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The special issue reviews the most recent developments
in dentate gyrus (DG) neurogenesis with regard to neu-
ropsychiatric disorders. A few laboratories worldwide have
contributed to this special issue, and their contributions
have showcased the current efforts in understanding the
functional significance of DG neurogenesis in depression,
psychosis, and addiction. Additionally, a promising thera-
peutic strategy for treating radiation therapy disorders is
reviewed. The review and research articles in this special issue
indicate that DG neurogenesis can be conceptualized as a
form of plasticity and that the alterations in DG neurogenesis
can predict a spectrum of disorders associated with the
hippocampus. Highlights from the papers in the special issue
are summarized below.

Introduction. The hippocampus is tactically situated in the
brain such that it has reciprocal connections to several
other regions involved in emotional behaviors, such as
stress responses and positive and negative reinforcement.
Alterations in these emotional behaviors can be considered
precursors for the development of neuropsychiatric disor-
ders, such as depression, schizophrenia, and drug addiction.
Adult neurogenesis in the DG of the hippocampus is a
new undisputed form of spontaneous plasticity, and most
of the emotional behaviors implicated in neuropsychiatric
disorders are known to inhibit DG neurogenesis. Therefore,
the normalization of impaired DG neurogenesis during
recovery or abstinence may be required to initiate normal
neuroplasticity in the hippocampus, which could be critical
for recovery. Contributions to this special issue include

six review papers and one research paper that focus on
the role of DG hippocampal neurogenesis in the etiology
and treatment of three major neuropsychiatric disorders—
depression, psychosis, and addiction—in human or animal
models. Each paper was reviewed by at least two reviewers
and revised according to the reviewers’ comments.

Summary. Major depression is among the most prevalent
psychiatric disorders, constituting the first leading cause
of years lived with disability. In addition to the well-
known monoamine neurotransmitter hypothesis of depres-
sion, many parallel processes exist that play a role in depres-
sion, such as alterations in neurotrophic factors (e.g., brain-
derived neurotrophic factor (BDNF)) and the regulation of
adult hippocampal neurogenesis. Three papers in this special
issue discuss the neurogenesis hypothesis of depression,
which postulates that the generation of new neurons in
the adult DG is involved in the etiology and treatment of
depression. The paper by H. Jun et al. reviews the literature
on the effects of animal models of depression on adult
hippocampal neurogenesis. They conclude that decreased
neurogenesis is not associated with risk in the development
of depressive behavior and speculate that newborn cells
may be a major contributor to normalizing or ameliorating
the disease state rather than being causally involved in the
etiology of depression. The paper reviews possible thera-
peutic interventions to ameliorate depression symptoms that
involve an increase in DG neurogenesis regulation. Nonclas-
sic antidepressant methods (e.g., electroconvulsive therapy
and deep brain stimulation) and chronic treatment with



classic antidepressants and exercise are shown to stimulate
neurogenesis in the DG. The molecular targets that partic-
ipate in or mediate the antidepressant-induced increase in
DG neurogenesis are also reviewed in this paper, such as the
involvement of BDNF and vascular endothelial growth factor
(VEGEF), neurotrophic factors that regulate the microniche
of adult neurogenesis. The paper by E Pilar-Cuéllar et al.
reviews the neurotrophic/plasticity hypothesis of depression
by discussing basic and clinical studies that ascertained the
role of intracellular signaling cascades in the regulation of
neural proliferation and plasticity. They focus their review
on hippocampal modulation by different types and subtypes
of serotonergic receptors and trophic factors (e.g., BDNF
and VEGF) through intracellular signaling pathways (e.g.,
cAMP, Wnt/B-catenin, and mTOR). The paper by S. R.
Wainwright and L. A. M. Galea reviews the neural plasticity
theory of depression by focusing on the potential role of DG
neurogenesis and a cell adhesion molecule, the polysialylated
form of neural cell adhesion molecule (PSA-NCAM). PSA-
NCAM appears to be an interesting target for future studies
because it plays a fundamental role in mediating the broad
effects of antidepressant treatment across multiple forms of
neural plasticity and appears to function at the confluence of
prevailing theories of depression.

