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Prefrontal cortex; Adult hippocampal neurogenesis, a once unorthodox concept, has changed into one of the most
Early life events; rapidly growing fields in neuroscience. The present report results from the ECNP targeted expert
Depression; meeting in 2007 during which cellular plasticity changes were addressed in the adult brain,
Exercise; focusing on neurogenesis and apoptosis in hippocampus and frontal cortex. We discuss recent
Inflammation; studies investigating factors that regulate neurogenesis with special emphasis on effects of
Sleep deprivation stress, sleep disruption, exercise and inflammation, a group of seemingly unrelated factors that

share at least two unifying properties, namely that they all regulate adult hippocampal
neurogenesis and have all been implicated in the pathophysiology of mood disorders.

We conclude that although neurogenesis has been implicated in cognitive function and is
stimulated by antidepressant drugs, its functional impact and contribution to the etiology of
depression remains unclear. A lasting reduction in neurogenesis following severe or chronic stress
exposure, either in adult or early life, may represent impaired hippocampal plasticity and can
contribute to the cognitive symptoms of depression, but is, by itself, unlikely to produce the full
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mood disorder. Normalization of reductions in neurogenesis appears at least partly, implicated in

antidepressant action.

© 2009 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction: the role of stress and
hippocampal formation in mood disorders

The stress system represents an essential alarm system that
is activated whenever a discrepancy occurs between the
expectation of an organism and the reality it encounters.
Lack of information, loss of control, unpredictability or
psychosocial demands can all produce stress responses. The
same holds for perturbations of a more biological nature, like
blood loss, metabolic crises or inflammation. Various sensory
and cognitive signals then converge to activate a stress
response that triggers several adaptive processes in the body
and brain aimed at restoring homeostasis. If stressful
situations become chronic and uncontrollable, then an
imbalance may occur that can exert deleterious effects on
virtually all organs (de Kloet et al., 2005).

Exposure to a single severe, or repetitive, uncontrollable
stressor may trigger or facilitate the development of
psychopathologies. Major depressive disorder is one among
these illnesses known to result from an interaction between
environmental stressors and genetic/developmental predis-
positions (Kessler, 1997; Kendler et al., 1999). Although
depressive disorders are traditionally considered to have a
neurochemical basis, recent studies suggest that impair-
ments of structural plasticity contribute to their pathophys-
iology as well (Castrén, 2005; Berton and Nestler, 2006).
Many brain structures, ranging from the monoaminergic
pathways to limbic—cortical areas, mediate the different
symptoms of depression. In vivo imaging studies on patients
with emotional disorders have repeatedly indicated that a
dysregulated status of various structures is apparent such as
the prefrontal cortex and subgenual cingulate cortex, as well
as the hippocampus and amygdala (Ressler and Mayberg,
2007). In this review, we will largely focus on the
hippocampal formation, because of the occurrence of adult
neurogenesis in this structure. Hippocampal neurogenesis is
regulated by various factors including stress, disturbed
sleep, exercise and inflammation. Interestingly, these
factors have all been implicated in brain vulnerability and
have been suggested to play a role in the pathophysiology of
mood disorders, like depression. As such, they may share
overlapping mechanisms of action that could e.g. involve
glucocorticoids, cytokines and neurotrophic factors, as will
be further discussed in detail.

In depressed patients, both the morphology and function
of the hippocampus are altered. High resolution in vivo
magnetic resonance imaging studies consistently document
reductions in hippocampal volume (Campbell et al., 2004;
Videbech and Ravnkilde, 2004), but the significance and
etiology of this volume loss is unclear. It has been
hypothesized that hippocampal volume reduction might be
the consequence of repeated periods of major depressive
disorder (Sheline, 2000; Bremner, 2002; MacQueen et al.,
2003). This volume loss translates into disrupted function as
indicated by the cognitive impairments, which are one of the

symptoms of major depression. Indeed, depressed patients
often exhibit deficits in declarative learning and memory and
diminished cognitive flexibility (e.g. Austin et al., 2001).
Altered hippocampal function is furthermore likely to
influence the activity of other brain structures, in particular
the prefrontal cortex and the amygdala; key areas in
emotional regulation. Since the hippocampus provides a
negative feedback control of the hypothalamic—pituitary—
adrenocortical (HPA) axis (Ulrich-Lai and Herman, 2009), a
distorted function of the hippocampus may further con-
tribute to HPA axis dysregulation, which is common in almost
50% of depressed patients (Swaab et al., 2005).

2. Stress affects hippocampal function
and structure

After it was discovered that glucocorticoid receptors are
abundantly expressed in the hippocampal formation, this
brain area has come into the focus of preclinical stress
research (de Kloet et al., 1975). Since then, a large body of
evidence has been gathered, demonstrating that stress, via
elevated levels of glucocorticoids, affects both hippocampal
structure and function (McEwen, 2006a, Joéls et al., 2007).
Functionally, chronic stress is generally associated with
reductions in hippocampal excitability, long-term potentia-
tion and hippocampal memory, but positive effects of stress
on these parameters have also been described, depending on
the timing and type of stressor (Kim and Diamond, 2002;
Joéls et al., 2007). Morphological consequences of chronic
stress include volume reductions as well as a number of
cellular changes, most notably dendritic retraction and a
suppressed rate of adult neurogenesis (McEwen, 2006a, Joéls
et al., 2007).

Hippocampal volume loss is well documented in stress-
related disorders as well as in patients treated with synthetic
glucocorticoids, or suffering from Cushing's syndrome (Starkman
et al., 1992; Sapolsky, 2000; Sheline, 2000; Bremner, 2002;
Gianaros et al., 2007). The traditional explanation for this
stress-induced hippocampal volume decrease was that elevated
glucocorticoids have neurotoxic effects on the hippocampus
(Sapolsky, 2000). Particularly neuronal death in the CA3 and CA1
subregions has been emphasized (Sapolsky et al., 1990).
However, recent studies which employed more sophisticated
cell counting methods failed to find massive neuronal loss after
chronic stress or chronic corticosteroid application in animals, or
in the hippocampus of depressed individuals (Vollmann-
Honsdorf et al., 1997; Sousa et al., 1998; Leverenz et al.,
1999; Lucassen et al., 2001, 2004; Miller et al., 2001;
Stockmeier et al., 2004). The concept that major neuronal
loss cannot explain the hippocampal volume changes observed
after stress is consistent with observations that many of the
stress-induced structural changes are transient and often
spontaneously disappear when animals are subjected to a
recovery period (Heine et al., 2004a,b) or when elevated
corticosteroid levels are normalized again (Starkman et al.,
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1992). Therefore, volume changes must be derived from other
factors than cell death. Candidate cellular mechanisms are
(atrophy of) the somatodendritic components, adult neurogen-
esis, glial changes, but factors like shifts in fluid balance cannot
be excluded either (for detailed discussion see Czéh and
Lucassen, 2007).

The most thoroughly documented stress-induced structural
change is the dendritic reorganization that occurs parallel to
the loss of spines and synapses and together with alterations in
postsynaptic densities. Chronic stress or experimentally
increased corticosterone concentrations induce shrinkage of
the apical dendrites of the CA3 and to a lesser extent of CA1
pyramidal cells and dentate granule cells (McEwen, 2006a;
Fuchs et al., 2006; Sousa et al., 2008). The most often
proposed explanation for dendritic remodeling is that the
neurons need to protect themselves from the excitoxic effect
of glutamate by reducing their input surface area. These
changes of neuronal morphology are likely to contribute to
various cognitive deficits that have been described as a result
of chronic stress exposure (Conrad, 2006; Sousa et al., 2008).
Another possible functional outcome of dendritic retraction
may be a disturbance of HPA axis regulation, leading to
unregulated glucocorticoid release (Conrad, 2006).

3. Adult neurogenesis

Adult neurogenesis (AN) refers to the production of new
neurons in an adult brain. AN is a prominent example of adult
neuroplasticity, that occurs in most vertebrate species
including humans (Eriksson et al., 1998, but see Amrein
et al., 2007). In young adult rodents thousands of new
granule neurons are generated everyday (Cameron and
McKay, 2001) though significant differences exist even within
different mouse strains (Kempermann and Gage, 2002). The
process of AN is dynamically regulated by various environ-
mental factors and rapidly declines with age (in rodents:
Kuhn et al., 1997; Heine et al., 2004a; in tree shrews: Simon
etal., 2005; in humans: Manganas et al., 2007). Neurogenesis
also occurs in the subventricular zone (SVZ) of the ventricle
wall in many mammals, and has been reported in human
brain as well (Curtis et al., 2007, Sanai et al., 2007). Several
independent groups have observed low levels of neurogen-
esis also in other brain structures like the amygdala, striatum
and neocortex, but negative results exist as well (Gould et
al., 1999, Bernier et al., 2002, Kornack and Rakic, 2001;
Cameron and Dayer, 2008; Rakic, 2002). Part of the difficulty
in studying AN in regions such as the neocortex could reside
in the fact that new cortical neurons probably belong to
small subclasses of interneurons dispersed over large
neocortical volumes (Cameron and Dayer, 2008).

In contrast to its abundance during embryonic develop-
ment, hippocampal neurogenesis in the adult is much less
frequent. Yet, AN follows a similar complex multi-step
process that starts with the proliferation of progenitor cells,
followed by their morphological and physiological matura-
tion. The latter is often referred to as the “survival” process,
that ends with a fully functional neuron that is integrated
into the pre-existing hippocampal network (Fig. 1) (for
detailed overview see e.g. Kempermann, 2006; Balu and
Lucki, 2009). The existence and numbers of true multipotent
neural stem cells residing in the adult dentate gyrus (DG) is

still a disputed issue. Experimental data report that a
heterogeneous population of precursor cells is located and
proliferates in the subgranular zone, a narrow layer located
between the dentate granule cell layer and hilus. These
precursor cells show a characteristic phenotype of radial
astrocytes (Seri et al., 2001) and can generate new cells.
Daughter cells of these progenitors proliferate at high
frequency and are often observed as bromodeoxyuridine
(BrdU)-positive cell clusters; they have been named amplify-
ing neural progenitors (Encinas et al., 2006). The maturing
newborn neurons subsequently extend their axons and
dendrites, a process followed by the formation of spines
and functional synapses (See Fig. 1 for a diagram illustrating
the main aspects of the maturation process).

New neurons display characteristic functional properties
such as a lower threshold for induction of long-term
potentiation (LTP) and robust LTP (Schmidt-Hieber et al.,
2004). Recent data indicate that the subsequent survival of
the newly generated neurons is regulated by their input-
dependent activity (Tashiro et al., 2006). There is a
significant overproduction of newborn cells and neurons
that do not become integrated into the pre-existing network
are rapidly eliminated by apoptotic cell death (Dayer et al.,
2003). This process provides a significant turnover of granule
cells in the dentate gyrus of young rodents. In monkeys this
turnover rate is significantly lower while no quantitative
data are yet available for humans (Cameron and McKay,
2001; Kornack and Rakic, 1999).

Adult neurogenesis in the dentate gyrus is potently
stimulated by exercise and enriched environmental housing
(Kempermann et al., 1997; Brown et al., 2003). It has been
suggested that data on the incidence of AN originating from
laboratory rodents, that generally live in impoverished
conditions, represents an underestimation of the true
occurrence of AN in animals living in natural (complex)
environments. A recent finding, however, appears to
challenge this concept, as cell proliferation and the number
of immature neurons in the hippocampus of adult wild living
rats were found to be within the normal range of captive-
bred rats (Epp et al., 2009).

