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ippocampal Neurogenesis: Regulation by Stress and
ntidepressants

lex Dranovsky and René Hen

ccumulating evidence implicates hippocampal neurogenesis in the pathophysiology of depression. Psychosocial stress reduces
eurogenesis in rodents, whereas chronic treatment with antidepressants increases neurogenesis and blocks the effects of stress. The
ffects of stress and antidepressant treatment on hippocampal neurogenesis parallel behavioral changes in animal models. Moreover,
blating hippocampal neurogenesis renders antidepressants inactive in behavioral paradigms used to model antidepressant response
nd anxiety-like behavior in mice. In humans, monoamine-modulating antidepressants demonstrate clinical efficacy in treating
epression and anxiety, which are often precipitated by psychosocial stress. This review examines the mounting evidence that stress
nd antidepressant treatment regulate neurogenesis in animals. Special attention is paid to the cellular and molecular mechanisms
y which this regulation takes place. An analysis of current animal models used to study response to stress and antidepressants
ndicates the importance of modeling chronic treatment, which reflects both changes in neurogenesis and clinical response. Exploring
esponses of hippocampal neurogenesis to experimental challenges in appropriate animal models should delineate the role of
dult-born neurons in hippocampal physiology. Focusing on neurogenic response to experimental paradigms of stress and
ntidepressant treatment is particularly interesting for understanding the pathophysiology of major depressive disorder.
ey Words: Antidepressants, hippocampus, mouse models, neuro-
enesis, stress

 he possibility that neuronal cells are continually added to
the adult brain was intensely rejected by the scientific
community (for review, see Gross 2000) despite accumu-

ating evidence to the contrary (Altman and Das 1965a, 1965b;
aplan 1981, 1985; Kaplan and Hinds 1977). In a series of elegant
xperiments, Nottebohm and colleagues demonstrated that new
eurons were added to the adult avian brain (Burd and Notte-
ohm 1985; Goldman and Nottebohm 1983). The investigators
urther reported that the adult-born neurons made functional
onnections and responded to sound, an environmental input
Paton and Nottebohm 1984). Following the discovery that new
eurons were added to the avian brain, much speculation
nsued regarding the possibility that a similar phenomenon may
ccur in mammals. Newer techniques to detect DNA replication
nd thus cell division were combined with immunohistochemis-
ry to confirm that cells born in the brains of adult rodents and
ther mammals can assume a neuronal phenotype. The next
atural question was whether adult neurogenesis also occurred
n humans. In a seminal study, Erickson and colleagues demon-
trated that neurogenesis occurs in adult humans by identifying
ew neurons, which incorporated the thymidine analog bro-
odeoxyuridine (BrdU), in the hippocampi of deceased cancer
atients who were receiving BrdU to assess tumor progression
Eriksson et al 1998). Once adult neurogenesis was described in
ll mammal species surveyed, investigators began to focus on
dentifying the physiological role of adult-born neurons. Some
lues to the normal function of neurogenesis came from an
bservation that although robust, adult neurogenesis is exclu-
ively restricted to the subependymal cells of the ventricular
ystem (SVZ) and the subgranular zone of the dentate gyrus in
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the hippocampus (SGZ) in rodents. In humans, adult neurogen-
esis has been conclusively demonstrated only in the hippocam-
pus (Eriksson et al 1998). The normal function of adult neuro-
genesis must reflect the normal function of the brain structures to
which it is restricted. Given that hippocampus is the primary area
of neurogenesis in humans, much effort focused on the function
of new neurons in this structure.

Stress and Depression Affect the Hippocampus

The hippocampus has been firmly established to play a
critical role in learning and memory. It also plays an important
role in the brain’s response to psychosocial stress by regulating
the release of hypothalamic corticotropin-releasing factor (CRF).
Under stressful conditions, the paraventricular nucleus of the
hypothalamus secretes CRF, which stimulates release of adreno-
corticotropic hormone (ACTH) by the anterior pituitary. ACTH
then stimulates release of glucocorticoids by the adrenal glands.
Glucocorticoids have wide-ranging metabolic effects throughout
the body. In the brain, prolonged exposure to experimental
paradigms of psychosocial stress results in glucocorticoid-depen-
dent reduction in hippocampal volume, dendritic arborization,
and neurogenesis (McEwen 2001). Hippocampal neurons ex-
press receptors for glucocorticoids (McEwen et al 1968) suggest-
ing that the effect of glucocorticoids on the hippocampus may be
direct. In a regulatory feedback loop, inhibitory afferents from
the hippocampus suppress hypothalamic release of CRF. There-
fore, the hippocampus serves as both a target and a regulator of
the brain’s response to stress.