Schizophrenia is a complex psychiatric disorder with
an onset during early adulthood or adolescence. To clarify
the mechanisms that underlie the onset of the illness, clin-
icians are studying the early phases of psychosis that might
transition to schizophrenia spectrum disorder. The literature
on neurogenesis-relevant research on postmortem human
tissues from schizophrenia patients and animal models shows
diminished cell proliferation or altered molecular markers
involved in the regulation of neurogenesis. Typical and
atypical antipsychotics have been described to differentially
regulate cell proliferation/neurogenesis, reflected by their
actions, mechanisms, primary effects, and side effects. The
paper by G. Keilhoft et al. reviews the effects of typi-
cal and atypical antipsychotic drugs on neurogenesis in
animal models that reflect neurodevelopmental aspects of
schizophrenia. A different approach to the study of the role
of DG neurogenesis in schizophrenia is described in the
paper by H. Hagihara et al., which reviews the literature that
describes a phenomenon defined as an “immature dentate
gyrus” (iDG). This phenomenon is characterized by arresting
almost all neurons in the DG at a pseudoimmature state
at both the molecular and electrophysiological levels and
was identified in several strains of genetically engineered
mutant mice with abnormal behaviors that are characteristic
of neuropsychiatric disorders. It was first discovered in
heterozygous knockout mice with a null mutation in a synap-
tic plasticity molecule (CaMKII) relevant to schizophrenia.
The iDG mouse model has been associated with abnormal
behaviors related to schizophrenia and other neuropsychi-
atric disorders, suggesting the importance of the adequate
maturation and integration of adult-generated neurons into
the hippocampal circuit for normal cognitive and emotional
development. Interestingly, iDG-like phenomena have been
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observed in postmortem brains in patients with schizophre-
nia and bipolar disorder, and it has been proposed as a poten-
tial brain endophenotype that may be useful for classifying
these disorders.

Drug addiction is a chronic relapsing disorder character-
ized by compulsive drug-seeking and -taking behavior and a
loss of the ability to control drug intake. Hippocampal plas-
ticity likely plays an important role in maintaining addictive
behavior and/or relapse. The role of DG neurogenesis in drug
addiction is discussed in two papers in this special issue.
The paper by H. Jun et al. reviews selected prototype animal
studies that investigated the effects of drug addiction (i.e.,
cocaine and alcohol) on adult hippocampal neurogenesis.
Abused drugs are potent negative regulators of adult DG
neurogenesis and as a result may impair cognitive function.
The research article by M. P. Hicks et al. investigates the
effects of extinction of heroin-seeking behavior on DG
immature neurons. The authors show that extinction training
following heroin self-administration increases the number
of doublecortin-positive immature neurons selectively in the
dorsal regions of the DG. They also present evidence that
inhibition of cell proliferation in the DG increases responding
during extinction, which is indicative of impaired extinction
learning. These findings support the hypothesis that imma-
ture neurons in the DG may play a functional role in certain
learning and memory processes, including the extinction of
drug-seeking behavior. Diminished neurogenesis in the DG
by drugs of abuse may play a causal role in certain cognitive
deficits frequently observed in drug addicts

Hippocampal structure and function have been closely
studied with regard to cognitive and mental function. The
paper by S. P. Rodgers et al. reviews the role of exercise
in ameliorating the suppression of cell proliferation and
cognitive impairments observed in adulthood following
pediatric radiotherapy. Ionizing radiation has been shown
to disrupt brain development and suppress cell proliferation
by killing the brains actively dividing neural stem cells.
This disrupted brain plasticity is believed to contribute to
cognitive impairments. Therefore, the authors discuss the
benefit of exercise as one potential treatment that is able to
enhance both cell proliferation and neural plasticity needed
for optimal cognitive performance.
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It is widely accepted that changes underlying depression and antidepressant-like effects involve not only alterations in the levels
of neurotransmitters as monoamines and their receptors in the brain, but also structural and functional changes far beyond.
During the last two decades, emerging theories are providing new explanations about the neurobiology of depression and the
mechanism of action of antidepressant strategies based on cellular changes at the CNS level. The neurotrophic/plasticity hypothesis
of depression, proposed more than a decade ago, is now supported by multiple basic and clinical studies focused on the role of
intracellular-signalling cascades that govern neural proliferation and plasticity. Herein, we review the state-of-the-art of the changes
in these signalling pathways which appear to underlie both depressive disorders and antidepressant actions. We will especially
focus on the hippocampal cellularity and plasticity modulation by serotonin, trophic factors as brain-derived neurotrophic factor
(BDNF), and vascular endothelial growth factor (VEGF) through intracellular signalling pathways—cAMP, Wnt/f-catenin, and
mTOR. Connecting the classic monoaminergic hypothesis with proliferation/neuroplasticity-related evidence is an appealing and
comprehensive attempt for improving our knowledge about the neurobiological events leading to depression and associated to
antidepressant therapies.

motivation, stress responses, social interaction, and neu-
rovegetative function [2]. MDD is associated with blunted

Major depressive disorder (MDD) constitutes the firstleading
cause of years lived with disability [1], and its incidence
is on the rise globally. Yet, until recently, little was known
about its pathogenesis, as these conditions are not associated
with relevant brain alterations or clear animal models for
spontaneous recurrent mood episodes.

