated with SSRIs
show a rapid depressive relapse following experimental

procedures that deplete tryptophan and serotonin
(Aberg-Wistedt et al 1998; Delgado et al 1991, 1999).
How are such rapid effects to be reconciled with the
postulated neurotrophic actions of antidepressants? It is
our contention that treatment of depression is attained by
providing both trophic and neurochemical support; the
trophic support restores normal synaptic connectivity,
thereby allowing the chemical signal to reinstate the
optimal functioning of critical circuits necessary for nor-
mal affective functioning. As discussed already, BDNF
also facilitates the release of neurotransmitters that act on
this restored, intact circuit. Acute reduction in synaptic
serotonin levels via its effects on reducing BDNF levels is
capable of rapidly reducing the release of a number of
neurotransmitters. Thus, tryptophan depletion diets are
capable of inducing a depressive relapse in SSRI-treated
patients via the effects on neurotransmitter release, al-
though likely not having acute major effects on brain
structure per se (Figure 3B).

Do Effective Antidepressant Potentiating
Strategies Also Affect Neurotrophic
Signaling Cascades?

In seeking to identify novel strategies for the development
of improved therapeutics for difficult-to-treat depression,
an investigation of the mechanisms by which effective
antidepressant potentiating agents exert their beneficial
effects may provide invaluable clues. In this context, the
two treatment modalities that have most clearly been
demonstrated to exert antidepressant potentiating effects,
at least in certain patients, are lithium and thyroid hor-
mones. Although both modalities unquestionably exert a
multitude of effects of various neurochemical systems, it is
noteworthy that a growing body of data are showing that
they exert major neurotrophic effects in a variety of
paradigms (see below).

Lithium Robustly Activates Neurotrophic Signaling
Cascades

Lithium has been used to augment the efficacy of antide-
pressant medications for more than 15 years. It has been
unequivocally established in controlled studies that ap-
proximately half of all treatment-refractory depressed
patients respond to an addition of lithium to their ongoing
antidepressant regimen (de Montigny et al 1983; Heninger
et al 1983). Although lithium potentiation is more effica-
cious in bipolar patients, it also has clear efficacy in the
treatment of unipolar depressive patients. The lithium
augmentation strategy derived from de Montigny’s heu-
ristic proposal that the enhancement of ascending presyn-
aptic serotonergic function would translate into potentia-
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tion of antidepressant efficacy (de Montigny et al 1983);
however, considerable data have shown that lithium can
affect neurotrophic signaling cascades, and it is our
contention that these effects may also underlie its efficacy
in potentiating the efficacy of diverse classes of antide-
pressants.

As discussed above, several endogenous growth factors,
including nerve growth factor and BDNF, exert many of
their neurotrophic effects via the MAP kinase–signaling
cascade. In view of the important role of MAP kinases in
mediating long-term neuroplastic events, it is noteworthy
that lithium, at therapeutically relevant concentrations, has
recently been demonstrated to robustly activate the extra-
cellular signal-regulated kinase MAP kinase cascade in
human neuroblastoma SH-SY5Y cells and in critical
limbic and limbic-related areas of rodent brain (Yuan et al
2001) (Figure 2). Interestingly, neurotrophic factors are
now known to promote cell survival by activating MAP
kinases to suppress intrinsic, cellular apoptotic machinery,
not by inducing cell survival pathways (see above) (Ad-
ams and Cory 1998; Bonni et al 1999; Chen et al 1997;
Finkbeiner 2000; Pettmann and Henderson 1998; Riccio et
al 1999; Thoenen 1995). Thus, a downstream target of the
MAP kinase cascade, ribosomal S-6 kinase (Rsk) phos-
phorylates CREB, and this leads to induction of bcl-2 gene
expression (Figure 2). Consistent with an activation of
neurotrophic signaling cascades, chronic treatment of rats
with “therapeutic” doses of lithium produces a doubling of
bcl-2 levels in frontal cortex, effects which were primarily
due to a marked increase in the number of bcl-2 immuno-
reactive cells in layers II and III of frontal cortex (Chen G
et al 1999, 2001; Du et al, in press). Interestingly, the
importance of neurons in layers II–IV of the frontal cortex
in mood disorders has recently been emphasized, because
primate studies indicate that these areas are important for
providing connections with other cortical regions and that
they are targets for subcortical input (Rajkowska 2000a).

In addition to its robust effects on bcl-2, lithium’s
effects on other signaling pathways and transcription
factors may also contribute to its neuroprotective effects.
Perhaps foremost among these is glycogen synthase kinase
(GSK)-3� (Gould and Manji 2002; Li et al 2002). Klein
and Melton (1996) were the first to make the seminal
observation that lithium, at therapeutically relevant con-
centrations, is an inhibitor of GSK-3�. Glycogen synthase
kinase 3� not only controls developmental patterns in
diverse organisms (including mammals) but also plays an
important role in the mature CNS, by regulating various
cytoskeletal processes, as well as long-term nuclear events
via phosphorylation of c-jun, nuclear translocation of
�-catenin, and nuclear export of NF-ATc, a specific
transcription factor (reviewed in Gould and Manji 2002;
Li et al 2002; Phiel and Klein 2001). Glycogen synthase

kinase 3� has also been involved in regulating the phos-
phorylation of tau and �-catenin, both of which have been
implicated in certain types of disease-related neuronal
death. In this context, several studies have found that
inhibition of GSK-3� by lithium reduces tau phosphory-
lation, effects which likely occur to some degree at
therapeutically relevant lithium concentrations (see Jope
1999 for an excellent discussion). Most recently, it has
been demonstrated that the chronic (3-week) administra-
tion of lithium also increases �-catenin levels in rodent
brain (Gould et al, unpublished data), compatible with
inhibition of GSK-3� during chronic in vivo administra-
tion of the agents under therapeutic paradigms.

In addition to its robust effects on neurotrophic signal-
ing proteins, chronic lithium administration has also been

Table 3. Neurotrophic and Neuroprotective Effects of Lithium

Protects Cultured Cells of Rodent and Humanneuronal Origin in
Vitro� from:
● Glutamate
● High concentrations of calcium
● MPP�

● �-amyloid
● Aging-induced cell death
● HIV regulatory protein, Tat
● HIV gp120 envelope protein
● Glucose deprivation
● Growth factor or serum deprivation
● Toxic levels of anticonvulsants
● Platelet activating factor (PAF)
● Aluminum toxicity
● Low potassium concentrations
● C2-ceramide
● Ouabain
● GSK-3� & staurosporine/heat shock
● �-bungarotoxin

Enhances Regeneration of Retinal Ganglion Cells
Enhances Hippocampal Neurogenesis in Adult Mice
Protects Rodent Brain in Vivo from:

● Cholingergic lesions
● Radiation injury
● Middle cerebral artery occlusion (model of stroke)
● HIV gp120 envelope protein injection (model of HIV-associated

dementia)
● Quinolinic Acid infusion (model of Huntington’s disease)
● Aluminum maltolate

Human Effects
● No subgenual PFC gray matter volume reductions in cross-

sectional MRI studies
● No reductions in amygdala glial density in postmortem cell

counting studies
● Increased total gray matter volumes on MRI compared to

untreated BD patients in cross-sectional studies
● Increases in NAA (marker of neuronal viability) levels in BD

patients in longitudinal studies
● Increased gray matter volumes in BD patients in longitudinal

studies

MPP�, 1-methyl-4-phenylpyridinium ion; HIV, human immunodeficiency
virus; GSK, glucogen synthase kinase; PFC, prefrontal cortex; MRI, magnetic
resonance imaging; BD, bipolar disorder; NAA, N-acetylaspartate.
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demonstrated to enhance cellular resiliency by attenuating
aberrant NMDA-mediated glutamatergic functioning.
Thus Nonaka et al (1998) found that chronic treatment of
cultured rat cerebellar, cortical, and hippocampal neurons
with therapeutically relevant concentrations of lithium
protected against glutamate-induced excitotoxicity, in par-
ticular NMDA-mediated apoptosis. Subsequent studies by
the same investigators showed that although lithium did
not alter the total protein levels of NR1, NR2A, and NR2B
subunits of NMDA receptors, lithium protection against
glutamate excitotoxicity in rat cerebral neurons may be a
result of reducing the level of NR2B phosphorylation at
Tyr1472 (Hashimoto et al 2002). NR2B phosphorylation
has been reported to be positively correlated with NMDA
receptor–mediated synaptic activity and excitotoxicity. It
is also possible that lithium modulates glutamatergic
neurotransmission by affecting the non-NMDA receptor-
sensitive channels (Karkanias and Papke 1999), and
chronic lithium treatment (plasma levels � .7 mmol/L) has
been shown to up-regulate synaptosomal uptake of gluta-
mate in mice (Hokin et al 2000).

