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ABSTRACT

Chronic stressful life events are risk factors for developing major depression, the pathophysiology of
which is strongly linked to impairments in serotonin (5-HT) neurotransmission. Exposure to chronic
unpredictable stress (CUS) has been found to induce depressive-like behaviours, including passive
behavioural coping and anhedonia in animal models, along with many other affective, cognitive, and
behavioural symptoms. The heterogeneity of these symptoms represents the plurality of corticolimbic
structures involved in mood regulation that are adversely affected in the disorder. Chronic stress has
also been shown to negatively regulate adult hippocampal neurogenesis, a phenomenon that is involved
in antidepressant effects and regulates subsequent stress responses. Although there exists an enormous
body of data on stress-induced alterations of 5-HT activity, there has not been extensive exploration of
5-HT adaptations occurring presynaptically or at the level of the raphe nuclei after exposure to CUS. Sim-
ilarly, although hippocampal neurogenesis is known to be negatively regulated by stress and positively
regulated by antidepressant treatment, the role of neurogenesis in mediating affective behaviour in the
context of stress remains an active area of investigation. The goal of this review is to link the serotonergic

Antidepressant and neurogenic hypotheses of depression and antidepressant effects in the context of stress. Specifically,
chronic stress significantly attenuates 5-HT neurotransmission and 5-HT;4 autoreceptor sensitivity, and
this effect could represent an endophenotypic hallmark for mood disorders. In addition, by decreasing
neurogenesis, CUS decreases hippocampal inhibition of the hypothalamic-pituitary-adrenal (HPA) axis,
exacerbating stress axis overactivity. Similarly, we discuss the possibility that adult hippocampal neuro-
genesis mediates antidepressant effects via the ventral (in rodents; anterior in humans) hippocampus’
influence on the HPA axis, and mechanisms by which antidepressants may reverse chronic stress-induced
5-HT and neurogenic changes. Although data are as yet equivocal, antidepressant modulation of 5-
HT neurotransmission may well serve as one of the factors that could drive neurogenesis-dependent
antidepressant effects through these stress regulation-related mechanisms.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Major depression is a recurrent and debilitating mental dis-
order with a lifetime prevalence of up to 20% in the general
population, among the highest for psychiatric disorders (Kessler
et al., 2003). Its diagnosis is based upon the presence of persist-
ing affective, cognitive and behavioural symptoms (see Table 1),
with a depressive episode requiring at least five of these symp-
toms (including depressed mood or anhedonia) persisting for at
least two weeks to meet diagnostic criteria (American Psychiatric
Association, 2013). Despite advancements in the development of
therapeutics, current treatment options have not reached optimal
efficacy. For instance, pharmacological antidepressant treatments
typically require several weeks of treatment before improvement
of symptoms can be observed (Jacobs et al., 2000). In the Sequenced
Treatment Alternatives to Relieve Depression (STAR*D) study, the
largest prospective, randomized antidepressant trial to date, 16%
of participants dropped out due to tolerability issues, only 36.8%
achieved remission after a first level treatment with an antidepres-
sant, and 40% of remittances subsequently led to relapses (McGrath
et al., 2008). A large proportion of remitted patients also suffer
from residual symptoms that may fluctuate over time (Judd et al.,
1998). These clinical limitations owe in part to gaps in knowledge
about depressive pathophysiology, which is increasingly being rec-
ognized as involving multiple levels, encompassing disturbances in
molecular signalling and in modulatory network function.

The aetiology of depression is still largely unknown, and theo-
ries vary widely in scope and perspective. For example, depression
has been proposed to be an evolutionary adaptation to social
environments (Allen and Badcock, 2006), or as a consequence
of deleterious social environment (Billings et al., 1983). Cogni-
tive theories span from earlier psychoanalytical perspectives of
depression as a product of subconscious libidinal drive (Silverman,
1976) to more modern and supported cognitive theories concern-
ing negative and irrational cognitive distortions regarding the self
as well as ruminative cognitive patterns (Possel, 2011), and other
psychosocial theories suggest particular personality factors such

Table 1

Symptoms of a depressive episode, at least five of which must persist for at least
two weeks to meet diagnostic criteria, with depressed mood or anhedonia requisite
(DSM-V; American Psychiatric Association, 2013).

Depressed mood most of the day, nearly every day

Compromised ability to experience pleasure (anhedonia) or interest in
activities most of the day, nearly every day

Feelings of worthlessness or unreasonable guilt nearly every day

Sleep disturbance (insomnia or hypersomnia) nearly every day

Fluctuations in weight or appetite changes nearly every day

Psychomotor agitation or retardation nearly every day

Fatigue nearly every day

Diminished ability to think or concentrate nearly every day

Recurrent thoughts of death or suicidal ideation

as introversion and pessimism might predispose to depression
(Akiskal et al., 1983). More recent theoretical focus has largely been
on biological factors, including a wealth of information supporting
stress as a causal factor in depression, largely concerning chronic
stress-related HPA dysregulation and toxicity from excessive glu-
cocorticoid release (Lupien et al., 2009), though other theories
posit that a downregulation of hippocampal neurogenesis underl-
ies the disorder (Kempermann and Kronenberg, 2003), or suggest
genetic or epigenetic factors for developing depression (Karg et al.,
2011; Menke et al., 2012). The diathesis-stress model accounts for
the interaction of a number of factors as crucial for the aetiology
of depression. In particular, it posits that a depressive episode is
triggered by a combination of a biological predisposition or intrin-
sic vulnerability (the diathesis) and a precipitating stressful event
that may occur much later in life (Monroe and Simons, 1991). The
diathesis may stem from genetic liabilities impacting different neu-
robiological systems involved in stress adaptation and affective
processing (as discussed in later sections) or from postnatal or peri-
adolescent events, such as child abuse, which directly impact early
development of the nervous system (Kendler et al., 2002, 2006;
Kendler et al., 2004). The effect of stress, on the other hand, can
be modulated by many other factors such as personality, intra-
psychic conflict, and presence (or absence) of social support, which
could affect how stressful events are perceived in terms of con-
trollability and agency. These environmental and stress factors
could in turn influence biological systems, such as causing exces-
sive glucocorticoid release or other HPA dysregulation, particularly
in tandem with genetic polymorphisms influencing physiological
response to stress, leading to changes in limbic and cortical brain
areas as well as depressive (including cognitive) symptoms. Thus
theories of depression to date involve evolutionary, social, envi-
ronmental, interpersonal, psychoanalytical, cognitive, personality,
behavioural, endocrine, cellular, and genetic and epigenetic factors
and levels of analysis.

However, at the neurochemical level, the most widely accepted
hypothesis concerns the depletion of monoamines, most notably
of the indoleamine serotonin (5-hydroxytryptamine, 5-HT), in the
brains of depressed patients. Indeed, conventional antidepres-
sants that enhance 5-HT transmission, such as inhibitors of 5-HT
reuptake, are the primary choice for first-line pharmacotherapy
(Bambico et al., 2009a; Bambico and Gobbi, 2008). However, it is
important to point out that some findings do not entirely support a
simplistic explanation of depression as purely arising from a sero-
tonergic deficit. For example, a decrease in 5-HT tone does not
precipitate a full-blown clinical depressive phenotype in healthy
individuals, although this has been shown to occur in some indi-
viduals with a history of depressive episodes. Moreover, not all
depressed patients respond substantially to treatment with 5-HT
agonists (Albert et al., 2012; Neumeister et al., 2002). In addition,
although typically chronic treatment with antidepressants is nec-
essary for therapeutic efficacy in treating depressive symptoms
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in patients or reversing depression-like endophenotypes in ani-
mal models (Jacobs et al., 2000), extracellular 5-HT levels increase
rapidly after administration (Hervas and Artigas, 1998), suggesting
that restoration of 5-HT activity is not immediately sufficient for
depressive amelioration and that additional longer-term mecha-
nisms are likely involved. As such, other potentially contributing
neurobiological etiological factors underlying depression (and its
treatment) have been proposed, including deficits in other neu-
rotransmitters and in neurotrophic factors such as brain-derived
neurotrophic factor (BDNF), changes in hippocampal neurogenesis,
HPA dysregulation, and circadian rhythm disruption (Hasler, 2010;
Jacobs et al., 2000). Notably, these factors do not exist in isolation
and frequently influence each other; for example (as discussed later
in this article, in Sections 4.2 and 4.4), BDNF and 5-HT positively
modulate hippocampal neurogenesis, which in turn regulates HPA
function and response to stress.

5-HT is produced from the essential amino acid L-tryptophan
in neurons of midbrain raphe nuclei, primarily by the dorsal raphe
(DR), which contains about half of the mammalian nervous system’s
5-HT neurons and represents a major source of 5-HT projections in
the central nervous system, including the spinal cord (Dahlstroem
and Fuxe, 1964; Descarries et al., 1982). Virtually all corticolim-
bic structures that are involved in mood regulation and the stress
response, and which express receptors for 5-HT, are extensively
innervated by DR-originating axons. These include the prefrontal
cortex (PFC), amygdala, hippocampus and nucleus accumbens
(NAc) (Holmes, 2008; Steinbusch, 1981). Not surprisingly, depres-
sive symptomatology is extremely complex and overlaps with that
of other neuropsychiatric disorders, such as the negative symptoms
seen in schizophrenia. It has been hypothesized that disturbances
in 5-HT activity in these postsynaptic targets underlie the wide
range of emotional, cognitive, vegetative, and endocrine symptoms
found in depression (Blier and de Montigny, 1999; Ressler and
Nemeroff, 2000). Genetic (Caspi et al., 2003; Lesch, 2004; Levinson,
2006), brain imaging (Rosa-Neto et al., 2004), tryptophan depletion
(Delgado et al., 1999; Leyton et al., 2000), and post-mortem studies
(Mann et al., 2000) have provided further evidence in support of
this view.