Human imaging studies have suggested that structural hip-
pocampal changes underlie the pathophysiology of major de-
pressive disorder (MDD). Multiple studies have demonstrated
that hippocampal volume is decreased in patients with MDD
(Videbech and Ravnkilde 2004). Moreover, volumetric changes
reflect the actual number of days that individuals have been
depressed with prolonged symptomatic periods corresponding
to smaller hippocampi (MacQueen et al 2003; Sheline et al 1996,
1999). Presence of hippocampal microscopic structural changes
observed in animal models of stress was speculated to underlie
the decrease in hippocampal volume observed in MDD (Mc-
Ewen 1999). Moreover, stress-induced changes in plasticity and

volume are prevented by antidepressant treatment in animals
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Czeh et al 2001). Finally, some patients with depression exhibit
ysregulation of the hypothalamic–pituitary–adrenal (HPA) axis
reviewed in Holsboer 2000). Together, these data indicate that
he hippocampus is affected by stress and depression.

nteraction of Stress Response and Monoamine
egulation in the Genetics of Major Depressive
isorder

Recent genetic studies suggest that the roles of stress and
onoamines in MDD converge. Monoamine modulation has
ecome the mainstay of antidepressant treatment. Inhibitors of
he serotonin transporter are currently used for the treatment of
ll depressive and anxiety disorders. Genetic studies revealed a
unctional polymorphism resulting in transcriptional changes in
he serotonin transporter gene (Lesch et al 1996). In a compelling
tudy, Caspi and colleagues demonstrated that the polymor-
hism, which results in decreased transcription, conferred risk
or MDD only in people who had suffered multiple adverse life
vents (Caspi et al 2003). Caspi’s finding was recently replicated
n another cohort (Kendler et al 2005). Thus, psychosocial stress
odified the ability of a genetic variability in synaptic serotonin

o confer risk for MDD. In animal studies, mice deficient in the
erotonin transporter gene demonstrate an altered physiological
esponse to stress (Armando et al 2003; Tjurmina et al 2004).

Genetic differences in the stress response also modify behav-
oral effects of monoamine modulators. Binder and colleagues
emonstrated that a functional polymorphism in FKBP5, pre-
icted a more rapid response to antidepressant treatment with
odulators of monoamines (Binder et al 2004). FKBP5 is a
lucocorticoid receptor chaperone binding protein and the poly-
orphism resulted in increased intercellular FKBP5 protein. The
KBP5 polymorphism also predicted a higher corticotropin
elease following suppression of ACTH with dexamethasone in
he depressed patients, thus indicating that the polymorphism is
nvolved in the response to stress by the HPA axis. Elevated
CTH and cortisol and defects in the ability to suppress ACTH
ith dexamethasone are reliable findings in some patients with
DD (Holsboer 2000). In this example, a genetic variant in stress

esponse predicts how monoamine modulation affects mood.
ice with dysfunctional glucocorticoid receptors demonstrate an

ltered physiologic response to chronic monoamine modulation
nd provide a window into the mechanism of how the two
ystems interact (Vinet et al 2004). Taken together, these studies
ndicate that the mechanisms of stress response and monoamine
egulation interact: environmental manipulations of one system
an modulate the genetic contributions of the other system to
epression.

sychosocial Stress and Monoamines Interact in
egulating Hippocampal Plasticity

Much of the evidence for convergence between stress and
onoamines in animal models of depression comes from studies
n the hippocampal response to stress and antidepressants.
hronic stress results in decreased transcription of the brain-
erived neurotrophic factor (BDNF), whereas chronic treatment
ith monoamine modulators results in increased BDNF tran-