The clinical phenomenology of major depression impli-
cates brain neurotransmitter systems involved in the regu-
lation of mood, anxiety, fear, reward processing, attention,

reactivity to both positively and negatively stimuli [3]; thus,
the decline in hedonic responses may be related to general-
ized affective insensitivity, instead of deficits in the capacity to
feel pleasure at the level of basic sensory experience [4]. From
the middle of the last century, a great effort has been made to
elucidate the brain areas involved in emotion control and in
the pathophysiology of mood disorders. Animal and human
studies have indicated the involvement of the limbic system—
including the hippocampal formation, cingulate gyrus, and



anterior thalamus—the amygdala and different cortical struc-
tures as well as the hypothalamus in these processes [5, 6].
These structures are connected in two main networks: the
“orbital” and the “medial prefrontal networks” The orbital
network appears to function both as a system for integration
of multimodal stimuli and as a system for assessment of the
value of those stimuli, and, probably, the support of abstract
assessment of reward. The medial network is probably more
significant for mood disorders [7].

In depressed subjects, the structures of the medial pre-
frontal network have been shown to contain alterations in
gray matter volume, cellular elements, neurophysiological
activity, receptor pharmacology, and gene expression. Dys-
function within this system underlies the disturbances in
emotional behavior and other cognitive aspects of the major
depressive disorder. Treatments for depression, involving
pharmacological, neurosurgical, and deep brain stimulation
methods, appear to suppress pathological activity within
the components of medial prefrontal network such as the
subgenual anterior cingulate cortex, ventromedial frontal
cortex, striatum, and amygdala [6].

Although the causes of MDD are not yet completely
known, genetic factors appear to play an important role
although other factors deal with acute or chronic stress, child-
hood trauma, viral infections, and others [12, 13]. Regarding
genetic causes, certain polymorphisms in genes related to
the serotonergic system as the serotonin transporter, the
brain-derived neurotrophic factor, the monoamine oxidase
A, or the tryptophan hydroxylase 1, may increase the risk
for depression or the vulnerability to stress [14]. Not all
the studies published to date have found gene-environment
interactions; however, the combination of both factors seems
to predict more accurately a persons risk to suffer from
major depressive disorder better than genes or environment
alone.

The discovery that some drugs as iproniazid and
imipramine exert an antidepressant effect dates back to the
1950s [15]. In 1965, it was shown that these drugs act through
the monoaminergic system by increasing the brain levels
of those monoamines [16]. These observations led to the
development of the classical “monoaminergic hypothesis of
depression,” which proposes that low monoamine brain levels
in depressed individuals are responsible for this pathology.
The classic antidepressants that increase monoamine neu-
rotransmitters in the synaptic cleft are generally used for
first-line treatment. However, the clinical benefit of these
treatments is not immediate, taking 3-4 weeks to obtain
a full response. Other therapeutic problems of currently
used antidepressant drugs include relapses, drug side effects,
incomplete resolution, residual symptoms, and drug resis-
tance.

Traditionally, research in the neurobiology of major
depressive disorder has been focused on monoamines. How-
ever, several lines of evidence [17] have led to the conclusion
that the abnormalities associated to depression go beyond
monoaminergic neurotransmission: thus, the development of
better antidepressants will surely depend on the discovery
and understanding of new cellular targets. In this regard,
in the late 90’s a new hypothesis has tried to explain major
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depression based on molecular mechanisms of neuroplastic-
ity [18].

The “neuroplasticity hypothesis” was postulated based on
several findings: first, stress decrease hippocampal neuro-
genesis and synaptic plasticity in prefrontal cortex (PFCx)
[19-22]. Moreover, most known antidepressant therapies
stimulate the proliferation of hippocampal progenitor cells,
which constitutes the first stage of adult hippocampal neu-
rogenesis [23]. However, the contribution of hippocampal
neurogenesis to the pathogenesis of depression is far from
being fully understood. Second, hippocampal morphologic
analyses in depressed patients reveal volume loss and gray
matter alterations. While some studies suggest that decreased
adult neurogenesis could be responsible for such fluctuat-
ing changes, others show that the hippocampal volumetric
reductions could be due to changes in neuropil, glial number,
and/or dendritic complexity, and not necessarily to a cell
proliferation decrease [24]. Third, different neuroplasticity-
and proliferation-related intracellular pathways appear to
be involved in the antidepressants’ action as brain-derived
neurotrophic factor (BDNF) [25], B-catenin [10, 26], or the
mammalian target of rapamycin (mTOR) [27].