The origin of 5-HT impairment in depression is multifaceted
and is likely due to the interaction of many intrinsic (e.g. genetic
predisposition, gender and personality factors) and extrinsic fac-
tors (e.g. drug use, insufficient social support and stress) (Jans
etal., 2007). Among environmental elements, stress has been given
considerable attention as one of the most potent precipitating fac-
tors for depression. The emergence of depressive symptoms does
indeed proceed in many cases from an experience with a stress-
ful stimulus of one form or another, with which the organism is
incapable of coping (Jans et al., 2007). Furthermore, the impact of
genetic factors has been shown to be modulated by stress (Kendler
et al.,, 1995; Pucilowski et al., 1993; Silberg et al., 1999). Under
normal conditions, the stress response is integral to survival and
proper biological and psychological functioning. However, an indi-
vidual subjected repeatedly to stress, especially where it finds
itself unable to neutralize the source of stress, may eventually suc-
cumb to despair. In this case, the accumulated psychological and
physical demands (allostatic load) of the stressful experiences will
have become detrimental to the central nervous system. These
consequences are conducive in potentiating one’s vulnerability to
depression and other neuropsychiatric disorders. The neural trans-
mission of monoamine transmitter systems has been examined
in response to the depressogenic nature of stressful stimuli. It is
gradually being recognized from neurochemical and electrophysi-
ological studies that 5-HT neural excitability is greatly influenced
by stress and other depressogenic factors, as well as manipula-
tions or agents possessing antidepressant activity. This impact of
stress on 5-HT activity could influence the spontaneous and evoked

single-spiking and burst-firing activity of 5-HT neurons, as well
as the function of their presynaptic and postsynaptic receptors.
Stress could also affect different levels of the monoamine metabolic
pathway (synthesis, intracellular trafficking, degradation, and re-
uptake), which could in turn influence electrochemical signalling
(Holmes, 2008). Notably, environmental context may also play a
role in the interaction between stress and monoaminergic antide-
pressant effects, as a recent study has shown that an enriched envi-
ronmental context during treatment with the selective serotonin
reuptake inhibitor (SSRI) fluoxetine leads to behavioural, gluco-
corticoid, and hippocampal and hypothalamic BDNF recovery from
chronic stress, whereas fluoxetine treatment in a stressful context
(after enriched housing) exacerbates these consequences of chronic
stress (Branchi et al., 2013). Future studies may further elucidate
whether environmental context, as well as other as yet unconsid-
ered factors, modulates response to antidepressants and stress.

Chronic stress has also been shown to affect several aspects of
hippocampal neuroplasticity. In particular, it potently decreases
adult hippocampal neurogenesis (Dranovsky and Hen, 2006), the
process by which new granule cell neurons are added throughout
life to the dentate gyrus of the hippocampus. Given that hippocam-
pal neurogenesis can regulate the hypothalamic-pituitary-adrenal
(HPA) axis (Schloesser et al., 2009; Snyder et al., 2011), this conse-
quence of chronic stress may exacerbate affective and behavioural
responses to stress (Raison and Miller, 2003) in addition to pre-
disposing an individual to subsequent depressive episodes in
response to stress. Notably, treatments with antidepressant effi-
cacy have been shown to increase hippocampal neurogenesis,
including antidepressant medication (serotonergic as well as non-
serotonergic (Banasr et al.,, 2006; Dranovsky and Hen, 2006)
and non-pharmacological interventions such as electroconvul-
sive shock (Perera et al., 2007), transcranial magnetic stimulation
(Ueyama et al., 2011), and exercise (Glasper et al., 2010; Kiuchi
et al., 2012); the neurogenic efficacy of non-serotonergic therapies
suggests that antidepressant-stimulated neurogenesis may also be
regulated by non-serotonergic pathways. In fact, hippocampal neu-
rogenesis may be required for the actions of some antidepressant
agents, particularly serotonergic medications (Airan et al., 2007;
Jiang et al., 2005; Santarelli et al., 2003; Surget et al., 2008), and this
requirement may involve inhibition of the HPA axis by adult-born
neurons in the hippocampus (Snyder et al., 2011).

This review considers the effects of short-term and chronic
stress on 5-HT and neurogenesis-related neurophysiology, pri-
marily within the context of stress-related animal models of
depression. The central 5-HT system will be extensively discussed,
particularly in relation to the influences of acute (Section 2) and
chronic (Section 3) stress on 5-HT activity, as well as hedonic and
motivational behaviour (Section 3.1). The role of presynaptic and
postsynaptic 5-HT 4 receptors in the control of 5-HT activity, which
have also been exhaustively studied in the past regarding receptor
mechanisms of antidepressant action and stress adaptation, will
be also be examined (Section 3.2). Finally, the potential role of
hippocampal neurogenesis (Section 4) in depression and antide-
pressant effects (Section 4.1), its regulation by monoamines and
neurotrophic factors (Section 4.2), its relationship with antidepres-
sant response (Section 4.3), and the particular function of ventral
(in rodents) or anterior (in primates) hippocampal neurogenesis
in mediating response to stress and antidepressant effects (Sec-
tion 4.4) will be discussed, along with a timeline of important
stages in hippocampal neurogenesis and when neurogenic manip-
ulations at various stages should have functional consequences on
behaviour (Section 4.5). 5-HT and neurogenic responses to stress
and influences on affective behaviour explored throughout this
review are summarized in Fig. 1. We also propose a link between
these two systems by suggesting that stress-induced neurogenic
deficits contribute to 5-HT dysfunction through HPA dysregulation,
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ACUTE
STRESS

(Via BNST/PVN)

CHRONIC
STRESS

DEPRESSIVE-LIKE
PHENOTYPE
" Anhedonia

Behavioural Despair / Passive Coping

SEROTONERGIC
EFFECTS

mPFC:
| 5-HT1A
sensitivity

NEUROGENIC EFFECTS

Decreased cell proliferation
Decreased cell survival
Decreased neuronal differentiation

Decreased
neurogenesis

Fig. 1. Model of serotonergic (5-HT; green arrow), neurogenic (blue arrow), and behavioural effects of stress. Acute stress (dotted box) increases dorsal raphe (DR) 5-
HT firing. Chronic stress leads to monoaminergic changes (solid box), decreased neurogenesis (blue box), and depressive symptoms or endophenotypes. Decreases in
ventral hippocampal (in rodents; anterior hippocampal in humans) neurogenesis, which may underlie depressive/depression-like phenotypes, impairs regulation of the
hypothalamic-pituitary-adrenal (HPA) axis, leading to HPA dysregulation and resulting monoaminergic and behavioural effects of chronic stress. Restoration of ventral
hippocampal neurogenesis (e.g. through serotonergic antidepressant treatment) reinstates hippocampal regulation of HPA activity and reverses depression-like behavioural
phenotypes. BNST, bed nucleus of the stria terminalis; CSF, cerebrospinal fluid; HPC, hippocampus; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; PVN, paraven-
tricular nucleus of the hypothalamus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

and that antidepressants acting on 5-HT may drive hippocampal
neurogenesis-dependent antidepressant effects through stress reg-
ulation.

2. Acute effects of stress on serotonergic neuronal activity

Under normal conditions, stress sets into motion a cascade of
physiological mechanisms (i.e. autonomic and endocrine), paral-
leled by cognitive and affective processes, which rapidly prepare
for the mobilization of energy (glycogenolysis). This equips the
organism with an arsenal of defensive behaviours, such as escape,
aggression, and avoidance, to address the source of danger. Acute
stress exposure modulates the activity of the central 5-HT system as
animportant neurophysiological component of the stress response.
Acute or short-term exposure to various noxious (physical) stimuli
and psychological (situational) stressors have been found to influ-
ence the synaptic transmission of monoamines in varying degrees
(Lanfumey et al.,, 2008; Sapolsky, 2003; Schultz, 2007). These
responses are rather rapid, transient (may last for several seconds
beyond stimulus offset) electrochemical changes that aim to re-
establish homeostasis in the organism, and are generally commen-
surate to the demand imposed by the stressful situation (i.e. allo-
static load) (Lanfumey et al., 2008; Sapolsky, 2003; Schultz, 2007).

Many electrophysiological studies have examined how various
external stimuli and events might influence central 5-HT neural