cription. Both chronic stress and chronic treatment with mono-
mine modulators have opposing effects on two types of hip-
ocampal plasticity. Structural plasticity of the hippocampus
nvolves reorganization of synapses and changes in dendritic
arborization in CA3 and CA1 (McEwen 2001). Cellular plasticity
involves neurogenesis in the subgranular zone of the dentate
gyrus. Exposure of animals to numerous experimental paradigms
of mental stress decreases hippocampal neurogenesis. Physical
restraint (Pham et al 2003), immobilization (Vollmayr et al 2003),
and foot shock (Malberg and Duman 2003; Vollmayr et al 2003)
all decrease neurogenesis in rats. Exposure to paradigms of
social subordination results in a decrease in neurogenesis in
marmosets (Gould et al 1998), tree shrews (Czeh et al 2001;
Gould et al 1997; van der Hart et al 2002), and rats (Czeh et al
2002). Chronic exposure of rats to inescapable shock decreases
cellular proliferation in the dentate gyrus and results in pro-
longed time before the animals escape when an escape route is
provided (increased escape latency; Malberg and Duman 2003).
In the same study, chronic treatment with the serotonin reuptake
inhibitor (SRI) fluoxetine reversed the stress-induced changes in
both hippocampal neurogenesis and behavioral phenotypes.
Reversal of the chronic stress-induced decrease in neurogenesis
has also been noted with the monoamine reuptake inhibitor
moclobemide (Li et al 2004) and the serotonin reuptake en-
hancer tianeptine (Czeh et al 2001). Chronic treatment with the
tianeptine also reversed the stress-induced decrease in hip-
pocampal volume, dendritic arborization, and BDNF release
(Czeh et al 2001; Magarinos et al 1999). It is not clear why chronic
treatment with the serotonin reuptake enhancer results in similar
hippocampal changes as treatment with serotonin reuptake
inhibitors. One possibility is that compensatory molecular
changes in response to chronic treatment may be similar after
either chronic inhibition or enhancement of serotonin transport.
Another possibility is that the drugs modulate hippocampal
plasticity by a serotonin-independent mechanism. To this end
regulation of glutamatergic transmission by tianeptine has been
described (Kole et al 2002). Thus, antidepressants modulate
synaptic monoamines, increase both cellular and structural plas-
ticity within the hippocampus, and reverse the effects of stress.

One study showed that while treatment with two SRIs re-
versed the effect of stress on cellular proliferation, there was no
reversal of stress-induced changes in dendritic morphology
(Magarinos et al 1999). The last result is the only report of a
pharmacologic dissociation between the effect of chronic stress
on hippocampal neurogenesis and dendritic arborization. It is
still not clear whether the ability of antidepressants to modify
dendritic complexity is important for the behavioral response.
The ability of antidepressants to increase neurogenesis appears
necessary for the behavioral response in some behavioral para-
digms (Jiang et al 2005; Santarelli et al 2003).

Exposure of tree shrews to chronic stress also depresses
hippocampal expression of genes important for proliferation
and plasticity, whereas treatment with the tricyclic antidepres-
sant clomipramine reverses stress-induced changes in gene
expression (Alfonso et al 2004). These studies suggest an
intriguing possibility that neurogenesis plays a central role in
the interaction of stress and antidepressants in modulating
hippocampal function. Taken together, the morphological,
behavioral, and gene expression changes induced by experi-
mental paradigms of stress, and reversal of these changes by
treatment with antidepressants, support the possibility that
stress and monoamines have converging mechanisms of ac-
tion in the hippocampus (Figure 1). Accordingly, much em-
phasis has been placed on identifying the mechanisms by
which stress and monoamines affect hippocampal neurogen-

esis.

www.sobp.org/journal
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tress Hormones and Monoamines Regulate Adult
eurogenesis

Recent evidence indicates that psychosocial stress decreases
eurogenesis via activation of the HPA axis and stimulation of
he glucocorticoid receptor (GR). Salivary levels of cortisol are
ncreased rapidly after exposure to psychosocial stress in humans
Kirschbaum et al 1996). Because both glucocorticoids (GC) and
ineralocorticoids (MC) are produced by the adrenal glands,

xperimental adrenalectomy has been used extensively to study
he importance of GC and MC in hippocampal response to stress
n rodents. Older studies demonstrated that adrenalectomy dur-
ng the early postnatal period results in increased cellular prolif-
ration in the brain (Yehuda et al 1989). More recent work
evealed that treatment with corticosterone decreases prolifera-
ion of neuronal progenitors (Cameron and Gould 1994). Stimu-
ation of GR is sufficient to achieve this effect in the hippocampus
Kim et al 2004). An elegant analysis of how adrenal hormones
egulate neurogenesis revealed that in addition to proliferation,
he hormones also regulate survival (Wong and Herbert 2004)
nd cell fate (Wong and Herbert 2006). Similar results were
btained by pharmacologic stimulation of either GR or MR
mineralocorticoid receptor), suggesting that adrenal hormones
xert their effect through either receptor (Wong and Herbert
005). Moreover, the ability of glucocorticoids to block neuro-
enesis appears to be dependent on stimulation of the N-methyl-
-aspartate (NMDA) receptor (Cameron et al 1998; Magarinos
nd McEwen 1995; reviewed in Nacher and McEwen 2006).
hus, stress can regulate neurogenesis at multiple stages and GR,
R, and NMDA are likely to mediate this effect. It is not yet clear
hether GC act directly on neuronal progenitors or indirectly