The exact functional role of the newborn granular neurons
remains to be determined. Based on the fact that the
hippocampus plays a central role in the acquisition and
consolidation of episodic-declarative memories, and in view
of the selective occurrence of AN in this structure, it is
tempting to argue that newborn neurons have a key role in
spatial learning and pattern separation. Indeed there have
been numerous attempts to link these two processes to each
other (see e.g. Bruel-Jungerman et al., 2007; Imayoshi et al.,
2008; Dupret et al., 2007, 2008; Garthe et al., 2009; Oomen
et al., 2009). Primates are thought to have the highest
cognitive capacities among mammals. In case the newly
generated neurons are truly essential for learning, an
unresolved issue is why rats and mice seem to have higher
rates of neurogenesis than primates.

4, Stress and exercise regulate adult
hippocampal neurogenesis

Stress is one of the most potent environmental parameters
known to suppress adult neurogenesis, as shown in several
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Figure 1  Schematic diagram illustrating the neuronal differentiation cascade of newborn cells located in the adult hippocampal

dentate gyrus (modified from Enikolopov and Overstreet-Wadiche, 2008). Abbreviations used: GFAP: glial fibrillary acidic protein;
Sox2: sex determining region Y (SRY)-box 2; DCX: doublecortin; PSA-NCAM: polysialylated form of the neural cell adhesion molecule;

TuJ1: B-tubulin lll; NeuN: neuronal nuclear antigen.

different species, using various stress paradigms (Mirescu
and Gould, 2006; Lucassen et al., 2009c). Both psychosocial
(Gould et al., 1997; Czéh et al., 2002) and physical stressors
(Malberg and Duman, 2003; Pham et al., 2003; Vollmayr
et al., 2003) all inhibit one or more phases of the
neurogenesis process (Oomen et al., 2007). Both acute and
chronic stress exposures have a potent suppressive effect on
proliferation, thus the duration of the stress does not seem
to be a relevant factor (Gould et al., 1997; Heine et al.,
2004c; Czéh et al., 2002). Furthermore, stress appears to
interfere with all stages of neuronal renewal, and inhibits
both proliferation and survival (Fig. 2) (Czéh et al., 2001,
2002; Mirescu and Gould, 2006; Oomen et al., 2007; Wong
and Herbert, 2004).

Stress-induced reductions in proliferation could result
from apoptosis of progenitor cells, or from cell cycle arrest.
After acute stress, a reduction in proliferation was paralleled
by increased numbers of apoptotic cells, yet no distinction
was made between apoptosis of newborn or mature cells.

Following chronic stress, both proliferation and apoptosis
were reduced, parallel to increases in the cell cycle inhibitor
p27Kip1, indicating that more cells had entered cell cycle
arrest and that the granule cell turnover had thus slowed
down (Heine et al., 2004b,c).

The exact underlying cellular mechanisms mediating the
inhibitory effect of stress are largely unknown. The adrenal
glucocorticoid hormones (GCs; corticosterone in rodents;
cortisol in man) have been pointed out as key players in this
process (Wong and Herbert, 2004; 2005) and both MR and GR,
as well as NMDA receptors have been identified on progenitor
cells. At the same time, several examples exist of a persistent
and lasting inhibition of AN after an initial stressor, and despite
a later normalization of GC levels (e.g. Czéh et al., 2002;
Mirescu and Gould, 2006). These findings suggest that while
glucocorticoids may be involved in the initial suppression of
cell proliferation, particularly in early life when neurogenesis
is abundant, they are not always necessary for the main-
tenance of thiseffect. A large number of other factors may also
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Figure 2  A: Adult hippocampal neurogenesis occurs in the subgranular zone (SGZ) of the dentate gyrus (DG) adjacent to the granule
cell layer (GCL). B: Newborn granule cells (brown) in the rat DG. Insert in B shows a confocal microscopy image of a double labelled
cell: red reflects mature neurons (NeuN), green—yellow is the proliferation marker bromodeoxyuridine (BrdU) labelling of a newly
generated neuron. C—D: Chronic social stress inhibits both the cell proliferation rate and survival rate of the newly generated cells,
whereas concomitant fluoxetine treatment can counteract this effect of stress. E: A representative image of GFAP-staining in the
dentate gyrus. GFAP (glial fibrillary acidic protein) labels astroglia, insert shows an individual GFAP-positive astrocyte. F: Chronic
stress results in reduced numbers of astroglia in the hippocampus, whereas fluoxetine blocked this effect of stress. P<0.05 compared
to control; # P<0.05 compared to stress. For details see Czéh et al. (2006, 2007). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

mediate the stress-induced inhibition of AN. The stress- Stress is also known to affect the levels of various
induced increase in glutamate release via NMDA receptor neurotransmitters that have all been implicated in the
activation is another leading candidate in this process (Gould regulation of AN: GABA (Ge et al., 2007), serotonin
et al., 1997; Nacher and McEwen, 2006). (Djavadian, 2004), noradrenalin (Joca et al., 2007) and
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dopamine (Dominguez-Escriba et al., 2006), to name a few
examples. Other neurotransmitter systems, such as the
cannabinoids, opioids, nitric oxide and various neuropep-
tides may contribute as well (see e.g. Balu and Lucki, 2009).
Importantly, stress also reduces the expression of several
growth and neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), insulin-like growth factor-1
(IGF-1), nerve growth factor (NGF), epidermal growth factor
(EGF), and vascular endothelial growth factor (VEGF), that
all can influence neurogenesis (see e.g. Schmidt and Duman,
2007). The role of gonadal steroids should not be neglected
either (Galea, 2008). The proximity of the precursors to
blood vessels further suggests a strong interaction with the
vasculature and it is this population that is particularly
sensitive to stress (Heine et al., 2005). Also, astrocytes are
important in this respect as they support the survival of
developing neurons, possess glucocorticoid receptors and are
significantly affected by some but not all types of stress
(Fig. 2) (Czéh et al., 2006; Banasr et al., in press; Oomen
et al., 2009).

When studying the effects of stress on adult neurogenesis
in laboratory conditions it is important to realize that many
variables influence the outcome of such studies, as inter-
individual and gender differences in stress coping, handling,
time of day at sacrifice and previous exposure to stressful
learning tasks can all be of influence (e.g. Holmes et al.,
2004; Ehninger and Kempermann, 2003). An interesting
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Figure 3  Schematic representation of the differential effects
of voluntary running on adult hippocampal neurogenesis.
Whereas short term running for 9 days potently increases
neurogenesis levels (>400%), prolonged running for 24 days
induces a strong reduction in neurogenesis to approximately 50%
of control levels. These changes are paralleled by the develop-
ment of an activated HPA axis and a gradual rise in corticoster-
one levels, as represented by the size of the red ovals (see Naylor
et al., 2005; Droste et al., 2003). (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)

contradiction also exists regarding the generally positive
effect of exercise on AN (Van Praag et al., 1999). Exercise is
generally associated with beneficial changes, also in its
effects on mood (Ernst et al., 2006; Brene et al., 2007). In
rats, short term voluntary running for 9 days potently
stimulated neurogenesis whereas long-term running for
24 days induced a strong down-regulation of progenitor
proliferation rate to approximately 50% of non-running
controls (Fig. 3). These latter findings were paralleled by a
gradual activation of the HPA axis and the opioid system
(Droste et al., 2003; Naylor et al., 2005; Lou et al., 2008).
Furthermore, by decreasing or modulating the daily running
distance of long-term running animals, the HPA axis
activation was prevented and a return to normal prolifera-
tion levels was found (Naylor et al., 2005; Lou et al., 2008).
Hence, prolonged running can develop into a stressor,
overruling the positive effects of exercise on AN, and may
even induce dependency-like behavior (Droste et al., 2003).
This suggests that positive stimuli for AN can only be
effective when HPA axis activation is minimal.

5. The long lasting effects of perinatal
stress exposure

The set point of HPA axis activity is programmed by genotype,
but can be changed by early development. In humans, early
life stressors are among the strongest predisposing factors for
major depression in later life. Aversive experiences, both in
utero or neonatally, like early maternal separation or abuse,
can result in sustained HPA axis activation and lasting
alterations in the stress response that may predispose
individuals to adult onset depression, anxiety disorder, or
both (Heim et al., 2008).

In experimental conditions, exposure of pregnant animals
to stress affects critical periods of fetal brain development
that can persistently alter structural, emotional and neu-
roendocrine parameters in the offspring which results in
altered anxiety-like behavior, increased HPA axis reactivity
and memory deficits in adult life (Welberg and Seckl, 2001;
Kofman, 2002; Weinstock, 2008). Subjecting pregnant rats or
non-human primates to stress induces long lasting reductions
in adult neurogenesis in the offspring (Lemaire et al., 2000;
Coe et al., 2003; Lucassen et al., 2009a,b, but see Tauber
et al., 2008).

For rat (and non-human primate) newborns, the most
important environmental factor during early development is
the mother. Rat pups that receive more maternal care during
this period are generally less anxious later in life and show
enhanced survival of newborn cells in the dentate gyrus
(Bredy et al., 2003). Variations in maternal care determine
HPA axis properties through epigenetic modulation (Liu
et al., 2000) while the amount of maternal care received
by the offspring differs between the sexes (Oomen et al.,
2009). Of interest, maternal deprivation, or low levels of
maternal care, reduces hippocampal neurogenesis in some
(Mirescu et al., 2004, Bredy et al., 2003), but not all studies
(Greisen et al., 2005). Apparently, the experimental out-
come critically depends on the timing of deprivation and
subsequent analysis.

Parallel to the changes in adult neurogenesis following
early maternal separation, an altered incidence of cell death
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occurs as well (Mirescu et al., 2004; Zhang et al., 2002).
Notably, changes in neurogenesis after maternal deprivation
occur in a sex-dependent manner (Oomen et al., 2009) and
some could be normalized by fluoxetine treatment (Lee et
al., 2001). Gonadal steroids are likely factors that determine
such sex-dependent changes. Estrogens are thought to exert
a protective role here. They can exert non-genomic effects
directly and indirectly on the newly generated cells in
neonatal and adult rat dentate gyrus while specific estrogen
receptors have been found on immature doublecortin-
positive neurons (Herrick et al., 2006). Evidence suggests
that acute estradiol initially enhances and subsequently
suppresses cell proliferation in the dentate gyrus of adult
female rodents but may have limited effects in male rodents
(Galea, 2008). Testosterone on the other hand, promotes
differentiation and survival of the newborn neurons, but not
cell proliferation, in adult male rodents (Galea, 2008).
Hence, gonadal steroids contribute to the development of
sex differences in neurogenesis and may modulate differ-
ential effects after perinatal stress exposure.