Consistent with the cytoprotective effects that would be
expected by attenuation of NMDA-mediated excitotoxic-
ity and, more importantly, bcl-2 up-regulation, lithium, at
therapeutically relevant concentrations, has been shown to
exert neuroprotective effects in a variety of preclinical
paradigms (Table 3). Thus, lithium has been demonstrated
to protect against the deleterious effects of glutamate,

NMDA receptor activation, aging, serum/nerve growth
factor deprivation, ouabain, thapsigargin (which mobilizes
intracellular 1-methyl-4-phenylpyridinium ion [MPP�]),
Ca2�and �-amyloid in vitro (Du et al, in press). In
addition to the demonstration of protective effects in vitro,
a number of studies have also investigated lithium’s
neuroprotective effects in vivo (summarized in Table 4).
Most notably, chronic lithium has also been shown to exert
dramatic protective effects against middle cerebral artery
occlusion, reducing not only the infarct size (56%) but also
the neurologic deficits (abnormal posture and hemiplegia)
(Nonaka and Chuang 1998). More recently, the same
research group has demonstrated 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 (Wei et al 2001).

Lithium Exerts Not Only Protective but Also
Regenerative Effects at Therapeutically Relevant
Concentrations

Studies have recently been undertaken to determine
whether lithium supports the survival and axon regenera-
tion of retinal ganglion cells (RGCs), a model that has
been used to study glaucoma, optic nerve neuritis, and the

degeneration of RGCs (Chen et al 1997; reviewed in
Huang et al 2003). In general, following injury, the
postnatal mammalian optic nerve, like many other axonal
pathways in the CNS, regenerates poorly; most often,
injured RGCs undergo apoptotic cell death (Chen et al
1997; reviewed in Huang et al 2003). Although this
regenerative failure has long been attributed to extrinsic
inhibitors in the environment of the mature brain, seminal
research by the Chen and Tonegawa laboratory (Chen et al
1997) has demonstrated that mature RGCs lack an intrin-
sic component to initiate axonal growth after injury and
that this intrinsic component is the neurotrophic protein
bcl-2. Investigators have therefore postulated that a pre-
requisite for successful regeneration of severed optic
nerves in adult mammals is the activation of an intrinsic
regenerative mechanism of RGC axons, namely the induc-
tion of bcl-2 expression in neurons. Studies were therefore
undertaken to determine whether lithium would not only
prevent injury-induced degeneration of RGCs and other
CNS neurons but also promote the regeneration of their
axons (Huang et al 2003). These studies showed that
lithium, acting directly on RGCs, supports both neuronal
survival and axon regeneration at its established therapeu-
tic concentrations (.5–1.2 mmol/L) (Huang et al 2003).

Lithium Also Increases Hippocampal Neurogenesis

To investigate the effects of chronic lithium on hippocam-
pal neurogenesis, mice were treated with “therapeutic”
lithium (plasma levels .97 � .20 mmol/L), for �4 weeks.
After treatment with lithium for 14 days, the mice were
administered single doses of BrdU (bromodeoxyuridine, a
thymidine analog that is incorporated into the deoxyribo-
nucleic acid of dividing cells) for 12 consecutive days.
Lithium treatment continued throughout the duration of
the BrdU administration. It was found that chronic lithium
administration does, indeed, result in an increase in the
number of BrdU-positive cells in the dentate gyrus (Chen
et al 2000). 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 transgenic animals are currently underway to
delineate the role of bcl-2 overexpression in the enhanced
hippocampal neurogenesis observed.

Human Evidence for the Neurotrophic Effects of
Lithium

Although the body of preclinical data demonstrating neu-
rotrophic and neuroprotective effects of mood stabilizers
is striking, considerable caution must clearly be exercised
in extrapolating to the clinical situation with humans. In
view of lithium’s robust effects on the levels of the
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cytoprotective protein bcl-2 in the frontal cortex, Drevets
and associates re-analyzed older data demonstrating
�40% reductions in subgenual PFC volumes in familial
mood disorder subjects (Bowley et al, in press). Consistent
with neurotrophic/neuroprotective effects of lithium, they
found that the patients treated with chronic lithium or
valproate exhibited subgenual PFC volumes that were
significantly higher than the volumes in non–lithium- or
valproate-treated patients, and not significantly different
from control subjects. In a more recent study, Bowley and
colleagues have investigated glial cell densities in mood
disorder patients. Although the sample sizes are quite
small, they made the intriguing observation that unipolar
patients exhibited reduced glial cell densities, whereas
only the bipolar patients off chronic lithium or valproate
exhibited similar reductions (Bowley et al, in press).

Although the results of the aforementioned studies
suggest that mood stabilizers may have provided neuro-
protective effects during naturalistic use, considerable
caution is warranted in view of the small sample size and
cross-sectional nature of the studies. To investigate the
potential neurotrophic effects of lithium in humans more
definitively, a longitudinal clinical study was recently
undertaken using proton magnetic resonance spectroscopy
to quantitate NAA (a putative marker of neuronal viabil-
ity) levels (Tsai and Coyle 1995). Four weeks of lithium
treatment produced a significant increase in NAA levels,
effects which were localized almost exclusively to gray
matter (Moore et al 2000a). These findings provide in-
triguing indirect support for the contention that chronic
lithium increases neuronal viability/function in the human
brain. Furthermore, a �.97 correlation between lithium-
induced NAA increases and regional voxel gray matter
content was observed, thereby providing evidence for
co-localization with the regional-specific bcl-2 increases
observed (e.g., gray vs. white matter) in the rodent brain
cortices. These results suggest that chronic lithium may
not only exert robust neuroprotective effects (as has been
demonstrated in a variety of preclinical paradigms), but
also exerts neurotrophic effects in humans.

A follow-up volumetric MRI study has demonstrated
that 4 weeks of lithium treatment also significantly in-
creased total gray matter content in the human brain
(Moore et al 2000b), suggesting an increase in the volume
of the neuropil (the moss-like layer composed of axonal
and dendritic fibers that occupies much of the cortex gray
matter volume). A finer-grained subregional analysis of
this brain imaging data is ongoing and clearly shows that
lithium produces a regionally selective increase in gray
matter, with prominent effects being observed in hip-
pocampus and caudate (Moore et al, unpublished data).
Furthermore, no changes in overall gray matter volume are

observed in healthy volunteers treated chronically with
lithium, suggesting that lithium is truly producing a
reversal of illness-related atrophy, rather than nonspecific
gray matter increases. Ongoing studies are attempting to
determine the precise relationship between the lithium-
induced increases in regional NAA levels and gray matter
volumes and treatment response.

In this context, a preliminary electroconvulsive seizures
study of severely depressed patients is noteworthy. Mi-
chael and colleagues (Michael et al, in press) investigated
the effects of a course of electroconvulsive seizures on
NAA levels in left amygdalar region in 28 severely
depressed patients. They found that significant increase in
NAA was observed only in electroconvulsive seizures
responders (n � 14). Moreover, 5 of 14 nonresponders to
ECT monotherapy were then treated with adjunctive
antidepressants (while electroconvulsive seizures contin-
ued) and re-scanned; the investigators found that this
group showed both clinical improvement and a significant
increase in NAA. Although preliminary, these clinical
results suggest that the neurotrophic effects of antidepres-
sant treatments (and likely lithium) are indeed associated
with treatment response (although a causal relationship
has yet to be established).

Do Thyroid Hormones Also Exert Neurotrophic
Effects?

The clinical efficacy of the administration of thyroxine
(T4) and/or triiodothyronine (T3) as an adjunct to
antidepressant treatment has been reasonably well es-
tablished. Furthermore, there is ample evidence to
associate thyroid dysfunction with mood disorders.
Indeed, one of the most obvious symptoms of overt
hypothyroidism is affective disturbance, and abnormal
thyroid activity, particularly subclinical hypothyroid-
ism, is present in a disproportionately large number of
patients with affective disorder (Haggerty and Prange
1995). Additionally, there is some evidence that depressed
patients with either hypothyroidism and/or an antithyroid
autoimmune response may be less responsive to antide-
pressant treatment. This is in agreement with studies of
thyroidectomized animals using the forced-swim and es-
cape-deficit models of depression.

There is no clear-cut mechanism for the antidepres-
sant-potentiating effects of thyroid supplementation,
although most research in this area has been focused on
the noradrenergic and serotonergic systems, and the
interested reader is referred to several excellent reviews
(Joffe 1997; Prange 1996). Here we focus on the effects of
thyroid hormones on intracellular signaling (particularly
the cAMP cascade) and neurotrophic effects. Effects of
thyroid activity have been noted at the level of G-proteins
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regulating the cAMP signaling cascade; specifically, hy-
pothyroid rats typically have significantly more G�i (the G
protein that inhibits adenylyl cyclase) and reduced G�s

(the G protein that stimulates adenylyl cyclase) in a variety
of tissues, including brain. Moreover, euthyroid rats ad-
ministered T3 have reduced levels of G�i (Orford et al
1991; Orford et al 1992). The net effect of these G protein
changes produced by hypothyroid states is an attenuation
of cAMP signaling, effects which undoubtedly play a role
in the impaired lipolysis and thermogenesis characteristic
of hypothyroid states. Moreover, similar impairments of
cAMP signaling in the brain may play a role in depressive
symptomatology often observed in hypothyroid states. As
a corollary, administration of thyroid hormones would be
expected to enhance cAMP signaling and, as discussed
above, potentially exert neurotrophic effects via CREB
activation. Indeed, a number of studies performed by
Ruiz-Marcos and colleagues have characterized a poten-
tially important effect of thyroid status on cortical neurons.
These researchers measured the density of dendritic spines
of layer V pyramidal neurons in control and thyroidecto-
mized rats and determined that hypothyroidism causes a
significant reduction in their number (Kalaria and Prince
1986; Ruiz-Marcos et al 1979, 1980, 1994). This effect
was present in both juvenile and adult rats and could be
reversed, in a dose-dependant fashion, by thyroxine treat-
ment. Similar effects have also been noted in the caudate
nucleus (Lu and Brown 1977a, 1977b).

