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CHAPTER 38

Dentate gyrus neurogenesis and depression
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Abstract: Major depressive disorder (MDD) is a debilitating and complex psychiatric disorder that in-
volves multiple neural circuits and genetic and non-genetic risk factors. In the quest for elucidating the
neurobiological basis of MDD, hippocampal neurogenesis has emerged as a candidate substrate, both for
the etiology as well as treatment of MDD. This chapter critiques the advances made in the study of
hippocampal neurogenesis as they relate to the neurogenic hypothesis of MDD. While an involvement of
neurogenesis in the etiology of depression remains highly speculative, preclinical studies have revealed a
novel and previously unrecognized role for hippocampal neurogenesis in mediating some of the behavioral
effects of antidepressants. The implications of these findings are discussed to reevaluate the role of

hippocampal neurogenesis in MDD.
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Introduction

Understanding the neurobiological basis of major
depressive disorder (MDD) is one of the most
pressing challenges for today’s society. Severe
forms of depression affect 2-5% of the U.S. pop-
ulation, and mood disorders impact 7% of the
world’s population and rank among the top ten
causes of disability (Murray and Lopez, 1996). The
diagnosis of MDD based on the criteria established
by the Diagnostics and Statistical Manual of Men-
tal Disorders (American Psychological Association,
2000) includes the persistence of depressed mood,
low self esteem, feelings of hopelessness, decreased
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ability to concentrate, diminished interest in pleas-
urable activities, daily insomnia or hypersomnia,
weight loss or gain, and recurrent suicidal ideation.
The diagnostic criteria for MDD convey the com-
plexity of the disease and suggest that multiple
neural circuits subserving distinct cognitive and
affective processes are likely to be involved.

Our comprehension of the mechanisms under-
lying the pathogenesis of MDD has evolved con-
siderably since the formulation of the monoamine
hypothesis (Bunney and Davis, 1965; Schildkraut,
1965; Nestler et al., 2002). The recent emphasis on
neural circuits as opposed to a chemical imbalance
catalyzed a fundamental shift in our conceptual-
ization of MDD and psychiatric disorders. It pro-
vided a framework to understand how genes,
through their effects on neural circuits, influence
our ability to encode experience and adapt to en-
vironmental stimuli and stressors. Implicit in this
idea is that genes moderate vulnerability to the
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effects of environmental stress during particularly
sensitive or critical periods in brain development
by determining the optimal range of neuronal
circuit function for the organism. Indeed, the ne-
urotrophic, neuroplasticity and network hypothe-
ses of MDD all reflect the biology of gene products
in the context of synaptic and structural plasticity
of neural circuitry (Duman et al., 1997; Duman,
2002; Nestler et al., 2002; Castren, 2005).

Dentate gyrus neurogenesis has gained consid-
erable attention as both a form of structural plas-
ticity and as a neural substrate for the patho-
physiology of MDD. The neurogenic hypothesis
posits that a decrease in the production of new-
born dentate granule cells in the hippocampus
causally relates to the pathogenesis and patho-
physiology of MDD and that enhanced neurogen-
esis is necessary for treatment of depression
(Duman et al., 2000; Jacobs et al., 2000). The hy-
pothesis, when first proposed, was predicated on
the following observations, which are reviewed in
greater detail in subsequent sections. First, stress,
which is widely recognized as a major causal factor
in MDD, is known to suppress neurogenesis. Sec-
ond, most antidepressant (AD) treatments increase
hippocampal neurogenesis. Third, imbalance in
the serotonin system influences hippocampal ne-
urogenesis. Fourth, the induction of neurogenesis
is contingent upon chronic but not subchronic
(acute) selective serotonin reuptake inhibitor
(SSRI) treatment, paralleling the time course for
therapeutic actions of ADs. Finally, the therapeu-
tic lag in the response to SSRIs in patients with
MDD mirrors the timeline of maturation and
integration of newborn dentate granule -cells.
Consequently, the dentate gyrus and neurogenesis
therein are potential substrates for the AD
response.

Central to the neurogenic hypothesis is the as-
sumption that the dentate gyrus plays an impor-
tant role in mediating cognitive and affective
processes. Moreover, since levels of neurogenesis
change during the lifetime of the organism,
changes in dentate neurogenesis may contribute
to dentate gyrus function in different ways. An-
other assumption is that neurogenesis represents
a potentially adaptive mechanism or form of plas-
ticity. Deficits in neurogenesis during critical

periods in brain development could, therefore, be
pathogenic in that they profoundly impact the
trajectory of emotional development. Deficits in
adult hippocampal neurogenesis could compro-
mise hippocampal-dependent functions and con-
tribute to the pathophysiology of MDD.

In this chapter, we focus on hippocampal ne-
urogenesis as it relates to MDD. Our aim is to
distill the observations made in the rapidly grow-
ing field of hippocampal neurogenesis and to crit-
ically assess the putative role of neurogenesis in the
etiology and treatment of MDD. We begin by de-
fining a framework for the reader to understand
how neurogenesis can contribute to dentate gyrus
function. Within this framework, we will first eval-
uate evidence for deficits in hippocampal neuro-
genesis in patients with MDD. We will then
examine the role of the serotonergic system in
hippocampal neurogenesis because the best char-
acterized genetic risk alleles for MDD encode
components of this system. Because susceptibility
to MDD conferred by genes is likely to be revealed
by environmental risk factors such as stress, we
will discuss the relationship between stress and
neurogenesis. We then review the considerable ev-
idence linking the effects of ADs with increased
hippocampal neurogenesis. Finally, we will turn to
evidence provided by studies using preclinical
models that attempt to establish a causal link be-
tween hippocampal neurogenesis and the etiology,
and pathophysiology of MDD and the require-
ment for neurogenesis in mediating the behavioral
effects of ADs.

Neurogenesis and MDD

A general framework for neurogenesis and dentate
gyrus function

Since the seminal findings of Altman and Das in
1965, it is now well accepted that the adult hip-
pocampus is host to the birth and integration of
newborn dentate granule cells in the dentate gyrus
(Altman and Das, 1965). In the rat, the species for
which the best data are available, it is estimated
that 9000 new cells are born each day in the DG,
and, of these, approximately 50% go on to express



neuron-specific markers. At this rate, the number
of new granule neurons born each month is equal
to 6% of the mature granule cell population
(Cameron and McKay, 2001). In non-human pri-
mates, the rate of neurogenesis may be lower than
the rate documented in rodents (Kornack and
Rakic, 1999; Gould et al., 1999b). One should bear
in mind that these data reflect neurogenesis under
laboratory housing conditions, and given the in-
crease in neurogenesis with environmental enrich-
ment (Kempermann et al., 1997, Gould et al.,
1999a), could underestimate the rates of neuro-
genesis in the normal habitat. Likewise, rates of
neurogenesis in man maybe underestimated by
available data, because human data were based on
a single study in which tissue samples were taken
from cancer patients injected with a mitotic
marker, bromo-deoxyuridine (BrdU) before death
(Eriksson et al., 1998). The number of BrdU-labe-
led neurons entering the neuronal lineage was
lower than that reported for marmosets and ro-
dents, but the age of subjects could explain the
difference because they were old, and neurogenesis
declines with age (Seki and Arai, 1995; Kuhn et al.,
1996; Rao and Shetty, 2004). Therefore, it is un-
clear to what extent the relatively low level of ne-
urogenesis observed in the human subjects was due
to real species difference.

The study of adult hippocampal neurogenesis
has revealed it to be a robust phenomenon that is
capable of conferring previously unrecognized
forms of plasticity to the dentate gyrus. For ex-
ample, it is clear that both net addition of newly
generated neurons and replacement of mature cells
occur in the adult dentate gyrus and that the extent
to which these processes occur may vary with the
animals age, and environmental and physiological
parameters (Bayer et al., 1982; West, 1993; Kem-
permann et al., 1998; Nottebohm, 2002; Amrein
et al., 2004; Wiskott et al., 2006). Modeling and
computational approaches have revealed merits of
both net addition and replacement in optimizing
hippocampal network function (Chambers et al.,
2004; Becker, 2005; Meltzer et al., 2005; Wiskott
et al., 2006). Figure 1 illustrates the distinct, but
potentially interrelated, ways by which neurogen-
esis can modify the cellular composition of the
dentate gyrus.
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Increase the number of mature dentate gran-
ule cells

The integration of newborn neurons can re-
sult in an increase in the granule cell layer of
the dentate gyrus. It is conceivable that a net
increase in size is possible only within a cer-
tain period in an animal’s life. An increase in
cell number can result from an enhancement
in the rate of proliferation or the percentage
of newborn neurons that survive.

Provide a reservoir of highly plastic immature
neurons in the adult dentate gyrus

Newly generated dentate granule cells also
exhibit forms of synaptic plasticity distinct
from those of mature cells in the adult hip-
pocampus. Newborn dentate granule cells
show unique physiological properties such as
lower thresholds for induction of long-term
potentiation and long-term depression than
do mature neurons (Schmidt-Hieber et al.,
2004; Song et al., 2005). Moreover, newborn
dentate granule cells, unlike mature granule
cells, are able to undergo LTP under condi-
tions of increased GABAergic inhibition
(Wang et al., 2000; Snyder et al., 2001; Saxe
et al., 2006). Thus, in addition to conferring
structural plasticity to the dentate gyrus, ne-
urogenesis also creates a transient reservoir of
excitable, highly plastic cells that may serve a
unique biological function, distinct from that
of mature granule neurons. The size of such a
reservoir can by influenced by numerous
physiological and environmental factors and
contingencies.

Generate multiple cell types in the dentate
gyrus

While it is widely agreed that neurogenesis in
the subgranular zone (SGZ) results in gener-
ation of dentate granule cells, there is one
report showing that GABAergic basket cells
in the dentate gyrus incorporate BrdU and
form functional inhibitory synapses with
dentate granule cells (Liu et al., 2003). Thus,
it is plausible that the generation of interneu-
rons may occur under certain conditions to
influence network activity. Clearly more
evidence is needed to support this possibility.
In addition to the generation of neurons in
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Fig. 1. A schematic of the dentate gyrus granule cell layer (GCL) illustrating the different ways by which neurogenesis can influence its
structure and function. Boxed panel reveals a cross section of the dentate GCL with the different populations that reside within it:
mature granule cells born during development (light blue), adult-generated mature granule cells (dark blue), adult-born immature
neurons (red) and interneurons (green). Over the lifespan, the GCL may increase in size due to a net addition of new neurons (A) or
may remain unchanged due to a net replacement of developmentally generated granule cells (B). Changes in neurogenesis can result in
increased representation of interneurons (C), a larger pool of adult generated immature neurons (D) or the generation of mature
neurons with distinct physiological and biochemical properties (E). Conceivably, neurogenesis may be altered in any one of these ways
in MDD. Conversely, AD drugs may influence DG function in more than one way to exert their behavioral effects. (See Color Plate
38.1 in color plate section.)

the dentate gyrus, proliferation in the SGZ
also generates glial cells. The emerging role
for glial cells in modulating synaptic function
in health and disease underscores the need to
understand how newly generated glial cells
contribute to hippocampal physiology and
function (Ma et al.,, 2005; Haydon and
Carmignoto, 20006).

Drive turnover and replacement of mature
dentate granule cells

The integration of newborn neurons can oc-
cur to replace the death of mature neurons.

Such a mechanism, when predominant,
would not increase the size of the dentate
gyrus but ensure replacement of cells, whose
functions are impaired, and rejuvenate the
network with new cells (Nottebohm, 2002).
There is some evidence to suggest that adult-
generated mature dentate granule cells, while
sharing electrophysiological properties with
their early-development-born counterparts,
exhibit greater plasticity in response to be-
haviorally relevant stimuli (Laplagne et al.,
2006; Ramirez-Amaya et al., 2006).



Independent of the balance between the inte-
gration of new neurons and the death of mature
neurons, it is conceivable that a specific form of
experience can result in a larger representation
of specific granule cells selected for by that kind
of experience. Such a representation may manifest
in a distinct pattern of biochemical and electro-
physiological properties found in one cohort of
newborn cells versus another. Functional hetero-
geneity within the hippocampus and dentate gyrus
supports the possibility that subsets of neurons
within different regions of the dentate gyrus could
reflect distinct experiences (Moser and Moser,
1998; Scharfman et al., 2002; Silva et al., 20006).

The aforementioned ways by which neurogene-
sis contributes to the structure and function of the
dentate gyrus convey the complexity of the phe-
nomenon of hippocampal neurogenesis. They also
remind us of the many ways by which neurogenesis
may be altered in pathological conditions.

Hippocampal dysfunction and atrophy in MDD

Hippocampal dysfunction in MDD is well sup-
ported by clinical studies which have shown that
MDD is often accompanied by deficits in declar-
ative learning and memory and diminished cogni-
tive flexibility that are dissociable from changes in
motivation (Austin et al., 2001; Fossati et al.,
2002). The anatomical and functional segregation
of the hippocampus along its septotemporal axis
suggests roles for the hippocampus in both cogni-
tive and emotional processes (Moser and Moser,
1998; Strange and Dolan, 1999; Strange et al.,
1999; Bannerman et al., 2003). As a first step to
thinking about the contribution of the dentate
gyrus and dentate neurogenesis to the pathophys-
iology of MDD, one must consider the direct ev-
idence for hippocampal dysfunction and atrophy
in MDD.

While longitudinal studies linking changes in
hippocampal structure and function with the etio-
logy of depression are lacking, we have made
progress in identifying changes in hippocampal
function, cellular structure and volume that are
associated with pathophysiology of depression.
Direct measurements of hippocampal function in
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the depressed brain are made using neuroimaging
techniques such as positron emission tomography
(PET), a powerful way of identifying neural struc-
tures with altered metabolic activity. Studies on
patients with MDD have revealed alterations, but
only in a very small number of studies and with
conflicting results. This is partly due to the limited
resolution of PET. Using cerebral blood flow PET,
one group reported increased blood flow in the
hippocampus of acutely depressed patients with a
short duration of illness (Videbech et al., 2001,
2002; Videbech and Ravnkilde, 2004). By contrast,
two other studies have shown either a decrease or
no change in metabolism in the hippocampus of
patients with MDD using fluorodeoxyglucose
(FDG)-PET imaging (Saxena et al., 2001; Dre-
vets et al., 2002; Kimbrell et al., 2002). Differences
in patient profile with regards to severity and du-
ration of illness and treatment could explain these
differences. Alternatively, it has been suggested
that increased activity, if untreated, may result in
hippocampal atrophy and decreased metabolism.
Atrophy would occlude detection of changes in
activity.