6. Sleep disruption as a stressor

Sleep is a very general feature of all mammals and plays an
important role e.g. in homeostatic functions (Tononi and
Cirelli, 2006). Chronic sleep disruption can be regarded as a
physiological stressor, as it impairs brain functions, increases
the sympathetic tone, blood pressure and evening cortisol
levels, raises the levels of pro-inflammatory cytokines, and
also elevates insulin and blood glucose (McEwen, 2006b;
Meerlo et al., 2008). Disturbed sleep is not only a common
symptom of mood disorders, but may also sensitize individ-
uals to the development of depression. Consistent with this,
primary insomnia often precedes and predicts depressive
episodes (Riemann and Voderholzer, 2003). Experimental
studies in rats have now shown that chronic sleep curtail-
ment gradually leads to neurobiological and neuroendocrine
changes similar to those found in depression (Roman et al.,
2005a; Novati et al., 2008). Preclinical studies demonstrate
that chronically disrupted and restricted sleep can interfere

with adult neurogenesis (Roman et al., 2005b; Mirescu et al.,
2006; Guzman-Marin et al., 2007; Mueller et al., 2008). On
the basis of these findings, it has been hypothesized that
chronically disrupted sleep, by inhibiting neurogenesis, may
contribute to the etiology of depression (Meerlo et al.,
2009).

Sleep disruption for a period shorter than one day has little
effect on the basal rate of cell proliferation and survival
(Roman et al., 2005b; Guzman-Marin et al., 2007), yet, one
study showed that even a mild restriction of sleep may
prevent the increase in AN that occurs after hippocampal-
dependent learning (Hairston et al., 2005). Since sleep
deprivation also disturbs hippocampal-dependent memory
formation (Stickgold and Walker, 2005), it could thus be that
sleep loss may also interfere with cognition by affecting
stages of dentate neurogenesis.

The mechanisms by which sleep disruption affects
hippocampal neurogenesis are not fully understood. It has
been proposed that this inhibitory effect of prolonged sleep
deprivation on AN might be an indirect result of stress
(Mirescu et al., 2006). Indeed, sleep loss can be considered
stressful and is sometimes associated with mildly elevated
GC levels (Meerlo et al., 2008). Also, prolonged sleep
disruption gradually causes alterations in HPA axis regulation
similar to those seen in depression (Meerlo et al., 2002;
Novati et al., 2008). One study has suggested that lowering
circulating GC concentrations may prevent the sleep
deprivation-induced suppression of hippocampal neurogen-
esis (Mirescu et al., 2006). On the other hand, a number of
studies with adrenalectomized rats have clearly shown that
prolonged sleep loss can inhibit neurogenesis by ways that
are independent of adrenal glucocorticoid hormones (Fig. 4)
(Guzman-Marin et al., 2007; Mueller et al., 2008).

Besides glucocorticoids, many other factors are affected
by sleep deprivation or sleep disruption, and some of these
may provide a link between insufficient sleep and reductions
in adult neurogenesis. For example, serotonin promotes
neurogenesis, in part via the serotonin-1A receptor (Banasr
et al., 2004). Interesting in this respect is that chronic sleep
restriction reduced the sensitivity of the serotonin-1A
receptor system (Roman et al., 2005a). This reduction

A 1day 4 days 7 days B 4days
5000 B sleep
—L fragmentation
4000 - in ADX rats
2
3 3000} |
5
B 2000} - -
m ok
SFC SF SFC SF SFC SF SFC SF

Figure 4  A: Hippocampal cell proliferation in rats subjected to sleep fragmentation (SF) by forced treadmill walking and in control
animals that were subjected to forced walking but had sufficient time to sleep (SFC). Whereas 1 day of SF had no effect on cell
proliferation, the numbers of BrdU-positive cells in the dorsal DG were significantly reduced after 4 or 7 days of SF. B: Effects of 4 days
SF on cell proliferation in adrenalectomized (ADX) rats that received basal corticosterone in their drinking water. Independent of
changes in corticosterone, a 55% reduction in the number of BrdU-positive cells was found after SF compared with ADX SF controls.
P<0.01 compared to controls. After Guzman-Marin et al. (2007), with permission.
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develops during the course of prolonged sleep restriction,
consistent with the finding that also the suppression of adult
neurogenesis generally occurs only after a prolonged period
of sleep disturbance. Reductions in AN following sleep
deprivation might also be related to increased levels of
pro-inflammatory cytokines (see next chapter). Both inter-
leukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) are
increased after sleep restriction (Irwin et al., 2006, Haack et
al., 2007). Plasma IL-6 levels are also increased in patients
with primary insomnia (Burgos et al., 2006). Exposure to both
IL-6 and TNF-a decreases neurogenesis in vitro suggesting
that these cytokines may mediate at least some of the
detrimental effects of neuroinflammation on hippocampal
neurogenesis in vivo (Monje et al., 2003). In summary, the
mechanisms by which prolonged sleep disturbance affects
adult neurogenesis include several complex factors that are
also relevant for the etiology of mood disorders (Meerlo et
al., 2009; Lucassen et al., 2009b).

7. Inflammation as a stressor and the role
of microglia

As already noted above, the effect of stress and sleep
disruption on hippocampal neurogenesis may in part be
mediated by pro-inflammatory cytokines. The HPA axis is
activated not only by stress, but also during disease
processes, and by pro-inflammatory cytokines such as IL-6
or exogenous interferon alpha (Cassidy and O'Keane, 2000).
During inflammation, cells of the immune system produce
pro-inflammatory cytokines such as interleukin-1 (IL-1) and
IL-6, which elicit various (patho)physiological reactions, that
together coordinate the “nonspecific symptoms of sickness”
and activate the HPA axis (Berkenbosch et al., 1987);
elevated GC levels are generally immunosuppressive and
then prevent the immune system from overshooting (Dunn,
2006). Thus, a clear bi-directional communication exists
between the immune and neuroendocrine systems (Rhen and
Cidlowski, 2005).

Interleukins are also produced within the brain during
ischemia, dementia, multiple sclerosis and epilepsy (Skaper,
2007; Ravizza et al., 2008). In most of these conditions,
microglial cells produce interleukins that are generally
considered detrimental for neuronal viability, although
interleukins have also been implicated in processes such as
brain plasticity (Johansson et al., 2008; Spulber et al., 2008).
Hence, neuroinflammation, defined by microglial activation
and the presence of pro-inflammatory mediators, represents
a stressor that may affect AN. More recent evidence,
however, suggests that microglia can have a dual role and,
depending on their state of activation, they can either inhibit
or stimulate AN both in the intact and injured brain (Ekdahl
et al., 2009). It is also conceivable that various functionally
divergent subpopulations of microglia exist, some having
pro-, others antineurogenic effects (Ekdahl et al., 2009).

Inflammation and cytokine expression largely inhibit AN
directly (Vallieres et al., 2002; Monje et al., 2003) while
immune modulators like transforming growth factor (TGF)-p
(Wachs et al., 2006) have a concentration-dependent pro-
neurogenic potential in the adult brain (Battista et al.,
2006). Other pro-inflammatory cytokines such as TNF-« (losif
et al., 2006) or interferon-a decrease AN through modulation

of IL-1 (Kaneko et al., 2006). In addition, impairment of IL-1p
action prevents the attenuated rate of AN in response to
stress, supporting the idea that pro-inflammatory mediators
and local cues in the brain play a role in restricting AN (Koo
and Duman, 2008).

Conversely, factors capable of affecting cell genesis can
also influence microglial activation. As part of the neuroin-
flammatory response, activated microglia modulates the
neurogenic niche and, dependent on whether they are
activated by IL-4 or by IFN-y, microglia cells can differen-
tially induce oligodendrogenesis and neurogenesis, respec-
tively (Butovsky et al., 2006). Reducing neuroinflammation
by specific drugs was further shown to restore or increase AN
in different pathological models (Ekdahl et al., 2009; Monje
et al., 2003) while T-cells even seem to influence hippo-
campal plasticity through effects on progenitor cells (Ziv
et al., 2006).

Finally, it should be noted that psychological stress
stimulates pro-inflammatory cytokine production in patients
experiencing stress and anxiety. Also in depressed patients,
increases in macrophage activity and in the production of
pro-inflammatory cytokines have been consistently reported
(Dantzer et al., 2008).

8. Stress affects cytogenesis not only in the
hippocampus but also in the prefrontal cortex

The hippocampal formation is in the focus of this review, but
it is clear that the hippocampus is not the only limbic
structure where neuroplasticity is affected by stress or
antidepressant treatment (Sairanen et al., 2007; Maya
Vetencourt et al., 2008). Functional impairments of the
hippocampus are obviously not solely responsible for the
symptoms observed in depression. Amongst others, the
prefrontal cortex and amygdala are important structures in
this respect (Ressler and Mayberg, 2007).

The prefrontal cortex (PFC) is implicated in a number of
higher cognitive functions as well as in processing emotions
and regulation of the stress response (Cerqueira et al., 2008;
Holmes and Wellman, 2009). In the medial prefrontal cortex
(mPFC) of experimental animals, stress-induced morpholo-
gical changes have been revealed that are comparable to
what is seen in the hippocampus with some significant
differences (Czéh et al., 2008). In the mPFC, stress leads to
the regression of apical dendrites of pyramidal neurons (Cook
and Wellman, 2004; Radley et al., 2004; Cerqueira et al.,
2008) and inhibits adult cell proliferation (Czéh et al., 2007;
Banasr et al., 2007). However, phenotypic analysis of the
newborn cells in the mPFC reveals that most of them develop
into glia and only a minority into neurons (Cameron and
Dayer, 2008). Accordingly, for the mPFC the inhibitory effect
of stress essentially involves adult gliogenesis. Human
studies reporting on volume reduction and glial cell loss in
prefrontal areas of patients with mood disorders (Drevets,
2001; Rajkowska and Miguel-Hidalgo, 2007) are of particular
interest in this respect.

Ongoing, low-frequent neurogenesis has been reported
also in the cortex of adult rats and non-human primates
(Dayer et al., 2005; Gould et al., 1999), but these findings
raised substantial skepticism (Kornack and Rakic, 2001), and
the question of whether AN actually occurs to a considerable
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extent in the cortex is still debated (Gould, 2007; Cameron
and Dayer, 2008; Imayoshi et al., 2008). It is worth to note
here, that in humans, neocortical neurogenesis has been
shown to be restricted to prenatal developmental stages
(Bhardwaj et al., 2006), and cytogenesis has not yet been
documented in the adult human neocortex (Manganas et al.,
2007). Interestingly, the expression of doublecortin, an
endogenous marker for immature neurons (Couillard-Despres
et al., 2005) has also been observed in a subpopulation of
mature glia cells in the human cortex (Verwer et al., 2007)
and in considerable numbers in the adult primate amygdala
and piriform cortex (Bernier et al., 2002). So far, there is no
evidence that stress or antidepressant treatment could
affect adult cortical neurogenesis, but this possibility should
be investigated.

The studies demonstrating opposing effects of stress and
antidepressant treatments on cytogenesis in the mPFC reveal
that the majority of the newly generated cells express the
chondroitin sulfate proteoglycan NG2 (Neuron-glia 2) (Fig. 5)
(Czéh et al., 2007; Banasr et al., 2007). NG2 identifies a glial
cell population that is widely and uniformly distributed
throughout gray and white matter of the mature CNS,
representing 5-8% of the total glial cell population (Butt
et al., 2005). The exact functional role of this glia type is still
largely unknown, especially because NG2-positive cells most
probably represent functionally heterogeneous populations.
Interestingly, there is some evidence that NG2-positive cells
have the ability to differentiate into neurons, both under in
vitro and in vivo conditions, i.e. they may have stem-cell-like
properties (Lin and Bergles, 2004). Since stress affects the
proliferation of these cells, and because a fraction of these
NG2-expressing progenitors may eventually differentiate into
new GABAergic neurons (Cameron and Dayer, 2008), this
process might also be affected by stress. The hypothesis that
glial cell loss, either by cell death or by inhibition of adult
gliogenesis, contributes to the core symptoms of depression is
supported by a recent study, in which pharmacologic ablation
of glial cells in the mPFC resulted in comparable depressive-
like behavior as exposing animals to chronic unpredictable
stress (Banasr and Duman, 2008).