2. Cell Proliferation and Plasticity
Role in Mood Disorders and
Antidepressant Treatments

Dentate gyrus proliferation is decreased by stress [19-22],
and in several animal models of depression as unpredictable
stress, chronic administration of corticosterone, olfactory
bulbectomy, or maternal deprivation [22, 28-31]. This loss in
cell proliferation is correlated with a decreased hippocampal
volume [32-34]. Hippocampal proliferation decrease is also
observed in other disease models such as diabetic mice, which
present a high incidence of depression reported in individuals
with that primary illness [35]. In these animals, the reduced
hippocampal proliferation is reversed with chronic antide-
pressant treatments [35]. In animals subjected to acute or
chronic stress, a period of at least 24 h or 3 weeks, respectively,
is required to get a recovery of the cellular proliferation [29].
However, although all these changes have been extensively
studied, major depression is not generally considered as
“hippocampal disorder”

It is unlikely that impaired adult hippocampal neuroge-
nesis alone may fully explain the neuropathology of major
depression. In this sense, other studies have addressed cel-
lular proliferation in anatomical structures quite relevant to
depressive disorders, such as prefrontal cortex and amygdala,
by using animal models of depression. Thus, medial frontal
cortex presents a reduction in cell proliferation [36], down-
regulation of genes implicated in cell proliferation [37, 38],
decreased cell growth and survival, and apoptosis inhibition
[38]. Structures such as amygdala present an opposite pattern,
with an increase in neuronal dendrite length in stress models
[39]. Chronic administration of antidepressants leads to an
increased proliferation in prefrontal cortex [36, 40] although
the fate of the new generated cells goes toward the formation
of glia rather than neurons, in contrast to hippocampus
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[36]. No data are available regarding antidepressant effects
on amygdalar cell proliferation; however, this structure has
been involved in the negative control of the hippocampal
cell survival induced by antidepressant treatments, based on
the increased cell survival observed in hippocampus, after
the basolateral complex of the amygdale (BLA) lesion [41].
It is interesting to note that amygdala—implicated in fear-
related learning that impairs the memory processing of the
Hp-PFCx memory—shows an enhancement of LTP under
stress situations, which is not reverted by antidepressants.
Thus, antidepressants as tianeptine are able to restore the
normal functionality of Hp and PFCx under stress situations,
while the amygdala retains the ability to increase its activity
in the same stress conditions [42].

The disturbed adult hippocampal neurogenesis cannot
fully explain major depression. It could only be the most
conspicuous feature of a more fundamental type of cellular
plasticity, which could also govern the prefrontal cortex and
other regions. It has also been proposed that, in addition to
neural proliferation, changes in synaptic plasticity would also
be involved in the biological basis of depression [19], being
modulated by antidepressant treatments [43, 44]. PECxis also
aregion sensitive to stress-induced effects, with a reduction in
the number and length of spines [45] in apical dendrites of the
pyramidal cells in the medial prefrontal cortex area [46, 47],
as well as changes in the number, morphology, metabolism,
and function of glial cells, that produce changes in the glu-
tamatergic transmission, resulting in memory impairments
[48-51], and reduced synaptic plasticity in the Hp-PFCx
neuronal pathway [52]. The increase in extracellular gluta-
mate could be one of the reasons underlying the molecular
changes associated to stress [51]. However, while frontal
cortex and hippocampus are reduced and hypofunctional
in major depression, structures such as amygdala present
hypertrophy and hyperactivity. Changes in synaptic plasticity
will reflect a vulnerability to suffer a depression episode [39].

An increased apoptosis has also been related to a higher
risk of suffering major depression since increased cell death
in areas as dentate gyrus (DG), CAl, and CA4 areas of the
hippocampus, entorhinal cortex, and subiculum are reported
in studies using human postmortem brain samples though
this phenomenon does not seem to account for the hip-
pocampal volume reduction [53]. Animal studies also report
that acute stress increase hippocampal apoptosis [29], while
chronic stress induces no changes [29], increased apoptosis
in cortex [54, 55], or hippocampus [55]. Antidepressant
treatment decreases cell death by different mechanisms, as the
activation of the expression of trophic factors (BDNF and its
receptor TrkB) which results in increased cell survival [56, 57]
or directly reducing cellular apoptosis in animal stress models
as reported for fluoxetine [28, 58].