In hippocampal development, thyroid hormone has been
shown to have several effects (Gould et al 1990, 1991);
thus, T3 increases the number of granule cells in the
dentate gyrus, the somatic and dendritic tree size of CA3
neurons, and the dendritic spine density of CA1 neurons.
There is also data to suggest that thyroid hormone
strengthens the cholinergic septohippocampal projection.
Whether any of these effects are significantly present in
adulthood remains to be established; however, it is notable
that thyroid hormone increases neurogenesis in the spe-
cific region where neurogenesis is known to occur
throughout life. With respect to bcl-2, thyroidectomy
reduces the expression of this important antiapoptotic
protein in the cerebellum, at least until postnatal day 30.
Concordantly, T3 enhances the expression of bcl-2 in
cultured cerebellar granule cells. It is important to note
that, despite evidence that T3 increases neuronal prolifer-
ation, some researchers have found overall increases in
BrdU labeling in hypothyroid animals. These findings can
be reconciled by the hypothesis that T3 promotes the
differentiation of progenitor cells.

The evidence reviewed thus far clearly suggests the
following:

1. Recurrent mood disorders are associated with im-
pairments of neuroplasticity and cellular resilience.

2. Abnormalities of the CRH/glucocorticoid system
and the glutamatergic system may contribute to the
impairments of cellular resilience observed in pa-
tients with mood disorders.

3. Chronic antidepressants regulate neurotrophic sig-
naling cascades.

4. Effective antidepressant potentiating strategies ex-
ert also exert neurotrophic effects, but by distinct
mechanisms from first degree antidepressants (see
Table 4); these latter observations suggest that if
enhancement of neurotrophic signaling and cellular
resilience is necessary for adequate antidepressant
response, potentiating agents may produce effects
that are additive to those of first degree antidepres-
sants.

We now turn to a discussion of strategies being used to
investigate the putative efficacy of plasticity enhancers as
novel antidepressant agents.

The Glutamatergic System as a Target for
Novel Antidepressant Treatments

Evidence for an association between alterations of brain
glutamatergic neurotransmission and the pathophysiology
of mood disorders has been growing since the 1950s, when
D-cycloserine, a partial agonist at the NMDA receptor
glycine site used as a part of multidrug antituberculosis
treatment, was reported to have a mood elevating effects
(Heresco-Levy and Javitt 1998; see Krystal et al 2002 for

Table 4. Summary of the Differences in the Neurotrophic
Properties of Antidepressants and Lithium: Evidence from
Current Studies

● Antidepressants exert major effects on CREB and BDNF expression
in rat hippocampus

● Antidepressants may exert modest effects on ERK activation in rat
brain

● Lithium exerts major effects on ERK activation in rat frontal cortex
and hippocampus

● Lithium exerts major effects on bcl-2 in rat frontal cortex
● Cross-sectional neuroimaging studies suggest that patients treated

with chronic lithium or VPA do not show subgenual prefrontal
cortex atrophy; patients treated with SSRIs show similar atrophy to
untreated patients

● Longitudinal studies show that chronic lithium increases the levels
of NAA in areas of brain in bipolar patients; there are no similar
published studies with VPA or antidepressants

● Longitudinal studies show that chronic lithium increases gray matter
volumes in bipolar patients; there are currently no similar published
studies with antidepressants

CREB, cyclic adenosine monophosphate response element–binding protein;
BDNF, brain-derived neurotrophic factor; ERK, extracellular response kinase;
VPA, valproic acid; SSRIs, selective serotonin reuptake inhibitors; NAA, N-
acetylaspartate.
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Table 5. Preclinical and Clinical Data Supporting the Role of the Glutamatergic System in the Pathophysiology and Treatment of
Mood Disorders

Study Major Finding

Relevant preclinical findings
Reynolds and Miller 1988 Tricyclic antidepressants slowed the dissociation rate of the NMDA antagonist [3H]-MK801 in a similar

manner to Zn2�
Trullas and Skolnick 1990 Competitive NMDA antagonist AP-7, noncompetitive antagonist dizolcipine, and a partial agonist at

strychnine-insensitive glycine receptors ACPC, mimicked the effects of clinically effective antidepressants
in inescapable stress model in rats

Skolnick et al 1996 Chronic (14 days) antidepressant administration (17 different antidepressants, specially studied in imipramine,
citalopram, and ECT) cause adaptive changes in radioligand binding to NMDA (CGP39653, DCKA, and
(3H)dizocilpine) in mice

Nowak et al 1996 Chronic citalopram in mouse, lowered 6.2-fold high-affinity glycine displaceable (3H)CGP-39653 binding to
glutamate receptors and reduced 1.5-fold the potency of glycine to inhibit (3H)DCKA binding in cortex.
Also increases aspartate concentration 110% in cortex and 33% in hippocampus

Dixon and Hokin 1998 Chronic lithium up-regulates and stabilizes glutamate uptake by presynaptic nerve endings in mouse cerebral
cortex

Boyer et al 1998 Chronic (16 days) of citalopram in mouse, lowered NMDA ε1-subunit mRNA level invfrontal cortex, CA2 of
hippocampus, and amygdala, whereas imipramine does it only in amydgala. Imipramine lowered NMDA
ε2-subunit mRNA level in cortex, CA1-4 of hippocampus, and amygdala, whereas citalopram does it only
in amygdala. Both drugs reduced transcript levels of 	-subunit in cortex, thalamus, striatum and cerebellum

Bouron and Chatton 1999 Desipramine enhanced spontaneous vesicular release of glutamate in hippocampal neurons dissociated from
neonatal rats

Michael-Titus et al 2000 Imipramine and phenelzine decreased potasium stimulated glutamate outflow in rat prefrontal cortex and not
in striatum

Chen A et al 2001a Ketamine pretreatment attenuate ECS-induced mossy fiber sprouting in dentate gyrus and BDNF expression
in medial prefrontal cortex and the dentate gyrus, in rats

Li et al 2001 AMPA receptor potentiator LY392098 (a biarylpropylsulfonamide) produce antidepressant-like effect in rats
and mice

Relevant clinical findings
Drug trials

Crane 1959 D-Cycloserine in tuberculosis Antidepressant response in tuberculosis depressed patients
Parkes et al 1970 Antiparkinsonian response to amantadine

(double-blind cross-over study)
Significant improvement in mood and relief of parkinsoniau

symptoms in 37 patients
Vale et al 1971 Antidepressant response to amantadine

(randomized placebo-controlled study)
Significant antidepressant efficacy in 40 depressed patients

Calabrese et al 1999 Antidepressant response to lamotrigine
(double-blind placebo-controlled
study)

Significant antidepressant efficacy in 195 depressed BPDI
patients

Berman et al 2000 Antidepressant response to ketamine
(double-blind placebo-controlled
study)

Improve depressive symptoms in depressed patients (8
MDD, 1BPD) lasting longer (3 days) than euphoric
effects (hours)

Glutamate receptor studies
Holemans et al 1993 Binding of (H3) dizocilpine sites No changes of binding in 22 depressed, medication-free

suicide victims, in cortex, hippocampus, thalamus, and
basal ganglia. Negative correlation between age and
NMDA receptor binding in frontal cortex suicide victims

Nowak et al 1995a High-affinity glycine displaceable
(3H)CGP-39653 binding to Glu
receptors

Reduced in suicide victims (50% of them depressed) vs.
controls, in frontal cortex

Meador-Woodruff et al
2001

NMDA mRNA subunits levels in
striatum

Postmortem analysis. Only NR2D (a subunit of NMDA
receptor) mRNA is higher in BPD (15) vs. MDD (15).
Only gluR1 (a subunit of AMPA receptor) mRNA is
lower in BPD vs. controls (15). (3H)AMPA binding was
higher in BPD vs. MDD.

Glutamate levels: MRS
Castillo et al 2000 Glx/Gln ratio levels in frontal and

temporal cortex, and basal ganglia
Elevated in frontal lobe and basal ganglia in BPD

medication free children vs. controls
Auer et al 2000 Glx levels Decreased in anterior cingulate cortex of depressed patients

vs. controls (7 patients were medication free and 12
under antidepressant treatment; 1 BPD and 18 MDD)

Continued
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an excellent review). A growing body of preclinical and
clinical research suggests that the NMDA class of gluta-
mate receptors may be involved in the pathophysiology of
mood disorders and the mechanism of action of antide-
pressants (Table 5; Figure 4). N-methyl-D-aspartate re-
ceptor antagonists, such as MK-801 and AP-7, and an
AMPA receptor potentiator, the biarylpropylsulfonamide
LY392098, have demonstrated antidepressant effects in
animal models of depression, including the application of
inescapable stressors, forced-swim, and tail suspension–
induced immobility tests, in learned helplessness models
of depression, and in animals exposed to a chronic mild
stress procedure (Li et al 2001). Furthermore, antidepres-
sant administration has been shown to affect NMDA
receptor function (Nowak et al 1993, 1995b) and receptor
binding profiles (Paul et al 1992). Also consistent with the
putative role of the glutamatergic system in the mecha-
nism of action of antidepressants is the fact that repeated
antidepressant administration regionally alters expression
of mRNA that encodes multiple NMDA receptor subunits
and radioligand binding to these receptors within circum-
scribed areas of the CNS (Skolnick 1999).