Hemispheric specialization of the prefrontal cortex in
emotional processing is well documented in humans (Davidson,
1998). There is evidence that a similar lateralized regulation of
the stress response is also present in other mammals including
rodents (Gratton and Sullivan, 2005). A number of studies on
rats have now shown that whereas the right mPFC integrates
emotional and physiological responses to long-term stressful
situations, the left mPFC is more involved in the regulation of
immediate stress responses (Sullivan and Gratton, 2002;
Cerqueira et al., 2008). Interestingly, a recent study found
an intrinsic hemispheric asymmetry in the incidence of
cytogenesis in the adult mPFC, i.e. in the left mPFC, both
the proliferation rate and survival of the newborn cells were
always higher (Fig. 5). Furthermore, chronic stress had a
greater suppressive effect on cytogenesis in the left PFC,
resulting in a reversed asymmetry (Fig. 5) (Czéh et al., 2007).

Lateralized gliogenesis in the mPFC might reflect functional
asymmetry. The higher occurrence of gliogenesis in the left
PFC may indicate the left "dominance” of this region in
normal, unchallenged animals. The stress-induced reversal of
this lateralization resulted in higher incidence of cytogenesis
in the right mPFC, which may reflect hyperactivation of this

area during chronic stress. It is tempting to relate these
preclinical findings to the neuropsychological models of
emotional processing which hypothesize that positive (or
approach-related) emotions are lateralized towards the left
hemisphere, whereas negative (or withdrawal-related) emo-
tions are lateralized towards the right hemisphere (Rotenberg,
2004). In humans, electroencephalographic (EEG) studies
relate decreased left hemisphere activation to depressive
conditions, and associate hyperfunction in the right hemi-
sphere with anxiety disorders (Sullivan and Gratton, 2002;
Shenal et al., 2003). Depressed mood has further been
associated with hypometabolism and volumetric reduction
also of the left PFC (Drevets et al., 1997; Drevets, 2000). The
significance of hemispheric lateralization in the regulation of
emotional reactivity and stress responses is not yet under-
stood, but it is clear that this lateralization phenomenon
transcends species and is not restricted to the PFC.

9. Stress-induced changes in adult neurogenesis;
relevant for depression?

Recently, the ‘neurogenic theory’ of depression has been put
forward linking a suppressed rate of adult hippocampal
neurogenesis to (the vulnerability for) depression. This idea
postulates that a reduced production of new neurons in the
hippocampus contributes to the pathogenesis of depression
and that successful antidepressant treatment requires an
enhancement in hippocampal neurogenesis (Duman, 2004;
Sahay and Hen, 2007). The most important building blocks of
this theory were the following findings: 1) stress inhibits
adult hippocampal neurogenesis (in animals) and is a risk
factor for depression in predisposed humans; 2) depressed
patients often have cognitive deficits and smaller hippo-
campal volumes which might be the result of suppressed
neurogenesis or altered cellular turnover rates; 3) antide-
pressant treatment stimulates neurogenesis and reverses the
inhibitory effect of stress; 4) most antidepressant drugs do
not exert their therapeutic effects until after 3—4 weeks of
administration, which parallels the time course of the
maturation of the newly generated neurons; 5) ablation of
hippocampal neurogenesis blocks the behavioral effects of
antidepressant treatment (in mice) (Malberg et al., 2000;
Czéh et al., 2001; Oomen et al., 2007; Santarelli et al., 2003;
Warner-Schmidt and Duman, 2006; Sahay and Hen, 2007).
There are, however, several findings which do not fit into
this concept: 1) depletion of neurogenesis by means other than
stress, e.g. by cranial irradiation, fails to produce a “depressive-
like” state in animals (Airan et al., 2007); 2) reductions in
hippocampal volume and in adult neurogenesis are not specific
for depression and have also been implicated in various other
psychiatric disorders (e.g. schizophrenia, dementia, addiction
and anxiety) (Kempermann et al., 2008; Thompson et al., 2008;
Revest et al., 2009). Also, both neurogenesis-dependent and -
independent mechanisms of antidepressant action have been
demonstrated (Sahay and Hen, 2007; David et al., 2009) that
may involve growth factors and/or inflammatory mediators
(Greene et al., 2009; Koo and Duman, 2008). In fact, we still lack
a functional theory that explains how exactly newborn neurons
in the adult hippocampus could contribute to the regulation of
mood, or to a specific symptom of depression. Instead, it has
been proposed that the suppressed rate of AN may contribute to



10 P.J. Lucassen et al.

(9]
O

4500 1 Proliferation 45001 Survival
w 4000 - vk w 40001 ——
g B0 — " '8 3500 = %
4 3000 1 X 30001 =
T 2500 - — B 2500 4
| o
"6 2000 1 %5 2000
& 1500 4 5 1500
2 2
£ 1000 E 1000 1
3 =}
Z 500 Z 500 \
0 0 A
Control ~ Stress Control ~ Stress Control  Stress Control  Stress
Left Right Left Right

m
M

4500 - Proliferation 4500 Survival
» 4000+ * 1 4000+ *
L B 001 ==
X 30004 X 3000+
I
B 2500+ == * T 2500 *
[v] m
“5 2000 “5 2000
@ 1500 - @ 15004
£ =
£ 1000 - £ 1000
= =
Z 500 Z 500
0 0
Left Right Left Right Left Right Left Right
Control Stress Control Stress

Figure 5 A: The medial prefrontal cortical areas are displayed on a series of plates, modified from a rat brain atlas. The effect of
chronic social defeat stress on adult cytogenesis has been investigated in this cortical region. B: Majority of the newborn cells in the rat
prefrontal cortex differentiate into NG2-positive glia. A confocal microscopy image of a double labelled newly generated glial cell: red
reflects the glial marker NG2, green—yellow is the proliferation marker BrdU labelling a newly generated cell. C-D: Chronic social
stress inhibits both the cell proliferation rate and survival rate of the newly generated cells. Statistics: one-way ANOVA followed by
Student—Newman—Keuls post hoc analysis. E-F: The same data set rearranged in a way that facilitates the hemispheric comparison.
Cytogenesis in the medial prefrontal cortex showed intrinsic hemispheric asymmetry. In control animals, both the cell proliferative
activity (E) and survival rate of newborn cells (F) were always higher in the left hemisphere, whereas chronic stress (stress) reversed
this asymmetry. Statistics: paired t-test. For details see Czéh et al. (2007). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the cognitive impairments common in the above listed central role of reduced neurogenesis in depression would
psychiatric disorders (Kempermann et al., 2008). have to come from a direct examination of this process in

Given the technical limitations to visualize neurogenesis hippocampal tissue of depressed patients. To date, there are
in the live brain of humans, convincing evidence for the only two studies that addressed this question. One has been
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published by Reif et al. (2006), in which the authors compared
the level of neural stem-cell proliferation in post mortem
brain samples from patients with major depression, bipolar
affective disorder, schizophrenia, and control subjects. They
could not find any evidence of reduced neurogenesis in the
hippocampi of depressed patients. Furthermore, antidepres-
sant treatment did not increase neural stem-cell proliferation.
Unexpectedly, significantly reduced numbers of newly formed
cells were found only in schizophrenic patients. However, this
study was based on a relatively small sample size and further
studies are warranted.

The other more recent post mortem study is by Boldrini
et al. (2009). This compared the number of progenitor and
dividing cells in 7 controls, 5 untreated patients with major
depressive disorder and 7 depressed patients under antide-
pressant medication (four of them were treated with selective
serotonin reuptake inhibitors (SSRIs) and three of them with
tricyclic antidepressants (TCAs)). They found that in untreated
depressed subjects the number of nestin-positive progenitors
was significantly decreased, while the number of Ki-67-
reactive dividing cells was 50% less than in controls, but this
difference was statistically not significant. Furthermore, both
the SSRI and TCA treatment increased the number of nestin-
positive progenitors and TCAs had a robust stimulatory effect
on the number of Ki-67-reactive dividing cells. But the SSRIs
had no effect on the number of dividing cells. However, one
has to keep in mind that the studies by Reif et al. (2006) and
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Boldrini et al. (2009) are based on arelatively small sample size
and further studies with larger samples are warranted. In this
regard one approach which might address this issue more
precisely could be the visualization of neurogenesis in live
subjects using advanced in vivo imaging techniques.

In summary, to date there is no clear convincing clinical
evidence that an altered rate of adult dentate neurogenesis is
critical to the etiology of major depression. Although adult
neurogenesis may not be essential for the development of
depression, it may be required for clinically effective anti-
depressant treatment (Sahay & Hen, 2007; Surget et al., 2008).
Hence, stimulation of neurogenesis has been regarded as a
promising strategy for identifying new antidepressant targets.
Accordingly, when tested in chronic stress paradigms, several
candidate antidepressant compounds, like corticotrophin-
releasing factor (CRF1), vasopressin (V1b) or glucocorticoid
receptor antagonist (Alonso et al., 2004; Oomen et al., 2007;
Surget et al., 2008), tianeptine (Czéh et al., 2001) or selective
neurokinin-1 (NK1) receptor antagonists (Czéh et al., 2005)
could indeed normalize inhibitory effects of stress on prolifera-
tion or neurogenesis (Figs. 2 and 6). Other, non-pharmacological
approaches, like vagus nerve and deep brain stimulation have
been tested as well (Revesz et al., 2008; Toda et al., 2008).

Future studies will have to reveal whether screening
compounds for their neurogenic potential is a meaningful
approach in drug discovery. Today we know that AN can be
stimulated by almost all currently available antidepressant
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Figure 6 Top panels show examples of BrdU+ and doublecortin (DCX)+ immunostained cells in the DG. DCX-positive somata are
located in the SGZ with extensions passing through the GCL. Lower panels display BrdU- and DCX-positive cell numbers in rats
subjected to 21 days of chronic unpredictable stress. The significant reduction in both BrdU- (21 day old cells) and DCX-positive cell
numbers after chronic stress or corticosterone treatment is normalized by 4 days of high dose treatment with the GR antagonist
mifepristone, whereas the drug alone has no effect (see Mayer et al., 2006 and Oomen et al., 2007 for details).
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treatments including selective serotonin reuptake inhibitors
(SSRIs), tricyclic antidepressants (TCAs), electroconvulsive
therapy (ECT), atypical antipsychotics and behavioral ther-
apy (Sahay and Hen, 2007; Warner-Schmidt and Duman 2006;
Pollak et al., 2008).

10. Concluding remarks

Stress, glucocorticoids, inflammation and sleep deprivation all
interfere with one or more of the phases of the neurogenetic
process. However, this inhibitory effect can normalize after a
recovery period, voluntary exercise or antidepressant treat-
ment. While adult neurogenesis has been implicated in
cognitive functions, as well as in the regulation of mood and
anxiety, and in the therapeutic effects of antidepressant drugs,
its functional impact and contribution to the etiology of
depression remains unclear. Admittedly, we still lack a
functional theory that explains how exactly newborn neurons
in the dentate gyrus of the adult hippocampus can contribute to
the regulation of mood, or to specific symptoms of depression,
besides the cognitive deficits, which are not specific to mood
disorders. In view of the currently available evidence, a
reduced rate of neurogenesis may be indicative of impaired
hippocampal plasticity, but by itself alone, reduced AN is
unlikely to produce depression. Lasting reductions in turnover
rate of DG granule cells, however, alter the average age and
overall composition of the DG cell population and will thereby
influence the properties and functioning of the hippocampal
circuit. Whether stress-induced reductions in adult neurogen-
esis occur in humans, awaits further investigations.