hrough stimulation of mature cells. Both mature neurons as well

igure 1. Hippocampal neurogenesis, stress, and antidepressant treatment:
chematic representation of a coronal section through a mouse brain. The
xpanded views in the panels illustrate the dentate gyrus of the hippocam-
us with the cell bodies of young neurons (red) in the subgranular layer and
endritic projections traversing the granule cell layer. Baseline neurogen-
sis is enhanced by antidepressants, reduced by stress and the stress-in-
uced reduction is reversed with antidepressant treatment. The expanded
iews in the bottom panels show a pyramidal neuron in CA3 with basal and
pical (red) dendrites extending outside the pyramidal cell layer (gray).
tress reduces the baseline arborization of apical dendrites. Tianeptine, but
ot serotonin reuptake inhibitors, reverses the effect of stress on dendritic
rborization.
s neuronal progenitors express GR while MR is present only on

ww.sobp.org/journal
mature cells (Cameron et al 1993; Garcia et al 2004). Regulation
of progenitor proliferation is activity-dependent (Deisseroth et al
2004) and can result from stimulating mature cell inputs into the
SGZ. Interestingly, immature neurons, which have unique phys-
iological properties, do not express receptors for adrenal hor-
mones (Cameron et al 1993; Garcia et al 2004). Thus, the effects
of stress on neurogenesis are mediated by GC, which can act
directly on neuronal progenitors or mature neurons to inhibit
neurogenesis but can only indirectly affect the function of
immature neurons. The role of MC in neurogenesis must be
indirect.

Serotonin and norepinephrine both have positive roles in
regulating hippocampal neurogenesis. To date, chronic treat-
ment with SRIs, tricyclic antidepressants (TCAs), monoamine
oxidase inhibitors, and electroconvulsive therapy (ECT) have all
been shown to increase SGZ neurogenesis (reviewed in Duman
2004). Several lines of evidence support a role for serotonin and
norepinephrine in regulating SGZ neurogenesis. Partial lesions of
the dorsal and median raphe, obliterates serotonergic neurons
that innervate the dentate gyrus and results in a reduction in SGZ
neurogenesis (Brezun and Daszuta 1999). Restoring innervation
by recuperation or by directly implanting serotonergic neurons
into the dentate gyrus reverses the decline caused by raphe
lesions (Brezun and Daszuta 2000a, 2000b). Similarly, selective
lesions to the locus ceruleus damage the noradrenergic inputs
into the dentate gyrus and also result in a decrease in the
proliferation of SGZ neuronal precursors (Kulkarni et al 2002).
The impact of noradrenergic and serotonergic lesions on SGZ
neurogenesis are quantitatively similar, suggesting a comparable
role for both. Furthermore, unlike SRIs, tricyclic inhibitors of
norepinephrine reuptake (TCAs) continue to increase neurogen-
esis in 5-HT1A receptor knock out mice (Santarelli et al 2003).
This suggests that although both serotonin and norepinephrine
comparably regulate neurogenesis, they may be doing so by
different mechanisms.

Neurogenesis also occurs in the subventricular zone, but SRIs
and TCAs have no effect on SVZ neurogenesis (Malberg et al
2000; Santarelli et al 2003); however, there appears to be a role
for dopamine in regulating SVZ neurogenesis (Hoglinger et al
2004; Kippin et al 2005). Antipsychotic medications that have no
affinity for serotonin receptors and no clinical antidepressant
efficacy affect subventricular, but not SGZ, neurogenesis (Kippin
et al 2005). Antipsychotic medications that have affinity for
serotonin receptors and clinical efficacy for treating depression
also increase cellular proliferation in the SGZ (Kodama et al
2004). Regulation of subventricular neurogenesis by dopamine
and potential specificity of dopamine D2 receptor blockers for
the subventricular and not subgranular neurogenesis may prove
important in understanding the pathophysiology of schizophre-
nia and Parkinson’s disease and is beyond the scope of this
review. It is important to note here, however, that serotonin- and
norepinephrine-modulating antidepressants appear to regulate
neurogenesis specifically in the SGZ, whereas dopamine-specific
antipsychotics may have SVZ-specific effects. Similarly, exercise
and enriched environment have antidepressant-like activity in
animals and stimulate neurogenesis in the hippocampus without
affecting SVZ neurogenesis (Brown et al 2003).