It has been suggested that an increase in serotonin
levels mediates the raise in cell proliferation, while the
depletion of this neurotransmitter does not lead to an
immediate effect over the hippocampal cell division [59]. In
line with that, the direct or indirect modulation leads to an
increase in proliferation. Treatments exerting a direct action
over the serotonergic system include chronic but not acute
administration with drugs such as tricyclic antidepressants,

monoamine oxidase inhibitors (MAOI), serotonin-selective
reuptake inhibitors (SSRI), serotonin and noradrenaline
reuptake inhibitors (SNRI), and 5HT, agonists [8, 19, 20, 60—
65]. A nonpharmacological intervention such as the silencing
of the serotonin transporter (SERT) by RNAI in dorsal raphe
serotonergic neurons also leads to increased hippocampal
proliferation [66]. The administration of other drugs, such as
lithium in combination with antidepressants as desipramine,
produces an increase in hippocampal proliferation [67] and
a decrease in apoptosis of hippocampal progenitor cells in
irradiated animals [68]. Treatments with antidepressants that
increase serotonin levels in brain act by targeting different
progenitor cell populations. Thus, chronic administration of
the SSRI fluoxetine [69] or subchronic treatment with a 5-
HT, agonist [8] increases cell proliferation and neurogenesis-
targeting amplifying neural progenitors (ANPs) (Figure 1)
while chronic electroconvulsive seizure (ECS) produces a
fast-acting effect targeting both quiescent neural progenitors
(QNPs) and ANPs [70]. An increased hippocampal prolifer-
ation as a consequence of chronic antidepressant treatment
has been proven necessary for some [71-73], but not all the
antidepressant-like effects in animals. The antidepressant-
like effects have been related to the increased hippocampal
proliferation [8, 71, 74], dendritic arborization, maturation,
and functional integration of newborn neurons [75]. How-
ever, other drugs with potential antidepressant action do
not mediate their effect through the activation of progenitor
cells division, since the complete elimination of hippocampal
proliferation by direct irradiation of this structure does not
block the antidepressant response promoted by the blockade
of drugs acting on other neurotransmitter systems as the
corticotrophin-releasing factor receptor (CRF) or arginine
vasopressin 1b (V1b) receptors [76].

3. Pathways Leading to Proliferation and
Neural Plasticity Changes That Exert
Antidepressant-Like Effect

Classically, the modulation of different neurotransmitter sys-
tems has been implicated in the mediation of the antidepres-
sant effects, and, for some of them, a link with proliferative or
plastic changes has been reported. The traditionally involved
neurotransmitter systems include the serotonergic, adrener-
gic, and dopaminergic ones, while others, such as the glu-
tamatergic and cannabinoid systems and the corticotropin-
releasing factor (CRF) system implicated in the secretion
of ACTH are acquiring increasing importance in the last
years. Here we will focus on the serotonergic receptors most
relevant to modulating neural proliferation and synaptic
plasticity processes.

3.1. Serotonergic Receptors. Serotonin has a positive role in
the regulation of hippocampal neurogenesis. The partial
lesion of dorsal and medial raphe nuclei, which results
in a decrease of serotonergic neurons that innervate the
dentate gyrus of the hippocampus and other projection areas
as cortex and amygdala, decreases the proliferation in the
subgranular zone of the dentate gyrus [132]. Several serotonin
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receptors have been involved in the antidepressant-induced
increase of cell proliferation in the hippocampus, together
with neurite outgrowth and cell survival in cells express-
ing these receptors [80]. However, other authors report a
lack of changes in proliferation and/or neurotrophic factors
expression after chronic treatment with the antidepressant
fluoxetine, questioning the importance of the serotonergic
system in hippocampal proliferation [133-135].

3.1.1. 5-HT, 4 Receptors. The importance of this serotonergic
subtype in the effects of antidepressants has been shown in
studies in vivo using 3 day treatment with the 5-HT, , agonist
8-OH-DPAT [77], and chronic administration of this drug
[74, 79, 80] that produce an increase in proliferation in the
subgranular zone (SGZ) of the hippocampus that depends
on the 5-HT,, postsynaptic receptors. In studies using
hippocampal neural progenitors, the serotonin-mediated
increase in proliferation is blocked by the 5-HT, , antagonist
WAY100,635 [78]. On the contrary, the acute administration
of 5-HT,, antagonists produces a decrease of hippocampal
proliferation [136], or no changes after 14 days [79]. Knock out
animals for the 5-HT), , receptor subtype present no changes
in basal proliferation compared to wild type animals [9, 71],
but present a decreased hippocampal cell survival [9]. The
5-HT, , receptor subtype has been proven necessary for the
hippocampal proliferative effect of some antidepressants as
fluoxetine [71], although other drugs as imipramine, acting
on other neurotransmitter systems, increases hippocampal
proliferation in a 5-HT, , -independent manner [71] (Table 1).