Role of the funding source

The ECNP provided funding for the Targeted Expert Meeting held in
Vienna, on 12 October 2007, on the basis of which this report has
been produced.

Contributors

All authors have been sufficiently involved in this paper.

Conflict of interest

All the authors declare no conflict of interest.

Acknowledgements

PJL is supported by the Volkswagen Stiftung Germany, the University
of Amsterdam, the European Union (MCTS NEURAD), Corcept Inc.
and the Nederlandse Hersen Stichting. We are grateful to Dr. J.
Miiller-Keuker (MPI Molecular Biomedicine, Minster) for her help in
preparation of the figures.

References

Airan, R.D., Meltzer, L.A., Roy, M., Gong, Y., Chen, H., Deisseroth,
K., 2007. High-speed imaging reveals neurophysiological links to
behavior in an animal model of depression. Science 317,
819-823.

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

Amrein, I., Dechmann, D.K., Winter, Y., Lipp, H.P., 2007. Absent or
low rate of adult neurogenesis in the hippocampus of bats
(Chiroptera). PLoS ONE 2, e455.

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

Balu, D.T., Lucki, I., 2009. Adult hippocampal neurogenesis:
regulation, functional implications, and contribution to disease
pathology. Neurosci. Biobehav. Rev. 33 (3), 232-252.

Banasr, M., Duman, R.S., 2008. Glial loss in the prefrontal cortex is
sufficient to induce depressive-like behaviors. Biol. Psychiatry
64, 863-870.

Banasr, M., Hery, M., Printemps, R., Daszuta, A., 2004. Serotonin-
induced increases in adult cell proliferation and neurogenesis are
mediated through different and common 5-HT receptor subtypes
in the dentate gyrus and the subventricular zone. Neuropsycho-
pharmacology 29, 450-460.

Banasr, M., Valentine, G.W., Li, X.Y., Gourley, S.L., Taylor, J.R.,
Duman, R.S., 2007. Chronic unpredictable stress decreases cell
proliferation in the cerebral cortex of the adult rat. Biol.
Psychiatry 62, 496-504.

Banasr, M., Chowdhury, G.M., Terwilliger, R., Newton, S.S., Duman,
R.S., Behar, K.L., Sanacora, G., in press. Glial pathology in an
animal model of depression: reversal of stress-induced cellular,
metabolic and behavioral deficits by the glutamate-modulating
drug riluzole. Mol Psychiatry. doi:10.1038/mp.2008.106.

Battista, D., Ferrari, C.C., Gage, F.H., Pitossi, F.J., 2006.
Neurogenic niche modulation by activated microglia: transform-
ing growth factor beta increases neurogenesis in the adult
dentate gyrus. Eur. J. Neurosci. 23, 83-93.

Berkenbosch, F., van Oers, J., del Rey, A., Tilders, F., Besedovsky,
H., 1987. Corticotropin-releasing factor-producing neurons in the
rat activated by interleukin-1. Science 23, 524-526.

Bernier, P.J., Bedard, A., Vinet, J., Levesque, M., Parent, A., 2002.
Newly generated neurons in the amygdala and adjoining cortex of
adult primates. Proc. Natl. Acad. Sci. U. S. A. 99, 11464-11469.

Berton, O., Nestler, E.J., 2006. New approaches to antidepressant
drug discoveries: beyond monoamines. Nat. Rev. Neurosci. 7,
137-151.

Bhardwaj, R.D., Curtis, M.A., Spalding, K.L., Buchholz, B.A., Fink,
D., Bjork-Eriksson, T., Nordborg, C., Gage, F.H., Druid, H.,
Eriksson, P.S., Frisen, J., 2006. Neocortical neurogenesis in
humans is restricted to development. Proc. Natl. Acad. Sci. U. S. A.
103, 12564—12568.

Boldrini, M., Underwood, M.D., Hen, R., Rosoklija, G.B., Dwork, A.J.,
Mann, J.J., Arango, V., 2009. Antidepressants increase neural
progenitor cells in the human hippocampus. Neuropsychopharma-
cology 2009 Jul 15. [Electronic publication ahead of print].

Bredy, T.W., Grant, R.J., Champagne, D.L., Meaney, M.J., 2003.
Maternal care influences neuronal survival in the hippocampus of
the rat. Eur. J. Neurosci. 18, 2903-2909.

Bremner, J.D., 2002. Structural changes in the brain in depression
and relationship to symptom recurrence. CNS Spectr. 7,
129-130, 135-139.

Brene, S., Bjornebekk, A., Aberg, E., Mathe, A.A., Olson, L., Werme,
M., 2007. Running is rewarding and antidepressive. Physiol.
Behav. 92, 136—140.

Brown, J., Cooper-Kuhn, C.M., Kempermann, G., Van Praag, H.,
Winkler, J., Gage, F.H., Kuhn, H.G., 2003. Enriched environment
and physical activity stimulate Hippocampal but not olfactory
bulb neurogenesis. Eur. J. Neurosci. 17, 2042-2046.

Bruel-Jungerman, E., Rampon, C., Laroche, S., 2007. Adult
hippocampal neurogenesis, synaptic plasticity and memory:
facts and hypotheses. Rev. Neurosci. 18, 93—114.



Regulation of adult neurogenesis by stress, sleep disruption, exercise and inflammation 13

Burgos, I., Richter, L., Klein, T., Fiebich, B., Feige, B., Lieb, K.,
Voderholzer, U., Riemann, D., 2006. Increased nocturnal inter-
leukin-6 excretion in patients with primary insomnia: a pilot
study. Brain Behav. Immun. 20, 246-253.

Butovsky, O., Ziv, Y., Schwartz, A., Landa, G., Talpalar, A.E.,
Pluchino, S., Martino, G., Schwartz, M., 2006. Microglia
activated by IL-4 or IFN-gamma differentially induce neurogen-
esis and oligodendrogenesis from adult stem/progenitor cells.
Mol. Cell. Neurosci. 31, 149-160.

Butt, A.M., Hamilton, N., Hubbard, P., Pugh, M., Ibrahim, M., 2005.
Synantocytes: the fifth element. J. Anat. 207, 695-706.

Cameron, H.A., Dayer, A.G., 2008. New interneurons in the adult
neocortex: small, sparse, but significant? Biol. Psychiatry 63,
650—655.

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

Campbell, S., Marriott, M., Nahmias, C., MacQueen, G.M., 2004.
Lower hippocampal volume in patients suffering from depres-
sion: a meta-analysis. Am. J. Psychiatry 161, 598-607.

Cassidy, E.M., O'Keane, V., 2000. Depression and interferon-alpha
therapy. Br. J. Psychiatry 176, 494.

Castrén, E., 2005. Is mood chemistry? Nat. Rev. Neurosci. 6,
241-246.

Cerqueira, J.J., Almeida, O.F., Sousa, N., 2008. The stressed
prefrontal cortex. Left? Right! Brain Behav. Immun. 22 (5), 630-638.

Coe, C.L., Kramer, M., Czéh, B., Gould, E., Reeves, A.J.,
Kirschbaum, C., Fuchs, E., 2003. Prenatal stress diminishes
neurogenesis in the dentate gyrus of juvenile rhesus monkeys.
Biol. Psychiatry 54, 1025—1034.

Conrad, C.D., 2006. What is the functional significance of chronic
stress-induced CA3 dendritic retraction within the hippocampus?
Behav. Cogn. Neurosci. Rev. 5, 41-60.

Cook, S.C., Wellman, C.L., 2004. Chronic stress alters dendritic
morphology in rat medial prefrontal cortex. J. Neurobiol. 60,
236-248.

Couillard-Despres, S., Winner, B., Schaubeck, S., Aigner, R., Vroemen,
M., Weidner, N., Bogdahn, U., Winkler, J., Kuhn, H.G., Aigner, L.,
2005. Doublecortin expression levels in adult brain reflect
neurogenesis. Eur. J. Neurosci. 21, 1-14.

Curtis, M.A., Kam, M., Nannmark, U., Anderson, M.F., Axell, M.Z.,
Wikkelso, C., Holtas, S., van Roon-Mom, W.M., Bjork-Eriksson,
T., Nordborg, C., Frisen, J., Dragunow, M., Faull, R.L., Eriksson,
P.S., 2007. Human neuroblasts migrate to the olfactory bulb via a
lateral ventricular extension. Science 315, 1243-1249.

Czéh, B., Lucassen, P.J., 2007. What causes the hippocampal volume
decrease in depression? Are neurogenesis, glial changes and
apoptosis implicated? Eur. Arch. Psychiatry Clin. Neurosci. 257,
250-260.

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

Czéh, B., Welt, T., Fischer, A.K., Erhardt, A., Schmitt, W., Muller,
M.B., Toschi, N., Fuchs, E., Keck, M.E., 2002. Chronic psycho-
social stress and concomitant repetitive transcranial magnetic
stimulation: effects on stress hormone levels and adult hippo-
campal neurogenesis. Biol. Psychiatry 52, 1057—1065.

Czéh, B., Pudovkina, O., van der Hart, M.G., Simon, M., Heilbronner,
U., Michaelis, T., Watanabe, T., Frahm, J., Fuchs, E., 2005.
Examining SLV-323, a novel NK1 receptor antagonist, in a chronic
psychosocial stress model for depression. Psychopharmacology
(Berl) 180, 548-557.

Czéh, B., Simon, M., Schmelting, B., Hiemke, C., Fuchs, E., 2006.
Astroglial plasticity in the hippocampus is affected by chronic
psychosocial stress and concomitant fluoxetine treatment.
Neuropsychopharmacology 31, 1616—1626.

Czéh, B., Miller-Keuker, J.I., Rygula, R., Abumaria, N., Hiemke, C.,
Domenici, E., Fuchs, E., 2007. Chronic social stress inhibits cell
proliferation in the adult medial prefrontal cortex: hemispheric
asymmetry and reversal by fluoxetine treatment. Neuropsycho-
pharmacology 32, 1490-1503.

Czéh, B., Perez-Cruz, C., Fuchs, E., Fliigge, G., 2008. Chronic stress-
induced cellular changes in the medial prefrontal cortex and
their potential clinical implications: does hemisphere location
matter? Behav. Brain Res. 190, 1-13.

Dantzer, R., O'Connor, J.C., Freund, G.G., Johnson, R.W., Kelley, K.W.,
2008. From inflammation to sickness and depression: when the
immune system subjugates the brain. Nat. Rev. Neurosci. 9, 46—56.

David, D.J., Samuels, B.A., Rainer, Q., Wang, J.W., Marsteller, D.,
Mendez, I., Drew, M., Craig, D.A., Guiard, B.P., Guilloux, J.P.,
Artymyshyn, R.P., Gardier, A.M., Gerald, C., Antonijevic, I.A.,
Leonardo, E.D., Hen, R., 2009. Neurogenesis-dependent and -
independent effects of fluoxetine in an animal model of anxiety/
depression. Neuron 62 (4), 479-493.