Recently, Berman et al (2000) reported the first place-
bo-controlled, double-blind trial assessing the treatment
effects of a single dose of the NMDA receptor antagonist
ketamine in seven patients with depression. The authors
reported that subjects with depression evidenced signifi-
cant improvement in depressive symptoms within a short
period of time (72 hours) after taking ketamine but not
placebo. In addition, the ketamine-induced mood improve-
ment persisted for 1–2 weeks after the infusion. In this

study, treatment with ketamine was associated with tran-
sient euphoria, cognitive deficits, and greater scores on the
Brief Psychiatric Rating Scale, especially the positive
symptoms. Similarly, another antiglutamatergic agent,
lamotrigine, was found to be effective in acute bipolar
depression (Calabrese et al 1999).

Based in large part on the observation that AMPA
receptor activation increases BDNF expression, Skolnick
and associates have recently undertaken a series of studies
investigating the putative antidepressant efficacy of
AMPA receptor potentiators in models of depression
(Legutko et al 2001; Li et al 2001; Skolnick et al 2001).
The AMPA receptors are a subfamily of ionotropic gluta-
mate receptors mediating fast excitatory transmission in
the CNS. As with most other ligand-gated ion channels,
AMPA receptors possess multiple, allosteric modulatory
sites that represent targets for “fine-tuning” the activity of
the receptor by pharmacologic means. In addition to their
ionotropic properties, AMPA receptors have been func-
tionally coupled to a variety of signal transduction events
involving Src-family kinases, G-proteins, and the MAP
kinase (Bahr et al 2002). This raises the possibility that
more subtle modulation of AMPA receptors may be a
useful strategy to activate MAP kinase neurotrophic cas-
cades. One class of compounds, “AMPA receptor poten-
tiators” (ARPs), dramatically reduces the rate of receptor
desensitization and/or deactivation (Skolnick et al 2001).
Several classes of ARPs have been identified, including
benzothiadiazides, such as cyclothiazide; pyrrolidones,
such as piracetam and aniracetam; and benzoylpiperidines,
such as CX-516. Preclinical studies have shown that

Table 5. Continued

Study Major Finding

Glutamate, Glutamine and Glycine: CSF, Plasma and Platelet levels
Levine et al 2000 CSF Gln levels Elevated in medication free depressed patients vs. control

(2 BPD, 16MDD) and correlated with CSF magnesium
level

Mathis et al 1988 Gln plasma level Gln level higher in 59 depressive patients (MDD, BPD) vs.
controls

Altamura et al 1993 Glu plasma and platelet level Increased plasmatic and decreased platelet level in
medication-free depressed patients (4 MDD, 11 BPD) vs.
controls

Altamura et al 1995 Glu and Gly plasma levels Lower in 25 MDD medication-free patients vs. controls
Mauri et al 1998 Glu plasma levels Higher Glu plasma level in 29 MDD patients vs. controls,

not altered by fluvoxamine
Maes et al 1998 Glu, Gln plasma levels No differences between patients and control subjects.

Antidepressant treatment for 5 weeks reduced Glu and
increase Gln plasmatic levels

Berk et al 2001 Platelet intracellular calcium response to
Glu stimulation

Greater in 15 MDD medication free patients vs. controls

NMDA, N-methyl-D-aspartate; AMPA, �-amino-3-hydroxy-5-methyl-4-isoxazole propioniate; ACPC, 1-aminocyclopropanecarboxylic acid; ECT, electroconvulsive
therapy, DCKA, dichlorokynurenic acid; mRNA, messenger ribonucleic acid; ECS, electroconvulsive shock. BDNF, brain-derived neurotrophic factor; Glx, peak on magnetic
resonance spectroscopy containing glutamate, but also other compounds (i.e., not exclusively glutamate). BPD, bipolar disorder patients; MDD, major depressive disorder
patients; Glu, glutamate; Gly, glycine; Gln, glutamine; MRS, magnetic resonance spectroscopy; CSF, cerebrospinal fluid. Modified and reproduced with permission from
Quiroz and Manji 2002.
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modulation of AMPA receptors with the ampakine 1-(qui-
noxalin-6-ylcarbonyl)piperidine (CX516) enhances MAP
kinase activation and reduces the extent of synaptic and
neuronal degeneration resulting from excitotoxic insults,
even when infused after the insult (Bahr et al 2002). In
view of the ability of structurally dissimilar ARPs to
increase BDNF expression (Hayashi et al 1999; Lauter-
born et al 2000; Skolnick et al 2001), studies investigating
the putative efficacy of an ARP (LY392098) in animal
models of depression have been investigated. These stud-
ies showed that LY392098 produced a similar reduction in
the duration of immobility in the forced swim test as
traditional antidepressants, suggesting that they may in-
deed have utility as novel antidepressants.

In other studies, CX516 has been shown to produce a
marked facilitation of performance of a spatial delayed-
nonmatch-to-sample task in rats (Hampson et al 1998).
Furthermore, preliminary human studies have suggested
that ampakines may have a positive memory encoding
effect with respect to visual associations, recognition of
odors, acquisition of a visuospatial maze, location and
identity of playing cards (Ingvar et al 1997), and enhances

delayed recall in older individuals (Lynch et al 1997).
Finally, in very preliminary studies of schizophrenic
patients, CX516 was added to clozapine in 4-week, pla-
cebo-controlled, dose-finding and fixed-dose trials and
was suggested to exert beneficial effects in measures of
attention and memory (Goff et al 2001). An investigation
of CNS-penetrant AMPA modulating agents in the treat-
ment of depression is clearly warranted.

Clinical Investigations of the Glutamatergic
Signaling Modifiers in the Treatment of
Depression

Several novel glutamatergic strategies are currently being
investigated in the treatment of depression (for a complete
review, see Zarate et al 2003).

Figure 4. (A) The glutamatergic receptor system. Upper left:
Ionotropic receptors: activation of the AMPA receptor (AMPA
R) by glutamate permits the depolarization of the membrane (1).
When glutamate and glycine are present, this depolarization
results in the release of magnesium from the NMDA receptor
(NMDA R) channel (2). Calcium also enters through the NMDA
R pore (3). Interchange of cations additionally occurs via NMDA
R and the Kainate glutamate receptor (KA R). Upper right:
Metabotropic receptors: activation of group I metabotropic glu-
tamate receptors (mGlu I), which are coupled with a G protein
(Gq/11), produces activation of phospholipase C-� (PLC-�).
Activation of group II metabotropic glutamate receptors (mGlu
II), which are coupled with Gi or Go, produce either inhibition of
adenylyl cyclase (AC) or opening of potassium channels (not
shown) respectively. Bottom: The subunit composition of known
receptor subtypes are shown in the figure. (B) Receptors that may
represent a target for novel agents for the treatment of depres-
sion. Glutamate (glu) is synthesized in neuron from �-ketoglu-
tarate through the tricarboxylic acid cycle (TCA). After release,
glutamate is re-uptaked by glutamate transporters (EAAT1/2/3),
shown in glia and a presynaptic neuron (EAAT 3). In the glia,
glutamate is catabolized to glutamine (through the enzyme
glutamine synthetase), diffuses to the neurons and is then
metabolized back to glutamate (through the enzyme glutami-
nase). The different glutamate receptors and the presumed
antiglutamatergic drug sites of action are presented: Memantine
is a noncompetitive antagonist at the NMDA receptor. Felbamate
is a noncompetitive NMDA receptor antagonist (glycine NR1
and glutamate NR2B), an AMPA receptor antagonist, an mGlu
group I receptor antagonist, and a glutamate release inhibitor
(acting through blockade of Ca2� and Na� voltage dependant
channels). Riluzole is a glutamate release inhibitor (acting
through blockade of Ca2� and Na� voltage dependant channels),
a GABAA agonist and probably an AMPA and Kainate antagonist.
The sites for second-generation mGlu group II and III receptor
agonist is also depicted. AMPA, �-amino-3-hydroxy-5-methylisox-
azole propionate; NMDA, N-methyl-D-aspartate; GABA, �-ami-
nobutyric acid. Figure 4B modified and reproduced with permission
from Zarate et al 2003.
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Riluzole, a 2-amino-6-trifluoromethoxy belonging to
the benzothiazole class, is a neuroprotective agent with
anticonvulsant properties. The U.S Food and Drug Admin-
istration (FDA), the Committee for Proprietary Medicinal
Products in Europe, and the Ministry of Health and
Welfare in Japan have approved it for the treatment of
amyotrophic lateral sclerosis. It acts by inhibition of the
glutamate release, blocking presynaptic calcium and so-
dium ion channels, by inhibition of the voltage-dependent
sodium channels in mammalian CNS neurons, and by
inhibition of postsynaptic actions by indirect mechanisms.
It has been shown to have neuroprotective properties in
animal models of Parkinson’s disease, dementia, ischemia,
and traumatic CNS injury. Although is well tolerated, side
effects include nausea, vomiting, anorexia, asthenia, diz-
ziness, and circumoral paresthesia; 10% elevated alanine
aminotransferase levels and granulocytopenia that it is a
rare event. A pilot study is underway at the National
Institute of Mental Health, investigating the putative
antidepressant effects of riluzole in major depression
(Zarate et al 2003).