3.1.2.5-HT, 4 c Receptors. Therole of the 5-HT,, ;. receptors
in the regulation of neurogenesis is less clear. The chronic

administration of 5-HT,, antagonists as ketanserin [81], and
5-HT, antagonists as SB243,213 and S32006 [82], produce
the increase in hippocampal proliferation, while the acute
treatment with 5-HT,,,- agonists or antagonists produce
no changes or a decrease in proliferation, respectively [74,
81]. Interestingly, the subchronic treatment with ketanserine
in combination with the SSRI fluoxetine increases a series
of synaptic plasticity markers as 3-catenin and N-cadherin
present in the membrane fraction, together with BDNF gene
expression, however, hippocampal proliferation is not signif-
icantly modified [83]. The increased proliferation or synaptic
plasticity parallel the antidepressant-like effect observed for
the treatments with antagonists [83, 137, 138], while the
administration of 5-HT,, agonist counteracts the effect
of SSRIs [137]. The blockade of 5-HT,, receptor subtype
located in GABAergic interneurons produces the activation
of hippocampal pyramidal neurons [139] that modulates
dendritic activation and synaptic plasticity [140] (Table 1).

3.1.3. 5-HT, Receptors. In the last years, the 5-HT, receptor
subtype has been proven to have an outstanding role on the
depressive pathology. This receptor subtype density and sig-
naling cascade through cAMP are up-regulated in the frontal
cortex and caudate-putamen of depressed humans [141].
Chronic treatments with classical antidepressants produce a
desensitization of this subtype in structures as hippocampus
[97, 98]. In the last years, it has been described a short-
term antidepressant-like response mediated by 5-HT, partial
agonists [8, 64, 65], or when coadministered with classical
antidepressants [63]. The antidepressant effect of 5-HT, ago-
nist is mediated by an increase in hippocampal proliferation
in vivo [8, 64], together with other proliferative and plasticity
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TABLE 1: Role of the activation and blockade of the different serotonin receptor subtypes in neural proliferation and synaptic plasticity.
Serotonin Effect of pharmacological manipulation on hippocampal proliferation ko
receptor Agonist Antagonist
subtypes Change Reference Change Reference Change Reference
T proliferation (subchronic) [77] | proliferation (acute) (78] = proliferation [9,71]
ST = proliferation (chronic) [79]
1A blocks 5-HT-induced
T proliferation (chronic) (74,79, 80]  proliferation (78] | cell survival [9]
T proliferation (chronic) [81, 82]
p
5-HT,, 5 = proliferation (+SSRI) [74] = proliferation (acute) (74, 81] No data
T plasticity markers and BDNF
(+SSRI, subchronic) [83]
T proliferation (subchronic) [8, 64] Blocks 5-HT-induced No data
5-HT, T plasticity markers and BDNF proliferation (78]
(subchronic) [8, 63-65]
= proliferation [84]
5-HT, No data 1 plasticity markers No data
(PSA-NCAM) (84]
5-HT, No data T proliferation (subchronic) [85] = proliferation [86]

T :increase; | : decrease; ko: knock-out mice.

markers as 3-catenin, Akt [8], BDNF [8, 65], phosphorylated
cAMP response element binding (CREB) protein [8, 63-65].
The 5-HT, implication in serotonin-induced hippocampal
proliferation has been observed blocking this receptor with
the 5-HT, antagonist DAU 6285 in primary hippocampal
progenitor cell cultures [78] (Table 1).

3.1.4. 5-HT Receptors. The role of the 5-HT, receptor sub-
type in depression is not clear, but tricyclic antidepressants
as amitriptyline and atypical antidepressants as mianserin
have high affinity for this serotonin receptor subtype, acting
as antagonists [142]. Moreover, the expression of the 5-
HT, receptors is regulated by glucocorticoid levels [142].
This receptor subtype is present postsynaptically in brain
areas as cortex and hippocampus and is implicated in
learning and memory [142]. The action over this receptor to
date is contradictory since it has been published that both
antagonists and agonists exert antidepressant and anxiolytic
effects alone [142, 143] or enhance the beneficial effect when
combined with antidepressant drugs [144]. When locally
administered on hippocampus, 5-HT, antagonists produce
antidepressant-like effect [145]. However, this effect is not
mediated by increased neurogenesis but for an increase in
neural cell adhesion molecule polysialylation (PSA-NCAM)
that may mediate memory consolidation [84] through long-
term changes in synaptic plasticity [146] (Table 1).