Davidson, R.J., 1998. Cerebral asymmetry, emotions and affective
style. In: Davidson, R.J., Hughdahl, K. (Eds.), Brain asymmetry.
MIT Press, Cambridge, pp. 361-387.

Dayer, A.G., Cleaver, K.M., Abouantoun, T., Cameron, H.A., 2005.
New GABAergic interneurons in the adult neocortex and striatum
are generated from different precursors. J. Cell Biol. 168,
415-427.

Dayer, A.G., Ford, A.A., Cleaver, K.M., Yassaee, M., Cameron, H.A.,
2003. Short-term and long-term survival of new neurons in the rat
dentate gyrus. J. Comp. Neurol. 460 (4), 563-572.

De Kloet, R., Wallach, G., McEwen, B.S., 1975. Differences in
corticosterone and dexamethasone binding to rat brain and
pituitary. Endocrinology 96, 598-609.

de Kloet, ER, Joéls, M, Holsboer, F., 2005. Stress and the brain: from
adaptation to disease. Nat. Rev. Neurosci. 6 (6), 463—475.

Djavadian, R.L., 2004. Serotonin and neurogenesis in the hippo-
campal dentate gyrus of adult mammals. Acta Neurobiol. Exp.
(Wars) 64, 189-200.

Dominguez-Escriba, L., Hernandez-Rabaza, V., Soriano-Navarro, M.,
Barcia, J.A., Romero, F.J., Garcia-Verdugo, J.M., Canales, J.J.,
2006. Chronic cocaine exposure impairs progenitor proliferation
but spares survival and maturation of neural precursors in adult
rat dentate gyrus. Eur. J. Neurosci. 24, 586—-594.

Drevets, W.C., 2000. Neuroimaging studies of mood disorders. Biol.
Psychiatry 48, 813-829.

Drevets, W.C., 2001. Neuroimaging and neuropathological studies of
depression: implications for the cognitive-emotional features of
mood disorders. Curr. Opin. Neurobiol. 11, 240-249.

Drevets, W.C., Price, J.L., Simpson Jr., J.R., Todd, R.D., Reich, T.,
Vannier, M., Raichle, M.E., 1997. Subgenual prefrontal cortex
abnormalities in mood disorders. Nature 386, 824-827.

Droste, S.K., Gesing, A., Ulbricht, S., Muller, M.B., Linthorst, A.C.,
Reul, J.M., 2003. Effects of long-term voluntary exercise on the
mouse hypothalamic—pituitary—adrenocortical axis. Endocrinol-
ogy 144, 3012-3023.

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

Dunn, A.J., 2006. Effects of cytokines and infections on brain
neurochemistry. Clin. Neurosci. Res. 6, 52—68.

Dupret, D., Fabre, A., Dobrossy, M.D., Panatier, A., Rodriguez, J.J.,
Lamarque, S., Lemaire, V., Oliet, S.H., Piazza, P.V., Abrous, D.N.,
2007. Spatial learning depends on both the addition and removal
of new hippocampal neurons. PLOS Biol. 5 (8), e214.

Dupret, D., Revest, J.M., Koehl, M., Ichas, F., De Giorgi, F., Costet,
P., Abrous, D.N., Piazza, P.V., 2008. Spatial relational memory
requires hippocampal adult neurogenesis. PLoS ONE 3 (4), e1959.

Ehninger, D., Kempermann, G., 2003. Regional effects of wheel
running and environmental enrichment on cell genesis and
microglia proliferation in the adult murine neocortex. Cereb.
Cortex 13, 845-851.



14

P.J. Lucassen et al.

Ekdahl, C.T., Kokaia, Z., Lindvall, O., 2009. Brain inflammation and
adult neurogenesis: the dual role of microglia. Neuroscience 158
(3), 1021-1029.

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

Enikolopov, G., Overstreet-Wadiche, L., 2008. The use of reporter
mouse lines to study adult neurogenesis. In: Gage, F.H.,
Kempermann, G., Song, H. (Eds.), Adult Neurogenesis. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York,
pp. 81-100.

Epp, J.R., Barker, J.M., Galea, L.A., 2009. Running wild: neurogen-
esis in the hippocampus across the lifespan in wild and
laboratory-bred Norway rats. Hippocampus 2009 Jan 12. [Elec-
tronic publication ahead of print].

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

Ernst, C., Olson, A.K., Pinel, J.P., Lam, R.W., Christie, B.R., 2006.
Antidepressant effects of exercise: evidence for an adult-
neurogenesis hypothesis? J. Psychiatry Neurosci. 31, 84-92.

Fuchs, E., Flugge, G., Czéh, B., 2006. Remodeling of neuronal
networks by stress. Front. Biosci. 11, 2746—-2758.

Galea, L.A., 2008. Gonadal hormone modulation of neurogenesis in
the dentate gyrus of adult male and female rodents. Brain Res.
Rev. 57, 332-341.

Garthe, A., Behr, J., Kempermann, G., 2009. Adult-generated
hippocampal neurons allow the flexible use of spatially precise
learning strategies. PLoS ONE 4 (5), e5464.

Ge, S., Pradhan, D.A., Ming, G.L., Song, H., 2007. GABA sets the
tempo for activity-dependent adult neurogenesis. Trends Neu-
rosci. 30, 1-8.

Gianaros, P.J., Jennings, J.R., Sheu, L.K., Greer, P.J., Kuller, L.H.,
Matthews, K.A., 2007. Prospective reports of chronic life stress
predict decreased grey matter volume in the hippocampus.
Neuroimage 35, 795-803.

Gould, E., 2007. How widespread is adult neurogenesis in mammals?
Nat. Rev. Neurosci. 8, 481—488.

Gould, E., McEwen, B.S., Tanapat, P., Galea, L.A., Fuchs, E., 1997.
Neurogenesis in the dentate gyrus of the adult tree shrew is
regulated by psychosocial stress and NMDA receptor activation.
J. Neurosci. 17, 2492-2498.

Gould, E., Reeves, A.J., Graziano, M.S., Gross, C.G., 1999.
Neurogenesis in the neocortex of adult primates. Science 286,
548-552.

Gratton, A., Sullivan, R.M., 2005. In: Steckler, T., Kalin, N.H., Reul,
J.M.H.M. (Eds.), Role of Prefrontal Cortex in Stress Responsivity.
Techniques in the behavioral and neural sciences, no. 1, vol. 15.
Elsevier, Amsterdam, pp. 807-817.

Greene, J., Banasr, M., Lee, B., Warner-Schmidt, J., Duman, R.S.,
2009. Vascular Endothelial Growth Factor Signaling is Required for
the Behavioral Actions of Antidepressant Treatment: Pharmacolo-
gical and Cellular Characterization. Neuropsychopharmacol. 34,
2459-2468.

Greisen, M.H., Altar, C.A., Bolwig, T.G., Whitehead, R., Wortwein,
G., 2005. Increased adult hippocampal brain-derived neuro-
trophic factor and normal levels of neurogenesis in maternal
separation rats. J. Neurosci. Res. 79, 772-778.

Guzman-Marin, R., Bashir, T., Suntsova, N., Szymusiak, R.,
McGinty, D., 2007. Hippocampal neurogenesis is reduced by
sleep fragmentation in the adult rat. Neuroscience 148,
325-333.

Haack, M., Sanchez, E., Mullington, J.M., 2007. Elevated inflamma-
tory markers in response to prolonged sleep restriction are
associated with increased pain experience in healthy volunteers.
Sleep 30, 1145-1152.

Hairston, I.S., Little, M.T., Scanlon, M.D., Barakat, M.T., Palmer, T.D.,
Sapolsky, R.M., Heller, H.C., 2005. Sleep restriction suppresses

neurogenesis induced by hippocampus-dependent learning. J.
Neurophysiol. 94, 4224-4433.

Heim, C., Newport, D.J., Mletzko, T., Miller, A.H., Nemeroff, C.B.,
2008. The link between childhood trauma and depression:
insights from HPA axis studies in humans. Psychoneuroendocri-
nology 33, 693-710.

Heine, V.M., Maslam, S., Joels, M., Lucassen, P.J., 2004a. Prominent
decline of newborn cell proliferation, differentiation, and
apoptosis in the aging dentate gyrus, in absence of an age-
related hypothalamus—pituitary—adrenal axis activation. Neuro-
biol. Aging 25, 361-375.

Heine, V.M., Maslam, S., Joels, M., Lucassen, P.J., 2004b. Increased
P27KIP1 protein expression in the dentate gyrus of chronically
stressed rats indicates G1 arrest involvement. Neuroscience 129,
593-601.

Heine, V.M., Maslam, S., Zareno, J., Joels, M., Lucassen, P.J.,
2004c. Suppressed proliferation and apoptotic changes in the rat
dentate gyrus after acute and chronic stress are reversible. Eur.
J. Neurosci. 19, 131-144.

Heine, V.M., Zareno, J., Maslam, S., Joels, M., Lucassen, P.J., 2005.
Chronic stress in the adult dentate gyrus reduces cell prolifera-
tion near the vasculature and VEGF and Flk-1 protein expression.
Eur. J. Neurosci. 21, 1304—-1314.

Herrick, S.P., Waters, E.M., Drake, C.T., McEwen, B.S., Milner, T.A.,
2006. Extranuclear estrogen receptor beta immunoreactivity is
on doublecortin-containing cells in the adult and neonatal rat
dentate gyrus. Brain Res. 1121, 46-58.

Holmes, A., Wellman, C.L., 2009. Stress-induced prefrontal reorga-
nization and executive dysfunction in rodents. Neurosci. Biobe-
hav. Rev. 33, 773-783.

Holmes, M.M., Galea, L.A., Mistlberger, R.E., Kempermann, G.,
2004. Adult hippocampal neurogenesis and voluntary running
activity: circadian and dose-dependent effects. J. Neurosci. Res.
76, 216-222.

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T.,
Yamaguchi, M., Mori, K., Ikeda, T., Itohara, S., Kageyama, R., 2008.
Roles of continuous neurogenesis in the structural and functional
integrity of the adult forebrain. Nat. Neurosci. 11 (10), 1153-1161.

losif, R.E., Ekdahl, C.T., Ahlenius, H., Pronk, C.J., Bonde, S., Kokaia, Z.,
Jacobsen, S.E., Lindvall, O., 2006. Tumor necrosis factor receptor 1
is a negative regulator of progenitor proliferation in adult
hippocampal neurogenesis. J. Neurosci. 26 (38), 9703-9712.

Irwin, M.R., Wang, M., Campomayor, C.0O., Collado-Hidalgo, A.,
Cole, S., 2006. Sleep deprivation and activation of morning levels
of cellular and genomic markers of inflammation. Arch. Intern.
Med. 166, 1756-1762.

Joca, S.R., Ferreira, F.R., Guimaraes, F.S., 2007. Modulation of stress
consequences by hippocampal monoaminergic, glutamatergic
and nitrergic neurotransmitter systems. Stress 10, 227-249.

Joéls, M., Karst, H., Krugers, H.J., Lucassen, P.J., 2007. Chronic
stress; implications for neuron morphology, function and
neurogenesis. Front. Neuroendocrinol. 28, 72-96.

Johansson, S., Price, J., Modo, M., 2008. Effect of inflammatory
cytokines on major histocompatibility complex expression and
differentiation of human neural stem/progenitor cells. Stem
Cells 26 (9), 2444-2454.