A consistent finding that has emerged from
magnetic resonance imaging (MRI) studies on pa-
tients with MDD is a reduction in hippocampal
volume. Despite a few studies that failed to report
any differences between patients with MDD and
control groups using MRI, there is consensus for
reduced hippocampal volume in MDD (Sheline,
1996; Sheline et al., 1999; Bremner et al., 2000; von
Gunten et al., 2000; Vakili et al., 2000; Neumeister
et al., 2005). Two recent meta-analyses of studies
measuring temporal lobe structures in MDD com-
pellingly demonstrate a reduction in hippocampus
in people with recurrent depression relative to age-
and sex-matched controls (Campbell et al., 2004;
Videbech and Ravnkilde, 2004). Interestingly,
frequency of depressive episodes and the dura-
tion for which depression is untreated corre-
late with magnitude of reduction in hippocampal
volume (MacQueen et al., 2003; Sheline et al.,
2003). Taken together, the evidence argues for
reduced hippocampal volume in MDD and that
such changes are likely to be a result of depres-
sion rather than a cause. However, it is worth
mentioning here that a smaller hippocampus is
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thought to be a predisposing factor for, rather
than a consequence of, post-traumatic stress dis-
order (Gilbertson et al., 2002).

The significance of hippocampal volume change
in the context of cognitive deficits is conveyed by a
recent study that shows that healthy individuals
who complained of memory impairments had
smaller hippocampal volumes than non-impaired
controls (van der Flier et al., 2004). Another study
showed a correlation between deficits in recollec-
tion memory performance and reduced hippocam-
pal volume in elderly depressed patients
(von Gunten and Ron, 2004). However, these
studies are limited in number and comprised
elderly individuals who are likely to have other
brain changes that may contribute to the memory
impairments.

Changes in hippocampal volume can be ex-
plained by several different mechanisms that may
operate in concert at the cellular and circuit levels
including: (i) Increased apoptosis of mature neu-
rons or glial cells. (ii) A loss of neuropil which may
involve changes in dendritic complexity, spine
density, and number and size of afferent and effer-
ent axonal projections. (iii) Reduced neurogenesis
or gliogenesis in the SGZ of dentate gyrus. The
link between neurogenesis and hippocampal vol-
ume has been addressed in histological analyses
of postmortem tissue obtained from brains of
patients with MDD, and will be discussed next.

Neurogenesis and cell death in MDD

Pathohistological studies of postmortem tissue of
patients, while small in number, have provided
some clues about the nature of cellular changes in
the hippocampus of a depressed individual. One
study examined synaptic density and glial cell
number using synaptophysin and GFAP-immuno-
reactivity, respectively, and found no differences in
the hippocampus of medicated patients with MDD
relative to controls (Muller et al., 2001). Another
study revealed low levels of apoptosis in the dent-
ate gyrus, CAl, CA4, subiculum and entorhinal
cortex of patients with MDD (Lucassen et al.,
2001). A third study showed a significant increase
in cell density of granule and glial cells in the

dentate gyrus and pyramidal neurons and glial
cells in the CA fields (Stockmeier et al., 2004). In
addition, the authors reported a reduction in soma
size of pyramidal neurons and a trend towards the
same in dentate granule cells. Finally, one group
directly examined the proliferation of cells in the
adult dentate gyrus of MDD patients using an
M-phase marker, Ki-67 (Reif et al., 2006). Their
results showed no changes in Ki-67 immunopos-
itive cells in hippocampus of depressed patients.
While this study is informative and is the first to
estimate levels of proliferation in the MDD brain,
it must be interpreted with several caveats in mind.
First, a reduction in neurogenesis in patients with
MDD could be masked by AD-mediated increase
in cell proliferation. Second, and for obvious rea-
sons, the study could not measure changes in sur-
vival of newborn cells or examine the kinetics
of turnover and maturation of newborn dentate
granule cells.

The pathohistological analyses suggest that
changes in neuropil, rather than neurogenesis,
may account for reductions in hippocampal vol-
ume. Indeed, the effects of stress on hippocampal
white matter are well documented. Preclinical
studies have shown that volumetric changes result
from reduced dendritic complexity and not abla-
tion of hippocampal neurogenesis (Santarelli et al.,
2003; McEwen, 2005). It should be noted that
while these data argue against the possibility that
reduced cell number owing to extensive cell death
or decreased neurogenesis is a primary mediator of
hippocampal volume change, they do not directly
address the possibility that neurogenesis is altered
in MDD. Since most of the patients were on med-
ication at the time of death, and since AD drugs
potently upregulate hippocampal neurogenesis, it
is possible that depression-related alterations in
neurogenesis could have been masked in these
studies. Moreover, since hippocampal neurogene-
sis in humans is likely to change with age, small
differences in proliferation or survival of newborn
neurons in postmortem analyses of older patients
could be difficult to detect. Further studies on
postmortem tissue of medicated and non-medi-
cated individuals are needed to identify specific
changes in hippocampal neurogenesis associated
with MDD.



Genes, environment and MDD

Depression is a complex and multifactorial illness
with genetic and non-genetic underpinnings. The
heritability of MDD is likely to be in the range of
40-50% and there is substantial evidence to sug-
gest that the phenotypic expression of MDD is
contingent upon interactions between the genetic
make-up of the individual and environmental fac-
tors, an interaction that has a dramatic effect on
the formation and functioning of neural circuitry
(Sullivan et al., 2000; Kendler et al., 2001; Caspi
and Moffitt, 2006; Leonardo and Hen, 2006;
Levinson, 2006). Here, it must be emphasized that
human susceptibility to MDD as revealed by en-
vironmental factors is tremendously magnified in
early life. For example, adults who had experi-
enced four out of seven traumatic events in early
life had a 4.6-fold increased risk of developing de-
pressive symptoms later in life and were 12.2-fold
more likely to commit suicide (Felitti et al., 1998;
Chapman et al., 2004). These studies underscore
the idea of a critical period in “‘emotional devel-
opment” when mechanisms mediating neural cir-
cuit synaptic- and structural plasticity are
particularly susceptible to environmental input,
and if compromised by a vulnerability conferred
by genes, can result in maladaptive alterations in
neural circuit function and pathological behavior.
While the search for candidate genes for MDD has
yielded some convergence from linkage studies
that certain genetic loci are involved, more data
are clearly needed to conclusively implicate a spe-
cific gene in the ectiology of MDD. A notable
exception is the serotonin transporter (5-HTT)
polymorphism. In a landmark study, Caspi and
colleagues found that a functional polymorphism
in the 5-HTT gene moderated the sensitivity of
individuals to the depressogenic effects of early life
stress, a finding recently replicated by Kendler and
colleagues (Caspi et al., 2003; Kendler et al., 2005).
Caspi and colleagues found that people who car-
ried one or two copies of the “short” allele of
5-HTT, associated with lower levels of 5-HTT
and impaired reuptake of serotonin (5-HT) at
synapses, had more depressive symptoms and su-
icidal behavior in relation to stressful life events
than did people who had the “long allele”.

703

Importantly, the association between the 5-HTT
polymorphism and depression is only observed
in individuals who had experienced significant
stressful life events. These findings argue that the
serotonergic system has a critical influence on ne-
urodevelopmental processes that lead to MDD. If
hippocampal neurogenesis is to be a considered as
a candidate neural substrate for depression, then
the effects of serotonergic dysregulation on it war-
rants comment. The following section addresses
the role of the serotonergic system in modulating
dentate gyrus structure and function.

The 5-HT system and hippocampal neurogenesis

Serotonergic terminals originating from the dorsal
raphe nucleus (DRN) and median raphe nuclei
(MRN) diffusely innervate multiple structures in
the vertebrate forebrain and reach the ventricles
via the supra-ependymal plexus (Azmitia and
Segal, 1978; Freund et al., 1990). The serotonergic
innervation of the hilus, molecular layers of the
dentate gyrus and the SGZ supports the possibility
that 5-HT signaling may influence adult neuro-
genesis (Oleskevich et al., 1991). The idea that
serotonin can influence neurogenesis was first pro-
posed three decades ago (Lauder and Krebs,
1978). However, the specific ways by which the
5-HT system influences adult dentate neurogenesis
was established only relatively recently. The first
studies to address the role of 5-HT in adult hip-
pocampal neurogenesis used serotonin depletion
analyses. Injection of the serotonin neurotoxin
5,7-dihydroneurotoxin (5,7-DHT) or 5-HT syn-
thesis inhibitor parachlorophenylalanine (PCPA)
into the raphe of young female rats resulted in a
reduction of dentate granule cell proliferation and
the number of immature neurons as assessed by
BrdU uptake and PSA-NCAM immunostaining,
respectively (Brezun and Daszuta, 1999, 2000).
Moreover, the same group showed that they could
rescue the deficit in hippocampal proliferation in
these rats following intrahippocampal grafts of
embryonic 5-HT neurons (Brezun and Daszuta,
2000). A potential role for 5-HT in influencing
the maturation of dentate granule cells comes
from studies in which rat pups were treated
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with phenylchloromethamphetamine (PCA) or
5,7-DHT to reduce serotonergic innervation of
the forebrain. Analysis of dentate granule cells in
rodents with reduced serotonergic innervation re-
vealed fewer dendritic spines and synapses, but
otherwise normal dendritic complexity (Yan et al.,
1997; Faber and Haring, 1999), suggesting that
serotonergic signaling is important for selected,
and not all, aspects of the neuronal maturation
process. While the limitations inherent to these
pharmacological lesion studies must be acknowl-
edged, these studies illustrate how deficits in the
5-HT system can have consequences for the mat-
uration of dentate granule cells. Given the striking
recapitulation in adult neurogenesis of the early-
developmental neuronal maturation process, it is
likely that changes in 5-HT signaling have similar
consequences on neurons born in adulthood
(Esposito et al., 2005; Laplagne et al., 2006; Over-
street-Wadiche and Westbrook, 2006). Indeed, the
well-characterized effects of 5-HT receptor agonist
and antagonists and SSRIs on adult neurogenesis
(Malberg et al., 2000) solidify the link between
5-HT and adult hippocampal neurogenesis. Im-
portantly, studies on 5-HT receptors, which are
discussed next, offer a glimpse into the ways by
which altered serotonin levels as a consequence of
a genetic polymorphism, such as the 5-HTT poly-
morphism, can influence the birth and maturation
of newborn dentate granule cells.

The effects of 5-HT levels on neurogenesis re-
flect the sum of interactions between the synthesis
of 5-HT, its release and its actions at different
5-HT postsynaptic receptors acting in both a cell
autonomous and non-cell autonomous manner.
The effects of 5-HT on a newborn neuron depend
on the repertoire of 5-HT receptors that it ex-
presses. Since the maturation of newborn neurons
is intimately connected with the activity of the
network, it is also influenced by the actions of
different 5-HT receptors expressed within the hip-
pocampal formation in interneurons, mature dent-
ate granule cells and afferent projections arising
in the entorhinal cortex. The 5-HT1A receptor
(5-HT1AR) is the best-studied 5-HT receptor in
the context of adult hippocampal neurogenesis.
Acute administration of 5-HTIA antagonists re-
sults in decreased cell proliferation in the adult

dentate gyrus (Radley and Jacobs, 2002). Consist-
ent with these findings, acute or chronic treatment
with the 5-HT1A agonist 8-OH DPAT increases
proliferation in the SGZ and the number of adult
born neurons (Santarelli et al., 2003; Banasr et al.,
2004). The effects of activating 5S-HT1AR appear
to be restricted to proliferation and do not affect
the differentiation of newborn progenitors into
neurons or glial cells. The increase in proliferation
could reflect a change in rate of progression
through the cell cycle or an increase in the size of
the proliferative pool in the SGZ. It is unclear,
given the experimental design employed in these
studies, whether activation of 5-HTIAR also
influences the survival of newborn neurons. Inter-
estingly, mice lacking the 5-HTIAR fail to re-
spond to the neurogenic effects of chronic
fluoxetine (Santarelli et al., 2003).

Two other 5-HT receptors, the 5-HT2A and
5-HT1B receptors, have also been implicated in
cell proliferation in the adult SGZ. While neither
5-HTI1B agonists nor antagonists affect baseline
cell proliferation, the former can, however, restore
normal levels of proliferation in PCPA pretreated
rats. These data suggest that effects of the 5S-HT1B
receptor on cell proliferation are small under
physiological conditions, but can become impor-
tant when 5-HT levels are decreased. The phar-
macology of the 5S-HT2A receptor is also complex.
5-HT2A antagonists decrease cell proliferation
but agonists have no effect (Banasr et al., 2004),
suggesting that under physiological conditions,
the 5-HT2A-dependent signaling pathways
that modulate neurogenesis may be saturated.
Taken together, these observations reveal the
differential effects of recruiting different post-
synaptic 5-HT receptors on hippocampal neuro-
genesis.

Central to understanding how changes in 5-HT
levels influence neurogenesis is knowledge of the
expression of different 5-HT receptors in neural
progenitors and at different stages of their matu-
ration. Conspicuously absent from the pharmaco-
logical studies is precise information for 5-HT
receptor distribution in the adult SGZ. The
5-HT1AR is an exception to the rule. We know
that the 5-HT1AR is expressed at very low levels,
if any, in the SGZ of the rodent hippocampus.



In both rat and mouse, 5-HT1AR expression is
restricted to the mature dentate granule cells
rather than the immature population of cells dur-
ing development of the dentate gyrus (Patel and
Zhou, 2005; Sahay and Hen, unpublished data).
The effect of 5-HT1AR agonists on cell prolifer-
ation is, therefore, likely to be non-cell autono-
mous. It is possible that the 5S-HT1AR is required
in hilar interneurons or mature dentate granule
cells to mediate the effects of 5-HT on cell prolif-
eration. Cell-type specific ablation and overexpres-
sion of the 5-HT1AR will reveal its precise
contribution in different cell types to adult hippo-
campal neurogenesis.

The specific role of different 5-HT receptors in
the maturation and integration of newborn neu-
rons is still to be elucidated. It is also unclear how
5-HT may impact the turnover of mature dentate
granule cells or influence the survival of newborn
dentate granule cells. The role for distinct 5-HT
receptors in regulation of developmental processes
such as dendritic development, synaptogenesis and
glutamate receptor trafficking (Kondoh et al.,
2004; Kvachnina et al., 2005; Yuen et al., 2005a,
b) suggests that 5-HT receptor-dependent mecha-
nisms during development may be conserved in
neurogenesis in the adult brain depending on
which 5-HT receptors are expressed and when
during neuronal maturation. In addition, 5-HT
signaling can induce the production of ne-
urotrophins and growth factors known to regu-
late hippocampal neurogenesis.