Felbamate, a 2-phenyl-1, 3-propanediol dicarbamate, is
a broad-spectrum anticonvulsant chemically related to
meprobamate. It is FDA approved as monotherapy and
adjunctive therapy in adults with partial-onset epilepsy. It
acts as a noncompetitive NMDA antagonist (NR1–2B), by
inhibition of AMPA/kainite and dihydropyridine-sensitive
calcium channels, and enhancing GABAA activity. It has
been shown to have neuroprotective properties in hypoxi-
a–ischemia models, hippocampal traumatic injury models,
and in culture from excitotoxic insult. Its most common
side effects include nausea, dizziness, vomiting, anorexia,
and weight loss. Some idiosyncratic events are aplastic
anemia (127 per million per year) and hepatic toxicity
(1:18,000–1:25,000). Studies are currently underway, in-
vestigating the potential antidepressant efficacy of felbam-
ate in treatment-refractory depressed patients (Zarate et al
2003).

Memantine, a 1-amino-3, 5-dimethyladamantane of the
adamantine class has anticonvulsant and neuroprotective
properties and dopaminergic effects in vitro. Memantine
has been used since 1978 and is approved in Germany for
mild and moderate cerebral performance disorders with
concentration and memory disorders, loss of interest and
drive, premature fatigue, and depressive mood (dementia
syndrome); cerebral and spinal spasticity; and Parkinson’s
disease. It acts as a modulator of glutamatergic neurotrans-
mission: in the states of a reduced glutamate release, after
degeneration of neurons, memantine results in an improve-
ment in signal transmission and activation of neurons; in
the state of a massive glutamate release (e.g., ischemia),
memantine blocks NMDA receptors that mediate the

excitotoxic action of glutamate on neurons. It is well
tolerated, and side effects include dizziness, internal and
motoric restlessness and agitation, fatigue, congestion in
the head, and nausea. Only a few isolated cases of
psychosis and cognitive deficits have been reported with
its use. A large, double-blind, placebo-controlled trial is
underway, examining the efficacy of memantine in the
treatment of depression (Zarate et al 2003).

The HPA Axis as a Target for the
Development of Novel Therapeutics

As discussed above, there is a growing appreciation that
abnormalities of the HPA axis may play a role in mediat-
ing the phenotypic expression of certain depressive states
(Gold and Chrousos 2002), and not surprisingly, there is
increasing interest in targeting this system for the devel-
opment of novel therapeutics. Novel therapeutic targets for
the treatment of dysfunction of the HPA system include
dehydroepiandrosterone (DHEA), steroid synthesis inhib-
itors, CRH antagonists, and glucocorticoid antagonists
(McQuade and Young 2000). Treatment with glucocorti-
coid synthesis inhibitors (e.g., ketoconazole) has been
observed to rapidly ameliorate depression in treatment-
resistant depression (Reus and Wolkowitz 2001). Clinical
studies are also investigating the putative efficacy of the
GR antagonist, mifepristone, for the treatment of depres-
sion. Mifepristone is a potent antagonist of GR (but not
MR), as well as progesterone receptors. Empirical evi-
dence of its efficacy in rapid treatment of depression in
patients with Cushing’s disease inspired further study in
primary affective disorders. There are a number of mech-
anistic considerations suggesting that a more extensive
investigation of the potential efficacy of mifepristone to
protect against the negative effects of excessive GR
signaling in depression is warranted (Gold et al 2002).
Among them, mifepristone may antagonize the effects of
excessive cortisol on PFC and hippocampal structure and
function (which leads to disinhibition of the HPA axis),
thereby interrupting a maladaptive feed-forward mecha-
nism in severely depressed patients. Additionally, the
amygdala inhibits the PFC and activates both the HPA
axis and brainstem noradrenergic nuclei (including the
locus coeruleus); thus, mifepristone, by blocking amyg-
dala GR receptors, may attenuate the deleterious effects of
amygdala hyperactivity on the PFC, hippocampus, and
brainstem sites.

Preliminary data indicate that mifepristone may be
rapidly and robustly effective in the treatment of psychotic
depression (Belanoff et al 2001), the subtype of depression
most clearly associated with HPA axis hyperactivity.
Belanoff and colleagues at Stanford observed improve-
ment in mood and psychosis in a crossover trial after 4
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days of treatment (n � 5). Moreover, an open dose-finding
study of 50 mg, 600 mg, and 1200 mg of mifepristone for
7 days in psychotic depression (n � 30) observed a
40%–50% response rate (
50% improvement) in the two
high-dose groups and a 50% or greater response on the
positive symptoms subscale of the Brief Psychiatric Rat-
ing Scale in 12 of 19 subjects (Belanoff et al 2002). A
multicenter, double-blind trial is now underway with
mifepristone in psychotic depression. Pilot data in a
crossover bipolar depression study was recently presented
as a meeting abstract and again suggested functional
improvement after only brief therapy (Young, unpublished
data). In ongoing studies, Young and colleagues propose
to examine DHEA-S and cortisol levels, as well as mood
and psychosis changes and neuropsychological function
with mifepristone. Preliminary data indicate that bipolar
subjects show a significant improvement in verbal fluency
after mifepristone in preliminary analysis, and although
mood data has not been analyzed, at least some subjects
have shown clinical improvement.

A double-blind, placebo-controlled study of mifepris-
tone in inpatients with bipolar depression is being under-
taken at the National Institute of Mental Health. Subjects
will have endocrine and cognitive evaluation, followed by
randomization to 8 days of mifepristone versus placebo,
followed by blind crossover to the opposite arm. Rapid
antidepressant response in bipolar depression with mife-
pristone could represent an important new strategy, given
the problems with cycle induction and mania with stan-
dard antidepressants in this condition.

Further preclinical study is also underway investigating
small-molecule CRH antagonists for the treatment of
depression. The orally active CRH antagonist antalarmin
significantly reduces fear and anxiety responses in nonhu-
man primates (Habib et al 2000) and may be a candidate
for further development. Because standard antidepressants
appear to take several weeks to suppress CRH expression
and release, the blockade of CRH receptors has been
proposed as a rapid antidepressant strategy (Zobel et al
2000). Several pharmaceutical companies have developed
substituted pyrimidine small-molecule CRH antagonists
(for review see Owens and Nemeroff 1999). In an open-
label, dose escalation study by Zobel et al (2000), 24
subjects with major depression received either a high dose
or a low dose of the CRH antagonist R121919. Improve-
ment of scores on the Hamliton Rating Scales for Depres-
sion/Anxiety was significant and similar to historical
control data with paroxetine under study conditions. Fur-
thermore, in the high-dose group (n � 10) 8/10 subjects
analyzed were responders and 6/10 were remitters, com-
pared with 5/10 responders and 3/10 remitters in the
low-dose group. Patients had an abrupt worsening of mood

symptoms when the antagonist was discontinued, suggest-
ing that response was pharmacologically contingent; how-
ever, this was a “completer” rather than an intention-to-
treat analysis, and four subjects were removed from
analysis due to drop-out, one of whom was dropped due to
worsening symptomatology and suicidality. R121919, al-
though generally well tolerated, was dropped from clinical
development due to hepatotoxicity but provides proof of
concept in a preliminary fashion for this strategy.

Strategies to Potentiate the CREB/BDNF/
Bcl-2 Cascade for the Treatment of
Depressive Disorders

There is a growing body of data suggesting that agents that
directly modulate the CREB/BDNF/bcl-2 cascade may
have utility for the treatment of mood disorders (D’Sa and
Duman 2002; Nestler et al 2002; Quiroz and Manji 2002).
One approach is to use an inhibitor of phosphodiesterase
(PDE), the enzyme responsible for the breakdown of
cAMP. In this context, Takahashi et al (1999) demon-
strated that chronic antidepressant administration in-
creases the expression of cAMP-specific PDE4A and
PDE4B isoforms; these effects likely represent a compen-
satory “counter-regulatory” response to the chronic anti-
depressants (Nibuya et al 1996). These data suggest that
PDE4A and PDE4B may be relevant targets for develop-
ment of agents that possess antidepressant effects, either as
monotherapy or in combination with agents that increase
intrasynaptic monoamine levels, because of the possible
synergism of effects on the cAMP cascade. Preclinical
studies conducted to date do support the potential utility of
PDE4 inhibitors in the treatment of depressive disorders.
Thus, long-term administration of PDE4 inhibitors in-
creases the expression of CREB and BDNF in the hip-
pocampus of rats (Asanuma et al 1996; Fujimaki et al
2000), and PDE inhibitors have antidepressant-like effects
in behavioral models (Griebel et al 1991; O’Donnell 1993;
Wachtel and Schneider 1986).