activity. These entail monitoring changes in the electrical discharge
pattern of 5-HT neurons while awake animals are being exposed
to the stimuli or are under anaesthesia immediately following
exposure to stimuli. In freely moving cats, DR 5-HT neurons are
resistant to any effect of acute physical or psychological stress on
action potential firing, such as following exposure to restraint, loud
(100 dB) white noise, confrontation with a dog, or to an injection
of formalin into the extremities (Shima et al., 1986; Wilkinson and
Jacobs, 1988). Similarly in anesthetized rats, DR 5-HT neurons are
unaffected by repeated light flashes (Mosko and Jacobs, 1974). In
anaesthetized rats, prior exposure to 30 min of restraint produces
at most a slight non-significant increase in the mean firing activ-
ity of DR 5-HT neurons (Bambico et al., 2009b). However, some
aversive stimuli, such as a foot shock (Schweimer and Ungless,
2010) or defensive encounter with an intruding conspecific in the
home cage or experimenter (Walletschek and Raab, 1982), as well
as innocuous (non-noxious) stimuli such as clicks (auditory) and
light flashes (visual), are able to increase the firing rate of these
neurons in awake cats and tree shrews or anesthetized rats (Heym
etal., 1982; Trulson and Jacobs, 1979; Trulson and Preussler, 1984;
Walletschek and Raab, 1982). In studies with anesthetized rats
investigating the response of DR 5-HT neurons to prior restraint,
interspike interval (ISI) histograms showed a clear disruption in
the rhythmicity of firing in about half of 5-HT neurons monitored,
compared to an otherwise Gaussian profile normally exhibited
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under non-stress conditions; moreover, the probability of encoun-
tering 5-HT neurons that fired in burst was markedly increased
by stress exposure (about 50% in comparison to 18% under con-
trol, non-stress condition) (Bambico et al., 2009b). Crawford et al.
(2010) proposed that the excitability of these 5-HT neurons in
response to acute stress, particularly exhibited by 5-HT neurons
in the lateral wings and the medial extent of the DR, is consis-
tent with the their unique intrinsic active and passive membrane
properties (greater membrane resistance, hyperpolarized spike
threshold, smaller activation gap, larger tau, long afterhyperpo-
larization duration, increase in current-induced firing rate). These
characteristics are argued to contribute to greater converging input
and consequent output, necessary for a role for stress adaptation.
In agreement with these electrophysiological studies, several neu-
robiological studies have detected an increase in immediate-early
gene expression (such as c-fos) in the DR, indicating enhanced acti-
vation of 5-HT neurons in this midbrain nucleus, following acute
stress exposure (Amat et al., 2005; Commons, 2008; Crawford et al.,
2010; Grahn et al., 1999; Hale et al., 2008; Takase et al., 2004). Cor-
roborating stress-induced activation of DR 5-HT neurons, in vivo
microdialysis has also correlated acute stress exposure with sig-
nificant increases in the extracellular/tissue levels or 5-HT efflux,
detected within the DR, medial PFC (mPFC), amygdala and hip-
pocampus, which could be related to the rapid increase in amount
of transmitter released per electrical impulse (Bambico et al., 2007;
Gartside et al., 2000; Holmes, 2008; Mo et al., 2008; Sheikh et al.,
2007). This has been observed following a wide range of different
stimuli (such as electric shock, tail pinch, exposure to an elevated
platform or predator, social defeat, restraint/immobilization), but
not for all forms of aversive stimuli and contexts (Amat et al.,
2005; Holmes, 2008; Maier and Watkins, 2005). The exact synaptic
and neurophysiological mechanisms that drive increases in tonic
or burst-firing activity in DR 5-HT neurons by acute stress have
not been completely clarified. A number of hypotheses have been
proposed, including a role for excitatory glutamatergic feedback
(Crawford et al., 2010; Crespi, 2009, 2010; Rouchet et al., 2008) and
alterations in the function of small-conductance calcium-activated
potassium (SK) channels (Crespi, 2009, 2010; Rouchet et al., 2008)
that are expressed in midline and lateral wing DR 5-HT neurons.
The role of glutamatergic inputs from the mPFC to the DR has
been the subject of recent investigations regarding the DR 5-HT-
activating consequences of acute stress; this has been explained
in relation to the ability of the mPFC to communicate synaptic
information to DR 5-HT neurons about the controllability of acute
stressors (Amat et al., 2005, 2008, 2010; Maier et al., 2006; Maier
and Watkins, 2005), as will be discussed in the following sec-
tions. Amat et al. (2005) have determined through measurements
of c-fos expression that inescapable stressors possess the capacity
to activate 5-HT neurons, particularly those located in the cau-
dal region of the DR, and that this activation is associated with
the behavioural consequences of acute stress. Such activation can
be driven by modifications in mPFC-DR glutamatergic excitatory
input to GABAergic and 5-HT neurons in the DR (Amat et al., 2005;
Maier et al., 2006). Other stress-associated events may act in con-
cert with these mechanisms in modulating 5-HT activity. These
include enhancement in tryptophan hydroxylase (TPH)2-mediated
intracellular synthesis, vesicular monoamine transporter (VMAT)2-
mediated vesicular packaging of transmitter, and reduction in
5-HT cleavage by monoamine oxidase (MAO)-A and in reuptake
by the 5-HT transporter (5-HTT). In an extensive review, Holmes
(2008) suggested that these are also subject to genetic variability
(strain and species-dependence in animal studies), and are like-
wise sensitive to conventional and putative antidepressants. More
investigations are warranted to clearly understand how properties
of stressors, such as severity, chronicity, controllability, and aver-
siveness interact to affect 5-HT activity, and to determine whether

and which discrete 5-HT neuronal subgroups are influenced by
stress.

3. Effects of chronic stress on behaviour and 5-HT activity

3.1. Chronic stress and other models of depression

As depression is a complex, symptomatically heterogenous dis-
order, existing animal models may be limited in reproducing all
of the pathological dimensions of depression, and face a partic-
ular obstacle in demonstrating face validity. Nevertheless, these
models can be very useful testing tools, as they reproduce partic-
ular endophenotypes related to specific components of depression
symptomatology. Fig. 2 illustrates some of these animal models of
depression and tests for depressive-like behaviour.

Vulnerability to a depressive-like state can be precipitated by a
number of validated experimental manipulations that mimic early
life adversity, genetic liabilities, stress, and other predisposing fac-
tors (Monroe and Simons, 1991). The maternal separation model
of early life adversity involves periodic separation of neonates
from the dam (Leussis et al., 2012). Genetic manipulations, such
as with 5-HT transporter knockout (SERT~/~) mice (Olivier et al.,
2008) and cannabinoid CB1 receptor knockout (CB1~/~) mice
(Valverde and Torrens, 2012), have shown depressive-like phen-
otypes. Similarly, congenital learned helplessness (cLH) rats are
selectively bred for learned helplessness behaviour (Weiss et al.,
1998), and Flinders Sensitive Line (FSL) rats are selectively bred
for increased responses to cholinesterase inhibitors (Overstreet,
1993). Olfactory bulbectomy (complete ablation of the olfactory
bulb) has been used to model depression (Song and Leonard, 2005),
and causes widespread neuronal degernation and remodelling in
limbic, raphe, and other brain regions (Harkin et al., 2003). Phar-
macological models are also used, including psychostimulant (such
as amphetamine) withdrawal (Barr et al., 2002) and clomipramine
treatment in neonates (Vogel et al., 1990). Finally, multiple models
involve repeated exposure to stress or stress hormones, includ-
ing chronic administration of corticosterone (Rainer et al., 2011),
chronic restraint stress (Chiba et al., 2012), chronic social defeat
by a dominant conspecific (Avgustinovich et al., 2005), prolonged
social isolation (Brenes Saenz et al., 2006), repeated foot shock
(Swiergiel et al., 2008), and chronic unpredictable mild stress (CUS)
exposure (Willner et al., 1992), which have been shown to increase
glucocorticoid levels and induce depressive-like phenotypes.

Although the neurobiological foundations of these models may
be argued to be distinct from that of depression, these models
are typically validated by behavioural tasks with quite remark-
able predictive validities in screening for antidepressants, including
the forced swim test (FST), tail suspension test (TST), and learned
helplessness test (LH) measuring stress coping impairment or
behavioural despair, the sucrose preference test (SPT) measur-
ing anhedonia-like reactivity, the novelty-suppressed feeding test
(NSFT) examining anxiety-like behaviour, and the social interaction
test (SIT) examining sociality (Cryan and Holmes, 2005; Dulawa and
Hen, 2005; Lucki, 1997; McArthur and Borsini, 2006; Nestler et al.,
2002; Willner, 1990).

Of these models, CUS merits particular examination due to
its widespread use and validation (Willner, 1997, 2005). In this
model, multiple varied non-debilitating inescapable and uncon-
trollable physical, psychological, and circadian stressors are applied
in an unpredictable (occurring at any time) and randomized fash-
ion for several weeks, whereas control (unstressed) animals are
not exposed to any of the stressors and may be housed in pairs
throughout the course of the experiment (Bambico et al., 2009b;
Bekris et al., 2005; Moreau et al., 1992, 1995; Willner et al., 1992).
Table 2 shows some of the commonly used micro-stressors, whose
combinatory and cumulative effects are sufficient to produce
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Fig. 2. Animal models of depression vulnerability and depressive-like reactivity. Vulnerability to a depressive-like state can be precipitated by a number of experimental
manipulations that mimic early life adversity, genetic liabilities, stress, and other predisposing factors (within the circle). Following development of depression vulnerability,
enhanced expression of depressive-like phenotypes/behavioural reactivity can be assayed by the forced swim test (FST), tail suspension test (TST) and learned helplessness
test (LH) that measure impairment in stress coping; by the sucrose preference test (SPT) for anhedonia-like reactivity; by the novelty-suppressed feeding test (NSFT) for
anxiety-like reactivity; and by the social interaction test (SIT) for perturbed sociality. Other behavioural and physiological measures not shown here include exploratory
behaviour in an open field, intracranial self-stimulation for reward sensitivity, changes in sleep architecture, and modifications in neuroendocrine response (corticosterone
assays and dexamethasone challenge). CB1-/~, cannabinoid CB1 receptor knockout; cLH, congenital learned helplessness; FSL, Flinders Sensitive Line; SERT-/-, serotonin

transporter knockout.

depressive-like behaviours. CUS exposure delays or prevents
habituation, has increased physical and psychological demand,
progressively increases corrective behavioural/physiological reac-
tivity, and adversely alters neural systems involved in subsequent

Table 2
Stressors used in the chronic unpredictable stress (CUS) model of depression.

Lighting conditions and disturbance in the circadian cycle
Frequent, intermittent on-off switching of lights
Abrupt reversal of the light/dark cycle
Stroboscopic lights

Food and water availability
Restricted food supply
Restricted water supply
Water deprivation
Food deprivation

Housing conditions
Isolation
Group housing
Cage tilt
Used mouse cage exposure
Damp bedding

Ecological challenges
Foreign object exposure
Cold room
Noise
Predator odour
Restraint
Forced swim

stress appraisal (Fairbank et al, 1991; Roman et al., 2004),
effects than could otherwise be more effectively overcome with
short-term exposure and with one kind of stressor (homo-
typic). CUS can therefore lead to the eventual exhaustion of
physical and cognitive resources, which eventually translates to
depression-relevant behavioural responses. These depressive-like
consequences develop only after an extended duration (Bambico
et al., 2009b; Banasr and Duman, 2008; Grippo et al., 2005, 2006;
Kim et al., 2003), with the exact time of onset varying, likely due
to differences in the CUS protocol (intensity, duration, types and
combination of stressors), animal strain, and handling procedures
used across different laboratories. Depressive-like features cover a
large spectrum that includes alterations in emotional and hedonic
reactivity, cognitive function, motivational states and grooming
behaviour and body weight, features analogous to those found in
depressed patients, and which could accordingly be prevented or
reversed by chronic treatment with antidepressants (Moreau et al.,
1992, 1995; Willner, 1997, 2005; Willner et al., 1987, 1992).

CUS possesses face (symptom profile, including anhedonia),
construct (theoretical background), predictive (treatment pro-
file), and etiological (causation) validity as a model of depression
(Willner, 2005), and its validity may surpass that of other models
(including those that also involve repeated stress), many of which
fail to show validity in each of these three domains or to show
the same depression-relevant chronicity of behavioural endophe-
notype duration (Willner, 1997). The efficacy of long-term, but not
short-term, antidepressant treatment in reversing behavioural and
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biochemical sequelae associated with CUS reliably mirrors the tem-
poral delay of antidepressant treatment effect in depressed patients
(predictive validity) (Willner, 1997, 2005; Willner et al., 1987).