The role of stress in MDD and its effects on
neurogenesis

Stressful life experiences play a pivotal role in de-
velopment of MDD in individuals with a genetic
vulnerability (Holsboer and Barden, 1996; Gold
and Chrousos, 2002). Major stressors precede the
appearance of the first symptoms, and dysregula-
tion of the hypothalamic-pituitary-adenocortical
(HPA) system is often observed in patients with
MDD (Carroll et al., 1968a). An optimally func-
tional HPA system enables the organism to re-
spond appropriately to stressful stimuli by
controlling the production of adrenal steroids,
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the glucocorticoids, which mobilize energy, in-
crease cardiovascular tone and influence immune
and nervous system functions. In response to a
stressful event, for example, a neuroendocrine cas-
cade is initiated in which corticotropin releasing
hormone (CRH) is released from neurons in the
paraventricular nucleus (PVN) in the hypo-
thalamus, which then triggers release of corticotro-
pin by the anterior pituitary to stimulate
glucorticoid secretion by the adrenal cortex. A hy-
peractive HPA, on the other hand, results in the
oversecretion of glucocorticoids with deleterious
consequences for the physiology of the viscera and
brain (Sapolsky, 2000). In addition, increased
glucocorticoid levels can impair serotonergic
signaling (Joels and van Riel, 2004). It is there-
fore not surprising that the stress response is
tightly regulated by efferents from multiple brain
regions that converge onto the PVN, where
incoming information is integrated to elicit an
adaptive response. Afferent inputs of the PVN are
inhibitory or facilitative in nature and arise in
brain stem nuclei, amygdala, cortex, septum and
the hippocampus, and are in turn regulated by a
negative feedback system. The hippocampus, for
example, exercises a powerful inhibitory influence
on HPA function to terminate the stress response,
and is in turn regulated by glucocorticoids acting
on cognate receptors expressed within the hippo-
campal formation. Dysregulation of such control
can, therefore, result in hypersecretion of gluco-
corticoids and an exaggerated stress response
that can severely impact neural circuit function.
Consistent with preclinical findings, about half of
all depressed patients show a blunted response to
the dexamethasone suppression test (Carroll et al.,
1968b; Holsboer et al., 1982), which measures the
ability of an exogenous glucocorticoid receptor
agonist to suppress endogenous stress hormone
release. Moreover, patients with MDD show ecle-
vated levels of CRH in the cerebrospinal fluid,
increased numbers of CRH containing cells in the
PVN, and decreased CRH binding in the prefron-
tal cortex. Thus, the optimal function of the
hippocampal formation is a critical factor in mod-
ulation of the stress response, and an exaggerated
stress response can, in turn, negatively impact hip-
pocampal function.
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One effect of stress on neural circuitry within the
hippocampal formation is the suppression of ne-
urogenesis by glucocorticoids. Stress-induced sup-
pression of cell proliferation in the DG has been
reported in several different mammalian species
and there is considerable evidence arguing for a
role for glucocorticoids as the mediators of the
stress response. Elimination of circulating adrenal
steroids by adrenalectomy, for example, increases
cell proliferation and neurogenesis in the adult
dentate gyrus (Cameron and McKay, 1999).
Exogenous administration of corticosterone, on
the other hand, suppresses proliferation (Cameron
and Gould, 1994). Glucocorticoids have been
shown to inhibit the proliferation and differenti-
ation of neural progenitors, and also the survival
of young neurons (Wong and Herbert, 2004,
2006). These effects are likely to be mediated di-
rectly through high affinity mineralocorticoid re-
ceptors (MR) and low affinity glucocorticoid
receptors (GR) that are expressed at various stages
of maturation and also indirectly through changes
in network activity of the hippocampal formation
(see chapter by Joels in this volume). Analysis of
receptor distribution in the dentate gyrus of ro-
dents reveals that GRs are expressed in both neu-
ral progenitors and mature dentate granule cells,
while MRs are expressed only in the latter.
Throughout most of adulthood, neither GRs
nor MRs are expressed in immature neurons
(Cameron et al., 1993; Garcia et al., 2004a). How-
ever, in aged rodents GR and MR expression is
seen in immature neurons, suggesting that imma-
ture neurons at this stage, but not earlier in the
animal’s life, may show increased sensitivity to
corticosterone action.

The dynamic expression of GR and MR during
neurogenesis and the ability of corticosteroids to
regulate the expression of growth factors such as
IGF-1, BDNF and EGF (Islam et al., 1998; Schaaf
et al., 2000), which have distinct effects on prolif-
eration and survival (Kuhn et al., 1997; Aberg
et al., 2000; Sairanen et al., 2005), illustrate the cell
autonomous and non-cell autonomous ways by
which corticosteroids can affect neurogenesis. It
should be noted that the sensitivity of neurons or
neural progenitors to corticosteroids must be stud-
ied with the state of the neuron or network in

mind. For example, glucocorticoids have deleteri-
ous effects on neurogenesis during stressful epi-
sodes but not during physical activity. This may be
due to the fact that physical activity, unlike stress,
elicits the production of growth factors that may
buffer the effects of corticosteroids on neurons.
Likewise, given the differences in the developing
and adult brain, an increase in glucocorticoids
during early postnatal life may have profoundly
different effects from those in adulthood. A recent
study modeling early life stress using a maternal
separation paradigm in rodents supports this idea
(Mirescu et al., 2004). Maternal separation during
the early postnatal period in rodents leads to per-
sistent changes in the HPA axis, protracted release
of corticosterone in response to mild stressors,
increased anxiety behavior (Huot et al., 2001),
impaired maternal care (Lovic et al., 2001) and
impaired spatial navigation (Huot et al., 2002).
Rats subjected to prolonged maternal deprivation
during the early postnatal period also showed re-
duced proliferation in the dentate gyrus of neural
progenitors in adulthood. Interestingly, the early
life stressor did not affect the number of mature
neurons, suggesting a compensatory increase in
survival of newly generated neurons. The authors
in this study showed that the change in prolifer-
ation could be rescued in adulthood by adrenal-
ectomy and by reducing corticosteroid production.
Without adrenalectomy, the corticosterone levels
were normal in stressed animals, not only under
baseline conditions but also in response to a
stressor, suggesting that the suppressed prolifera-
tion was likely to be result of increased sensitivity
to corticosteroids rather than increased levels
(Mirescu et al., 2004). It is tempting to speculate
that a shift in the temporal pattern of MR and GR
distribution during neurogenesis may contribute to
this increased sensitivity.

It is possible that changes in neurogenesis as a
result of HPA axis dysregulation contribute to the
pathophysiology of MDD by affecting the role of
the hippocampus in learning and other cognitive-
emotional processes. Preclinical studies (discussed
later) have proven tremendously informative in
defining the physiological relevance of adult hip-
pocampal neurogenesis to these processes, and
have greatly facilitated our understanding of how
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stress-mediated suppression of neurogenesis may
be relevant to the pathophysiology of MDD.
A second possible consequence of the stress-medi-
ated suppression of neurogenesis is that the ability
of the hippocampus to regulate HPA activity be-
comes compromised. However, evidence directly
linking changes in dentate gyrus function with
HPA activity is scarce. Lesions of the hippocam-
pus and fimbria-fornix transections reduce the
ability of dexamethasone to inhibit stress induced
adrenocortical responses and results in hyperse-
cretion of glucocorticoids and ACTH following
stressful stimuli (Knigge, 1961; Sapolsky et al.,
1989; Herman et al., 1992; Feldman and
Weidenfeld, 1993; Bratt et al., 2001; Goursaud
et al., 2006). Antagonism of GR in the rat hippo-
campus results in hypersecretion of ACTH
and corticosterone following stressful stimuli
(Sapolsky, 1994; Feldman and Weidenfeld, 1999).
Analysis of subfields within the hippocampal for-
mation confirms the differential contributions
of CA fields and the dentate gyrus in the ventral
hippocampus in regulating HPA reactivity. In-
triguingly, lesion studies indicate that damage of
ventral subiculum but not ventral CA1 or dentate
gyrus results in prolonged glucocorticoid re-
sponses (Herman et al., 1992, 1995). By contrast,
electrical stimulation of DG in anesthesized ani-
mals inhibits corticosteroid secretion (Dunn and
Orr, 1984). These studies suggest that lesions
of DG in adulthood may be compensated for by
activity in structures downstream such as the sub-
iculum. Genetic manipulations that specifically
impair glucocorticoid signaling in the DG both in
adulthood and in early postnatal life will prove
critical in establishing the link between hippocam-
pal neurogenesis and HPA reactivity.

In sum, the well-documented effects of stress on
neurogenesis suggest that patients with MDD are
likely to show reductions in neuronal proliferation.
While it is plausible that a reduction in neurogen-
esis in turn contributes to HPA dysregulation,
there is as yet no evidence for this.

Neurogenesis and antidepressants

It is well recognized that all of the major classes of
ADs are associated with a several week delay in
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onset. This delay is likely to reflect changes in
structural and synaptic plasticity in the brain
mediated by multiple mechanisms involving
monoaminergic signaling and neurotrophins.
PET imaging studies on MDD patients treated
with SSRIs such as paroxetine and fluoxetine have
helped define a neuroanatomical basis comprising
corticolimbic circuits (Seminowicz et al., 2004).
Structures that showed changes in metabolic ac-
tivity included the subgenual cingulate, hippocam-
pus and prefrontal cortex (Mayberg et al., 2000;
Kennedy et al., 2001). One form of structural
plasticity within the hippocampus that is consist-
ent with the delayed onset of ADs is the birth and
subsequent integration of newborn dentate gran-
ule cells in the adult dentate gyrus. Moreover,
almost all ADs known to date increase adult
neurogenesis. Therefore, the idea that ADs may
work through enhancing neurogenesis has received
abundant attention and is now considered central
to the neurogenic hypothesis of MDD (Malberg
and Schechter, 2005).

Neurogenic effects of antidepressant treatments

Numerous groups have shown that different
classes of ADs including 5-HT and norepinephrine
selective reuptake inhibitors, tricyclics, monoa-
mine oxidase inhibitors, phosphodiesterase inhib-
itors and electroconvulsive shock therapy increase
neurogenesis (Madsen et al., 2000; Malberg et al.,
2000; Manev et al., 2001; Nakagawa et al., 2002b).
AD treatment does not appear to affect the ratio
of newly generated neurons to glial cells, with the
majority of newborn cells adopting the neuronal
fate. The neurogenic effects of ADs are specific to
the SGZ, and are not observed in other compo-
nents of the ventricular system such as the lateral
ventricles or the subventricular zone. Moreover,
administration of non-AD psychotropic drugs
such as haloperidol does not increase hippocam-
pal neurogenesis (Eisch, 2002). Other treatments
reported to have AD effects, including exercise
(Babyak et al., 2000; Singh et al., 2001; Motl et al.,
2004), environmental enrichment and estrogen,
have also been shown to increase neurogenesis
(van Praag et al.,, 1999; Tanapat et al., 1999;
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Rhodes et al., 2003; Meshi et al., 2006). In addi-
tion, also lithium, which is used in the treatment of
bipolar disorder increases neurogenesis (Chen
et al., 2000). The one AD treatment that has not
been shown to enhance neurogenesis is repetitive
transcranial magnetic stimulation or rTMS, which
is still awaiting FDA approval (Loo and Mitchell,
2005). While rTMS has been shown to reverse the
effects of chronic psychosocial stress on stress
hormone levels, it does not upregulate neurogen-
esis (Czeh et al., 2002).

That ADs block the behavioral effects of stress
and restore normal levels of neurogenesis in the
adult hippocampus lends further credence to the
possibility that ADs may work by increasing ne-
urogenesis to exert their behavioral effects. In tree
shrews, chronic exposure to psychosocial conflict
results in a decrease in cell proliferation, which is
blocked by treatment with the atypical AD tianep-
tine (Czeh et al., 2001). In another model of de-
pression, the learned helplessness (LH) paradigm,
exposure to inescapable shock engenders prode-
pressive behavior and a reduction in hippocampal
cell proliferation, both of which, are reversed by
AD treatment (Cryan et al., 2002; Malberg and
Duman, 2003). In addition, ECS enhances cell
proliferation after chronic corticosterone treat-
ment (Hellsten et al., 2002).

It is well known that ADs have pleiotropic
effects on neuronal circuits. That a diverse range
of ADs appears to enhance neurogenesis indicates
that the dentate gyrus may be a neuroanatomical
substrate to target for the development of novel
AD treatments. In the next section, we describe
recent preclinical studies elucidating how SSRIs
modulate adult hippocampal neurogenesis, and
then in the following sections we describe work
from animal models aimed at identifying whether
neurogenesis is necessary for the behavioral effects
of AD treatments.

Serotonin-dependent ADs and hippocampal
neurogenesis

SSRIs represent the most successful class of ADs
identified to date. Based on our understanding of
neurogenesis in the SGZ, it is conceivable that

SSRIs act directly on progenitors or immature
neurons to influence processes such as prolifera-
tion, differentiation, maturation and survival. In
addition, SSRIs are also likely to modulate net-
work activity within the dentate gyrus and as a
result, regulate neurogenesis indirectly. By virtue
of their effects on neurogenesis, SSRIs may be ca-
pable of driving replacement or turnover within
the dentate gyrus and catalyzing the insertion of
newly generated neurons with distinct electrophys-
iological and biochemical properties. The best-
characterized effect of SSRIs to date is the increase
in proliferation of neural progenitors in the SGZ.
Studies in rodents indicate that a 14-day, but not
shorter-term, administration of fluoxetine (1-5
days) is sufficient to upregulate cell proliferation
(Malberg et al., 2000). By contrast, a longer treat-
ment regimen is required to enhance survival
of newly generated neuroblasts. Fluoxetine treat-
ment for 28 days, but not 14 days, following
BrdU injection resulted in an increase in cell sur-
vival (Malberg et al., 2000; Nakagawa et al.,
2002a).

The delay with which the neurogenic effects
emerge after the initiation of SSRI treatment
provides a potential mechanism to explain the
therapeutic lag in the effects of these drugs.
Namely, it could be that the therapeutic effects
depend on the increase in proliferation, which it-
self requires several weeks of treatment. However,
closer inspection of this hypothesis reveals several
shortcomings. It is unlikely that a boost in prolif-
eration would produce an immediate psychologi-
cal effect. Rodent studies indicate that newborn
neurons do not become functionally integrated
until approximately 2—4 weeks after exiting the cell
cycle, so it would seem that any functional effects
elicited by the increase in proliferation would not
appear until that time (Esposito et al., 2005). This
means that behavioral effects of SSRIs mediated
by increased proliferation should not manifest
until about 4 weeks after treatment initiation. In
contrast, some behavioral effects of AD drugs in
animal models begin immediately following acute
treatment, and virtually all the behavioral effects
manifest within 4 weeks of SSRI treatment. In
primates the time required for maturation of new
neurons is greater than in rodents (Kohler et al.,



2006), so the predicted therapeutic lag would be
even longer. A recent meta-analysis of clinical data
indicates that some of the therapeutic effects of
SSRIs may commence very rapidly after treatment
initiation (within 1-2 weeks) (Taylor et al., 2006).
Thus, increases in proliferation are unlikely to un-
derlie the early onset effects of these drugs, but it
remains plausible that neurogenesis contributes to
the more long-term effects.