Kaneko, N., Kudo, K., Mabuchi, T., Takemoto, K., Fujimaki, K.,
Wati, H., Iguchi, H., Tezuka, H., Kanba, S., 2006. Suppression of
cell proliferation by interferon-alpha through interleukin-1
production in adult rat dentate gyrus. Neuropsychopharmacology
31, 2619-2626.

Kempermann, G., 2006. Adult hippocampal neurogenesis. Adult
neurogenesis: Stem cells and neuronal development in the adult
brain. Oxford University Press, New York, pp. 168-191.

Kempermann, G., Gage, F.H., 2002. Genetic determinants of adult
hippocampal neurogenesis correlate with acquisition, but not
probe trial performance, in the water maze task. Eur. J.
Neurosci. 16, 129-136.



Regulation of adult neurogenesis by stress, sleep disruption, exercise and inflammation 15

Kempermann, G., Kuhn, H.G., Gage, F.H., 1997. More hippocampal
neurons in adult mice living in an enriched environment. Nature
386, 493-495.

Kempermann, G., Krebs, J., Fabel, K., 2008. The contribution of
failing adult hippocampal neurogenesis to psychiatric disorders.
Curr. Opin. Psychiatry 21, 290-295.

Kendler, K.S., Karkowsk, L.M., Prescott, C.A., 1999. Causal
relationship between stressful life events and the onset of
major depression. Am. J. Psychiatry 156, 837—-841.

Kessler, R.C., 1997. The effects of stressful life events on
depression. Annu. Rev. Psychol. 48, 191-214.

Kim, J.J., Diamond, D.M., 2002. The stressed hippocampus, synaptic
plasticity and lost memories. Nat. Rev. Neurosci. 3, 453-462.
Kofman, O., 2002. The role of prenatal stress in the etiology of
developmental behavioural disorders. Neurosci. Biobehav. Rev.

26, 457—-470.

Koo, J.W., Duman, R.S., 2008. IL-1beta is an essential mediator of
the antineurogenic and anhedonic effects of stress. Proc. Natl.
Acad. Sci. U. S. A. 105, 751-756.

Kornack, D.R., Rakic, P., 1999. Continuation of neurogenesis in the
hippocampus of the adult macaque monkey. Proc. Natl. Acad.
Sci. U. S. A. 96, 5768-5773.

Kornack, D.R., Rakic, P., 2001. Cell proliferation without neurogen-
esis in adult primate neocortex. Science 294, 2127-2130.

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

Lee, H.J., Kim, J.W., Yim, S.V., Kim, M.J., Kim, S.A., Kim, Y.J., Kim,
C.J., Chung, J.H., 2001. Fluoxetine enhances cell proliferation
and prevents apoptosis in dentate gyrus of maternally separated
rats. Mol. Psychiatry 6, 725-728.

Lemaire, V., Koehl, M., Le Moal, M., Abrous, D.N., 2000. Prenatal
stress produces learning deficits associated with an inhibition of
neurogenesis in the hippocampus. Proc. Natl. Acad. Sci. U. S. A.
97, 11032-11037.

Leverenz, J.B., Wilkinson, C.W., Wamble, M., Corbin, S., Grabber,
J.E., Raskind, M.A., Peskind, E.R., 1999. Effect of chronic high-
dose exogenous cortisol on hippocampal neuronal number in aged
nonhuman primates. J. Neurosci. 19, 2356-2361.

Lin, S.C., Bergles, D.E., 2004. Synaptic signaling between neurons
and glia. Glia 47, 290-298.

Liu, D., Diorio, J., Day, J.C., Francis, D.D., Meaney, M.J., 2000.
Maternal care, hippocampal synaptogenesis and cognitive devel-
opment in rats. Nat. Neurosci. 3, 799-806.

Lou, S.J., Liu, J.Y., Chang, H., Chen, P.J., 2008. Hippocampal
neurogenesis and gene expression depend on exercise intensity in
juvenile rats. Brain Res. 1210, 48-55.

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

Lucassen, P.J., Fuchs, E., Czéh, B., 2004. Antidepressant treatment
with tianeptine reduces apoptosis in the tree shrew hippocampal
dentate gyrus and temporal cortex. Biological Psychiatry 55,
789-796.

Lucassen, P.J., Bosch, O.J., Jousma, E., Kromer, S.A., Andrew,
R., Seckl, J.R., Neumann, I.D., 2009a. Prenatal stress reduces
postnatal neurogenesis in rats selectively bred for high, but
not low, anxiety: possible key role of placental 11beta-
hydroxysteroid dehydrogenase type 2. Eur. J. Neurosci. 29,
97-103.

Lucassen, P.J., Scheper, W., Van Someren, E.W., 2009b. Adult
neurogenesis and the unfolded protein response; new cellular and
molecular avenues in sleep research. Sleep Med. Rev. 13, 183-186.

Lucassen, P.J., Meerlo, P., Naylor, A.S., van Dam, A.M., Dayer, A.G.,
Czeh, B., Oomen, C.A., 2009c. Do depression, stress, sleep

disruption and inflammation alter hippocampal apoptosis and
neurogenesis? In: Carmine M., Pariante, Randolph, Nesse, David,
Nutt, Lewis, Wolpert (Eds.), Understanding Depression: a
translational approach. Oxford University Press, pp. 139-156.

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

Malberg, J.E., Duman, R.S., 2003. Cell proliferation in adult
hippocampus is decreased by inescapable stress: reversal by
fluoxetine treatment. Neuropsychopharmacology 28, 1562—1571.

Malberg, J.E., Eisch, A.J., Nestler, E.J., Duman, R.S., 2000. Chronic
antidepressant treatment increases neurogenesis in adult rat
hippocampus. J. Neurosci. 20, 9104—9110.

Manganas, L.N., Zhang, X., Li, Y., Hazel, R.D., Smith, S.D., Wagshul,
M.E., Henn, F., Benveniste, H., Djuric, P.M., Enikolopov, G.,
Maletic-Savatic, M., 2007. Magnetic resonance spectroscopy
identifies neural progenitor cells in the live human brain. Science
318, 980-985.

Maya Vetencourt, J.F., Sale, A., Viegi, A., Baroncelli, L., De
Pasquale, R., O'Leary, O.F., Castrén, E., Maffei, L., 2008. The
antidepressant fluoxetine restores plasticity in the adult visual
cortex. Science 320, 385-388.

Mayer, J.L., Klumpers, L., Maslam, S., de Kloet, E.R., Joéls, M.,
Lucassen, P.J., 2006. Brief treatment with the glucocorticoid
receptor antagonist mifeprestone normalizes the corticosterone-
induced reduction of adult hippocampal neurogenesis. J.
Neuroendocrinol. 18, 629-631.

McEwen, B.S., 2006a. Protective and damaging effects of stress
mediators: central role of the brain. Dialogues Clin. Neurosci. 8,
367-381.

McEwen, B.S., 2006b. Sleep deprivation as a neurobiologic and
physiologic stressor: allostasis and allostatic load. Metab. Clin.
Exper. 55, S20-523.

Meerlo, P., Koehl, M., Van der Borght, K., Turek, F.W., 2002. Sleep
restriction alters the hypothalamic—pituitary—adrenal response
to stress. J. Neuroendocrinol. 14, 397-402.

Meerlo, P., Sgoifo, A., Suchecki, D., 2008. Restricted and disrupted
sleep: effects on autonomic function, neuroendocrine stress
systems and stress responsivity. Sleep Med. Rev. 12, 197-210.

Meerlo, P., Mistlberger, R.E., Jacobs, B.L., Craig Heller, H., McGinty,
D., 2009. New neurons in the adult brain: the role of sleep and
consequences of sleep loss. Sleep Med. Rev. 13, 187-194.

Mirescu, C., Gould, E., 2006. Stress and adult neurogenesis.
Hippocampus 16, 233-238.

Mirescu, C., Peters, J.D., Gould, E., 2004. Early life experience alters
response of adult neurogenesis to stress. Nat. Neurosci. 7, 841-846.

Mirescu, C., Peters, J.D., Noiman, L., Gould, E., 2006. Sleep
deprivation inhibits adult neurogenesis in the hippocampus by
elevating glucocorticoids. Proc. Natl. Acad. Sci. U. S. A. 103,
19170-19175.

Monje, M.L., Toda, H., Palmer, T.D., 2003. Inflammatory blockade
restores adult hippocampal neurogenesis. Science 302, 1760—1765.

Mueller, A.D., Pollock, M.S., Lieblich, S.E., Epp, J.R., Galea, L.A.,
Mistlberger, R.E., 2008. Sleep deprivation can inhibit adult
hippocampal neurogenesis independent of adrenal stress hor-
mones. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294,
R1693-R1703.

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

Nacher, J., McEwen, B.S., 2006. The role of N-methyl-p-asparate
receptors in neurogenesis. Hippocampus 16, 267-270.

Naylor, A.S., Persson, A.l., Eriksson, P.S., Jonsdottir, I.H., Thorlin,
T., 2005. Extended voluntary running inhibits exercise-induced
adult hippocampal progenitor proliferation in the spontaneously
hypertensive rat. J. Neurophysiol. 93, 2406—-2414.



16

P.J. Lucassen et al.

Novati, A., Roman, V., Cetin, T., Hagewoud, R., den Boer, J.A., Luiten,
P.G., Meerlo, P., 2008. Chronically restricted sleep leads to
depression-like changes in neurotransmitter receptor sensitivity
and neuroendocrine stress reactivity in rats. Sleep 31, 1579-1585.

Oomen, C.A., Mayer, J.L., de Kloet, E.R., Joéls, M., Lucassen, P.J.,
2007. Brief treatment with the glucocorticoid receptor antago-
nist mifepristone normalizes the reduction in neurogenesis after
chronic stress. Eur. J. Neurosci. 26, 3395-3401.

Oomen, C.A., Girardi, C.E., Cahyadi, R., Cahyadi, R., Verbeek, E.C.,
Krugers, H., Joéls, M., Lucassen, P.J.., 2009. Opposite effects of
early maternal deprivation on neurogenesis in male versus female
rats. PLoS One 4 (1), e3675 (Electronic publication ahead of print
2009 Jan 30).

Pham, K., Nacher, J., Hof, P.R., McEwen, B.S., 2003. Repeated
restraint stress suppresses neurogenesis and induces biphasic
PSA-NCAM expression in the adult rat dentate gyrus. Eur. J.
Neurosci. 17, 879-886.

Pollak, D.D., Monje, F.J., Zuckerman, L., Denny, C.A., Drew, M.R.,
Kandel, E.R., 2008. An animal model of a behavioral intervention
for depression. Neuron 60, 149—161.

Radley, J.J., Sisti, H.M., Hao, J., Rocher, A.B., McCall, T., Hof, P.R.,
McEwen, B.S., Morrison, J.H., 2004. Chronic behavioral stress
induces apical dendritic reorganization in pyramidal neurons of
the medial prefrontal cortex. Neuroscience 125, 1-6.

Rajkowska, G., Miguel-Hidalgo, J.J., 2007. Gliogenesis and glial
pathology in depression. CNS Neurol. Disord. Drug Targets 6,
219-233.

Rakic, P., 2002. Neurogenesis in adult primate neocortex: an
evaluation of the evidence. Nat. Rev. Neurosci. 3, 65-71.

Ravizza, T., Gagliardi, B., Noé, F., Boer, K., Aronica, E., Vezzani, A.,
2008. Innate and adaptive immunity during epileptogenesis and
spontaneous seizures: evidence from experimental models and
human temporal lobe epilepsy. Neurobiol. Dis. 29, 142—160.