3.1.5. 5-HT, Receptors. The 5-HT, receptor subtype is also
involved in the antidepressant effect. Recent studies have
shown that the blockade of the 5-HT, receptor subtype
produces antidepressant-like behaviour [147, 148]. This is

supported by studies in animal depression models as the
olfactory bulbectomy [85], the antidepressant-like behaviour
of knock-out mice for the 5-HT, receptor subtype [149], and
clinical data using the antagonist Lu AA21004 [150]. More-
over, a 7-day treatment with the 5-HT, antagonist SB-269970
produces an increase in proliferation in the subgranular zone
of the hippocampus [85] although changes in the number of
dividing cells do not appear in 5-HT', knock-out animals [86]
(Table 1).

3.2. Neurotrophic Factors. In an attempt to explain those
brain changes implicated on depression and/or antidepres-
sant effect that could not be included in the initial monoamin-
ergic hypothesis of depression, it was postulated the so-
called “Neurotrophic hypothesis of Depression” that later
was revised to a “new” “hypothesis of neuroplasticity” [18].
This hypothesis links the changes in depression models to
a decrease of brain-derived neurotrophic factor (BDNF)
and the antidepressant effect to an increase in BDNF in
hippocampus [18, 19,151, 152]. Moreover, the decreased BDNF
observed in heterozygous knock-out mice (BDNF'/) is
related to a depression-like phenotype [18]. These changes
in brain BDNF expression are paralleled by serum levels,
so that it has been proposed as a biomarker for depression
disease, positive or negative response of the individuals to
the antidepressant treatment [153-156], and even a marker
of suicidal depression [157]. However, the role of BDNF is
still not clear in the depressive pathology since some authors
describe a lack of changes on the BDNF levels associated to
stress animal models [57, 158-160].



The infusion of BDNF in brain [161, 162] or more specif-
ically in hippocampus [163, 164] produces antidepressant-
like effects. Moreover, within the hippocampus, the infu-
sion of BDNF in the DG but not in the CAl region pro-
duces an antidepressant-like effect [163], which is supported
by the lack of antidepressant action in mice selectively
knocked out for the BDNF gene in the DG and not in
the CAl [160]. Even peripherally administered BDNF is
able to display antidepressant-like actions [165], resembling
the increased serum BDNF observed after antidepressant
treatments [166].

Chronic administration of antidepressants produces an
increase in hippocampal BDNF mRNA expression and
BDNF protein levels (Figure 2) [8, 65, 167]. The blockade
of 5-HT,, receptor reverses the effect of stress-induced
downregulation of BDNF mRNA expression in hippocampus
[168]. Also, the subchronic treatment with SSRI and 5-HT,
antagonists is able to increase BDNF expression in the dentate
gyrus of the hippocampus; however, the protein level is not
yet modified in subchronic treatments (Figure 2) [83].

The main role of BDNF regarding adult neurogenesis is
not linked to proliferation, but to the increase in cell survival,
as described using BDNF and its receptor TrkB knock-out
animals which present a reduced BDNF expression [61, 169].
BDNF is implicated in synaptic plasticity, and proteins as
neuritin that are induced by BDNF are decreased in stress-
induced animal models of depression [170] and increased
after chronic antidepressant treatment, contributing to the
BDNF antidepressant effect [170, 171].

The existence of a single-nucleotide polymorphism (SNP)
in the human BDNF gene, BDNF (Val66Met) is associated to
reduced BDNF secretion [172], and to an increased incidence
of neuropsychiatric disorders [173, 174]. In animals BDNF
(Val66Met) predisposes to a depression-like behaviour after
stress situations that recover normal values after the admin-
istration of antidepressants [175]. This polymorphism is also
associated to nonresponders after antidepressant treatment
(176].

Other important trophic factor is the vascular endothelial
growth factor (VEGF) implicated in the “vascular niche
hypothesis of adult neurogenesis” This theory proposes the
need of vascular recruitment associated to active sites of
neurogenesis formed by proliferative cells that present an
endothelial phenotype in 37% of the cases [177]. VEGF
expression is reduced in hippocampal dentate gyrus after
irradiation [178], and in stress models [179] although other
authors do not show changes associated to stressed animal
models [180]. From studies using irradiated rats, it was
proposed that the decrease of progenitor cells responsible for
the expression of VEGF would underlie the decrease of this
factor [178].