CUS also mimics from the human milieu the role of stress in
the aetiology of depressive disorders. Epidemiological studies have
indicated that chronic exposure to stressful life events in the human
population is considered a major risk factor for developing depres-
sion (Firk and Markus, 2007; Kendler et al., 2004). Interestingly,
the distinct pattern of depressive symptoms has been found to
be dependent upon the characteristics (e.g. the kind and sever-
ity) of the stressful event(s) experienced (Keller et al., 2007). This
association of stress and depression has also been supported by
experiments among healthy individuals, such as those demonstrat-
ing that a stressful experience and associated changes in cortisol
responses greatly magnify self-reported depressive symptoms and
the effects of mood-impairing manipulations including tryptophan
depletion (Pruessner et al., 2003; Richell et al., 2005). In recent
years, evidence for the strong link between stress and genetics
as an essential factor in the pathogenesis of depressive disorders
has been rapidly mounting (El Hage et al., 2009; Jans et al., 2007).
Polymorphisms in genes encoding glucocorticoids and attendant
receptors or other elements of the HPA axis, such as the CRF-R1
and NR3C1 genes (for review, see El Hage et al., 2009), in the 5-
HT transporter-linked promoter region (5-HTTLPR) of the 5-HT
transporter-encoding SLC6A4 gene (chromosome 17, 11 in mouse),
or of the Htr1A promoter region on the 5-HT4-encoding gene on
chromosome 5 (13 in mouse) confer greater tendency to develop
depression or depressive symptoms after stressful life events, such
as childhood trauma (Caspi et al., 2003; Jacobs et al., 2006; Kaufman
etal.,2004; Keller et al.,2007; Kendler et al., 2004, 2005; Le Francois
et al., 2008; Zalsman et al., 2006). In particular, the 5-HTTLPR
s/s genotype, associated with reduced 5-HTT expression, and the
G(—1019) variant of the Htr1A promoter region, which is associ-
ated with reduced 5-HT;, receptor expression, have been found
to impair affective regulation (Caspi et al., 2010; Le Francois et al.,
2008; Lesch et al., 1996). Moreover, CUS exposure in both humans
and animalsis argued to profoundly influence epigenetic regulation
that may produce gradual but stable behavioural and neurobio-
logical adaptations seen in depression (for review, see Tsankova
etal., 2007; Zhang and Meaney, 2010). In particular, chronic but not
acute exposure to stress has been determined to decrease the func-
tion of the enzyme histone deacetylase (HDACS5) in the mouse NAc,
leading to increased histone acetylation and transcription of tar-
get genes and hypersensitivity to the behavioural effects of chronic
stress (Renthal et al., 2007). Furthermore, CUS increases hippocam-
pal HDAC activity and decreases histone acetylation (Ferland and
Schrader, 2011). Finally, resilience or susceptibility to stress is also
a feature of both chronic stress animal models of depression and
depressive aetiology in humans (Russo et al., 2012). Specifically, the
subset of animals submitted to CUS that are susceptible to devel-
oping anhedonia also show decreased hippocampal expression of
synapse-related genes, increased thymopoietin, and increased glu-
cocorticoid levels, similar to findings in depressed patients (Brown
et al., 2004; Christiansen et al., 2012; Duric et al., 2013; Goldstein
et al.,, 2000; Henningsen et al., 2012).

3.2. Chronic unpredictable stress alters serotonergic neural
activity

The underlying neurobiological underpinnings of CUS-induced
depressive-like behaviours are likely multi-factorial and may
include neurodegenerative, morphological and immunological
processes, as well as impairments in intracellular signalling and
hippocampal neurogenesis. Indeed, CUS results in the attenua-
tion of cell proliferation and neurogenesis (Jayatissa et al., 2009;
Mineur et al.,, 2007), extracellular signal-regulated kinase (Erk)

phosphorylation (Qi et al., 2006), vascular endothelial growth fac-
tor (VEGF) expression (Bergstrom et al., 2008), and an increase
in long-term depression (Holderbach et al., 2007) in key limbic
structures, notably the hippocampus and the PFC. It also enhances
pro-inflammatory cytokines and immunosuppressant processes
(Pitychoutis et al., 2009; Rasheed et al., 2008). At the neurochemical
level, CUS can directly impact the 5-HT system, the impairments of
which correlate with several dimensions of depressive symptoma-
tology.

3.2.1. Effect of CUS on DR serotonergic neural activity

Following CUS, spectrophotometric and neurochemical analy-
ses have found an increase in MAO-A (Bhutani et al., 2009) and
a global depletion of 5-HT (Ahmad et al., 2010; Bhutani et al.,
2009; Dang et al., 2009a,b; Rasheed et al., 2008). There have also
been reports of reductions in 5-HT release, tissue concentration,
and synaptic activity in key corticolimbic structures, such as the
hippocampus and NAc (Bekris et al., 2005; Kang et al., 2005; Luo
et al., 2008; Yi et al., 2008). These changes are consistent with
those observed in a subgroup of depressed patients who display
reductions of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-
HIAA) in cerebrospinal fluid (van Praag, 1996), although some
studies on 5-HT metabolites in depressed patients provide mixed
results (Belmaker and Agam, 2008). Moreover, experimentally-
induced depletion of 5-HT through a diet lacking the 5-HT precursor
tryptophan produces greater depressed mood among healthy sub-
jects with a family history of depression (Benkelfat et al., 1994;
Klaassen et al.,, 1999a,b), and triggers a relapse among remit-
ted depressive patients (Delgado et al.,, 1999), likely involving
a direct attenuating effect on 5-HT action potential firing. CUS
has been shown to induce a significant decline of about 35%
in the mean spontaneous neural firing activity of 5-HT neurons
recorded from the DR, a significant decrease in the number of
spontaneously active neurons, anhedonia-like reductions in the
preference for and intake (absolute and relative) of sucrose in the
SPT (Bambico et al.,2009b), which is a depression-related endophe-
notype thought to be instigated by dysregulation in dopaminergic
neurotransmission (Willner, 2005), and enhanced immobility (pas-
sive behavioural coping or behavioural despair) in the FST (Banasr
and Duman, 2008). Conversely, the observed enhancement in 5-
HT neurotransmission is widely considered to be a benchmark of
antidepressant-like activity (Bell et al., 2001; De Montigny, 1981).

3.2.2. CUS downregulates presynaptic 5-HT;4 autoreceptor
function

Among the numerous subtypes of 5-HT receptors, the 5-HTqa,
a Gi/Go-protein-coupled receptor, is one of the most commonly
studied in relation to the neurobiology underlying mood disorders
and antidepressant response (Holmes, 2008). The activity of DR 5-
HT neurons is negatively regulated by these receptors, which may
be localized on somatodendritic compartments (presynaptic auto-
inhibitory receptors) of 5-HT neurons or postsynaptic targets of
5-HT terminals (Hall et al., 1997; Pazos et al., 1987). Postsynaptic
5-HT 4 receptors, such as those in the ventral (infralimbic) regions
of the medial PFC (mPFC), exert inhibitory and excitatory control
over DR 5-HT neuronal activity (Hajos et al.,, 1999; Martin-Ruiz
and Ugedo, 2001) by modulating glutamatergic excitatory input
to DR GABAergic and 5-HT neurons (Amat et al., 2005; Bambico
et al., 2007), as discussed in the next section. For this position
to influence 5-HT neural activity, presynaptic and postsynaptic 5-
HT;4 receptors are implicated in the therapeutic mechanisms of
antidepressants and are putative antidepressant targets (Blier et al.,
1998).

Alterations in the function and levels of 5-HT;, receptors in
depressive pathology are not as consistently reported in humans as
in animal models. As shown in Table 3, human brain imaging and
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Table 3

Evidence of disrupted 5-HT;, receptor function in depressed patients and animal models of depression, and related effects of antidepressants. Note that some findings are
equivocal in the literature. SERT-/-, 5-HT transporter knockout; CB1~/~, cannabiniod receptor knockout; SSRI, selective 5-HT reuptake inhibitor; TCA, tricyclic antidepressant.

5-HT;a changes

Reference (species)

Animal models
SERT-/~ mice

CB1-/~ mice
Chronic stress (CUS)

| presynaptic
| presynaptic

Chronic corticosterone treatment
Maternal separation
Neonatal clomipramine treatment

| presynaptic
| presynaptic
| presynaptic

Acute stress exposure < presynaptic

Chronic SSRI treatment
Chronic TCA treatment

| presynaptic

Depressed patients (5-HT;4 mRNA,
5-HT;,4 receptor density and function)

1 presynaptic

| presynaptic, also distribution

volume
<> presynaptic

| postsynaptic, medicated and

unmedicated patients
< postsynaptic, midbrain

| neuroendocrine response to

agonist

| hypothermic response to agonist

| (desensitized) presynaptic

4 postsynaptic (hippocampus)

Fabre et al. (2000), Gobbi et al. (2001), Li et al. (2000) and
Lira et al. (2003)

Aso et al. (2008, 2009)
Bambico et al. (2009b) (rat);
Froger et al. (2004) (mouse);
Lanfumey et al. (1999) (mouse)
Rainer et al. (2011) (mouse)
Gartside et al. (2003) (rat)
Kinney et al. (1997) (rat);
Maudhuit et al. (1995) (rat);
Maudhuit et al. (1996) (rat)
Laaris et al. (1997) (rat);
Steciuk et al. (2000) (rat)

Le Poul et al. (1997) (rat)

Bijak et al. (1996) (rat)

Stockmeier et al. (1998)

Arango et al. (2001), Meltzer et al. (2004) and Rabiner et al.
(2004)

Bhagwagar et al. (2004)

Drevets et al. (2007), Hirvonen et al. (2008), Neumeister

et al. (2004) and Sargent et al. (2000)

Stockmeier et al. (1998)

Pitchot et al. (2005)