Consistent with this interpretation, remarkable
preliminary data from Meltzer, Deisseroth and
colleagues suggest that mature adult-born neurons
contribute to the behavioral effects of SSRIs
(Meltzer et al., 2006). In this study, rats were
given 7 days of fluoxetine treatment and then
tested behaviorally 1 month later. At that time
point, the previously treated rats showed enhanced
performance in the forced swim test, and histology
revealed an increase in the number of newly gen-
erated neurons. The results suggest that the pro-
liferative effects of SSRIs may appear sooner than
once thought (after 1 week rather than 2 weeks
of treatment), and that some behavioral effects of
these drugs depend not on the acute presence of
the drug but rather on slow, time-dependent proc-
esses initiated by drug treatment, such as neuro-
genesis and circuit reorganization.

The studies that examined the effects of fluoxe-
tine on proliferation do not identify the specific
types of neural progenitors that respond to
changes in 5-HT levels. A recent study addressed
this question using transgenic mice in which ex-
pression of a fluorescent reporter gene was regu-
lated by a nestin promoter fragment. Because
nestin is expressed in multiple progenitor cell
types, this approach allowed the visualization
and quantification of the distinct sub types of
neural progenitors that reside within the SGZ
(Encinas et al., 2006). The results of this study
showed that only a specific proliferative cell type,
the transiently amplifying neural progenitor
(ANP) that exists as an intermediate between the
type I radial glial-like neural progenitor and the
type 1I cell (Filippov et al., 2003; Tozuka et al.,
2005; Encinas et al., 2006), directly responds to
fluoxetine. Moreover, the study confirmed that
once exposure to fluoxetine ends, the rate of pro-
genitor cell division is restored to baseline and that
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the increase in ANPs translates into a net increase
in the number of new neurons.

A net increase in the number of mature neurons
implies that SSRIs also increases the population of
immature neurons. It is presently not clear how
SSRIs influence the maturation of immature neu-
rons with regards to their physiological properties,
synaptic connectivity and dendritic complexity.
What is well appreciated, however, is that SSRI
treatment results in the induction of growth fac-
tors and neurotrophins whose effects on matura-
tion and survival are well understood (Carlezon
et al., 2005; Duman and Monteggia, 2006) and,
importantly, whose receptors are expressed in im-
mature neurons. It is also possible that SSRIs may
induce the secretion of growth factors from neural
progenitors, which then influence the function of
neighboring mature granule cells in a paracrine
manner. There is no evidence for this as yet.

The consequences of increased proliferation and
survival of newly generated cells following fluoxe-
tine treatment for the net size of the granule cell
population of the dentate gyrus have not been as-
certained. One study suggested that there may not
be a net change in the size of the dentate gyrus
because the increase in newly generated neurons is
offset by death of previously born mature granule
cells (Sairanen et al., 2005). Based on their data
showing that chronic fluoxetine treatment in-
creases not only proliferation and survival of
newly generated neurons but also the rate of
apoptosis, the authors argue that the net size of the
dentate gyrus does not change with chronic AD
treatment.

Finally, it is plausible that SSRI treatment alters
the physiological properties of newly generated
neurons, generating a cohort of cells within the
dentate that are unique. These unique cells may
confer greater adaptive potential to the dentate
gyrus than naive newly generated neurons. Much
work remains to be done in this area to address the
different ways by which SSRIs influence neuro-
genesis.

Delineating the pattern of expression of distinct
5-HT receptor subtypes within different cell types
in the SGZ and the DG will shed light on how
changes in 5-HT can elicit the diverse range of
effects discussed here. It follows that the
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identification of genes downstream of 5-HT recep-
tors that mediate the behavioral effects of ADs will
pave the way for developing neurogenic non-
monoamine based therapeutics. Preclinical studies
have proven invaluable in defining the contribu-
tion of neurogenesis to the ctiology and treatment
of MDD as they allow for discernment between
correlation and causality.

Preclinical studies: in the search for causality

Ultimately, whether neurogenesis is causally re-
lated to the etiology or treatment of depression
requires the use of animal models in which neuro-
genesis and emotional state can be experimentally
manipulated. If reduced neurogenesis contributes
to depression, it should be possible to produce a
depressive phenotype by experimentally reducing
neurogenesis. Conversely, behavioral manipula-
tions that produce a depressive phenotype should
reduce neurogenesis and do so before the behavi-
oral manifestations of depression develop. Of
course, the predictive value of such experiments
will depend on the specificity of the methods for
manipulating neurogenesis and the validity of the
animal models of depression. This section will re-
view recent work that addresses the role of neuro-
genesis in the etiology and treatment of MDD
assessed in preclinical models.

Lessons firom stress based depression paradigms and
neurogenesis

One prediction drawn from the neurogenic hy-
pothesis of MDD is that behavioral manipulations
that produce depressed behavior in animals should
produce a concomitant decrease in neurogenesis.
Several methods have been used to produce de-
pression-like behavior in rodents, all involving the
exposure to inescapable stress. One such procedure
is LH, originally developed by Seligman and col-
leagues (Overmier and Seligman, 1967; Seligman
and Beagley, 1975). LH is a relatively short-term
procedure in which animals are exposed to ines-
capable shock inside a conditioning chamber.
Subjects are then given an escape/avoidance task
in which shock is controllable (e.g., shuttling from

one side of the chamber to the other cancels or
terminates the shock). Exposure to inescapable
shock impairs subsequent acquisition of the es-
cape/avoidance task (relative to naive subjects),
arguably because the animal has learned it is help-
less (Willner and Mitchell, 2002). LH training also
reduces cell proliferation in the DG. Treatment
with AD drugs alleviates both the behavioral help-
lessness (Malberg and Duman, 2003; Chourbaji et
al., 2005) and the reduction in cell proliferation
(Malberg and Duman, 2003). However, there are
several reasons why reductions in proliferation are
not a likely mechanism of the behavioral helpless-
ness. First, behavioral helplessness manifests im-
mediately with exposure to inescapable shock, and
it is unlikely that a reduction in proliferation could
so rapidly give rise to a behavioral effect. If the
reduction in proliferation were to impact behavior,
the effects would more likely manifest 1-3 weeks
after the onset of the reduction in proliferation, at
the time when the newborn cells would be becom-
ing functionally integrated into DG circuits.
Similarly, acute dosing with AD drugs is sufficient
to alleviate behavioral helplessness (Malberg and
Duman, 2003; Chourbaji et al., 2005), but the
neurogenic effect of these drugs requires chronic
treatment (Malberg et al., 2000). Finally, a recent
study has demonstrated that LH training in rats
reduces cell proliferation in all subjects, but only a
subset of subjects display behavioral helplessness
(Vollmayr et al., 2003). One unexplored possibility
invoked by these studies is that the extant popu-
lation of immature neurons, rather than the pro-
liferative pool, is a substrate for the depressogenic
effects of stress. Studies are underway to test this
hypothesis.

Neurogenesis can more plausibly be linked to
the effects of chronic exposure to stress, which
have been studied extensively in animals. This
work typically involves exposing animals to vari-
ety of mild stressors over a period of several weeks.
Stressors include food and water deprivation, tem-
perature changes, restraint and tail suspension
(Strekalova et al., 2004; Willner, 2005; Mineur
et al., 2006). There are variations in the methods
used for chronic stress in rats (Willner et al., 1987,
1992; Willner, 2005) and mice (Mineur et al., 2003,
2006; Strekalova et al., 2004). The effects of



chronic stress include a reduction in sucrose pref-
erence, which has been interpreted as anhedonia
(Willner et al., 1987; Strekalova et al., 2004), al-
terations in sleep—wake cycle, reduced sexual and
self-care behavior, and increases in anxiety-like
behavior in traditional tests such as the elevated-
plus maze (Willner, 2005). Unlike the effects of
LH, the behavioral effects of chronic stress are
ameliorated by chronic but not acute treatment
with ADs (Willner et al., 1987; Yalcin et al., 2005),
suggesting that chronic stress may be a better
model of depression because it captures the ther-
apeutic lag seen in human patients. An abundance
of research demonstrates that hippocampal neuro-
genesis is reduced by a variety of chronic stress
procedures (for review, see Duman, 2004), and this
reduction in neurogenesis is blocked by chronic
treatment with AD drugs (Alonso et al., 2004).
Moreover, a recent study has shown that among
rats exposed to chronic stress, only a subset re-
spond behaviorally to SSRI treatment (Jayatissa
et al., 2006). Interestingly, neurogenesis was re-
stored to normal levels only in the behaviorally
identified responders.

Does blockade of neurogenesis produce symptoms of
depression?

The animal research on chronic stress evidences an
intriguing correlation between the rate of neuro-
genesis and emotional state. Chronic stress pro-
duces a behavioral phenotype analogous to aspects
of depression while reducing neurogenesis. AD
drugs restore neurogenesis and ameliorate the be-
havioral phenotype. Does this correlation reflect
that neurogenesis is a causal mechanism for these
behavioral changes? Or is neurogenesis simply a
marker for changes in other biological pathways
or network activity?

We have begun to address this question exper-
imentally by blocking hippocampal neurogenesis
and then examining the behavioral consequences.
One method of arresting neurogenesis is to subject
the brain to low doses of X-irradiation. Irradiation
kills mitotic cells such that neurogenesis is arrested
virtually completely (Monje et al., 2002, 2003;
Wojtowicz, 2006). In our laboratory, a shield is
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used to target X-rays specifically over the hippo-
campus, while protecting regions anterior and
posterior, including the subventricular zone.
Blocking neurogenesis with this procedure has no
effect in a number of relevant behavioral tasks,
including the novelty-suppressed feeding test
(Santarelli et al., 2003) and the novelty-induced
hypophagia test (our unpublished data). Both of
these tests are AD screens that measure the latency
of a mouse to venture into the center of an open
field or novel context to obtain food. Latency-to-
feed is decreased by chronic AD drug treatment
and acute anxiolytic treatment, but not by acute
AD drug treatment (Bodnoff et al., 1989; Dulawa
et al., 2004). Irradiation does not affect behavior in
two traditional anxiety tests, the elevated-plus
maze and light-dark choice test (our unpublished
data), nor does it increase the susceptibility of mice
to the effects of chronic stress (Santarelli et al.,
2003).

We have also examined some of these behaviors
in a transgenic mouse line in which neuronal pro-
liferation can be blocked conditionally. The mouse
line expresses herpes-simplex virus thymidine kin-
ase (HSV-TK) under control of the GFAP pro-
moter (GFAP-TK) (Garcia et al., 2004b). Mitotic
cells expressing HSV-TK are killed by the antiviral
drug ganciclovir. Thus, in this mouse, the dividing
neuronal progenitors, which express GFAP, are
killed after ganciclovir is administered, and as
a result, neurogenesis is reduced to low levels
(Garcia et al., 2004b; Saxe et al., 2006). As with
irradiation, blocking neurogenesis in this mouse
line had no effect on anxiety-like behavior in sev-
eral tests, including the open field, NSF test, or
light-dark choice test (Saxe et al., 2006). Thus, we
have not found any evidence that blocking neuro-
genesis in adult mice produces a depression-like
phenotype.

A role for hippocampal neurogenesis in learning

The only domain in which direct behavioral effects
of arresting neurogenesis have been reported is in
learning and memory. Indeed, the very first evi-
dence for a behavioral function of neurogenesis in
mammals came from studies of learning and
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memory. These studies showed that participating
in a hippocampus-dependent classical condition-
ing procedure (trace eyeblink conditioning) en-
hances the survival of newborn neurons in the
SGZ (Gould et al., 1999a) and that reducing ne-
urogenesis with the anti-mitotic compound me-
thylazoxymethanol acetate (MAM) impairs
acquisition of the same task (Shors et al., 2001).
The use of MAM is encumbered by deleterious
side effects and moreover, it does not completely
block neurogenesis (Dupret et al., 2005). Subse-
quent experiments using more targeted methods
for arresting neurogenesis have confirmed that ne-
urogenesis is required for some hippocampus-
dependent learning tasks (Snyder et al., 2005;
Saxe et al., 2006; Winocur et al., 2006). A recent
study from our laboratory has also revealed a
paradoxical role for hippocampal neurogenesis
in a hippocampus-dependent working memory
paradigm, where ablation of newly generated
neurons results in improved performance (Saxe
et al., 2007).

Perhaps the most compelling of these findings is
the requirement of neurogenesis for contextual
fear conditioning, which has been demonstrated in
two species (rats and mice) using two different
methods for arresting neurogenesis (Saxe et al.,
2006; Winocur et al., 2006). Contextual fear con-
ditioning is a form of Pavlovian conditioning pro-
duced by pairing a distinctive context (spatial
location) with footshock. As a result of the pair-
ing, animals exhibit characteristic fear responses
(e.g., freezing, defecation, potentiation of the star-
tle response) when re-exposed to the context.
Lesions to the hippocampus often impair this
form of learning (Phillips and LeDoux, 1992;
Matus-Amat et al., 2004), presumably because the
hippocampus participates in mnemonic encoding
of the spatial context. Blocking neurogenesis prior
to training in this procedure reduces the amount of
the contextual fear expressed when rodents are re-
exposed to the training context. Importantly,
blocking neurogenesis does not impair fear condi-
tioning to a discrete tone stimulus, indicating that
shock sensitivity and motor control of the fear
response are not impaired. The impairment of
contextual fear conditioning may thus reflect a

requirement of neurogenesis for the encoding of
novel contexts and/or for assigning emotional va-
lence to contexts.

How (and whether) these learning impairments
relate to depression is unclear. Cognitive impair-
ments have been reported in depression, but cog-
nitive impairment is not a cardinal feature of the
disease, in contrast to some other psychiatric ill-
nesses, namely schizophrenia. Still, it is certainly
the case that depressed patients have an impaired
ability to “‘contextualize” negative emotions, in
that these emotions are overgeneralized across ex-
periences and situations. Much more research into
the putative role of neurogenesis in contextual
learning will be needed to determine whether re-
duced neurogenesis could give rise to these features
of depression.