Although antidepressants affect hippocampal neurogenesis
and dopamine specific antipsychotic medications affect the SVZ,
the role of dopamine and serotonin receptors in regulating
neurogenesis seems to be more anatomically promiscuous.
Detailed pharmacologic analyses of the role of serotonin recep-

tors in regulating SGZ neurogenesis have been informative to this
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nd. The 5-HT1A receptors are necessary for SRI-induced in-
rease in neurogenesis (Santarelli et al 2003). Consistently,
-HT1A agonists stimulate neurogenesis in the SGZ (Banasr et al
004; Santarelli et al 2003) and SVZ (Banasr et al 2004), whereas
-HT1A antagonists decrease SGZ neurogenesis (Radley and
acobs 2002). It is not yet clear whether 5-HT1A is directly
nvolved in proliferation of progenitor cells, but transfecting
ibroblasts with the gene encoding the receptor was sufficient to
ncrease mitotic index (Varrault et al 1992). The presence of the
-HT1A receptors on neuronal progenitors remains to be dem-
nstrated. Thus, 5-HT1A receptors appear to have a positive
egulatory role in hippocampal and subventricular neurogenesis
nd may directly increase cell division. The role of 5-HT2
eceptors in regulating neurogenesis is less clear. One study
rovides evidence for a negative regulatory role of 5-HT2C
pecifically in neurogenesis in the ventral hippocampus of rats
Banasr et al, in press). The last finding is consistent with
egregation of hippocampal function along its dorsoventral axis
Bannerman et al 2004), and the observation that stimulation of
entral, but not dorsal 5-HT2C is anxiogenic in rats (Alves et al
004). Inhibition of 5-HT2C in humans has shown promise as an
ntidepressant strategy. These data suggest that serotonin can
egulate neurogenesis in different ways through its numerous
eceptors in the SGZ and SVZ; however, compounds with
emonstrated antidepressant efficacy appear to increase only
ippocampal neurogenesis.

The experiments discussed here provide strong support for
regulatory role of hippocampal neurogenesis by mono-

mines. Together these data are compelling, yet they remain
nly correlative with the ability of antidepressants to modulate
ehavior. One recent experiment suggests that SGZ neurogen-
sis is necessary for monoamine modulators to affect behav-
or. Santarelli and colleagues demonstrated that disrupting
eurogenesis by x-ray irradiation abrogated the effect of
hronic antidepressant treatment in stress- and conflict-based
xperimental paradigms (Santarelli et al 2003). In the same set
f experiments, mice devoid of 5-HT1A receptors failed to
ncrease neurogenesis or demonstrate behavioral responses to
RIs while responding normally to TCAs. Disruption of SGZ,
ut not SVZ neurogenesis resulted in the loss of response to
oth types of medications. Moreover, similar results were
ecently obtained for the ability of stimulators of the canna-
inoid system to modulate behavior in rats (Jiang et al 2005).
ctivators of the CB1 cannabinoid receptors increased neuro-
enesis and decreased anxiety-like and helpless-like behavior
n two paradigms. The drugs failed to produce a neurogenic or
ehavioral response when hippocampal neurogenesis was
blated by irradiation. Together these experiments demon-
trate that in some animals, SGZ neurogenesis is necessary for
ntidepressant action in certain stress- and conflict-based
odels of depression and anxiety; whether stimulation of SGZ
eurogenesis is sufficient for eliciting a behavioral effect
emains to be determined.

Together, the animal studies indicate that

1. neurogenesis in the SGZ and SVZ is differentially respon-
sive to treatment with antidepressant and antipsychotic
medications,

2. SGZ neurogenesis is highly sensitive to stress and treatment
with antidepressants and enriched environment,

3. antidepressant treatment reverses the effects of stress on

neurogenesis and behavior, and
4. neurogenesis is necessary for antidepressants to exert their
behavioral effect in novelty-suppressed feeding and
chronic unpredictable stress.