Cowen et al. (1994)

postmortem studies on depressed patients have obtained diver-
gentfindings (van Praag, 2004). These equivocal findings could arise
from the difficulty of delineating depression-specific changes from
those associated with comorbidities, including other neuropsychi-
atric conditions and history of drug use, as well as from those
incurred by medications. However, animal models have consis-
tently shown reductions in somatodendritic 5-HT;5 autoreceptor
sensitivity in the DR. This has been demonstrated in ex vivo and
in vivo electrophysiological experiments on CUS-exposed rats or
mice by a diminution in the inhibitory response of DR 5-HT neu-
rons to a local application of the 5-HT;s agonist/partial agonist
8-OH-DPAT or ipsapirone (Table 3). Interestingly, CUS-induced
5-HT, desensitization was accompanied by a reduction in spon-
taneous 5-HT firing activity (Bambico et al., 2009b), effects that
were recapitulated in 5-HT transporter null (SERT~/~) mutant mice
(Fabre et al., 2000; Gobbi et al., 2001; Li et al., 2000; Lira et al.,
2003) and neonatal clomipramine treatment models of depression
(Kinney et al., 1997; Maudhuit et al., 1995, 1996). These observa-
tions are striking given that chronic SSRI administration decreases
5-HT;a autoreceptor binding in depressed patients (Gray et al.,
2013). In rodent electrophysiology models, SSRIs acutely decrease
5-HT neuronal firing activity, and following chronic administration
desensitize 5-HT;5 autoreceptors to restore normal 5-HT neu-
ronal firing activity (Bambico et al., 2009a; Bambico and Gobbi,
2008; Blier and de Montigny, 1999). As SSRI-mediated and CUS-
induced 5-HT;, autoreceptor desensitization are associated with
opposing behavioural profiles, it is likely that these progress via
somewhat unrelated mechanisms. SSRI-induced 5-HT;5 autore-
ceptor desensitization appears to determine the gradual restorative
increase in DR 5-HT firing activity with chronic SSRI treatment. A
more complex process might be at play though, as acute and not
chronic SSRI treatment has been reported to internalize DR 5-HT5
autoreceptors (Riad et al., 2004, 2008). CUS-induced desensitiza-
tion, however, is paralleled by a lower basal 5-HT neuronal firing
tone (Bambico et al., 2009b). It can therefore be hypothesized as
a compensatory response to the primary CUS-induced decrease
in 5-HT tone, possibly among a presumed subpopulation of 5-HT

neurons (about 16%) with low or null expression of these 5-HTq4
autoreceptors (Kiyasova et al., 2013).

There is a long-standing view that 5-HT1 4 autoreceptor desensi-
tization is essential for the therapeutic mechanism of SSRIs. 5-HT 4
autoreceptors are desensitized by chronic treatment with SSRIs,
whereas postsynaptic 5-HT;, receptors, particularly those in the
hippocampus, are sensitized by chronic tricyclic antidepressant
(TCA) treatment and electroconvulsive shock administration (for
review, see Bambico et al., 2009a; Bambico and Gobbi, 2008; Hill
et al., 2009; Sharp et al., 2007). It is recognized that the desensi-
tizing action of SSRIs occurs to disengage negative regulation of
5-HT neuronal activity, but may also tap into other 5-HT;5-related
intracellular processes. However, SSRI treatment has been shown to
reverse CUS-induced behavioural deficits (for review, see Willner,
1997, 2005), suggesting that the occurrence of 5-HT; desensitiza-
tion with CUS does not completely abrogate the therapeutic action
of SSRIs. This has been similarly observed in CB1~/~ (Steiner et al.,
2008) (Aso et al., 2008, 2009) and 5-HT; 5/~ (Santarelli et al., 2003)
mice, which are responsive to the antidepressant effects of SSRIs
(paroxetine) and TCAs (imipramine and desipramine), respectively,
despite the absence or desensitization of 5-HT;, autoreceptors.
More recently, Richardson-Jones and colleagues generated mice
with high and low 5-HT;4 autoreceptor expression in the DR,
without affecting postsynaptic 5-HT;5 receptors, by genetically
engineering the Htr1A gene that encodes 5-HT;s (Richardson-
Jones et al., 2010). They found that high-DR 5-HT;4 mice showed
a blunted physiological response to acute stress, increased pas-
sive behavioural coping and a non-response to fluoxetine despite
displaying gradual desensitization of 5-HT;4 autoreceptors. Con-
versely, low-DR 5-HT;4 mice were more responsive. It appears
from these studies that SSRIs may still be therapeutically active in
the presence of desensitized 5-HT;, autoreceptors, but not in their
complete absence, and that the interplay between the sensitivity
and expression of these receptors may more reliably determine
the severity of the depressive-like state and the response to SSRIs.
This notion corroborates some clinical studies (Rabiner et al., 2004)
but not others (Lan et al., 2013; Miller et al., 2013), and therefore
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warrants further investigation on the differential role of 5-HTq,
receptor expression, internalization, and sensitivity in the partial
or lack of response to SSRIs among a subgroup of patients.

3.2.3. CUS alters postsynaptic 5-HT;, heteroreceptor function:
possible influence on medial prefrontal glutamatergic feedback

In addition to the effects of CUS on presynaptic 5-HT;4 autore-
ceptors, an impact on postsynaptic 5-HT; heteroreceptors is likely
to contribute to the behavioural and neurophysiological impair-
ments found in CUS-exposed animals, including impairments in
midbrain 5-HT neuronal activity. Postsynaptic 5-HT;5 heterore-
ceptors located in different corticolimbic regions, such as the PFC,
amygdala, and hypothalamus, have been suggested to indirectly
modulate DR 5-HT activity (Bosker et al., 1997; Holmes, 2008). Of
these, the mPFC is of particular interest as it abundantly expresses
5-HT14 and serves as the origin of most cortical projections to the
DR (Gabbott et al., 2005; Hajos et al., 1999; Peyron et al., 1998).
5-HTqa receptors in the mPFC, like 5-HT;5 autoreceptors in the
DR, exert regulatory feedback onto DR 5-HT neurons via a long-
range loop (Celada et al., 2001; Gabbott et al., 2005; Hajos et al.,
1999; Martin-Ruiz and Ugedo, 2001; Peyron et al., 1998). Appli-
cation of the selective 5-HT;5 agonist 8-OH-DPAT directly into
the mPFC inhibits the spontaneous and glutamate-mediated neu-
ronal firing of the major projection neurons therein (Araneda and
Andrade, 1991; Ashby et al., 1994; Borsini et al., 1995; Cai et al,,
2002). This could, in turn, inhibit DR 5-HT neuronal firing activity,
as has been demonstrated under conditions where DR somato-
dendritic 5-HT;4 autoreceptor activity was inhibited by pertussis
toxin blocking intracellular signalling of Gi/Go proteins (Martin-
Ruiz and Ugedo, 2001). Interestingly, following CUS it was observed
that a systemic injection of 8-OH-DPAT that could activate these
mPFC 5-HT;4 receptors failed to attenuate DR 5-HT neuronal fir-
ing activity (Bambico et al., 2009b). As DR somatodendritic 5-HT1 5
autoreceptors were desensitized in these CUS-exposed animals,
this decrease in the ability of 8-OH-DPAT to inhibit 5-HT neurons
suggests that mPFC 5-HT 4 receptors themselves were desensitized
by CUS, and as 5-HT 4 receptors are inhibitory, their desensitization
in the mPFC would translate into a hyperactivation of mPFC gluta-
matergic projections to the midbrain. The desensitization of mPFC
5-HT5 receptors following CUS concurs with observations from
other animal models, as well as with the significant reduction of PFC
5-HT, receptor binding and 5-HT;, sensitivity found in treated
and untreated depressive patients (Drevets et al., 2007). However,
contradictory findings have also been reported, such as reports of
an increase in postsynaptic 5-HTy 4 receptor density (Vicentic et al.,
2006; Ziabreva et al., 2003), mRNA levels (Neumaier et al., 2002),
or sensitivity (Arborelius et al., 2004) in the rodent model of mater-
nal separation and congenital learned helplessness. Nevertheless,
data from brain imaging studies on depressed patients appear to
converge at abnormal hyperactivation in cortical regions such as
the anterior cingulate and the subgenual cortex (Price and Drevets,
2010), structures that are considered analogous to the mPFC in
the rodent. Indeed, the most parsimonious hypothesis that could
explain this hyperactivity is a desensitization or downregulation of
inhibitory 5-HT, receptors in the PFC.

The mPFC-DR circuit is an important locus for cognitive
appraisal of stressful situations, and likely subserves some of the
cognitive, executive, and memory-related dysfunctions associated
with depression, such as disturbance in concentration and learn-
ing, negative and irrational cognitive distortions regarding the
self, increased rumination, and despair (Amat et al., 2005; Celada
et al.,, 2001; Price and Drevets, 2010). The prelimbic/infralimbic
region of the mPFC is postulated to be the cortical detector and
processor of stress controllability. It functions to inhibit the stress-
induced activation of 5-HT neurons of the caudal DR when the
stimulus is perceived to be controllable or escapable (Amat et al.,

2005, 2008, 2010). This could well explain the opposing effects
of aggressiveness/offensiveness- (controllable) and defensiveness-
related (uncontrollable) stimuli on DR 5-HT neuronal activity
observed in tree shrews made to confront a conspecific intruder
or an experimenter (Walletschek and Raab, 1982). Electrical
stimulation of the mPFC also elicits antidepressant-like effects,
enhances DR 5-HT activity, and increases the postsynaptic release
of monoamines, notably 5-HT (Hamani et al., 2010a,b; Juckel et al.,
1999), which could provide the neurochemical basis for the efficacy
of subgenual cingulate (Cg25) deep brain stimulation as an antide-
pressant treatment for intractable depression (Mayberg et al.,
2005). As the mPFC forms a reciprocal feedback circuit with the
DR (Celada et al., 2001; Martin-Ruiz et al., 2001), repeated experi-
ence of loss of control and unpredictability, as well as the associated
allostatic load observed with CUS, could progressively impair both
the mPFC and the DR, as well as their interaction. Functionally, this
could translate to alterations in neural excitability in the mPFC,
as has been demonstrated (Wilber et al., 2011), and to decreases
in spontaneous single-spiking and burst-firing activity of 5-HT DR
neurons (Bambico et al., 2009b). Behaviourally, these effects could
translate into passive behavioural coping, anhedonia, and other
depression-related markers. Interestingly, Maier and colleagues
have shown that prior experience to an otherwise controllable
(escapable) aversive stimulus (such as tail shock) potently blocks
the behavioural and neurochemical alterations produced by subse-
quent uncontrollable (inescapable) stressor (tail shock) (Amatetal.,
2005, 2008, 2010; Maier et al., 2006; Maier and Watkins, 2005), and
possibly the progressive cascade of adverse consequences of CUS.
Similarly, predictable chronic mild stress may have antidepressant,
anxiolytic, and pro-neurogenic effects in the hippocampus (Parihar
et al,, 2011). These results indicate that controllable or predictable
stress exposure may inoculate against the deleterious effects of
stress seen in paradigms such as CUS, and suggest an interaction
between the processes involved in neural responses to controllable
and uncontrollable stress.