Neurogenesis is required for some behavioral
effects of AD drugs

Although animal models have not provided evi-
dence that reduced neurogenesis causes depres-
sion-like symptoms, these models have produced
evidence that neurogenesis is involved in the ther-
apeutic effects of AD drugs. Three recent studies
have used the targeted irradiation procedure de-
scribed above to test whether DG neurogenesis is
required for the behavioral effects of AD drugs in
rodent models. A study conducted in our labora-
tory demonstrated that neurogenesis is required
for the effects of both imipramine, a classic tricy-
clic AD, and fluoxetine in two mouse behavioral
screens for AD activity (Santarelli et al., 2003), the
NSF test and a chronic stress procedure. Impor-
tantly, this study has been replicated in our lab-
oratory using the GFAP-TK mice (unpublished
results). In a separate series of experiments con-
ducted by another laboratory, the synthetic can-
nabinoid HU210 was shown to have AD-like
effects in the NSF paradigm following 10 days of
treatment, and, interestingly, this effect was
blocked by X-ray irradiation (Jiang et al., 2005).
In addition, there is a recent preliminary report
using rats (Meltzer et al., 2006) that irradiation
blocks the behavioral effects of fluoxetine in the



forced swim test. Thus, a neurogenic dependence
for the behavioral effects of ADs has been revealed
for three different drugs in three different AD
screens and using two different ways to ablate ne-
urogenesis.

The above work suggests that neurogenesis may
be a critical substrate for AD efficacy. However,
an important limitation of this work is the reliance
on a very limited number of animal models and
AD treatments. It is unlikely that the three be-
havioral assays used in these experiments capture
all the clinically relevant features of AD treat-
ments, and consequently it remains possible that
some clinically important features of these treat-
ments are neurogenesis-independent. Indeed, two
more recent studies from our lab confirm that this
caveat is valid.

One study from our laboratory (Holick et al.,
2007) examined the effects of AD drugs on be-
havior and DG neurogenesis in the Balb-c mouse
strain, a strain that exhibits high anxiety in be-
havioral tests. In this strain, chronic fluoxetine
treatment reduced anxiety-like and depressive be-
havior in the novelty-induced hypophagia and
forced-swim paradigms but failed to increase neu-
ronal proliferation. Not surprisingly, the behavi-
oral effects of these drugs are not blocked by
irradiation in this strain. A second study found
that the anxiolytic effects of environmental en-
richment do not require neurogenesis (Meshi et al.,
20006).

In sum, these studies suggest that AD-like
effects can be achieved through at least two differ-
ent pathways, one that is neurogenesis-dependent
and one that is neurogenesis-independent. AD
drugs and cannabinoids appear to use a neuro-
genesis-dependent pathway in some circumstances
but not in others; chronic stress may be one factor
that governs this dichotomy. Enrichment appears
to use a neurogenesis-independent pathway either
alone or in combination with the neurogenesis-
dependent pathway. An important outstanding
question not addressed by these experiments is
whether the upregulation of neurogenesis is suffi-
cient to produce AD effects. Testing this hypoth-
esis will require new methods for very specifically
upregulating aspects of neurogenesis.
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Summary

General insights: is neurogenesis a missing link or
is the link still missing?

Research on MDD in the last decade has led to
considerable maturation of our understanding of
how different neural circuits function in a normal
brain and in the context of pathology. Several no-
table findings have emerged from studies in hu-
mans with MDD and preclinical models of MDD.
First, the AD response and the pathogenesis
of MDD may have different neural substrates.
Second, the pathogenic mechanisms may differ
from those that underlie the pathophysiology of
MDD. Third, any model explaining the etiology of
MDD must incorporate genetic vulnerability,
stressors, critical periods and multiple neural cir-
cuits. In other words, MDD is more likely than
not, a result of multiple “hits’ to the brain (deficits
in multiple neural substrates). This last finding
underscores the need for more refined preclinical
models for depression. In this section, we revisit
the neurogenic hypothesis of MDD with attention
to the evidence discussed thus far in the context of
etiology, pathophysiology and treatment.

The neurogenic hypothesis and the etiology of MDD

Only recently the neurogenic hypothesis of MDD
joined the neurotrophic and network hypotheses
as a candidate to explain the neurobiological basis
of MDD.

Unlike the neurotrophic and network hypothe-
sis, however, the neurogenic hypothesis implicates
only one brain region, the dentate gyrus, as the
primary neural substrate for the etiology of MDD
and the AD response.

As this review makes clear, the evidence for ne-
urogenesis as an etiological factor in MDD is scarce
at best. Pathological analyses of postmortem tissue
obtained from patients with MDD have not re-
vealed alterations in the size of the dentate gyrus,
decreased number of proliferative cells, or changes
in the degree of ongoing apoptosis. The data on
apoptosis do not indicate the age of neurons that
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ETIOLOGY PATHOPHYSIOLOGY
. ?
Neurogenesis —_— Hippocampus
Amygdala
Stress / Prefontal cortex
— Mediodorsal thalamus
Risk allele Hypothalamus

=~ Ventral striatum

TREATMENT

- Neurogenesis dependent

+
‘ Neurogenesis independent

Fig. 2. A model to evaluate the role of neurogenesis as a substrate in the etiology, pathophysiology and treatment of MDD. MDD is
likely to arise from the synergistic effects of stress, biological vulnerability conferred by risk alleles and deficits in multiple neural
circuits. Whether hippocampal neurogenesis is involved in the etiology of MDD is at present unclear. Altered hippocampal neuro-
genesis may result as a consequence of pathogenic mechanisms and contribute to the pathophysiology of MDD. The treatment of

some, but not all, symptoms of MDD may rely on neurogenesis.

are dying and therefore, preclude an assessment of
changes in rates of turnover or survival. As noted
earlier in this chapter, more studies on postmortem
tissue obtained from non-medicated patients are
required to conclusively characterize dentate gyrus
neurogenesis in depressed individuals. Neverthe-
less, these data establish that changes in hippo-
campal volume are unlikely to result from changes
in hippocampal neurogenesis. Preclinical studies
have yielded data more directly controverting the
role of neurogenesis in the etiology of MDD: ab-
lation of neurogenesis in adult otherwise normal
animals does not engender a depression-like phe-
notype. However, there are some important cave-
ats to these preclinical studies. It is almost
certainly the case that MDD involves the simul-
taneous presence of multiple risk factors or “hits”
(Fig. 2). If this were the case, ablation of neuro-
genesis in wild-type adult animals would not be
sufficient to elicit a depression-like phenotype. The
ablation of neurogenesis might create a diathesis
for depression that would only be revealed in the
presence of other genetic or environmental insults.
Moreover, the timing with respect to when the
brain experiences an insult, whether it be genetic
or environmental, is also critical. Clearly, more
studies are needed that incorporate the effects of
stressors and assess the consequences of altering
neurogenesis during the early postnatal period in
rodents with genetic backgrounds that harbor
different risk alleles. These studies will reveal
whether changes in neurogenesis lend a diathesis
for MDD, and inform us about the complex in-
terplay between multiple neural circuits in

directing the emotional trajectory. Finally, longi-
tudinal neuroimaging studies in humans are
needed to reveal how the hippocampal landscape
changes with the appearance of the first symptoms
of MDD and over time.

The neurogenic hypothesis and the pathophysiology
of MDD

The increasingly appreciated role for neurogenesis
in hippocampus-dependent learning as defined by
work from several different laboratories using ro-
dents provides evidence that neurogenesis makes a
functionally significant contribution to hippocam-
pal circuits. It is thus plausible that the putative
reductions in neurogenesis associated with MDD
have important psychological implications. These
could include cognitive deficits, which are a pos-
sible mechanism of the emotional symptoms of the
disease (Beck, 2005). In addition, it is now appre-
ciated that the hippocampus, particularly its
ventral (anterior, in humans) extent, has a central
role in emotional regulation. The development of
higher resolution neuroimaging techniques will
enable us to visualize changes in dentate gyrus ac-
tivity in patients with MDD and during learning.
The use of novel genetic approaches to selectively
manipulate the maturation of newborn neurons
influence their survival, and drive turnover of ma-
ture dentate granule cells will undoubtedly en-
hance our understanding of how neurogenesis
contributes to dentate function and to the deficits
seen in MDD.



The neurogenic hypothesis and the treatment of
MDD

The finding that neurogenesis is one mechanism
used by ADs to exert their behavioral effects has
now been repeated by several different laborato-
ries using rodents. This is in striking contrast to
the absence of data implicating neurogenesis in the
pathogenesis of MDD. One interpretation of this
apparent paradox (besides the limitations of cur-
rent preclinical models highlighted in section ““The
neurogenic hypothesis and the etiology of MDD’)
is that the etiology and treatment of MDD may
have different neural substrates. Such a dissocia-
tion is suggested by a recent association study that
looked at 21 candidate polymorphisms and
showed that the genetic basis for the capacity to
respond to monoamine-based ADs differed from
that of susceptibility to MDD (Garriock et al.,
2006). An interesting parallel was demonstrated by
preclinical studies on BDNF and depression,
which showed that increased BDNF signaling in
the hippocampus is sufficient to induce AD-like
effects, but genetic ablation of BDNF on its own
does not elicit a depression-like phenotype
(Duman and Monteggia, 2006). While the data
from preclinical studies and ADs are encouraging,
more work is needed to solidify the requirement
for neurogenesis in mediating the behavioral
effects of ADs. Conspicuously absent from the
roster of experiments are those that show that in-
creased neurogenesis is sufficient for the behavioral
effects of ADs. Experiments along these lines using
genetic approaches to specifically increase the
number of newly generated neurons are currently
underway in our laboratory. Moreover, given the
pleiotropic effects of ADs on neurogenesis, it at
present unclear whether immature neurons or the
adult-generated mature dentate granule cells are
required to induce behavioral change. Inducible
genetic approaches using promoters specific to
these different cell types will allow for cell type
specific manipulations to unequivocally identify
the cellular substrates and mechanisms underlying
the neurogenic-dependent AD response.

In interpreting the data on the neurogenic de-
pendence of ADs, we must remind ourselves of the
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potentially different ways by which ADs may rely
on neurogenesis for their behavioral effects (Fig. 1,
Drew and Hen, in press). It is plausible that
the short-term effects of ADs, for example, are
mediated by ADs acting on the extant reservoir
of adult-generated immature neurons or by accel-
erating the maturation process of an extant pop-
ulation of adult-generated immature neurons with
concomitant replacement/addition to the dentate
gyrus. Likewise, the rapid effects of ADs in re-
versing behavioral changes induced by stress in
paradigms such as LH discussed earlier could also
be mediated through the extant population of im-
mature neurons or through adult-generated ma-
ture dentate granule cells. In this regard, it is
worthy to note that inducing BDNF and CREB
expression in the DG but not other hippocampal
subfields (or other brain regions) is sufficient
to elicit an AD response (Chen et al.,, 2001;
Shirayama et al., 2002; Duman and Monteggia,
2006). Thus, the DG is an attractive neural
substrate for the AD response and these studies
highlight a previously unrecognized function for
the dentate gyrus. Given our present understand-
ing of DG function (see chapter by Kesner in
this volume), it is unclear how enhancement in
processes such as pattern separation and conjunc-
tive encoding contribute to AD-like behavior
assessed in these depression paradigms. Whether
cognitive behavior therapy, an endorsed line of
treatment often used in parallel with AD drugs,
increases activity in the DG is yet to be deter-
mined.

In conclusion, there is much work to be done on
hippocampal neurogenesis to ascertain its role in
the brain and still much more to establish a role
for it in MDD.

The convergence of insights from preclinical
studies and neuroimaging studies and identifi
cation of novel genetic risk alleles will undoubt-
edly help establish whether the neurogenic
hypothesis can explain facets of this complex
and debilitating psychiatric disorder. At the
very least, the neurogenic hypothesis, like any
elegant hypothesis, has succeeded in generating
the momentum needed to rigorously test its
tenets.



716

Acknowledgments

The authors would like to thank members of the
Hen laboratory for helpful discussions. Funding
support was provided by NARSAD (A.S, M.R.D
and R.H) and by Charles H. Revson Foundation
Senior Fellowship in Biomedical Science (M.R.D).

References

Aberg, M.A., Aberg, N.D., Hedbacker, H., Oscarsson, J. and
Eriksson, P.S. (2000) Peripheral infusion of IGF-I selectively
induces neurogenesis in the adult rat hippocampus. J. Ne-
urosci., 20: 2896-2903.

Alonso, R., Griebel, G., Pavone, G., Stemmelin, J., Le Fur, G.
and Soubrie, P. (2004) Blockade of CRF(1) or V(1b) recep-
tors reverses stress-induced suppression of neurogenesis in a
mouse model of depression. Mol. Psychiatry, 9: 278-286 224.

Altman, J. and Das, G.D. (1965) Autoradiographic and histo-
logical evidence of postnatal hippocampal neurogenesis in
rats. J. Comp. Neurol., 124: 319-335.

Amrein, 1., Slomianka, L. and Lipp, H.P. (2004) Granule cell
number, cell death and cell proliferation in the dentate gyrus
of wild-living rodents. Eur. J. Neurosci., 20: 3342-3350.

American Psychiatric Association (2000) Diagnostic and Sta-
tistical Manual of Mental Disorders. Fourth Edition—Text
Revision (DSMIV-TR).

Austin, M.P., Mitchell, P. and Goodwin, G.M. (2001) Cogni-
tive deficits in depression: possible implications for functional
neuropathology. Br. J. Psychiatry, 178: 200-206.

Azmitia, E.C. and Segal, M. (1978) An autoradiographic anal-
ysis of the differential ascending projections of the dorsal and
median raphe nuclei in the rat. J. Comp. Neurol., 179:
641-667.

Babyak, M., Blumenthal, J.A., Herman, S., Khatri, P., Dorai-
swamy, M., Moore, K., Craighead, W.E., Baldewicz, T.T.
and Krishnan, K.R. (2000) Exercise treatment for major de-
pression: maintenance of therapeutic benefit at 10 months.
Psychosom. Med., 62: 633-638.

Banasr, M., Hery, M., Printemps, R. and Daszuta, A. (2004)
Serotonin-induced increases in adult cell proliferation and
neurogenesis are mediated through different and common 5-
HT receptor subtypes in the dentate gyrus and the subven-
tricular zone. Neuropsychopharmacology, 29: 450—460.

Bannerman, D.M., Grubb, M., Deacon, R.M., Yee, B.K., Fel-
don, J. and Rawlins, J.N. (2003) Ventral hippocampal lesions
affect anxiety but not spatial learning. Behav. Brain Res.,
139: 197-213.

Bayer, S.A., Yackel, J.JW. and Puri, P.S. (1982) Neurons in the
rat dentate gyrus granular layer substantially increase during
juvenile and adult life. Science, 216: 890-892.

Beck, A.T. (2005) The current state of cognitive therapy: a
40-year retrospective. Arch. Gen. Psychiatry, 62: 953-959.

Becker, S. (2005) A computational principle for hippocampal
learning and neurogenesis. Hippocampus, 15: 722-738.

Bodnoff, S.R., Suranyi-Cadotte, B., Quirion, R. and Meaney,
M.J. (1989) A comparison of the effects of diazepam versus
several typical and atypical anti-depressant drugs in an an-
imal model of anxiety. Psychopharmacology (Berl.), 97:
277-279.