The potential therapeutic value of regulating hippocampal
neurogenesis remains to be determined. Currently chronic inhi-
bition of the serotonin transporter seems to yield reliable in-
crease in neurogenesis, behavioral improvement in animal mod-
els of depression and anxiety and anxiolytic and antidepressant
efficacy.

Animal Models of Depression

All of the experimental data on the role of neurogenesis in
stress and antidepressant treatment come from analysis of brains
from animals exposed to behavioral paradigms designed to
model psychosocial stress and antidepressant response. Of
course the subjective feeling of depressed mood is not possible
to model in rodents. Therefore, different animal models of
depression rely on reproducing either some aspect of behavioral
manifestations of the depressive syndrome or a behavioral
response to antidepressants. As previously mentioned, the ther-
apeutic response to antidepressant treatment suffers from con-
siderable latency. Cellular and structural plasticity are thought to
be the biological underpinnings of this therapeutic latency;
however, antidepressants cause rapid changes in synaptic sero-
tonin and norepinephrine (David et al 2003). Consistently,
patients report onset of nausea, jitteriness, heightened anxiety,
and sexual dysfunction acutely after initiating antidepressant
medications (Figure 2). Changes in synaptic serotonin and
norepinephrine may underlie the acute changes experienced by
patients. Similarly, some animal models reproduce an acute
response to antidepressant treatment, and others demonstrate a
chronic response. Because changes in synaptic monoamines
precede plastic adaptations in response to antidepressant treat-
ment, response to acute treatment in animal models may poten-
tially serve as an indicator for antidepressant efficacy without
modeling plastic adaptations. Unfortunately, evidence of acute
antidepressant response predicting therapeutic efficacy in pa-
tients is lacking. Animal models characterized by acute response
thus may fall short in recapitulating the pathophysiology of the
psychiatric syndrome (construct validity) despite their excellent
pharmacologic (predictive) validity. Therefore, although such
models may be useful in developing drugs that work by modu-
lating monoamines, they have not been useful in identifying truly
novel cellular and molecular pathways for therapeutic interven-
tion (Nestler et al 2002).

Two rodent models that have established predictive validity
and acute antidepressant response are the tail suspension test
and the forced swim test (Lucki 2001). Of these two tests, the
forced swim test was demonstrated to have a specifically chronic
response to antidepressant treatment with lack of response after
an intermediate “subchronic” period (Dulawa et al 2004).
Chronic treatment of rats by running (Bjornebekk et al 2005) or
antidepressants (Drigues et al 2003) increased neurogenesis and
improved performance on the forced swim test. In the former
study, a strain that did not upregulate neurogenesis in response
to running also failed to improve its forced swim test perfor-
mance (Bjornebekk et al 2005). Dulawa and colleagues also
observed behavioral response to chronic treatment only in one
out of the four strains of mice tested (Dulawa et al 2004). The
affected strain is widely considered to exhibit baseline behavior
consistent with high trait anxiety. Within the animal strains that

respond behaviorally to pharmacologic treatment on the forced

www.sobp.org/journal
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wim test, neurogenesis was necessary in one rat strain (Jiang et
l 2005) and not necessary in one mouse strain (Holick, personal
ommunication). Strain differences in response to chronic anti-
epressant treatment are consistent with the selective treatment
esponse by depressed and anxious individuals. Chronic treat-
ent in animals temporally parallels the clinical antidepressant

esponse, emphasizes importance of an appropriate experimen-
al treatment course in a responsive strain, and highlights the
otential relevance of plasticity to depression and antidepressant
reatment.

Approach–avoidance tests such as open field, novelty-sup-
ressed feeding, novelty-induced hypophagia, and elevated plus
aze all exploit the animal’s conflict to explore and feed with its

nnate fear of exposure to open spaces and predators. These tests
re reviewed in detail elsewhere (Dulawa and Hen 2005; Gordon
nd Hen 2004). Out of these conflict-based tests, open field,
ovelty-induced hypophagia, and novelty-suppressed feeding
ere all shown to have a response specific to chronic antide-
ressant treatment (Bodnoff et al 1988; Dulawa et al 2004; Merali
t al 2003; Santarelli et al 2003). The novelty-suppressed feeding
tudy demonstrated no acute effect. The requirement of neuro-
enesis for the behavioral effect of chronic antidepressant treat-
ent was strain-specific in novelty-suppressed feeding and
resent in one strain of mice (Santarelli et al 2003) and one strain
f rats (Jiang et al 2005). Antidepressant response was not
ependent on neurogenesis in novelty-induced hypophagia in a
ifferent mouse strain (Holick, personal communication). This
train–species difference is consistent with the results from the
orced swim test reviewed earlier. The data also illustrate that the
ehavioral effects of drug depend on neurogenesis in some but
ot other drug-responsive strains. This mechanistic difference
ighlights the adaptive plasticity that enables the brain to recruit
ifferent cellular processes toward directing the same behavior in
he context of genetic variability.