Indeed, the idea that PDE inhibitors may have potential
antidepressant activity is not a new one: it was initially
proposed by Wachtel in the early 1980s (Wachtel and
Schneider 1986). In the 1980s and early 1990s, a number
of open (Zeller et al 1984) and controlled clinical trials
(Bertolino et al 1988; Bobon et al 1988; Fleischhacker et
al 1992; Hebenstreit et al 1989) demonstrated that rolip-
ram, a specific inhibitor of the high-affinity cAMP PDE4,
may have antidepressant efficacy in depressed patients. In
addition, there is evidence that rolipram may have a faster
onset of response compared with the standard antidepres-
sants. In the clinical study by Horowski and Sastre-Y-
Hernandez (1985), a rapid antidepressant effect to rolip-
ram was reported to occur within the first 12 hours to 10
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days, and another study (Zeller et al 1984) reported an
antidepressant effect only after 2–4 days of treatment;
however, in a randomized, double-blind comparative trial
of rolipram versus imipramine, Hebenstreit et al (1989)
found that imipramine was more effective than rolipram,
though both were beneficial. Further, after a controlled
study, Scott et al (1991) concluded that amitriptyline was
more effective than rolipram in the treatment of depressed
inpatients. Though the overall literature on the use of
rolipram is suggestive that PDE inhibitors may have
antidepressant efficacy and may have a faster onset of
action, the potential use of rolipram for depression was
limited because of side effects such as nausea and emesis.

Recent studies demonstrating that PDE4 is expressed in
inflammatory cells, such as eosinophils, and that inhibition
of PDE4 down-regulates the inflammatory response have
generated renewed excitement about the possible utility of
this class of agents in the treatment of diseases such as
asthma, chronic obstructive pulmonary disease, rheuma-
toid arthritis, Crohn’s disease, and multiple sclerosis
(Dyke and Montana 2002; Huang et al 2001). Second-
generation compounds with markedly improved tolerabil-
ity are rapidly being developed (Dyke and Montana 2002;
Huang et al 2001), and it is anticipated that the availability
of CNS-penetrant PDE4 inhibitors may lead to the devel-
opment of a novel class of antidepressants.

Human phase I/II trials of recombinant methionyl hu-
man BDNF have already been undertaken, wherein the
BDNF was administered by intrathecal infusion to patients
with amyotrophic lateral sclerosis (Ochs et al 2000).
Unfortunately, side effects such as sensory symptoms,
including paraesthesias or a sense of warmth, sleep dis-
turbance, dry mouth, agitation, and other behavioral ef-
fects were encountered at higher doses, precluding further
study.

An increasing number of strategies are being investi-
gated to develop small-molecule switches for protein–
protein interactions, which have the potential to regulate
the activity of growth factors, MAP kinases cascades, and
interactions between homo- and heterodimers of the bcl-2
family of proteins. In view of the robust effects of bcl-2 on
neurite sprouting, neurite outgrowth, and axonal regener-
ation (Chen and Tonegawa 1998; Chen et al 1997; Chierzi
et al 1999; Holm et al 2001; Oh et al 1996), and protection
against the deleterious CNS effects of severe stress
(DeVries et al 2001), it is quite possible that bcl-2
enhancers will have utility in the treatment of depressive
disorders. Indeed, it is quite possible that lithium’s ability
to robustly upregulate bcl-2 may play a role in its
antidepressant potentiating effects. It is also noteworthy
that pramipexole also upregulates bcl-2 in several brain
areas (Takata et al 2000) and has been shown to exert

antidepressant effects in preliminary studies (Sporn et al
2000). Although the dopamine agonistic effects of
pramipexole may clearly also contribute to its purported
antidepressant effects, its robust neurotrophic effects sug-
gest that it may have broader utility as an antidepressant
potentiator. In this context, ongoing longitudinal studies at
the National Institute of Mental Health are investigating
pramipexole’s antidepressant and neurotrophic effects
with the use of serial magnetic resonance spectroscopy
measurements of NAA and volumetric MRIs.

Concluding Remarks

As discussed, there is a considerable body of evidence,
both conceptual and experimental, suggesting that impair-
ments in neuroplasticity and cellular resilience may play
an important role in the pathophysiology of recurrent
mood disorders. Furthermore, we contend that for many
refractory depression patients, new drugs simply mimick-
ing many “traditional” drugs that directly or indirectly
alter neurotransmitter levels and those that bind to cell
surface receptors may be of limited benefit. This is
because such strategies implicitly assume that the target
circuits are functionally intact and that altered synaptic
activity will thus be transduced to modify the postsynaptic
“throughput” of the system; however, the evidence pre-
sented here suggests that, in addition to neurochemical
changes, many patients also have pronounced structural
alterations (e.g., reduced spine density, neurite retraction,
overall neuropil reductions) in critical neuronal circuits.
Thus, optimal treatment may only be attained by providing
both trophic and neurochemical support; the trophic sup-
port would be envisioned as enhancing and maintaining
normal synaptic connectivity, thereby allowing the chem-
ical signal to reinstate the optimal functioning of critical
circuits necessary for normal affective functioning. In-
deed, preliminary studies have suggested that regional
structural brain changes in patients with mood disorders
may be associated not only with illness severity/duration,
but also with altered treatment response to pharmacologic
agents and ECT (Pillay et al 1997; Vakili et al 2000).

The evidence also suggests 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
sequellae associated with mood disorders. Although data
suggest that hippocampal atrophy in depression may be
related to illness duration (Sheline et al 1999), it is
presently not clear whether the volumetric and cellular
changes that have been observed in other brain areas (most
notably frontal cortex) are related to affective episodes per
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se. Indeed, some studies have observed reduced gray
matter volumes and enlarged ventricles in mood disor-
dered patients at first/early onset (Hirayasu et al 1999;
Strakowski et al 1993). At this point, it is unclear whether
the regional cellular atrophy in mood disorders occurs
owing to the magnitude and duration of biochemical
perturbations, an enhanced vulnerability to the deleterious
effects of these perturbations (due to genetic factors and/or
early-life events), or a combination thereof. In this context,
a growing body of data has demonstrated that neonatal
stress can have a major impact on brain development, in
particular by bringing about persistent changes in CRH-
containing neurons, the HPA axis, the serotonergic sys-
tem, the noradrenergic system, and the sympathetic ner-
vous system (Graham et al 1999). Furthermore, although
there are undoubtedly genetic contributions (both suscep-
tibility and protective) to the impact of neonatal stesses on
brain development, it is noteworthy that recent studies
have also demonstrated nongenomic transmission across
generations of not only maternal behavior but also stress
responses (Francis et al 1999). The possibility that these
neurochemical alterations produces a state of neuroendan-
germent (see above), which contributes to the subsequent
development of morphologic brain changes in adulthood,
requires further investigation. A growing body of data is
also demonstrating a relationship (potentially bidirec-
tional) between mood disorders and cardiovascular/cere-
brovascular disease, suggesting that at least in a subset of
patients (perhaps those who have been “primed” for
impairments of cellular resiliency by genetic factors), CNS
vascular insufficiency may be a contributory factor (Do-
raiswamy et al 1999; Musselman et al 1998; Steffens and
Krishnan 1998; Steffens et al 1999).

In conclusion, emerging results from a variety of
clinical and preclinical experimental and naturalistic stud-
ies suggest that a reconceptualization as to the pathophys-
iology, course, and optimal long-term treatment of recur-
rent mood disorders may be warranted. Optimal long-term
treatment for these severe illnesses may require the early
use of agents that enhance neuroplasticity and cellular
resilience. As discussed, there are a number of pharmaco-
logic “plasticity enhancing” strategies that may be of
considerable utility in the treatment of mood disorders (see
Figure 5). Among the most immediate ones are NMDA
antagonists, glutamate release–reducing agents, AMPA
potentiators, cAMP PDE inhibitors, and GR antagonists.
An increasing number of strategies are being investigated
to develop small-molecule agents to regulate the activity
of growth factors, MAP kinases cascades, and the bcl-2
family of proteins; this progress holds much promise for
the development of novel therapeutics for the long-term
treatment of severe, refractory mood disorders and for
improving the lives of millions.