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

Ressler, K.J., Mayberg, H.S., 2007. Targeting abnormal neural
circuits in mood and anxiety disorders: from the laboratory to the
clinic. Nat. Neurosci. 10, 1116—1124.

Revest,, J.M., Dupret, D., Koehl, M., Funk-Reiter, C., Grosjean, N.,
Piazza, P.V., Abrous, D.N., 2009. Adult hippocampal neurogen-
esis is involved in anxiety-related behaviors. Mol. Psych. 14,
959-967.

Revesz, D., Tjernstrom, M., Ben-Menachem, E., Thorlin, T., 2008.
Effects of vagus nerve stimulation on rat hippocampal progenitor
proliferation. Exp. Neurol. 214, 259-265.

Rhen, T., Cidlowski, J.A., 2005. Antiinflammatory action of
glucocorticoids—new mechanisms for old drugs. N. Engl. J.
Med. 353, 1711-1723.

Riemann, D., Voderholzer, U., 2003. Primary insomnia: a risk factor
to develop depression? J. Affect. Disord. 76, 255-259.

Roman, V., Walstra, I., Luiten, P.G., Meerlo, P., 2005a. Too little
sleep gradually desensitizes the serotonin 1A receptor system.
Sleep 28, 1505-1510.

Roman, V., Van der Borght, K., Leemburg, S.A., Van der Zee, E.A.,
Meerlo, P., 2005b. Sleep restriction by forced activity reduces
hippocampal cell proliferation. Brain Res. 1065, 53-59.

Rotenberg, V.S., 2004. The peculiarity of the right-hemisphere
function in depression: solving the paradoxes. Prog. Neuro-
psychopharmacol. Biol. Psychiatry 28, 1-13.

Sahay, A., Hen, R., 2007. Adult hippocampal neurogenesis in
depression. Nat. Neurosci. 10, 1110-1115.

Sairanen, M., O'Leary, O.F., Knuuttila, J.E., Castrén, E., 2007.
Chronic antidepressant treatment selectively increases expres-
sion of plasticity-related proteins in the hippocampus and medial
prefrontal cortex of the rat. Neuroscience 144, 368-374.

Sanai, N., Berger, M.S., Garcia-Verdugo, J.M., Alvarez-Buylla, A.,
2007. Comment on “Human neuroblasts migrate to the olfactory

bulb via a lateral ventricular extension”. Science 318, 393 author
reply 393.

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

Sapolsky, R.M., 2000. Glucocorticoids and hippocampal atrophy in
neuropsychiatric disorders. Arch. Gen. Psychiatry 57, 925-935.

Sapolsky, R.M., Uno, H., Rebert, C.S., Finch, C.E., 1990. Hippo-
campal damage associated with prolonged glucocorticoid expo-
sure in primates. J. Neurosci. 10, 2897-2902.

Schmidt, H.D., Duman, R.S., 2007. The role of neurotrophic factors
in adult hippocampal neurogenesis, antidepressant treatments
and animal models of depressive-like behavior. Behav. Pharma-
col. 18, 391-418.

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

Seri, B., Garcia-Verdugo, J.M., McEwen, B.S., Alvarez-Buylla, A.,
2001. Astrocytes give rise to new neurons in the adult mammalian
hippocampus. J. Neurosci. 21, 7153-7160.

Sheline, Y.l., 2000. 3D MRI studies of neuroanatomic changes in
unipolar major depression: the role of stress and medical
comorbidity. Biol. Psychiatry 48, 791-800.

Shenal, B.V., Harrison, D.W., Demaree, H.A., 2003. The neuropsy-
chology of depression: a literature review and preliminary
model. Neuropsychol. Rev. 13, 33-42.

Simon, M., Czéh, B., Fuchs, E., 2005. Age-dependent susceptibility
of adult hippocampal cell proliferation to chronic psychosocial
stress. Brain Res. 1049 (2), 244-248.

Skaper, S.D., 2007. The brain as a target for inflammatory processes
and neuroprotective strategies. Ann. N. Y. Acad. Sci. 1122,
23-34.

Sousa, N., Almeida, O.F., Holsboer, F., Paula-Barbosa, M.M.,
Madeira, M.D., 1998. Maintenance of hippocampal cell numbers
in young and aged rats submitted to chronic unpredictable stress.
Comparison with the effects of corticosterone treatment. Stress
2, 237-249.

Sousa, N., Cerqueira, J.J., Almeida, O.F., 2008. Corticosteroid
receptors and neuroplasticity. Brain Res. Rev. 57, 561-570.
Spulber, S., Oprica, M., Bartfai, T., Winblad, B., Schultzberg, M.,
2008. Blunted neurogenesis and gliosis due to transgenic over-
expression of human soluble IL-1ra in the mouse. Eur. J.

Neurosci. 27 (3), 549-558.

Starkman, M.N., Gebarski, S.S., Berent, S., Schteingart, D.E., 1992.
Hippocampal formation volume, memory dysfunction, and
cortisol levels in patients with Cushing's syndrome. Biol.
Psychiatry 32, 756-765.

Stickgold, R., Walker, M.P., 2005. Memory consolidation and reconso-
lidation: what is the role of sleep? Trends Neurosci. 28, 408—415.

Stockmeier, C.A., Mahajan, G.J., Konick, L.C., Overholser, J.C.,
Jurjus, G.J., Meltzer, H.Y., Uylings, H.B., Friedman, L.,
Rajkowska, G., 2004. Cellular changes in the postmortem
hippocampus in major depression. Biol. Psychiatry 56, 640—650.

Sullivan, R.M., Gratton, A., 2002. Prefrontal cortical regulation of
hypothalamic—pituitary—adrenal function in the rat and implica-
tions for psychopathology: side matters. Psychoneuroendocrinol-
ogy 27, 99-114.

Surget, A., Saxe, M., Leman, S., Ibarguen-Vargas, Y., Chalon, S.,
Griebel, G., Hen, R., Belzung, C., 2008. Drug-dependent
requirement of hippocampal neurogenesis in a model of depres-
sion and of antidepressant reversal. Biol. Psychiatry 64, 93-301.

Swaab, D.F., Bao, A.M., Lucassen, P.J., 2005. The stress system in
the human brain in depression and neurodegeneration. Ageing
Res. Rev. 4, 141-194.

Tashiro, A., Sandler, V.M., Toni, N., Zhao, C., Gage, F.H., 2006.
NMDA-receptor-mediated, cell-specific integration of new neu-
rons in adult dentate gyrus. Nature 442, 929-933.



Regulation of adult neurogenesis by stress, sleep disruption, exercise and inflammation 17

Tauber, S.C., Bunkowski, S., Schlumbohm, C., Riihlmann, M., Fuchs,
E., Nau, R., Gerber, J., 2008. No long-term effect two years after
intrauterine exposure to dexamethasone on dentate gyrus
volume, neuronal proliferation and differentiation in common
marmoset monkeys. Brain Pathol. 18, 497-503.

Thompson, A., Boekhoorn, K., Van Dam, A.M., Lucassen, P.J., 2008.
Changes in adult neurogenesis in neurodegenerative diseases;
cause or consequence? Genes, Brain and Behaviour 7 (Suppl. 1),
28-42.

Toda, H., Hamani, C., Fawcett, A.P., Hutchison, W.D., Lozano, A.M.,
2008. The regulation of adult rodent hippocampal neurogenesis by
deep brain stimulation. J. Neurosurg. 108, 132—138.

Tononi, G., Cirelli, C., 2006. Sleep function and synaptic home-
ostasis. Sleep Med. Rev. 10, 49-62.

Ulrich-Lai, Y.M., Herman, J.P., 2009. Neural regulation of endocrine
and autonomic stress responses. Nat. Rev. Neurosci. 10,
397-409.

Vallieres, L., Campbell, I.L., Gage, F.H., Sawchenko, P.E., 2002.
Reduced hippocampal neurogenesis in adult transgenic mice with
chronic astrocytic production of interleukin-6. J. Neurosci. 22,
486-492.

Van Praag, H., Christie, B.R., Sejnowski, T.J., Gage, F.H., 1999.
Running enhances neurogenesis, learning, and long-term poten-
tiation in mice. Proc. Natl. Acad. Sci. USA 96 (23), 13427-13431.

Verwer, R.W., Sluiter, A.A., Balesar, R.A., Baayen, J.C., Noske, D.P.,
Dirven, C.M., Wouda, J., van Dam, A.M., Lucassen, P.J., Swaab, D.F.,
2007. Mature astrocytes in the adult human neocortex express the
early neuronal marker doublecortin. Brain 130, 3321-3335.

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

Vollmann-Honsdorf, G.K., Flugge, G., Fuchs, E., 1997. Chronic
psychosocial stress does not affect the number of pyramidal
neurons in tree shrew hippocampus. Neurosci. Lett. 233,
121-124.

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

Wachs, F.P., Winner, B., Couillard-Despres, S., Schiller, T., Aigner,
R., Winkler, J., Bogdahn, U., Aigner, L., 2006. Transforming
growth factor-beta1t is a negative modulator of adult neurogen-
esis. J. Neuropathol. Exp. Neurol. 65, 358-370.

Warner-Schmidt, J.L., Duman, R.S., 2006. Hippocampal neurogen-
esis: opposing effects of stress and antidepressant treatment.
Hippocampus 16, 239-249.

Wong, E.Y., Herbert, J., 2004. The corticoid environment: a
determining factor for neural progenitors' survival in the adult
hippocampus. Eur. J. Neurosci. 20, 2491-2498.

Wong, E.Y., Herbert, J., 2005. Roles of mineralocorticoid and
glucocorticoid receptors in the regulation of progenitor prolif-
eration in the adult hippocampus. Eur. J. Neurosci. 22, 785-792.

Weinstock, M., 2008. The long-term behavioural consequences of
prenatal stress. Neurosci. Biobehav. Rev. 32, 1073-1086.

Welberg, L.A., Seckl, J.R., 2001. Prenatal stress, glucocorticoids and
the programming of the brain. J. Neuroendocrinol. 13, 113-128.

Zhang, L.X., Levine, S., Dent, G., Zhan, Y., Xing, G., Okimoto, D.,
Kathleen Gordon, M., Post, R.M., Smith, M.A., 2002. Maternal
deprivation increases cell death in the infant rat brain. Brain Res.
Dev. Brain Res. 133, 1-11.

Ziv, Y., Ron, N., Butovsky, O., Landa, G., Sudai, E., Greenberg, N.,
Cohen, H., Kipnis, J., Schwartz, M., 2006. Immune cells
contribute to the maintenance of neurogenesis and spatial
learning abilities in adulthood. Nat. Neurosci. 9, 268-275.



	Regulation of adult neurogenesis by stress, sleep disruption, exercise and inflammation: Implic.....
	Introduction: the role of stress and hippocampal formation in mood disorders
	Stress affects hippocampal function and structure
	Adult neurogenesis
	Stress and exercise regulate adult hippocampal neurogenesis
	The long lasting effects of perinatal stress exposure
	Sleep disruption as a stressor
	Inflammation as a stressor and the role of microglia
	Stress affects cytogenesis not only in the hippocampus but also in the prefrontal cortex
	Stress-induced changes in adult neurogenesis; relevant for depression?
	Concluding remarks
	Role of the funding source
	Contributors
	Conflict of interest
	Acknowledgements
	References