Thus chronic stress induces changes to 5-HT systems in the
brain, including the hippocampus, associated with depression and
depressive-like phenotypes, which can be reversed by antidepres-
sant treatment. However, chronic stress also impacts hippocampal
neurogenesis, which is itself regulated by 5-HT, and the effects
of stress on neurogenesis can also be reversed by monoaminer-
gic antidepressant treatment. In the following section we discuss
how this regulation of neurogenesis occurs, and how neurogene-
sis interacts with ADs, 5-HT, and stress to mediate the opposing
effects of stress and antidepressant treatment on depression-
related pheonotypes.

4. The role of hippocampal neurogenesis in mediating
affect, antidepressant action, and stress response

4.1. Neurogenesis in depression

Soon after the discovery of adult hippocampal neurogenesis in
humans (Eriksson et al., 1998), it was theorized that basal deficits
in hippocampal neurogenesis may underlie symptoms of psy-
chiatric disorders, particularly depression (Kempermann, 2002).
This theory was largely based on findings indicating decreased
hippocampal volume in depressed patients and increased neu-
rogenesis with administration of antidepressant medication and
therapies (Kempermann, 2002; Kempermann and Kronenberg,
2003), supported by recent studies indicating decreased numbers
of granule cells and decreased granule cell layer volume in the
anterior and mid-dentate gyrus (DG) in unmedicated depressed
patients relative to controls, as well as increased hippocampal neu-
rogenesis and increased granule cell layer volume in depressed
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Table 4

Summary of findings regarding direction of influence of monoamines and neurotrophic factors on hippocampal neurogenesis. Serotonin and norepinephrine, as well as
neurotrophic factors, appear to positively regulate hippocampal neurogenesis, although transgenic BDNF reduction may increase proliferation but decrease survival and
neuronal differentiation, whereas findings on the influence of dopamine are mixed (particularly regarding the effects of pharmacological antagonism). BDNF, brain-derived
neurotrophic factor; IGF, insulin-like growth factor; NRG1, neuregulin-1; VEGF, vascular endothelial growth factor.

Agonism Antagonism References (species)
Monoamines
Serotonin 1 J Banasr et al. (2004) (rat);
Diaz et al. (2012) (mouse)
Norepinephrine 1 l Jhaveri et al. (2010) (mouse and rat);
Kulkarni et al. (2002) (rat);
Masuda et al. (2012) (rat)
Dopamine 1 3? Hoglinger et al., (2004) (mouse);
Veena et al. (2011) (rat and mouse);
Yang et al. (2008) (mouse)
Neurotrophic factors
BDNF 1 $ Sairanen et al. (2005) (mouse); Schmidt and Duman (2010) (mouse);
Waterhouse et al. (2012) (mouse)
IGF 4 J Aberg et al. (2000) (rat); Beck et al. (1995) (mouse); Glasper et al. (2010) (mouse)
VEGF 1 l Jin et al. (2002) (rat);
Sun et al. (2006) (mouse)
NRG1 4 ? Mabhar et al. (2011) (mouse)

patients who had taken antidepressants relative to unmedicated
patients (Boldrini et al., 2009, 2012, 2013). A particularly exciting
recentreport by Spalding et al. has revealed that adult hippocampal
neurogenesis in humans is substantial and that neuronal turnover
is high in comparison to rodents, supporting the possibility that
human hippocampal neurogenesis is sufficient to support a role
in affective and cognitive phenomena such as depression and
response to stress and antidepressants (Spalding et al., 2013). In
addition, the delay in efficacy of antidepressants (in both humans
and animal models) appears to mirror the time required for newly
proliferated neurons to become functional and hyperplastic (Ge
et al., 2007; Jacobs et al., 2000).

However, in presenting a balanced view of the role of hip-
pocampal neurogenesis in depression and antidepressant effects,
it is important to consider evidence that fails to support or contra-
dicts this view. Recent studies have brought into question whether
decreased neurogenesis underlies depression (Eisch and Petrik,
2012; Hanson et al.,, 2011; Petrik et al., 2012). Whether ablat-
ing neurogenesis in animals is sufficient to induce a depressive
phenotype remains controversial (Perera et al., 2011; Schloesser
et al., 2009; Snyder et al., 2011; Surget et al., 2008; Vollmayr
et al,, 2003; Wang et al., 2008). Further disputing the role of
HPC neurogenesis deficits in depressive aetiology is the fact that
depressed patients have not been demonstrated to have signifi-
cantly reduced hippocampal neurogenesis (Boldrini et al., 2009),
although granule cells and granule cell layer volume are reduced
(Boldrini et al., 2013), leaving the neurogenic hypothesis of depres-
sionindoubt (Hansonetal.,2011; Petrik etal.,2012). Consequently,
amore supported hypothesis has emerged: that adult hippocampal
neurogenesis is involved in mediating response to antidepressant
treatments (Hanson et al., 2011). This is supported by studies show-
ing that increases in hippocampal neurogenesis are associated
with antidepressant effects mirroring the developmental latency
of new neurons (Mahar et al., 2011), that antidepressant treat-
ments increase hippocampal neurogenesis (Boldrini et al., 2009;
Malberg et al., 2000), and that the behavioural effects of antidepres-
sants may require intact neurogenesis (Pereraetal.,2011; Santarelli
et al.,, 2003; Wang et al., 2008). However, in understanding the
importance of adult hippocampal neurogenesis in the mechanism
of exogenous monoamine-related agents, it is important to dis-
cuss the regulation of neurogenesis by endogenous monoaminergic
systems.

4.2. Monoaminergic and neurotrophic factor regulation of
neurogenesis

Hippocampal neurogenesis has been shown to be regulated
by a variety of monoamines and neurotrophic factors, as shown
in Table 4. The hippocampus receives dense innervation by 5-HT
fibres (Gage and Thompson, 1980; Gasbarri et al., 1994). Ablation
of 5-HT neurons in the DR and median raphe decrease neuro-
genesis, and these effects are reversed by 5-HT re-innervation
(Brezun and Daszuta, 2000a,b). Regarding 5-HT receptors, effects
of 5-HT-mediated signalling on hippocampal neurogenesis appear
to be receptor subtype-specific. Pharmacological studies suggest
that 5-HT;5 stimulation is pro-neurogenic, 5-HTg stimulation
does not produce an effect, 5-HT,5,c antagonism decreases pro-
liferation, 5-HT,g stimulation increases neurogenesis (and has
antidepressant-like effects; notably, blocking activity of this recep-
tor ablates behavioural and neurogenic efficacy of SSRIs), and
5-HT,¢ stimulation does not affect neurogenesis (Banasr et al.,
2004; Diaz et al., 2012). In addition, suppression of 5-HT trans-
porter expression increases hippocampal neurogenesis and causes
antidepressant-like behaviour (Ferres-Coy et al., 2013).

Apart from the influence of the 5-HT system, the dopami-
nergic and norepinephrinergic systems have also been shown to
influence neurogenesis, although the findings are not as clear as
those regarding 5-HT. Dopamine depletion reduces hippocampal
cytogenesis, an effect that is reversed by ropinirole administra-
tion (Hoglinger et al., 2004), although in other studies a transient
increase is observed after depletion (Park and Enikolopov, 2010).
D2 receptor activation by quinpirole increases subgranular zone
proliferation (Yang et al., 2008), and D3 knockout or blockade
also increases proliferation (Egeland et al., 2012), suggesting a
receptor-specific regulation. However, the effects of dopaminer-
gic antagonists (e.g. haloperidol) on hippocampal neurogenesis are
mixed (Veena et al., 2011), and merit further experimental inves-
tigation. Although dopamine transporter-immunoreactive fibres
have been identified near neurogenic cells in the subgranular zone
(Hoglinger et al., 2004), dopaminergic subgranular zone innerva-
tion is thought to be limited (Kempermann, 2011), suggesting that
the regulation of hippocampal neurogenesis by dopamine may
be due to an indirect mechanism, potentially involving reciprocal
interactions with the 5-HT and norepinephrinergic systems (Guiard
et al., 2008a,b).
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Norepinephrine depletion decreases hippocampal progenitor
proliferation (Kulkarni et al., 2002). Norepinephrine has been
shown to positively modulate hippocampal neural precursor cell
proliferation in a 3-adrenergic receptor-dependent (but not a1- or
a2-dependent) manner (Jhaveri et al., 2010; Masuda et al., 2012),
although in other studies a:2-receptor blockade increases cell sur-
vival and dendritic arborisation (Rizk et al., 2006). These effects
may result from direct norepinephrine input onto neurogenic cells
(Rizk et al., 2006).

Neurotrophic factors have also been shown to increase adult
hippocampal neurogenesis and modulate antidepressant-related
behaviours, particularly BDNF, insulin-like growth factor (IGF),
VEGF, and neuregulin-1 (NRG1). Notably, many of these factors
can be administered peripherally to induce these effects (Aberg
et al., 2000; Duman et al., 2009; Mahar et al., 2011; Schmidt and
Duman, 2010), suggesting that peripheral levels of neurotrophic
factors may modulate hippocampal neurogenesis and mood. Infu-
sion of BDNF, both peripherally and centrally, increases neuronal
survival and overall hippocampal neurogenesis, and also produces
antidepressant-like effects (Scharfman et al.,, 2005; Schmidt and
Duman, 2010; Shirayama et al., 2002). Decreases in BDNF are
predominantly detrimental to neurogenesis, although results are
mixed; proliferation is largely unchanged in BDNF*/~ mice (Rossi
et al.,, 2006; Waterhouse et al., 2012) (though one study reports
an increase in proliferation in these animals (Sairanen et al.,
2005) and another reports increased proliferation but decreased
neuronal differentiation in mice largely lacking dendritic BDNF
(Waterhouse et al.,, 2012)), but these animals show decreased
survival (Sairanen et al., 2005) and a lack of effectiveness for envi-
ronmental enrichment on increasing neurogenesis (Rossi et al.,
2006), and DG-specific knockdown of BDNF leads to decreased
neurogenesis through decreased neuronal differentiation (Taliaz
et al., 2010). BDNF-hypomorphic mice also show depression-like
behaviour and behavioural resistance to antidepressants (Adachi
et al., 2008; Taliaz et al., 2010). Notably, BDNF may contribute
to the modulation of neurogenesis in response to both stress and
antidepressants, as hippocampal BDNF levels decrease in response
to chronic stress (Larsen et al., 2010; Shi et al., 2010; Smith et al.,
1995a,b) and increase in response to antidepressant treatments
(Altar et al., 2003; Czubak et al., 2009; Gersner et al., 2010; Hanson
et al., 2011; Musazzi et al., 2009; Nibuya et al., 1995).