Figure 5. Plasticity regulators as targets for the development of
novel agents for the treatment of depression. This figure depicts the
multiple targets by which neuroplasticity and cellular resilience can
be increased in mood disorders. Genetic/neurodevelopmental fac-
tors, repeated affective episodes (and likely elevations of glucocor-
ticoids), and illness progression may all contribute to the impair-
ments 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. 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. 1)
Phosphodiesterase inhibitors increase the levels of pCREB; 2)
MAP kinase modulators increase the expression of the major
neurotrophic protein, bcl-2; 3) mGluR II/III agonists modulate
the release of excessive levels of glutamate; 4) drugs such as
riluzole and felbamate act on Na� channels to attenuate gluta-
mate release; 5) AMPA potentiators upregulate the expression of
BDNF; 6) NMDA antagonists like memantine enhance plasticity
and cell survival; 7) novel drugs to enhance glial release of
trophic factors and clear excessive glutamate may have utility for
the treatment of depressive disorders; 8) corticotropin release
hormone (CRH) and 9) glucocorticoid antagonists attenuate the
deleterious effects of hypercorisolemia and CRH antagonists
may exert other beneficial effects in the treatment of depression
via non-HPA mechanisms; 10) agents which upregulate bcl-2
(e.g., pramipexole) would be postulated to have considerable
utility in the treatment of depression and other stress-related
disorders. NE, norepinephrine; 5-HT, serotonin; Glu, glutamine;
BDNF, brain-derived neurotrophic factor; ERK, extracellular
response kinase; MAP, mitogen-activated protein; CREB, cyclic
adenosine monophosphate response element–binding protein;
mGluR, metabotropic glutamate receptor; AMPA, alpha-amino-
3-hydroxy-5-methylisoxazole propionate; NMDA, N-methyl-D-
aspartate; GR, glucocorticoid receptor; CRF, corticotropin re-
lease factor; PKA, protein kinase A.
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Aspects of this work were presented at the conference, “Difficult-to-
Treat Depression,” held April 21–22, 2002 in San Francisco, California.
The conference was sponsored by the Society of Biological Psychiatry
through an unrestricted grant provided by Eli Lilly and Company.
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Appendix 1. Brain Imaging Studies Demonstrating Atrophic Volumetric Changes in Mood
Disordersa

CT Studies Subjects Measurement Major Finding

Andreasen et al 1990 24 BD patients, 27 UP
depressed patients, 108 SZ
patients and 75 CS

VBR Male BD patients had increased VBR.
Depressed patients showed no significant
difference

Baumann et al 1997 23 patients with exogenous
depression, 28 patients with
neurotic depression and 56
CS

VBR, third ventricle, frontal
sulci, parieto-occipital sulci,
interhemispheric fissure,
sylvian fissure

Female patients with exogenous depression
exhibited widened bilateral upper cortical
sulci and third ventricular enlargement

Beats et al 1991 25 elderly MD (4 BD) patients
and 25 CS

Ventricle size, hyperintensities Larger third ventricule associated with
greater number of episodes, age and
duration of the illness

Dewan et al 1988 26 patients with BD, 22 CS Ventricle size, cortical
atrophy, brain density

BD had increased third ventricle width

Dolan et al 1986 101 patients with UP
depression, 52 CS

VBR, cortical atrophy Depressed patients showed increased sulcal
widening and lateral ventricle size

Johnstone et al 1986 19 neurotic patients, 22 BD
outpatients, and 10 BD
inpatients

VBR, lateral ventricular size 19% of BD patients had VBR more than
two standard deviations above the
neurotic mean

Nasrallah et al 1982 55 patients with SZ, 24
patients with mania, and 27
CS

VBR Both SZ and manic patients had greater
VBRs than CS; no differences between
patient groups

Pearlson and Veroff 1981 16 patients with affective
disorder, 22 with SZ, 35 CS

VBR, cortical atrophy Both SZ and affective disorder patients
showed increased VBR

Pearlson et al 1984 27 BD patients and 27 CS VBR BD had larger VBR than CS, associated
with frequent hospitalizations

Pearlson et al 1989 26 elderly patients with
depression (including 15
cognitively impaired), 13
patients with Alzheimer’s
disease and 31 CS

VBR, brain density Depressed patients with cognitive
impairment (not depression alone)
showed increased VBR and decreased
brain density

Schlegel and Kretzschmar 1987 60 patients with affective
disorder (33 UP, 22 BD [17
depressed, 5 manic], 5
unspecified), and 60 CS

Ventricle size, cortical atrophy Frontal horns, bicaudate distance and third
ventricle were enlarged in affective
disorder patients

Shima et al 1984 46 depressed (2 BD) patients
and 46 CS

VBR Patients had increased VBR

Shiraishi et al 1992 45 nondelusional and 29
delusional MD patients, 77
CS

Cerebral atrophy ratio (CAR)
and VBR

Nondelusional depressed patients had
higher CAR than controls. Delusional
depressed patients had greater VBR and
CAR than nondelusional and CS

Swayze et al 1990 48 patients with BD, 54 SZ
patients, and 47 CS

Lateral ventricular volumes,
hyperintensities

BD had trends toward enlarged lateral
ventricles; BP patients with focal
hyperintensities showed trends for larger
lateral ventricles size compared to those
without focal hyperintensities

Tanaka et al 1982 40 BD patients, 40 CS Ventricle size, cortical
atrophy, asymmetry

Compared with CS, patients �50 years old
showed cortical atrophy, and patients had
reversed cerebral asymmetry

Weinberger et al 1982 23 patients with affective
disorder, 35 first
schizophreniform episode,
17 chronic SZ patients, 27
other psychiatric diagnoses
patients, 26 CS

Ventricular size and vermis Affective patients had vermian atrophy vs.
other diagnostic groups and CS

Wurthmann et al 1995 34 patients with MD, 29
patients with degenerative
dementia, 43 CS

Frontal and parieto-occipital
sulci, Sylvian fissures,
lateral and third ventricles

Remarkable enlargement of left Sylvian
fissure and more subtle enlargements of
ventricles, cortical sulci, and right Sylvian
fissure was found in the depressed group
vs. CS. The demented patients showed a
more generalized brain atrophy.

Young et al 1999 30 geriatric patients with manic
disorder, 18 CS

Cortical sulcal widening, VBR Patients had greater cortical sulcal widening
scores compared with CS
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Appendix 1. Continued

MRI Studies Subjects Measurement Major Finding

Ali et al 2001 26 BD patients Temporal lobes, hippocampi
third ventricule, areas of
lateral ventricules

Larger third ventricule associated with
greater number of episodes

Altshuler et al 1991 10 BD I patients and 10 CS Temporal lobe volume Smaller temporal lobe volume in BD
patients, bilaterally

Ashtari et al 1999 40 UP depressive geriatric
patients and 46 CS

Hippocampus volume, anterior
hippocampus / amygdala
complex

No differences between UP patients and
CS; in patients, reduced HIP volumes
correlated with age and depression
ratings

Bakshi et al 2000 All multiple sclerosis patients:
19 DP, 29 non DP

Cortical atrophy, ventricle
size, hyperintensities

Severity of depression was predicted by
superior frontal, superior parietal and
temporal TI lesions, lateral and third
ventricular enlargement, and frontal
atrophy

Botteron et al 2002 30 young women with early
onset MD, 18 middle aged
women with recurrent MD,
17 CS

Subgenual prefrontal cortex
(SGPFC)

Patients had reduced left SGPFC

Brambilla et al 2001a 22 BD patients and 22 CS Caudate and putamen gray
matter volumes, globus
pallidus total volume

No differences between BD patients and
CS. Age inversely correlated with left
putamen volume in patients. Length of
illness predicted smaller left putamen
volumes

Brambilla et al 2001b 22 BD patients and 22 CS Fosa posterior: cerebellum,
vermis, brainstem. Brain
ventricules

No differences between BD patients and
CS. Age correlated with third ventricule
volume in patients. Number of prior
episodes correlated with right lateral
ventricule volumes. Familial patients had
smaller cerebellar hemispheres and total
vermis volumes, and larger left
ventricules vs. nonfamilial patients

Bremner et al 2000 16 patients with MD in
remission 16 matched CS

HIP, amygdala, caudate,
frontal lobe, temporal lobe,
whole brain volumes

Patients with depression had a 19% smaller
left HIP volume

Bremner et al 2002 15 patients with MD in
remission and 20 CS

Orbitofrontal cortex and other
frontal cortical regions

Patients had 32% smaller medial
orbitofrontal (gyrus rectus) cortical
volume than CS

Coffey et al 1993 48 patients with affective
disorder (44 UP, 4 BD) and
76 CS

Cerebral volume, cortical
atrophy, ventricle size,
hyperintensities

Affective disorder patients showed
decreased frontal lobe volume

Coffman et al 1990 30 BD patients and 52 CS Midsagittal areas, frontal area
and cognitive tasks

Patients had smaller mean area for the
corpus callosum and tended to have
smaller mean frontal area

Dahabra et al 1998 23 elderly patients, recovered
from MD (12 late onset and
22 early onset of
depression) and 15 CS

Ventricles size, subcortical
white matter lesions

Patients with late onset depression had
larger third and lateral ventricles, and
increased VBR than early onset patients

Dasari et al 1999 Adolescents: 15 BD patients,
20 SZ patients and 16
normal CS

Thalamic area Reduced thalamic area in patients vs. CS.
No difference between patients groups

DelBello et al 1999 16 first-episode BD patients,
14 multiple-episode BD
patients and 15 CS

Cerebellum V3 area was significantly smaller in
multiple-episode patients compared with
either first-episode patients or CS

Drevets et al 1997 21 patients with BD, 21
patients with MDD, and 21
healthy CS

Cortex volume of subcallosal
anterior cingulate gyrus
(subgenual prefrontal
cortex)

Reduced volume on left in both BD
patients and MDD patients relative to
healthy CS.