Bratt, A.M., Kelley, S.P., Knowles, J.P., Barrett, J., Davis, K.,
Davis, M. and Mittleman, G. (2001) Long term modulation
of the HPA axis by the hippocampus. Behavioral, biochem-
ical and immunological endpoints in rats exposed to chronic
mild stress. Psychoneuroendocrinology, 26: 121-145.

Bremner, J.D., Narayan, M., Anderson, E.R., Staib, L.H.,
Miller, H.L. and Charney, D.S. (2000) Hippocampal volume
reduction in major depression. Am. J. Psychiatry, 157:
115-118.

Brezun, J.M. and Daszuta, A. (1999) Depletion in serotonin
decreases neurogenesis in the dentate gyrus and the subven-
tricular zone of adult rats. Neuroscience, 89: 999-1002.

Brezun, J.M. and Daszuta, A. (2000) Serotonin may stimulate
granule cell proliferation in the adult hippocampus, as ob-
served in rats grafted with foetal raphe neurons. Eur. J. Ne-
urosci., 12: 391-396.

Bunney Jr., W.E. and Davis, J.M. (1965) Norepinephrine in
depressive reactions. A review. Arch. Gen. Psychiatry, 13:
483-494.

Cameron, H.A. and Gould, E. (1994) Adult neurogenesis is
regulated by adrenal steroids in the dentate gyrus. Neurosci-
ence, 61: 203-209.

Cameron, H.A. and McKay, R.D. (1999) Restoring production
of hippocampal neurons in old age. Nat. Neurosci., 2:
894-897.

Cameron, H.A. and McKay, R.D. (2001) Adult neurogenesis
produces a large pool of new granule cells in the dentate
gyrus. J. Comp. Neurol., 435: 406-417.

Cameron, H.A., Woolley, C.S. and Gould, E. (1993) Adrenal
steroid receptor immunoreactivity in cells born in the adult
rat dentate gyrus. Brain Res., 611: 342-346.

Campbell, S., Marriott, M., Nahmias, C. and Macqueen, G.M.
(2004) Lower hippocampal volume in patients suffering
from depression: a meta-analysis. Am. J. Psychiatry, 161:
598-607.

Carlezon Jr., W.A., Duman, R.S. and Nestler, E.J. (2005) The
many faces of CREB. Trends Neurosci., 28: 436-445.

Carroll, B.J., Martin, F.I. and Davies, B. (1968a) Pituitary-
adrenal function in depression. Lancet, 1: 1373-1374.

Carroll, B.J., Martin, F.I. and Davies, B. (1968b) Resistance to
suppression by dexamethasone of plasma 11-O. H.C.S. levels
in severe depressive illness. Br. Med. J., 3: 285-287.

Caspi, A. and Moffitt, T.E. (2006) Gene-environment interac-
tions in psychiatry: joining forces with neuroscience. Nat.
Rev. Neurosci., 7: 583-590.

Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, .W.,
Harrington, H., Mcclay, J., Mill, J., Martin, J., Braithwaite,
A. and Poulton, R. (2003) Influence of life stress on depres-
sion: moderation by a polymorphism in the 5-HTT gene.
Science, 301: 386-389.



Castren, E. (2005) Is mood chemistry? Nat. Rev. Neurosci., 6:
241-246.

Chambers, R.A., Potenza, M.N., Hoffman, R.E. and Miranker,
W. (2004) Simulated apoptosis/neurogenesis regulates learn-
ing and memory capabilities of adaptive neural networks.
Neuropsychopharmacology, 29: 747-758.

Chapman, D.P., Whitfield, C.L., Felitti, V.J., Dube, S.R., Ed-
wards, V.J. and Anda, R.F. (2004) Adverse childhood expe-
riences and the risk of depressive disorders in adulthood. J.
Affect. Disord., 82: 217-225.

Chen, A.C., Shirayama, Y., Shin, K.H., Neve, R.L. and
Duman, R.S. (2001) Expression of the cAMP response ele-
ment binding protein (CREB) in hippocampus produces an
antidepressant effect. Biol. Psychiatry, 49: 753-762.

Chen, G., Rajkowska, G., Du, F., Seraji-Bozorgzad, N. and
Manji, H.K. (2000) Enhancement of hippocampal neurogen-
esis by lithium. J. Neurochem., 75: 1729-1734.

Chourbaji, S., Zacher, C., Sanchis-Segura, C., Dormann, C.,
Vollmayr, B. and Gass, P. (2005) Learned helplessness: va-
lidity and reliability of depressive-like states in mice. Brain
Res. Brain Res. Protoc., 16: 70-78.

Cryan, J.F., Markou, A. and Lucki, I. (2002) Assessing anti-
depressant activity in rodents: recent developments and fu-
ture needs. Trends Pharmacol. Sci., 23: 238-245.

Czeh, B., Michaelis, T., Watanabe, T., Frahm, J., de Biurrun,
G., van Kampen, M., Bartolomucci, A. and Fuchs, E. (2001)
Stress-induced changes in cerebral metabolites, hippocampal
volume, and cell proliferation are prevented by antidepres-
sant treatment with tianeptine. Proc. Natl. Acad. Sci. U.S.A.,
98: 12796-12801.

Czeh, B., Welt, T., Fischer, A.K., Erhardt, A., Schmitt, W.,
Muller, M.B., Toschi, N., Fuchs, E. and Keck, M.E. (2002)
Chronic psychosocial stress and concomitant repetitive trans-
cranial magnetic stimulation: effects on stress hormone levels
and adult hippocampal neurogenesis. Biol. Psychiatry, 52:
1057-1065.

Drevets, W.C., Bogers, W. and Raichle, M.E. (2002) Func-
tional anatomical correlates of antidepressant drug treatment
assessed using PET measures of regional glucose metabolism.
Eur. Neuropsychopharmacol., 12: 527-544.

Drew, M.R. and Hen, R. (in press) Adult hippocampal neuro-
genesis as a target for the treatment of depression. CNS Ne-
urol. Disord. Drug Targets.

Dulawa, S.C., Holick, K.A., Gundersen, B. and Hen, R. (2004)
Effects of chronic fluoxetine in animal models of anxiety and
depression. Neuropsychopharmacology, 29: 1321-1330.

Duman, R.S. (2002) Structural alterations in depression: cellu-
lar mechanisms underlying pathology and treatment of mood
disorders. CNS Spectrosc., 7: 140-142 144-147.

Duman, R.S. (2004) Depression: a case of neuronal life and
death? Biol. Psychiatry, 56: 140—145.

Duman, R.S., Heninger, G.R. and Nestler, E.J. (1997) A mo-
lecular and cellular theory of depression. Arch. Gen. Psychi-
atry, 54: 597-606.

Duman, R.S., Malberg, J., Nakagawa, S. and D’sa, C. (2000)
Neuronal plasticity and survival in mood disorders. Biol.
Psychiatry, 48: 732-739.

717

Duman, R.S. and Monteggia, L.M. (2006) A neurotrophic
model for stress-related mood disorders. Biol. Psychiatry, 59:
1116-1127.

Dunn, J.D. and Orr, S.E. (1984) Differential plasma corticos-
terone responses to hippocampal stimulation. Exp. Brain
Res., 54: 1-6.

Dupret, D., Montaron, M.F., Drapeau, E., Aurousseau, C., Le
Moal, M., Piazza, P.V. and Abrous, D.N. (2005) Methyl-
azoxymethanol acetate does not fully block cell genesis in the
young and aged dentate gyrus. Eur. J. Neurosci., 22:
778-783.

Eisch, A.J. (2002) Adult neurogenesis: implications for psychi-
atry. Prog. Brain Res., 138: 315-342.

Encinas, J.M., Vaahtokari, A. and Enikolopov, G. (2006) Flu-
oxetine targets early progenitor cells in the adult brain. Proc.
Natl. Acad. Sci. U.S.A., 103: 8233-8238.

Eriksson, P.S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A.M.,
Nordborg, C., Peterson, D.A. and Gage, F.H. (1998) Ne-
urogenesis in the adult human hippocampus. Nat. Med., 4:
1313-1317.

Esposito, M.S., Piatti, V.C., Laplagne, D.A., Morgenstern,
N.A., Ferrari, C.C., Pitossi, F.J. and Schinder, A.F. (2005)
Neuronal differentiation in the adult hippocampus recapit-
ulates embryonic development. J. Neurosci, 25:
10074-10086.

Faber, K.M. and Haring, J.H. (1999) Synaptogenesis in the
postnatal rat fascia dentata is influenced by 5-HT1a receptor
activation. Brain Res. Dev. Brain Res., 114: 245-252.

Feldman, S. and Weidenfeld, J. (1993) The dorsal hippocampus
modifies the negative feedback effect of glucocorticoids on
the adrenocortical and median eminence CRF-41 responses
to photic stimulation. Brain Res., 614: 227-232.

Feldman, S. and Weidenfeld, J. (1999) Glucocorticoid receptor
antagonists in the hippocampus modify the negative feedback
following neural stimuli. Brain Res., 821: 33-37.

Felitti, V.J., Anda, R.F., Nordenberg, D., Williamson, D.F.,
Spitz, A.M., Edwards, V., Koss, M.P. and Marks, J.S. (1998)
Relationship of childhood abuse and household dysfunction
to many of the leading causes of death in adults. The Adverse
Childhood Experiences (ACE) Study. Am. J. Prev. Med., 14:
245-258.

Filippov, V., Kronenberg, G., Pivneva, T., Reuter, K., Steiner,
B., Wang, L.P., Yamaguchi, M., Kettenmann, H. and Kem-
permann, G. (2003) Subpopulation of nestin-expressing pro-
genitor cells in the adult murine hippocampus shows
electrophysiological and morphological characteristics of as-
trocytes. Mol. Cell Neurosci., 23: 373-382.

van der Flier, W.M., van Buchem, M.A., Weverling-Rijnsburg-
er, A.W., Mutsaers, E.R., Bollen, E.L., Admiraal-Behloul,
F., Westendorp, R.G. and Middelkoop, H.A. (2004) Mem-
ory complaints in patients with normal cognition are asso-
ciated with smaller hippocampal volumes. J. Neurol., 251:
671-675.

Fossati, P., Coyette, F., Ergis, A.M. and Allilaire, J.F.
(2002) Influence of age and executive functioning on verbal
memory of inpatients with depression. J. Affect. Disord., 68:
261-271.



718

Freund, T.F., Gulyas, A.L., Acsady, L., Gorces, T. and Toth, K.
(1990) Serotonergic control of the hippocampus via local in-
hibitory interneurons. Proc. Natl. Acad. Sci. U.S.A., 87:
8501-8505.

Garcia, A., Steiner, B., Kronenberg, G., Bick-Sander, A. and
Kempermann, G. (2004a) Age-dependent expression of
glucocorticoid- and mineralocorticoid receptors on neural
precursor cell populations in the adult murine hippocampus.
Aging Cell, 3: 363-371.

Garcia, A.D., Doan, N.B., Imura, T., Bush, T.G. and So-
froniew, M. V. (2004b) GFAP-expressing progenitors are the
principal source of constitutive neurogenesis in adult mouse
forebrain. Nat. Neurosci., 7: 1233-1241.

Garriock, H.A., Delgado, P., Kling, M.A., Carpenter, L.L.,
Burke, M., Burke, W.J., Schwartz, T., Marangell, L.B.,
Husain, M., Erickson, R.P. and Moreno, F.A. (2006)
Number of risk genotypes is a risk factor for major depres-
sive disorder: a case control study. Behav. Brain Funct., 2:
24.

Gilbertson, M.W., Shenton, M.E., Ciszewski, A., Kasai, K.,
Lasko, N.B., Orr, S.P. and Pitman, R.K. (2002) Smaller
hippocampal volume predicts pathologic vulnerability to
psychological trauma. Nat. Neurosci., 5: 1242-1247.

Gold, P.W. and Chrousos, G.P. (2002) Organization of the
stress system and its dysregulation in melancholic and atyp-
ical depression: high vs. low CRH/NE states. Mol. Psychi-
atry, 7: 254-275.

Gould, E., Beylin, A., Tanapat, P., Reeves, A. and Shors, T.J.
(1999a) Learning enhances adult neurogenesis in the hippo-
campal formation. Nat. Neurosci., 2: 260-265.

Gould, E., Reeves, A.J., Fallah, M., Tanapat, P., Gross, C.G.
and Fuchs, E. (1999b) Hippocampal neurogenesis in adult
Old World primates. Proc. Natl. Acad. Sci. U.S.A., 96:
5263-5267.

Goursaud, A.P., Mendoza, S.P. and Capitanio, J.P. (2006) Do
neonatal bilateral ibotenic acid lesions of the hippocampal
formation or of the amygdala impair HPA axis responsive-
ness and regulation in infant rhesus macaques (Macaca mu-
latta)? Brain Res., 1071: 97-104.

von Gunten, A., Fox, N.C., Cipolotti, L. and Ron, M.A. (2000)
A volumetric study of hippocampus and amygdala in de-
pressed patients with subjective memory problems. J. Ne-
uropsychiatry Clin. Neurosci., 12: 493-498.

von Gunten, A. and Ron, M.A. (2004) Hippocampal volume
and subjective memory impairment in depressed patients.
Eur. Psychiatry, 19: 438-440.

Haydon, P.G. and Carmignoto, G. (2006) Astrocyte control of
synaptic transmission and neurovascular coupling. Physiol.
Rev., 86: 1009-1031.

Hellsten, J., Wennstrom, M., Mohapel, P., Ekdahl, C.T., Ben-
gzon, J. and Tingstrom, A. (2002) Electroconvulsive seizures
increase hippocampal neurogenesis after chronic corticoster-
one treatment. Eur. J. Neurosci., 16: 283-290.

Herman, J.P., Cullinan, W.E., Morano, M.I., Akil, H. and
Watson, S.J. (1995) Contribution of the ventral subiculum to
inhibitory regulation of the hypothalamo-pituitary-adreno-
cortical axis. J. Neuroendocrinol., 7: 475-482.

Herman, J.P., Cullinan, W.E., Young, E.A., Akil, H. and Wat-
son, S.J. (1992) Selective forebrain fiber tract lesions impli-
cate ventral hippocampal structures in tonic regulation of
paraventricular nucleus corticotropin-releasing hormone
(CRH) and arginine vasopressin (AVP) mRNA expression.
Brain Res., 592: 228-238.

Holick, K.A., Lee, D.C., Hen, R. and Dulawa, S.C. (2007)
Behavioral effects of chronic fluoxetine in BALB/cJ mice do
not require adult hippocampal neurogenesis or the serotonin
1A receptor. Neuropsychopharmacology.

Holsboer, F. and Barden, N. (1996) Antidepressants and hypo-
thalamic-pituitary-adrenocortical regulation. Endocr. Rev.,
17: 187-205.