Peripherally administered IGF increases hippocampal neuro-
genesis by stimulating DG proliferation and neuronal differenti-
ation (Aberg et al., 2000), and also produces antidepressant effects
(Duman et al.,2009), whereas IGF-knockout mice display decreased
numbers of hippocampal granule cells (Beck et al., 1995). Blocking
IGF activity decreases proliferation in both sedentary and exercised
animals (Glasper et al., 2010).

VEGF administration increases hippocampal neurogenesis by
promoting cell proliferation (Jin et al., 2002). In contrast, VEGF-
knockout mice display decreased numbers of immature neurons
and reduced proliferation (Sun et al., 2006). Hippocampal VEGF
levels increase after antidepressant treatment, and VEGF (through
signalling with Flk-1) may also be necessary for antidepressant-
induced proliferation and antidepressant-like behavioural effects
(Warner-Schmidt and Duman, 2007). Stress-induced depressive-
like behaviour and decreases in DG cell survival are reversed by
exercise, but this effect is abolished with VEGF antagonists (Kiuchi
et al., 2012), similar to effects seen with IGF antagonists (Glasper
et al, 2010).

NRG1 has been shown to cross the blood-brain barrier (Carlsson
et al., 2011; Kastin et al., 2004), and peripheral administration
of NRG1 increases ventral hippocampal neurogenesis by rapidly
increasing proliferation, possibly through direct stimulation of
ErbB3 receptors in DG cells, leading to antidepressant-like effects
four weeks after administration (Mahar et al., 2011). This delayed

effect mirrors the latency for newborn cells to have differenti-
ated into hyperplastic neurons (Ge et al., 2007). It remains to be
determined whether other epidermal growth factor-related pro-
teins have similar effects, or whether NRG1 antagonism leads to
neurogenic deficits.

Thus monoamines (including 5-HT) and neurotrophic factors
have been shown to modulate hippocampal neurogenesis, and
this represents one avenue by which stress-induced 5-HT system
changes can affect hippocampal neurogenesis and its functions.
Overall, the neurogenic influence of these factors is primarily pos-
itive for 5-HT and norepinephrine as well as neurotrophic factors,
and positive to mixed for dopamine, suggesting that further stud-
ies into endogenous regulation of neurogenesis by monoamines
should investigate the complex (and potentially indirect) modula-
tion of hippocampal neurogenesis by dopamine, including various
dopaminergic receptors and receptor-specific antagonists. In con-
trast, the relationship between hippocampal neurogenesis and
antidepressants (primarily exogenous monoaminergic signalling-
related agents), as well as behavioural antidepressant effects, has
been more thoroughly characterized.

4.3. Relationship between neurogenesis, antidepressants, and
antidepressant effects

Chronic antidepressant treatment has been shown to increase
neurogenesis (see Dranovsky and Hen, 2006 for review) and
decrease anhedonia and learned helplessness behaviour (David
etal., 2009; Holick et al., 2008; Jayatissa et al., 2006, 2008; Malberg
and Duman, 2003; Pechnick et al., 2011; Perera et al., 2011). These
effects have been observed in rodents (David et al., 2009; Jayatissa
etal.,2006,2008; Malberg and Duman, 2003 ), non-human primates
(Perera et al., 2011), and humans (Boldrini et al., 2009, 2012). A
recent report by Sahay et al. (2011) has also shown that increas-
ing hippocampal neurogenesis through genetic manipulation in
unstressed mice is not sufficient to induce some of the anxiolytic
and antidepressant-like effects seen after antidepressant treat-
ment; in addition to suggesting that an increased number of new
neurons alone might not be responsible for all of the behavioural
effects of antidepressants, these findings also bring to light the pos-
sibility that the involvement of increased numbers of new neurons
in certain behavioural responses to antidepressants may require
the presence of the monoaminergic modulation induced by these
treatments, or may exist only in the presence of stress in some
paradigms. It is important to note that some agents with antide-
pressant properties, such as nicotine, do not increase hippocampal
neurogenesis (Abrous et al., 2002; Mahar et al., 2012; Mudo et al.,
2007; Vazquez-Palacios et al., 2005), and in some studies chronic
antidepressant treatment did not increase neurogenesis (Holick
et al., 2008; Huang et al., 2008; Navailles et al., 2008).

Antidepressants can also reverse stress-induced effects on affec-
tive behaviour and neurogenesis (Li et al., 2004; Surget et al.,
2008), and in some studies stress or stress hormones are required
for these effects of antidepressants (Anacker et al., 2011; Dagyte
et al,, 2010). In fact, antidepressants may regulate neurogenesis
through GRs and cyclin-dependent kinase (CDK) inhibitors. The
SSRI sertraline has been found to affect glucocorticoid receptor
(GR) phosphorylation via protein kinase A (PKA), and blocking
PKA or GR activity blocks antidepressant-induced increases in cell
proliferation (Anacker et al., 2011). Similarly, antidepressants act
to differentially increase expression of the GR-dependent CDK
inhibitors p27Kip1 and p57Kip2, which regulate exit from the
cell cycle and increase neuronal differentiation (Lee et al., 2006;
Shin et al., 2009; Ye et al., 2009), and decrease expression of
p21Cip1, which prevents proliferation of neuronal progenitors
(Anacker et al., 2011; Pechnick et al., 2011). The involvement of
GR stimulation in proliferation is supported by the finding that
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antidepressants may only increase proliferation in the presence of
glucocorticoids (Anacker et al., 2011; David et al., 2009). Together,
these results show that antidepressants may regulate hippocam-
pal neurogenesis through GR phosphorylation via PKA, leading to
altered expression of CDK inhibitors to increase proliferation and
neuronal differentiation. However, the CDK inhibitor regulation
effects may be antidepressant-specific, given that antidepressants
have differing effects on proliferation and later stages of neurogen-
esis, corresponding to differing effects on CDK inhibitor expression
changes (Anacker et al., 2011; Pechnick et al., 2011). Notably,
antidepressants may also regulate hippocampal plasticity by caus-
ing the dematuration of existing granule cells to a more plastic
immature state. In particular, chronic fluoxetine acting through 5-
HT4 receptors causes mature granule cells in the dentate gyrus
to lose calbindin expression and to display increased excitabil-
ity, mirroring features of immature granule cells (Kobayashi et al.,
2010).

Most importantly with respect to neurogenesis and antidepres-
sants/antidepressant effects, neurogenesis seems to be required
for antidepressant effects in some paradigms (Airan et al., 2007;
Jiang et al., 2005; Perera et al., 2011; Pollak et al., 2008; Santarelli
et al., 2003; Surget et al., 2008). Ablating neurogenesis appears to
abolish the effects of antidepressants in the novelty-suppressed
feeding task, as well as their effects on coat state in response
to stress (David et al., 2009; Santarelli et al., 2003; Wang et al.,
2008). Sucrose consumption is also decreased after ablation of
neurogenesis (Snyder et al., 2011). The role of neurogenesis in
mediating antidepressant-like behaviour in the forced swim test
(FST) is somewhat controversial. David and colleagues showed that
fluoxetine reduces FST immobility in the absence of neurogene-
sis (David et al., 2009), and Holick and colleagues showed that
reduced neurogenesis did not affect response to antidepressants in
the FST (Holick et al., 2008). However, other studies have provided
conflicting results, in that increases in neurogenesis (but not prolif-
eration) are associated with antidepressant-like effects in the FST at
a time when the increased numbers of new neurons are especially
hyperplastic (Ge et al., 2007; Mahar et al., 2011), and that ablat-
ing neurogenesis prevented an antidepressant-induced decrease in
FST immobility (Airan et al., 2007; Jiang et al., 2005; Snyder et al.,
2011). Overall, the evidence suggests that AD-mediated recovery
from depression and depression-like phenotypes involves not only
changes to 5-HT function but also changes to hippocampal neuro-
genesis.

Hippocampal neurogenesis also appears to be required for HPA
axis regulation (Schloesser et al., 2009; Snyder et al., 2011), and is
necessary for antidepressants to restore inhibition of the HPA axis
by the hippocampus following chronic stress (Surget et al., 2011).
To understand how this regulation of HPA axis function by neu-
rogenesis may occur, and how neurogenic deficits could result in
dysregulated responses to stress contributing to stress-induced 5-
HT dysfunction and depression-related phenotypes, it is important
to consider the functional anatomy of the hippocampus.

4.4. Stress and the subregional localization of neurogenic
function along the septotemporal axis

CUS has repeatedly been shown to induce depressive-like
behaviour (Elizalde et al., 2010; Jayatissa et al., 2009; Schmidt
and Duman, 2010; Valente et al., 2012), and to negatively affect
multiple stages of hippocampal neurogenesis, including prolifer-
ation (Elizalde et al., 2010; Jayatissa et al., 2009) and survival
(Dagyte et al., 2011; Mineur et al., 2007) (although see Hanson
et al. (2011) for a discussion of studies failing to show an effect
of CUS). High doses of cortisol in vitro decrease proliferation
and neuronal differentiation of human neural progenitor cells
in a glucocorticoid-dependent manner, potentially via decreased

TGFRB-SMAD2/3 and Hedgehog signalling and increased SGK1 activ-
ity, with increased SGK1 transcription also being observed in the
blood of depressed patients and hippocampus of rats exposed to
CUS, providing a putative molecular mechanism for CUS-induced
decreases in hippocampal neurogenesis (Anacker et al., 2013a,b).
In addition, other chronic stress paradigms have also been shown
to decrease neurogenesis and induce depression-related behaviour
(Brummelte and Galea, 2010; Perera et al., 2011; Veena et al., 2009;
Wong and Herbert, 2004, 2006). In one study, escitalopram treat-
ment following CUS reversed anhedonic behaviour only in animals
who also displayed restored hippocampal cytogenesis; notably,
this neurogenic reduction, recovery, and putative requirement for
antidepressant-like effects was restricted to the ventral hippocam-
pus (Jayatissa et al., 2006).