Friedman et al 1999 20 adolescent SZ patients, 16
adolescent BD patients, and
16 adolescent CS

Intracranial volume and
ventricular and sulcal
enlargement

In the combined SZ/BD group, reduced
intracranial volume and increased frontal
and temporal sulcal size observed
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Appendix 1. Continued

MRI Studies Subjects Measurement Major Finding

Frodl et al 2002a 30 patients, first MD episode
and 30 CS

Amygdala volume Increased amygdala volume in both
hemispheres

Frodl et al 2002b 30 patients, first MD episode
and 30 CS

Hippocampal volume Male patients had smaller HIP total and
gray matter volumes. Male and female
patients had reductions in HIP white
matter

Hauser et al 1989 17 patients with primary
affective disorder and 21 CS

Ratio of temporal lobe to
cerebral area

The ratio of the temporal lobe to the
cerebral area was smaller in patients than
CS both on the left and right

Hauser et al 2000 25 BPI, 22 BPII patients and
19 CS

Temporal lobe, hippocampus
and ventricular areas

Lateral ventricle area and lateral ventricle/
cerebrum area ratio were larger in BPI
vs. BPII patients or CS in left
hemisphere

Hirayasu et al 1999 24 patients experiencing their
first episode of affective
disorder, 17 patients
experiencing their first
episode of SZ, and 20 CS

Subgenual cingulate volume Smaller left subgenual cingulate volumes in
familial affective disorder patients
compared to nonfamilial patients or CS.
SZ patients did not differ from CS.

Husain et al 1991 41 patients with depression, 44
CS

Putamen volume Smaller putamen volume in depressed
patients; age negatively correlated with
putamen size in both patients and CS

Kato et al 1994 40 patients with BD (31 BPI
and 9 BPII), 60 CS

Ventricular enlargement Patients had larger ventricular size vs. CS

Krishnan et al 1992 50 patients with depression, 50
CS

Caudate volume, cerebral
volume, bicaudate distance,
bifrontal distance

Depressed patients had decreased bilateral
caudate volumes

Kumar et al 1997 28 subjects with late-life
MDD, 29 CS, and 34
subjects with probable DAT

Cerebrospinal fluid volumes,
high-intensity signals

Depressed subjects showed increases in
CSF volumes, which were comparable to
the DAT group

Kumar et al 1998 18 patients with late-onset
minor depression, 35
patients with late-onset MD
and 30 CS

Prefrontal brain, temporal
brain, whole brain

Normalized prefrontal lobe volumes
showed a significant linear (negative)
trend with severity of depression

Kumar et al 2000 51 patients with late-life MDD
and 30 non-depressed CS

Absolute and normalized
measures of brain and lesion
volumes

Patients with MDD had significantly
smaller frontal lobe volumes

Lai et al 2000 20 elderly MD patients and 20
CS

Orbital frontal cortex Reduced right and left orbital frontal cortex
in patients

Lim et al 1999 9 BD patients, 9 SZ patients,
and 16 CS

Global cortical gray matter,
white matter and sulcal
CSF, and lateral and third
ventricular volume

BD patients had widespread volume deficits
of cortical gray matter but not of cortical
white matter compared to CS, but less
than SZ patients

Mervaala et al 2000 34 drug-resistant MD patients
and 17 CS

Amygdala and hippocampus Smaller left hippocampus in patients vs.
CS; patients had significant asymmetry
in amygdalar volume (right smaller than
left)

Noga et al 2001 6 pair of MZ twins discordant
for BD, and 11 pair of
normal MZ twins

Basal ganglia, amygdala-
hippocampus, and cerebral
hemispheres volumes

Right hippocampus was smaller in the sick
vs. well BD twins. Less HIP asymmetry
in the affected vs. unaffected BD twin
and the normal MZ twins

Pantel et al 1997 19 patients with late-onset
MD, 27 patients with
Alzheimer’s disease, 13 CS

Whole brain, CSF, frontal and
temporal lobes, amygdala-
hippocampus complex

Lower whole brain volume and increased
CSF volume and VBR in depressed
patients

Parashos et al 1998 72 patients with MD, 38 CS Whole brain, whole-brain
ratio, frontal orbitofrontal,
frontal ratio, caudate,
putamen, thalamus,
cerebellum, corpus
callosum, lateral ventricles

Lower volumes of the basal ganglia
(caudate and putamen) in depressed
patients
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Appendix 1. Continued

MRI Studies Subjects Measurement Major Finding

Pillay et al 1998 38 UP depressed patients and
20 CS

Caudate and lenticular nucleus
gray matter

Overall, no difference between depressed
patients and CS, but caudate nucleus-
gray matter volume and severity of
depression were inversely correlated

Rabins et al 1991 21 elderly patients with
depression, 16 with
Alzheimer’s disease, 14 CS

Ventricle size, cortical
atrophy, hyperintensities

Depressed patients had increased cortical
atrophy, larger ventricles, and more
subcortical hyperintensities

Rabins et al 2000 14 late-life BD patients, 14
late-life UP MD, 14 late-
onset SZ, 21 CS

Sylvian fissures, temporal
sulci, temporal horns third
ventricle, lateral ventricles,
cerebral sulci,
periventricular and deep
white matter changes

Patients with BP and UP disorder had
greater left sylvian fissure and left and
right temporal sulcal enlargements, and
more bilateral cortical atrophy than CS

Roy et al 1998 22 patients with chronic SZ,
14 patients with BP, and 15
CS

Temporal lobes, superior
temporal gyrus,
hemispheres, lateral
ventricles, temporal horns,
third ventricles

Both patient groups had significantly larger
temporal horn volumes compared with
CS

Sassi et al 2001 23 BD patients, 13 UP patients
and 34 CS

Pituitary volume BD patients had smaller pituitary volumes
than CS and UP patients

Sax et al 1999 17 patients with mania and 12
CS

Frontosubcortical volume Manic patients had smaller prefrontal
cortical volume than CS

Shah et al 1992 27 patients with MD and 36
CS

Morphology of posterior fossa:
medulla, pons, midbrain,
anterior and posterior
cerebellar vermis, fourth
ventricle

Patients had smaller brain stem, and
anterior and posterior cerebellar vermis

Shah et al 1998 20 patients with MD, 20
patients who had recovered
from depression and 20 CS

Gray matter Chronic depression patients showed
reduced gray matter density in the left
temporal cortex including the
hippocampus

Sheline et al 1996 10 depressed patients and 10
CS

HIP volume Depressed patients had significantly smaller
left and right HIP volumes

Sheline et al 1998 20 patients with depression
and 20 CS

Volume of total amygdala and
core amygdala nuclei

Depressed patients had bilaterally reduced
amygdala core nuclei volumes but no
significant difference in total amygdala
volumes

Sheline et al 1999 24 female patients with
depression and 24 CS

HIP volume Depressed patients had smaller HIP
volumes bilaterally than CS. HIP volume
related to duration of depression

Simpson et al 1999 44 elderly patients with MD
(34 nonpsychotic, 10
psychotic)

Whole brain, lateral and third
ventricles, frontal lobe,
parietal lobe, temporal lobe,
brain stem, subcortical
hyperintensities

Psychotic patients had more brain stem,
frontotemporal atrophy and marked
enlargement of the third ventricle
compared with nonpsychotic patients

Simpson et al 2001 44 elderly MD patients.
Response to antidepressant
was assessed prospectively

Frontal, temporal, parietal
lobes, lateral ventricles

Trend for smaller fronto-temporal volumes
in treatment-resistant patients.
Ventricular enlargement associated with
prior use of ECT and later age at onset
of depression. Reduced frontal and
parietal lobe volume associated with
impaired immediate working memory.

Steffens et al 2000 66 geriatric depressed patients
and 18 elderly CS

HIP volume Elderly depressed patients had smaller right
HIP volume

Strakowski et al 1993 17 patients with first-episode
mania and 16 CS

Cerebral hemispheres, lateral
and third ventricles, caudate,
thalamus, and cingulate
gyrus

Patients with first-episode mania had
significantly larger third ventricular
volumes, possibly increased lateral
ventricular volumes, and differences in
gray/white matter distribution compared
with CS
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Strakowski et al 1999 24 patients with BD and mania
and 22 CS

Prefrontal, thalamic, HIP,
amygdala, pallidal and
striatal volumetric
measurements

Patients with BD demonstrated a significant
overall difference in structural volumes
in these regions compared with CS

Strakowski et al 2002 35 patients with BD: 18 with
first episode, 17 with
multiple episodes, 32 CS

Lateral and third ventricular
volumes, caudate, putamen,
thalamus, hippocampus

Larger lateral ventricles in multiple episode
than in the first episode of BD patients
or CS, associated with higher number of
prior manic episodes. Multiple episode
patients had smaller total cerebral
volume than CS but not first-episode
patients.

Swayze et al 1992 58 SZ and 48 BD patients, 47
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aNote that this table lists the studies that have demonstrated changes suggestive of cell loss/atrophy; negative studies have not been included in this table.
CT, computed tomography; MRI, magnetic resonance imaging; VBR, ventricle brain ratio; CSF, cerebrospinal fluid; MDD, major depressive disorder; BPI, Bipolar

disorder type I; BPII, bipolar disorder type II; BD, bipolar disorder; CS, control subjects; DAT, dementia of the Alzheimer’s type; ECT, electroconvulsive therapy; HIP,
hippocampal; MD, major depression; MZ, monozygotic; SZ, schixophrenia; UP, unipolar. Modified and reproduced with permission from Manji and Duman 2001.
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