Holsboer, F., Liebl, R. and Hofschuster, E. (1982) Repeated
dexamethasone suppression test during depressive illness.
Normalisation of test result compared with clinical improve-
ment. J. Affect. Disord., 4: 93—-101.

Huot, R.L., Plotsky, P.M., Lenox, R.H. and Mcnamara, R.K.
(2002) Neonatal maternal separation reduces hippocampal
mossy fiber density in adult Long Evans rats. Brain Res., 950:
52-63.

Huot, R.L., Thrivikraman, K.V., Meaney, M.J. and Plotsky,
P.M. (2001) Development of adult ethanol preference and
anxiety as a consequence of neonatal maternal separation in
Long Evans rats and reversal with antidepressant treatment.
Psychopharmacology (Berl.), 158: 366-373.

Islam, A., Ayer-Lelievre, C., Heigenskold, C., Bogdanovic, N.,
Winblad, B. and Adem, A. (1998) Changes in IGF-1 recep-
tors in the hippocampus of adult rats after long-term adre-
nalectomy: receptor autoradiography and in situ
hybridization histochemistry. Brain Res., 797: 342-346.

Jacobs, B.L., Praag, H. and Gage, F.H. (2000) Adult brain
neurogenesis and psychiatry: a novel theory of depression.
Mol. Psychiatry, 5: 262-269.

Jayatissa, M.N., Bisgaard, C., Tingstrom, A., Papp, M. and
Wiborg, O. (2006) Hippocampal cytogenesis correlates to
escitalopram-mediated recovery in a chronic mild stress rat
model of depression. Neuropsychopharmacology, 31:
2395-2404.

Jiang, W., Zhang, Y., Xiao, L., van Cleemput, J., Ji, S.P., Bai,
G. and Zhang, X. (2005) Cannabinoids promote embryonic
and adult hippocampus neurogenesis and produce anxiolytic-
and antidepressant-like effects. J. Clin. Invest., 115:
3104-3116.

Joels, M. and van Riel, E. (2004) Mineralocorticoid and
glucocorticoid receptor-mediated effects on serotonergic
transmission in health and disease. Ann. N.Y. Acad. Sci.,
1032: 301-303.

Kempermann, G., Kuhn, H.G. and Gage, F.H. (1997) More
hippocampal neurons in adult mice living in an enriched en-
vironment. Nature, 386: 493-495.

Kempermann, G., Kuhn, H.G. and Gage, F.H. (1998) Expe-
rience-induced neurogenesis in the senescent dentate gyrus. J.
Neurosci., 18: 3206-3212.

Kendler, K.S., Kuhn, J.W., Vittum, J., Prescott, C.A. and
Riley, B. (2005) The interaction of stressful life events and a
serotonin transporter polymorphism in the prediction of



episodes of major depression: a replication. Arch. Gen. Psy-
chiatry, 62: 529-535.

Kendler, K.S., Thornton, L.M. and Gardner, C.O. (2001) Ge-
netic risk, number of previous depressive episodes, and
stressful life events in predicting onset of major depression.
Am. J. Psychiatry, 158: 582-586.

Kennedy, S.H., Evans, K.R., Kruger, S., Mayberg, H.S.,
Meyer, J.H., Mccann, S., Arifuzzman, A.l., Houle, S. and
Vaccarino, F.J. (2001) Changes in regional brain glucose
metabolism measured with positron emission tomography
after paroxetine treatment of major depression. Am. J. Psy-
chiatry, 158: 899-905.

Kimbrell, T.A., Ketter, T.A., George, M.S., Little, J.T., Ben-
son, B.E., Willis, M.W., Herscovitch, P. and Post, R.M.
(2002) Regional cerebral glucose utilization in patients with a
range of severities of unipolar depression. Biol. Psychiatry,
51: 237-252.

Knigge, K.M. (1961) Adrenocortical response to stress in rats
with lesions in hippocampus and amygdala. Proc. Soc. Exp.
Biol. Med., 108: 18-21.

Kohler, S.J., Jennings, V., Boklewski, J.L., Degrush, B.J.,
Williams, N.I., Rockcastle, N.J., Cameron, J.L. and Green-
ough, W.T. (2006) Maturation of new granule cells in the
dentate gyrus of adult macaque monkeys. Soc. Neurosci.
Abstr.

Kondoh, M., Shiga, T. and Okado, N. (2004) Regulation of
dendrite formation of Purkinje cells by serotonin through
serotoninl A and serotonin2A receptors in culture. Neurosci.
Res., 48: 101-109.

Kornack, D.R. and Rakic, P. (1999) Continuation of neuro-
genesis in the hippocampus of the adult macaque monkey.
Proc. Natl. Acad. Sci. U.S.A., 96: 5768-5773.

Kuhn, H.G., Dickinson-Anson, H. and Gage, F.H. (1996) Ne-
urogenesis in the dentate gyrus of the adult rat: age-related
decrease of neuronal progenitor proliferation. J. Neurosci.,
16: 2027-2033.

Kuhn, H.G., Winkler, J., Kempermann, G., Thal, L.J. and
Gage, F.H. (1997) Epidermal growth factor and fibroblast
growth factor-2 have different effects on neural progenitors
in the adult rat brain. J. Neurosci., 17: 5820-5829.

Kvachnina, E., Liu, G., Dityatev, A., Renner, U., Dumuis, A.,
Richter, D.W., Dityateva, G., Schachner, M., Voyno-
Yasenetskaya, T.A. and Ponimaskin, E.G. (2005) 5-HT7 re-
ceptor is coupled to G alpha subunits of heterotrimeric
G12-protein to regulate gene transcription and neuronal
morphology. J. Neurosci., 25: 7821-7830.

Laplagne, D.A., Esposito, M.S., Piatti, V.C., Morgenstern,
N.A., Zhao, C., van Praag, H., Gage, F.H. and Schinder,
A.F. (2006) Functional convergence of neurons generated
in the developing and adult hippocampus. PLoS Biol., 4:
e409.

Lauder, J.M. and Krebs, H. (1978) Serotonin as a differenti-
ation signal in early neurogenesis. Dev. Neurosci., 1: 15-30.

Leonardo, E.D. and Hen, R. (2006) Genetics of affective and
anxiety disorders. Annu. Rev. Psychol., 57: 117-137.

Levinson, D.F. (2006) The genetics of depression: a review.
Biol. Psychiatry, 60: 84-92.

719

Liu, S., Wang, J., Zhu, D., Fu, Y., Lukowiak, K. and Lu, Y.M.
(2003) Generation of functional inhibitory neurons in the
adult rat hippocampus. J. Neurosci., 23: 732-736.

Loo, C.K. and Mitchell, P.B. (2005) A review of the efficacy of
transcranial magnetic stimulation (TMS) treatment for de-
pression, and current and future strategies to optimize effi-
cacy. J. Affect. Disord., 88: 255-267.

Lovic, V., Gonzalez, A. and Fleming, A.S. (2001) Maternally
separated rats show deficits in maternal care in adulthood.
Dev. Psychobiol., 39: 19-33.

Lucassen, P.J., Muller, M.B., Holsboer, F., Bauer, J., Holtrop,
A., Wouda, J., Hoogendijk, W.J., De Kloet, E.R. and Swaab,
D.F. (2001) Hippocampal apoptosis in major depression is a
minor event and absent from subareas at risk for glucocorti-
coid overexposure. Am. J. Pathol., 158: 453-468.

Ma, D.K., Ming, G.L. and Song, H. (2005) Glial influences on
neural stem cell development: cellular niches for adult ne-
urogenesis. Curr. Opin. Neurobiol., 15: 514-520.

Macqueen, G.M., Campbell, S., Mcewen, B.S., Macdonald, K.,
Amano, S., Joffe, R.T., Nahmias, C. and Young, L.T. (2003)
Course of illness, hippocampal function, and hippocampal
volume in major depression. Proc. Natl. Acad. Sci. U.S.A.,
100: 1387-1392.

Madsen, T.M., Treschow, A., Bengzon, J., Bolwig, T.G.,
Lindvall, O. and Tingstrom, A. (2000) Increased neurogen-
esis in a model of electroconvulsive therapy. Biol. Psychiatry,
47: 1043-1049.

Malberg, J.E. and Duman, R.S. (2003) Cell proliferation in
adult hippocampus is decreased by inescapable stress: re-
versal by fluoxetine treatment. Neuropsychopharmacology,
28: 1562-1571.

Malberg, J.E., Eisch, A.J., Nestler, E.J. and Duman, R.S.
(2000) Chronic antidepressant treatment increases neuro-
genesis in adult rat hippocampus. J. Neurosci.,, 20:
9104-9110.

Malberg, J.E. and Schechter, L.E. (2005) Increasing hippocam-
pal neurogenesis: a novel mechanism for antidepressant
drugs. Curr. Pharm. Des., 11: 145-155.

Manev, H., Uz, T., Smalheiser, N.R. and Manev, R. (2001)
Antidepressants alter cell proliferation in the adult brain in
vivo and in neural cultures in vitro. Eur. J. Pharmacol., 411:
67-70.

Matus-Amat, P., Higgins, E.A., Barrientos, R.M. and Rudy,
J.W. (2004) The role of the dorsal hippocampus in the ac-
quisition and retrieval of context memory representations. J.
Neurosci., 24: 2431-2439.

Mayberg, H.S., Brannan, S.K., Tekell, J.L., Silva, J.A., Mah-
urin, R.K., Mcginnis, S. and Jerabek, P.A. (2000) Regional
metabolic effects of fluoxetine in major depression: serial
changes and relationship to clinical response. Biol. Psychia-
try, 48: 830-843.

Mcewen, B.S. (2005) Glucocorticoids, depression, and mood
disorders: structural remodeling in the brain. Metabolism, 54:
20-23.

Meltzer, L.A., Roy, M., Parente, V. and Deisseroth, K. (2006)
Hippocampal neurogenesis is required for lasting antidepres-
sant effects of fluoxetine. Soc. Neurosci. Abstr.



720

Meltzer, L.A., Yabaluri, R. and Deisseroth, K. (2005) A role
for circuit homeostasis in adult neurogenesis. Trends Neuro-
sci., 28: 653-660.

Meshi, D., Drew, M.R., Saxe, M., Ansorge, M.S., David, D.,
Santarelli, L., Malapani, C., Moore, H. and Hen, R. (2006)
Hippocampal neurogenesis is not required for behavioral
effects of environmental enrichment. Nat. Neurosci., 9:
729-731.

Mineur, Y.S., Belzung, C. and Crusio, W.E. (2006) Effects of
unpredictable chronic mild stress on anxiety and depression-
like behavior in mice. Behav. Brain Res., 175: 43-50.

Mineur, Y.S., Prasol, D.J., Belzung, C. and Crusio, W.E. (2003)
Agonistic behavior and unpredictable chronic mild stress in
mice. Behav. Genet., 33: 513-519.

Mirescu, C., Peters, J.D. and Gould, E. (2004) Early life ex-
perience alters response of adult neurogenesis to stress. Nat.
Neurosci., 7: 841-846.

Monje, M.L., Mizumatsu, S., Fike, J.R. and Palmer, T.D.
(2002) Irradiation induces neural precursor-cell dysfunction.
Nat. Med., 8: 955-962.

Monje, M.L., Toda, H. and Palmer, T.D. (2003) Inflammatory
blockade restores adult hippocampal neurogenesis. Science,
302: 1760-1765.

Moser, M.B. and Moser, E.I. (1998) Functional differentiation
in the hippocampus. Hippocampus, 8: 608-619.

Motl, R.W., Birnbaum, A.S., Kubik, M.Y. and Dishman, R.K.
(2004) Naturally occurring changes in physical activity are
inversely related to depressive symptoms during early ado-
lescence. Psychosom. Med., 66: 336-342.

Muller, M.B., Lucassen, P.J., Yassouridis, A., Hoogendijk,
W.J., Holsboer, F. and Swaab, D.F. (2001) Neither major
depression nor glucocorticoid treatment affects the cellular
integrity of the human hippocampus. Eur. J. Neurosci., 14:
1603-1612.

Murray, C.J. and Lopez, A.D. (1996) Evidence-based health
policy — lessons from the Global Burden of Disease Study.
Science, 274: 740-743.

Nakagawa, S., Kim, J.E., Lee, R., Chen, J., Fujioka, T., Ma-
Iberg, J., Tsuji, S. and Duman, R.S. (2002a) Localization of
phosphorylated cAMP response element-binding protein in
immature neurons of adult hippocampus. J. Neurosci., 22:
9868-9876.

Nakagawa, S., Kim, J.E., Lee, R., Malberg, J.E., Chen, J.,
Steffen, C., Zhang, Y.J., Nestler, E.J. and Duman, R.S.
(2002b) Regulation of neurogenesis in adult mouse hippo-
campus by cAMP and the cAMP response element-binding
protein. J. Neurosci., 22: 3673-3682.

Nestler, E.J., Barrot, M., Dileone, R.J., Eisch, A.J., Gold, S.J.
and Monteggia, L.M. (2002) Neurobiology of depression.
Neuron, 34: 13-25.

Neumeister, A., Wood, S., Bonne, O., Nugent, A.C., Luckenb-
augh, D.A., Young, T., Bain, E.E., Charney, D.S. and Dre-
vets, W.C. (2005) Reduced hippocampal volume in
unmedicated, remitted patients with major depression versus
control subjects. Biol. Psychiatry, 57: 935-937.

Nottebohm, F. (2002) Neuronal replacement in adult brain.
Brain Res. Bull., 57: 737-749.

Oleskevich, S., Descarries, L., Watkins, K.C., Seguela, P. and
Daszuta, A. (1991) Ultrastructural features of the serotonin
innervation in adult rat hippocampus: an immunocytochem-
ical description in single and serial thin sections. Neurosci-
ence, 42: 777-791.

Overmier, J.B. and Seligman, M.E. (1967) Effects of inescap-
able shock upon subsequent escape and avoidance respond-
ing. J. Comp. Physiol. Psychol., 63: 28-33.

Overstreet-Wadiche, L.S. and Westbrook, G.L. (2006) Func-
tional maturation of adult-generated granule cells. Hippo-
campus, 16: 208-215.

Patel, T.D. and Zhou, F.C. (2005) Ontogeny of 5-HTI1A re-
ceptor expression in the developing hippocampus. Brain Res.
Dev Brain Res., 157: 42-57.

Phillips, R.G. and LeDoux, J.E. (1992) Differential contribu-
tion of amygdala and hippocampus to cued and contextual
fear conditioning. Behav. Neurosci., 106: 274-285.

van Praag, H., Kempermann, G. and Gage, F.H. (1999) Run-
ning increases cell proliferation and neurogenesis in the adult
mouse dentate gyrus. Nat. Neurosci., 2: 266-270.

Radley, J.J. and Jacobs, B.L. (2002) 5-HTI1A receptor antag-
onist administration decreases cell proliferation in the dent-
ate gyrus. Brain Res., 955: 264-267.