In fact, the relationship between neurogenesis and response
to stress may be specific to particular hippocampal subregions.
The hippocampus as a whole has been shown to be neither struc-
turally nor functionally homogenous along the septotemporal axis
(Bannerman et al., 2004; Fanselow and Dong, 2010; van Strien et al.,
2009). The dorsal hippocampus in rodents (analogous to the pos-
terior hippocampus in humans) appears to be more involved in
learning and memory functions, whereas the ventral hippocam-
pus (analogous to the anterior hippocampus in humans (Fanselow
and Dong, 2010)) seems to be involved in emotional modulation
(Bannerman et al., 2004). Lesions of the dorsal hippocampus lead
to spatial memory deficits (Broadbent et al., 2010), whereas adult
ventral hippocampal lesions are anxiolytic and can affect stress
response (Bannerman et al., 2004; Fanselow and Dong, 2010; Hobin
et al., 2006; Kjelstrup et al., 2002; Pentkowski et al., 2006). These
ventral hippocampus effects may be a result of the functional con-
nectivity of the ventral hippocampus. The ventral hippocampus
has increased serotonergic, norepinephrinergic, and mesolimbic
dopaminergic innervation in comparison to the dorsal hippocam-
pus (Bjarkam et al., 2003; Gage and Thompson, 1980; Gasbarri
et al., 1994; Wilson and Molliver, 1991). In addition, this structure
projects to brain areas involved in emotional regulation, including
the mPFC, amygdala, bed nucleus of the stria terminalis (BNST), and
paraventricular nucleus of the hypothalamus (PVN) (Bannerman
et al., 2004; Fanselow and Dong, 2010; van Strien et al., 2009).
Notably, ventral hippocampal lesions specific to areas projecting to
the neuroendocrine hypothalamus alter response to stress (Nettles
et al., 2000).

The functional distinction is also reflected at the level of the
DG itself, in both the temporal dynamics of neuronal maturation
along the septotemporal axis (Snyder et al., 2012) and function-
ality, with the dorsal DG’s implication in learning and memory
function, and the ventral DG’s implication in anxiety and depres-
sive/antidepressant behavioural phenotypes (Deng et al., 2010;
Kheirbek and Hen, 2011). More specifically, these behaviours have
been associated specifically with the birth of new neurons in this
structure, and many studies examining behavioural consequences
of altered neurogenesis have revealed functional discrepancies
between dorsal and ventral hippocampal neurogenesis. Chronic
stress has been shown to cause ventral DG-specific decreases in
neurogenesis (Elizalde et al., 2010; Jayatissa et al., 2006, 2008),
antidepressants have been shown to increase neurogenesis selec-
tively in the ventral DG (Banasr et al., 2006; Paizanis et al., 2010),
and increases in neurogenesis restricted to the ventral DG have
been associated with antidepressant effects (Mahar et al., 2011).
A noteworthy recent study by Tanti et al. specifically investigat-
ing the distinction between dorsal and ventral DG consequences
of stress and antidepressant effects on different neurogenic stages
found that CUS reduced the number of neural progenitors specifi-
cally in the ventral DG and decreased the number of early immature
neurons in the dorsal and ventral DG, with both effects reversed by
fluoxetine treatment (Tanti et al., 2013).
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Approximate timeline of neurogenic stages in the rodent hippocampus

Latency to functional/behavioural influence

Proliferation
(Decreases from stress
(CUS) require chronic
(~4-6 weeks) duration
for anhedonia/passive

[, Hyperplastic perio d-———-— /

behavioural coping; Cell survival

Increases (ADs, NTFs)
take 4-6 weeks for

Decrease in neurons at this stage: anhedonia,
passive behavioural coping (in some studies)

Morphological changes
(dendritic extension,
appearance of spines)

antidepressant efficacy)

Increases in neurons at this stage: AD-like effects /
reversal of stress effects

Neuronal
differentiation

Critical period of stage, or period
of experimental manipulation

Functional integration in MPP circuitry

Time (weeks)

Fig. 3. Temporal dynamics of neurogenic effects. Timing of stages as shown is roughly approximated and applies particularly to rodents. We suggest that the relevant
feature of hippocampal neurogenesis with respect to depression/antidepressant related behaviour is the number of hyperplastic immature functional neurons (4-6 week-old
neurons in mice) present in the ventral dentate gyrus at behavioural assessment. Therefore, latency between proliferation effects and affective behaviour should be ~4-6
weeks (with potential variation by species); for changes in neuronal differentiation should be slightly sooner; and for changes in survival assessed in 2 week-old cells should
be 2-4 weeks. If immature neurons can be ablated directly, or late-stage functional integration affected, effects should be apparent acutely. AD, antidepressant; CUS, chronic

unpredictable stress; MPP, medial perforant path; NTF, neurotrophic factors.

The influence of ventral HPC neurogenesis on affect and antide-
pressant activity could be related to its connection to the mPFC, in
that HPC plasticity could modulate cognitive plasticity, including
helplessness-related cognition (Feldmann et al., 2007), cognitive
distortions, or ruminative cognition. However, the hypothalamic
projection of the ventral hippocampus may be a more likely
candidate, as recent research suggests that the mood-regulating
actions of the ventral hippocampus (and ventral hippocampal
neurogenesis) may be due to its regulation of stress. Ablation
of hippocampal neurogenesis causes aberrant HPA axis activity,
including increased glucocorticoid response to stress, increased
HPA recovery latency following stress, and decreased HPA suppres-
sion by dexamethasone (Schloesser et al., 2009, 2013; Snyder et al.,
2011). Antiglucocorticoids, which mimic the effects of increased
neurogenesis with respect to HPA inhibition, have antidepressant
properties (Fitzsimons et al., 2009). Thus changes in ventral hip-
pocampal neurogenesis likely affect the HPA axis via the BNST/PVN,
modulating the effects of stress on depression- and antidepressant-
related behaviour. Modulation of the HPA axis by neurogenesis
would thus also affect 5-HT activity, given the regulation of 5-HT
systems by stress, as described earlier.

4.5. Timeline of neurogenic effects and synopsis of neurogenic
role in affective modulation

Several of the aforementioned findings are best examined from
a temporal perspective. Specifically: (i) antidepressants typically
take several weeks to attain clinical efficacy (Jacobs et al., 2000); (ii)
chronic stress can have depressogenic effects whereas acute stress
often fails to (Hanson et al., 2011); (iii) neurogenesis is required for
certain antidepressant-related effects (Airan et al.,2007; Jiang et al.,
2005; Perera et al., 2011; Santarelli et al., 2003; Surget et al., 2008);
and (iv) short-term administration of GR antagonists can produce
acute antidepressant and antidepressant-like effects in humans
and animal models, respectively (Belanoff et al., 2002; Flores et al.,
2006; Veldhuis et al., 1985).

To understand how neurogenesis might mediate these effects, it
is important to take into consideration the time course of adult hip-
pocampal neurogenesis (Fig. 3). Proliferation of new cells proceeds
rapidly in the hours following pro- or anti-proliferative stimuli.
Following this stage, new cells differentiate into neuronal progeni-
tors, extend dendrites into the molecular layer surrounding the DG

and form spines, undergo apoptosis or survive to a functional state,
and experience a brief period of hyperplasticity at approximately
4-6 weeks of age (Ge et al., 2007), after which these new neurons
are functionally indistinguishable from older mature granule cells.
Notably, the timing of this plastic window at 4-6 weeks of age may
be specific to rodents, as the timing and duration of this window
may differ in primates (Kohler et al., 2011; Perera et al., 2011);
this possibility emphasizes the importance of increasing our under-
standing of the maturation of adultborn neurons in addition to their
proliferation and survival. It seems that the hyperplastic stage has
particular relevance to the function of hippocampal neurogenesis,
as prior to this stage these cells are not functional, and immediately
following this stage the loss of neurons that proliferated in the pres-
ence of a particular stimulus would represent a relatively negligible
change in the function of a mature GC population that is relatively
quiescent (Aimone et al., 2010; Alme et al., 2010). Thus modulation
of hippocampal neurogenesis should produce changes in affective
behaviour if the overall number of immature hyperplastic ventral
(in rodents; anterior in humans) DG neurons is affected at the pre-
cise time of behavioural testing or clinical assessment (cf. Jayatissa
et al., 2009; Mahar et al., 2011) (Fig. 3). This would explain why
chronic but not acute antidepressant treatment (initially increas-
ing proliferation of new cells that weeks later become immature
neurons) has clinical efficacy, why chronic but not acute stress is
depressogenic and anti-neurogenic, and why anti-GC treatments
(mimicking the end result of increased neurogenesis in inhibiting
HPA function) have comparatively rapid antidepressant effects.

5. Concluding remarks

Multiple theories of depression and antidepressant action have
been put forward inrecent years. Here we have attempted to review
recent research involving two of these theories, the monoaminer-
gic and neurogenic hypotheses, and present a view linking these
theories in the context of stress and HPA axis activity. To sum-
marize, chronic stress causes depression and depression-related
behaviour through monoaminergic changes in several brainregions
as well as suppression of hippocampal neurogenesis, leading to
altered activity in cognition- and emotion-related brain regions,
as well as HPA axis dysfunction that itself exacerbates the effects
of stress, including its effects on 5-HT activity. Some of these
effects are reversed by antidepressant treatment, which may act
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by increasing hippocampal neurogenesis (possibly by increasing
monoaminergic neurotransmission), leading to restoration of HPA
activity and stress responsivity, ameliorating deleterious stress-
induced 5-HT changes. Future studies involving the interaction
between monoamines and neurogenesis may further elucidate
this relationship. In addition, linking particular changes in brain
function to particular depressive symptoms will prove useful in
understanding the aetiology of depression. Finally, future clinical
and post-mortem studies in human patients may further character-
ize this interaction in the context of depression and antidepressant
effects.
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