Although demonstrating response to chronic treatment, ap-
roach–avoidance tests have better face validity for anxiety
isorders than depressive disorders. Accordingly, animals under-
oing approach-avoidance tests respond acutely to purely anxi-
lytic benzodiazepines, which act as agonists at the GABA
eceptors (reviewed in Dulawa and Hen 2005; Gordon and Hen

004). In one study, the behavioral effects seen in novelty-

ww.sobp.org/journal
suppressed feeding after chronic treatment with antidepressants
were not reversible by acute treatment with a GABA antagonist
(Bodnoff et al 1988). This finding adds further support to the
notion that acute neurochemical changes and chronic plastic
adaptations affect behavior by distinct mechanisms. The anxiety-
like face validity of the conflict-based paradigms underscores the
relationship of anxiety and depressive disorders in humans.
There are few nonanxiolytic antidepressants, and these two
types of disorders share a common genetic burden and a high
comorbidity (Kendler et al 1992; Roy et al 1995). Nevertheless,
the disorders are distinct entities (American Psychiatric Associa-
tion, 2000) and the conflict-based paradigms may best serve to
model the subset of the disorders that are highly comorbid or be
specific for anxiety disorders.

Social stress paradigms are numerous and have been used
extensively to study the effects of stress on the brain. As
discussed earlier, several stress paradigms were used to demon-
strate stress-induced changes in behavior and plasticity and
reverse some of these changes with antidepressant treatment.
Overmier and colleagues noted that some animals after exposure
to inescapable shock became reluctant to seek escape even
when it became available (Overmier and Seligman 1967). The
increased escape latency following inescapable shock exposure
was termed “learned helplessness,” has excellent face validity,
and has been used extensively to model depression. Early studies
of learned helplessness demonstrated changes in the HPA axis
consistent with ones seen in some MDD patients and response to
acute treatment with antidepressants (reviewed in Cryan and
Mombereau 2004). Unfortunately, results varied significantly
between investigators, and reliability of the test was problematic
(Porsolt 2000; Vollmayr and Henn 2001). Recent modifications in
the learned helplessness paradigm may improve reliability, but
pharmacologic predictive validity of the modified test remains to
be assessed. Malberg and colleagues were able to block both
decrease in cellular proliferation as well as increased escape
latency by administering fluoxetine during a 9-day exposure to
inescapable shock (Malberg and Duman 2003). Notably, rats that
develop learned helplessness in response to inescapable shock
do not differ in baseline neurogenesis from rats that do not
(Vollmayr et al 2003). This is consistent with no decreases in

Figure 2. Acute and chronic responses to antide-
pressant treatment: treatment with monoamine
modulators has acute effects on hippocampal neu-
rochemistry, behavioral responses in animal mod-
els, and clinical responses. Chronic treatment results
in hippocampal plasticity with increased neurogen-
esis and separate effects in animal models and clin-
ical use. See text for references.
baseline neurogenesis in 5-HT1A knockout mice (Santarelli et al
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003) and may indicate that mounting a neurogenic response,
ut not baseline cellular proliferation, is important for mood and
nxiety disorders. Thus, learned helplessness has excellent face
alidity and in modified form may prove reliable, but predictive
alidity of the modified paradigm, and hence its utility for
harmacologic studies, need to be further determined. It is

mportant to note that treatment studies discussed in this review
ll focus on brain’s ability to mount a neurogenic or neurogeno-
oxic response to interventions and not on baseline neurogenesis
er se.