Ramirez-Amaya, V., Marrone, D.F., Gage, F.H., Worley, P.F.
and Barnes, C.A. (2006) Integration of new neurons into
functional neural networks. J. Neurosci., 26: 12237-12241.

Rao, M.S. and Shetty, A.K. (2004) Efficacy of doublecortin as a
marker to analyse the absolute number and dendritic growth
of newly generated neurons in the adult dentate gyrus. Eur. J.
Neurosci., 19: 234-246.

Reif, A., Fritzen, S., Finger, M., Strobel, A., Lauer, M., Sch-
mitt, A. and Lesch, K.P. (2006) Neural stem cell proliferation
is decreased in schizophrenia, but not in depression. Mol.
Psychiatry, 11: 514-522.

Rhodes, J.S., van Praag, H., Jeffrey, S., Girard, 1., Mitchell,
G.S., Garland Jr., T. and Gage, F.H. (2003) Exercise in-
creases hippocampal neurogenesis to high levels but does not
improve spatial learning in mice bred for increased voluntary
wheel running. Behav. Neurosci., 117: 1006-1016.

Sairanen, M., Lucas, G., Ernfors, P., Castren, M. and Castren,
E. (2005) Brain-derived neurotrophic factor and antidepres-
sant drugs have different but coordinated effects on neuronal
turnover, proliferation, and survival in the adult dentate
gyrus. J. Neurosci., 25: 1089-1094.

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F.,
Dulawa, S., Weisstaub, N., Lee, J., Duman, R., Arancio, O.,
Belzung, C. and Hen, R. (2003) Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants.
Science, 301: 805-809.

Sapolsky, R.M. (1994) The physiological relevance of gluco-
corticoid endangerment of the hippocampus. Ann. N.Y.
Acad. Sci., 746: 294-304 discussion 304-307.

Sapolsky, R.M. (2000) Glucocorticoids and hippocampal atro-
phy in neuropsychiatric disorders. Arch. Gen. Psychiatry, 57:
925-935.

Sapolsky, R.M., Armanini, M.P., Sutton, S.W. and Plotsky,
P.M. (1989) Elevation of hypophysial portal concentrations



of adrenocorticotropin secretagogues after fornix transec-
tion. Endocrinology, 125: 2881-2887.

Saxe, M.D., Malleret, G., Vronskaya, S., Mendez, 1., Garcia,
A.D., Sofroniew, M.V., Kandel, E.R. and Hen, R. (2007)
Paradoxical influence of hippocampal neurogenesis on work-
ing memory. Proc. Natl. Acad. Sci. U.S.A., 104: 4642-4646.

Saxe, M.D., Battaglia, F., Wang, J.W., Malleret, G., David,
D.J., Monckton, J.E., Garcia, A.D., Sofroniew, M.V., Kan-
del, E.R., Santarelli, L., Hen, R. and Drew, M.R. (2006)
Ablation of hippocampal neurogenesis impairs contextual
fear conditioning and synaptic plasticity in the dentate gyrus.
Proc. Natl. Acad. Sci. U.S.A., 103: 17501-17506.

Saxena, S., Brody, A.L., Ho, M.L., Alborzian, S., Ho, M.K.,
Maidment, K.M., Huang, S.C., Wu, H.M., Au, S.C. and
Baxter Jr., L.R. (2001) Cerebral metabolism in major de-
pression and obsessive-compulsive disorder occurring sepa-
rately and concurrently. Biol. Psychiatry, 50: 159-170.

Schaaf, M.J., de Kloet, E.R. and Vreugdenhil, E. (2000)
Corticosterone effects on BDNF expression in the hippo-
campus. Implications for memory formation. Stress, 3:
201-208.

Scharfman, H.E., Sollas, A.L., Smith, K.L., Jackson, M.B. and
Goodman, J.H. (2002) Structural and functional asymmetry
in the normal and epileptic rat dentate gyrus. J. Comp.
Neurol., 454: 424-439.

Schildkraut, J.J. (1965) The catecholamine hypothesis of affec-
tive disorders: a review of supporting evidence. Am. J. Psy-
chiatry, 122: 509-522.

Schmidt-Hieber, C., Jonas, P. and Bischofberger, J. (2004)
Enhanced synaptic plasticity in newly generated granule cells
of the adult hippocampus. Nature, 429: 184-187.

Seki, T. and Arai, Y. (1995) Age-related production of new
granule cells in the adult dentate gyrus. Neuroreport, 6:
2479-24382.

Seligman, M.E. and Beagley, G. (1975) Learned helplessness in
the rat. J. Comp. Physiol. Psychol., 88: 534-541.

Seminowicz, D.A., Mayberg, H.S., Mcintosh, A.R., Goldapple,
K., Kennedy, S., Segal, Z. and Rafi-Tari, S. (2004) Limbic-
frontal circuitry in major depression: a path modeling met-
analysis. Neuroimage, 22: 409-418.

Sheline, Y.I. (1996) Hippocampal atrophy in major depression:
a result of depression-induced neurotoxicity? Mol. Psychia-
try, 1: 298-299.

Sheline, Y.I., Gado, M.H. and Kraemer, H.C. (2003) Untreated
depression and hippocampal volume loss. Am. J. Psychiatry,
160: 1516-1518.

Sheline, Y.I., Sanghavi, M., Mintun, M.A. and Gado, M.H.
(1999) Depression duration but not age predicts hippocampal
volume loss in medically healthy women with recurrent major
depression. J. Neurosci., 19: 5034-5043.

Shirayama, Y., Chen, A.C., Nakagawa, S., Russell, D.S. and
Duman, R.S. (2002) Brain-derived neurotrophic factor pro-
duces antidepressant effects in behavioral models of depres-
sion. J. Neurosci., 22: 3251-3261.

Shors, T.J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T. and
Gould, E. (2001) Neurogenesis in the adult is involved in the
formation of trace memories. Nature, 410: 372-376.

721

Silva, R., Lu, J., Wu, Y., Martins, L., Almeida, O.F. and Sousa,
N. (2006) Mapping cellular gains and losses in the postnatal
dentate gyrus: implications for psychiatric disorders. Exp.
Neurol., 200: 321-331.

Singh, N.A., Clements, K.M. and Singh, M.A. (2001) The effi-
cacy of exercise as a long-term antidepressant in elderly sub-
jects: a randomized, controlled trial. J. Gerontol. A Biol. Sci.
Med. Sci., 56: M497-M504.

Snyder, J.S., Hong, N.S., Mcdonald, R.J. and Wojtowicz, J.M.
(2005) A role for adult neurogenesis in spatial long-term
memory. Neuroscience, 130: 843-852.

Snyder, J.S., Kee, N. and Wojtowicz, J.M. (2001) Effects of
adult neurogenesis on synaptic plasticity in the rat dentate
gyrus. J. Neurophysiol., 85: 2423-2431.

Song, H., Kempermann, G., Overstreet Wadiche, L., Zhao, C.,
Schinder, A.F. and Bischofberger, J. (2005) New neurons in
the adult mammalian brain: synaptogenesis and functional
integration. J. Neurosci., 25: 10366-10368.

Stockmeier, C.A., Mahajan, G.J., Konick, L.C., Overholser,
J.C., Jurjus, G.J., Meltzer, H.Y., Uylings, H.B., Friedman, L.
and Rajkowska, G. (2004) Cellular changes in the postmor-
tem hippocampus in major depression. Biol. Psychiatry, 56:
640-650.

Strange, B. and Dolan, R. (1999) Functional segregation within
the human hippocampus. Mol. Psychiatry, 4: 508-511.

Strange, B.A., Fletcher, P.C., Henson, R.N., Friston, K.J. and
Dolan, R.J. (1999) Segregating the functions of human hip-
pocampus. Proc. Natl. Acad. Sci. U.S.A., 96: 4034-4039.

Strekalova, T., Spanagel, R., Bartsch, D., Henn, F.A. and
Gass, P. (2004) Stress-induced anhedonia in mice is associ-
ated with deficits in forced swimming and exploration. Ne-
uropsychopharmacology, 29: 2007-2017.

Sullivan, P.F., Neale, M.C. and Kendler, K.S. (2000) Genetic
epidemiology of major depression: review and meta-analysis.
Am. J. Psychiatry, 157: 1552-1562.

Tanapat, P., Hastings, N.B., Reeves, A.J. and Gould, E. (1999)
Estrogen stimulates a transient increase in the number of new
neurons in the dentate gyrus of the adult female rat. J. Ne-
urosci., 19: 5792-5801.

Taylor, M.J., Freemantle, N., Geddes, J.R. and Bhagwagar, Z.
(2006) Early onset of selective serotonin reuptake inhibitor
antidepressant action: systematic review and meta-analysis.
Arch. Gen. Psychiatry, 63: 1217-1223.

Tozuka, Y., Fukuda, S., Namba, T., Seki, T. and Hisatsune, T.
(2005) GABAergic excitation promotes neuronal differenti-
ation in adult hippocampal progenitor cells. Neuron, 47:
803-815.

Vakili, K., Pillay, S.S., Lafer, B., Fava, M., Renshaw, P.F.,
Bonello-Cintron, C.M. and Yurgelun-Todd, D.A. (2000)
Hippocampal volume in primary unipolar major depression:
a magnetic resonance imaging study. Biol. Psychiatry, 47:
1087-1090.

Videbech, P. and Ravnkilde, B. (2004) Hippocampal volume
and depression: a meta-analysis of MRI studies. Am. J. Psy-
chiatry, 161: 1957-1966.

Videbech, P., Ravnkilde, B., Pedersen, A.R., Egander, A.,
Landbo, B., Rasmussen, N.A., Andersen, F., Stodkilde-



722

Jorgensen, H., Gjedde, A. and Rosenberg, R. (2001) The
Danish PET/depression project: PET findings in patients
with major depression. Psychol. Med., 31: 1147-1158.

Videbech, P., Ravnkilde, B., Pedersen, T.H., Hartvig, H.,
Egander, A., Clemmensen, K., Rasmussen, N.A., Andersen,
F., Gjedde, A. and Rosenberg, R. (2002) The Danish PET/
depression project: clinical symptoms and cerebral blood
flow. A regions-of-interest analysis. Acta Psychiatr. Scand.,
106: 35-44.

Vollmayr, B., Simonis, C., Weber, S., Gass, P. and Henn, F.
(2003) Reduced cell proliferation in the dentate gyrus is not
correlated with the development of learned helplessness. Biol.
Psychiatry, 54: 1035-1040.

Wang, S., Scott, B.W. and Wojtowicz, J.M. (2000) Heteroge-
nous properties of dentate granule neurons in the adult rat. J.
Neurobiol., 42: 248-257.

West, M.J. (1993) Regionally specific loss of neurons in the
aging human hippocampus. Neurobiol. Aging, 14: 287-293.

Willner, P. (2005) Chronic mild stress (CMS) revisited: consist-
ency and behavioural-neurobiological concordance in the
effects of CMS. Neuropsychobiology, 52: 90-110.

Willner, P. and Mitchell, P.J. (2002) The validity of animal
models of predisposition to depression. Behav. Pharmacol.,
13: 169-188.

Willner, P., Muscat, R. and Papp, M. (1992) Chronic mild
stress-induced anhedonia: a realistic animal model of depres-
sion. Neurosci. Biobehav. Rev., 16: 525-534.

Willner, P., Towell, A., Sampson, D., Sophokleous, S. and
Muscat, R. (1987) Reduction of sucrose preference by chronic
unpredictable mild stress, and its restoration by a tricyclic
antidepressant. Psychopharmacology (Berl.), 93: 358-364.

Winocur, G., Wojtowicz, J.M., Sekeres, M., Snyder, J.S. and
Wang, S. (2006) Inhibition of neurogenesis interferes with
hippocampus-dependent memory function. Hippocampus,
16: 296-304.

Wiskott, L., Rasch, M.J. and Kempermann, G. (2006) A func-
tional hypothesis for adult hippocampal neurogenesis: avoid-
ance of catastrophic interference in the dentate gyrus.
Hippocampus, 16: 329-343.

Wojtowicz, J.M. (2006) Irradiation as an experimental tool in
studies of adult neurogenesis. Hippocampus, 16: 261-266.
Wong, E.Y. and Herbert, J. (2004) The corticoid environment:
a determining factor for neural progenitors’ survival in the

adult hippocampus. Eur. J. Neurosci., 20: 2491-2498.

Wong, E.Y. and Herbert, J. (2006) Raised circulating corticos-
terone inhibits neuronal differentiation of progenitor cells in
the adult hippocampus. Neuroscience, 137: 83-92.

Yalcin, 1., Aksu, F. and Belzung, C. (2005) Effects of desipra-
mine and tramadol in a chronic mild stress model in mice are
altered by yohimbine but not by pindolol. Eur. J. Pharma-
col., 514: 165-174.

Yan, W., Wilson, C.C. and Haring, J.H. (1997) Effects of
neonatal serotonin depletion on the development of rat
dentate granule cells. Brain Res. Dev. Brain Res., 98:
177-184.

Yuen, E.Y., Jiang, Q., Chen, P., Gu, Z., Feng, J. and Yan, Z.
(2005a) Serotonin 5-HT1A receptors regulate NMDA recep-
tor channels through a microtubule-dependent mechanism.
J. Neurosci., 25: 5488-5501.

Yuen, E.Y., Jiang, Q., Feng, J. and Yan, Z. (2005b) Microtu-
bule regulation of N-methyl-p-aspartate receptor channels in
neurons. J. Biol. Chem., 280: 29420-29427.



Mature granule cells born
during development

Adult generated mature granule cell

Mature granule cells with distinct
physiological properties
Interneuron

o< #e ok & o4

Immature dentate granule cells

A Change in size of GCL B Net replacement

C Generation of distinct cell types D Change in number of immature neurons E Generation of mature cells with distinct
properties from those of other adult born mature cells

Plate 38.1. A schematic of the dentate gyrus granule cell layer (GCL) illustrating the different ways by which neurogenesis can
influence its structure and function. Boxed panel reveals a cross section of the dentate GCL with the different populations that reside
within it: mature granule cells born during development (light blue), adult-generated mature granule cells (dark blue), adult-born
immature neurons (red) and interneurons (green). Over the lifespan, the GCL may increase in size due to a net addition of new neurons
(A) or may remain unchanged due to a net replacement of developmentally generated granule cells (B). Changes in neurogenesis can
result in increased representation of interneurons (C), a larger pool of adult generated immature neurons (D) or the generation of
mature neurons with distinct physiological and biochemical properties (E). Conceivably, neurogenesis may be altered in any one of

these ways in MDD. Conversely, AD drugs may influence DG function in more than one way to exert their behavioral effects. (For
B/W version, see page 700 in the volume.)
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