The results from the animal studies discussed here highlight
he importance of using a model with an appropriate genetic
ackground and adequate validity. Moreover, good predictive
alidity may not be informative in identifying novel mechanisms
f pathophysiology. Modeling a response specific to chronic
reatment may prove helpful to this end. Using multiple tests in
susceptible strain remains the most rigorous methodology in

he absence of a gold standard model with construct validity.

onclusions and Future Directions

This review focused on hippocampal plasticity following
tress and reversal of these changes by treatment with modula-
ors of monoamines. Clinical studies indicate that psychosocial
tress management and monoamine regulation by pharmaco-
ogic agents are both important for improving depressive symp-
oms. Genetic studies suggest that stress and monoamines inter-
ct in depression (Caspi et al 2003) and its treatment (Binder et
l 2004). Current pharmacologic treatments for major depression
odulate brain monoamines, whereas psychotherapeutic and
sychosocial interventions focus on stress reduction, coping
echniques, and changing perceptions and attitudes toward
vents perceived as stressful. Both stress and monoamine mod-
lation induce sustained hippocampal changes that are impor-
ant for behavioral phenotypes in animal models of depression.
n particular, neurogenesis in the hippocampus, but not the SVZ,
eems to be highly responsive to both stress and antidepressant
reatment. Moreover, at least one study suggests that hippocam-
al neurogenesis is necessary for antidepressants to change
ehavior.

Several important questions are raised by the observation that
GZ neurogenesis plays a role in depression and its treatment.
irst, the cellular targets for stress and antidepressant treatment
ust be identified. Although it is clear that both affect cellular
roliferation, it is not clear whether stress and monoamine
odulation act on the hippocampus to promote a neurogenic
ilieu or if they act on the proliferating cells directly. Evidence

or differential expression of receptors for GC and MC on
eurons at various stages of differentiation suggests that stress
as both direct and indirect control over the birth of new
eurons. Definitive studies are lacking, however. Still less is
nown about the distribution of receptors for serotonin and
orepinephrine on the differentiating neurons of the SGZ. Per-
aps highly selective genetic manipulation of receptors for stress
ormones and monoamines will help to characterize the mech-
nisms by which these processes regulate neurogenesis.

It is also unclear how and at what stage of differentiation do
he new neurons impact mood regulation and hippocampal
unction. All the studies discussed evaluate S-phase DNA incor-
oration of a nucleotide analog BrdU to assess neurogenesis.
his approach has been productive in assessments of cellular
roliferation and single cell lineage studies and has allowed
nvestigators to speculate about neuronal survival. New tech-
niques are needed to perform population-based studies of
adult-born neurons, however. Cell population studies will be
helpful in establishing which stage of neurogenesis underlies
regulation of mood. Cellular proliferation has been linked to
depression, but mitotic cells are not yet integrated into neuronal
circuits. Differentiating neurons expressing “immature” markers
have characteristic physiologic properties (reviewed in Doetsch
and Hen 2005). A population of immature neurons could there-
fore be highly responsive to environmental inputs and determine
how environment reinforces existing neuronal circuits by dictat-
ing which circuit recruits the new neurons. Some have estimated
that immature neurons comprise as much as 5%–10% of the total
cellular population of the dentate gyrus in rodents (Snyder et al
2001). Population studies will also help to determine how
persistent neurogenesis and its response to environmental stim-
ulation contributes to the cellular composition of the dentate
gyrus over time. Although current evidence suggests that as
much as 6% of the total dentate granule cell population are
added each month in the rat brain (Cameron and McKay 2001),
the dentate does not manifest corresponding growth. The net
homeostatic maintenance of the granule cell population must
therefore be accounted for by death of either young or old
neurons. As much as 50%–80% of the new neurons are thought
to die within the first month following division (Dayer et al 2003;
Santarelli and Saxe, unpublished data), and the life span of adult
cells is not clear. It is important to note that the studies on
dynamics of neurogenesis reviewed here were all carried out in
rodents. The amount and dynamics of neurogenesis in the
hippocampi of primates remain an area of much controversy. If
adult-born cells represent a cellular population in the hip-
pocampi of primates, reinforcement of undesirable circuitry by
the new neurons could then dictate depressive mood and
symptoms. A clever approach using changes in atmospheric
carbon 14 concentrations following atomic bomb testing in the
1950s was recently used to demonstrate that human cortical cells
do not turn over with time (Spalding et al 2005), but the
hippocampus was not examined in the study. Population studies
on adult-born neurons in animals and humans would serve to
delineate the contribution of immature cells to dentate function
and determine how much of the dentate gyrus turns over with
time and environmental exposure. The role of antidepressants
and stress in these phenomena may shed further light on the
pathophysiology of depression.
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