Some antidepressant treatments, as the electroconvulsive
therapy (ECS) [178, 181, 182], approache with antidepressant-
like effect as exercise [180], or mood stabilizers as lamot-
rigine [183], result in the upregulation of VEGF expression.
Moreover, the local administration of this trophic factor
produces an increase in hippocampal proliferation [178].
In addition, the silencing of hippocampal VEGF [184] or
the use of antagonists for its receptor Flk-1 [180] blocks its

Neural Plasticity

antidepressant-like effect and decreases markers of newborn
neurons as doublecortin (DCX).

Even though these data indicate the importance of VEGF
brain levels in the depressive disorder, preliminary reports do
not show a clear correlation between peripheral VEGF and
depressive disorders, not allowing for the use of this molecule
as a marker of depression and/or antidepressant response
(185, 186].

The activation of receptor tyrosine kinases by neu-
rotrophic factors promotes the activation of the PI3K/Akt
pathway that is linked to the Wnt/f-catenin through the
inhibition of GSK-3f and to the mTOR pathway through the
phosphorylation of mTOR protein [187] that are discussed
below. The PI3K/Akt pathway per se has an outstanding
role in promoting adult hippocampal proliferation and the
inhibition of cell differentiation [188]. Antidepressant treat-
ments also produce increases in Akt levels in structures as
hippocampus [8, 10] and frontal cortex [27].

3.3. Intracellular Pathways

3.3.1. Cyclic Adenosine Monophosphate (cAMP) Cascade.
The upstream and downstream components of the cAMP
signaling pathway have been extensively involved in the
pathophysiology of mood disorders as well as in the actions
of antidepressant drugs. Alterations in several elements of
this pathway, such as G proteins (Gs or Gi), adenylate cyclase
(AC), cAMP levels, cAMP-dependent protein kinase (PKA),
and the cAMP response element-binding protein (CREB)
transcription factor, have been described in peripheral cells
and the postmortem brain of patients with affective disorders,
both untreated or after antidepressant therapy [11, 100, 189,
190]. Various elements along this pathway have been identi-
fied as potential targets for antidepressant drugs (Table 2).

In peripheral cells and postmortem brains of patient with
mayor depression, there is a reduction of the adenylyl cyclase
(AC) activity in response to forskolin [87], B, -adrenergic ago-
nists [88-93], and a2-adrenoceptor agonists [94]. Chronic
treatment with antidepressant drugs produces the increase
in cAMP levels in rat hippocampus, cortex, and striatum, as
well as in postmortem human frontal cortex samples from
depressed patients (Figure 3(a); personal observation). This
effect has been attributed to both enhanced coupling of Gs
proteins to adenylyl cyclase and increased adenylyl cyclase
activity [95, 96]. The direct injection of cAMP or inhibition
of cAMP degradation by rolipram produces antidepressant-
like effect in animals [99]. Chronic antidepressant treatment
in rat desensitizes cAMP response to serotonergic receptor as
5-HT, , receptor (Figure 3(b)) and 5-HT, receptor [8, 97, 98]
and increases the CBl-mediated inhibition of adenylyl cyclase
(AC) in prefrontal cortex, an effect that is modulated by
5-HT, , receptors [100].

The next step in this signaling pathway is the activation
of cAMP-dependent protein kinase (PKA) by cAMP, so
that PKA activity is increased after chronic antidepressant
administration [101]. Active PKA phosphorylates proteins as
CREB, a transcription factor that regulates the expression of
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FIGURE 3: Antidepressant treatment increases basal cCAMP in both rat and human. (a) Increase of basal cAMP levels in rat hippocampus,
frontal cortex and striatum after chronic (14 days) antidepressant treatment with fluoxetine (10 mg/kg/day) and venlafaxine (40 mg/kg/day),
and subchronic treatment (3 days) with the SHT, agonist RS67333 (1.5 mg/kg/day) and in postmortem frontal cortex samples from control,
antidepressant free-depressed subjects (AD-free MD) and antidepressant-treated depressed subjects (AD-treated MD). cAMP is expressed
in pmoles/mg protein. “P < 0.05; **P < 0.01 and ***P < 0.001 versus vehicle or control subjects; P < 0.01 versus antidepressant-free
depressed subjects. (b) Modulation of 5-HT, , receptor subtype-mediated inhibition of cAMP accumulation by antidepressant drugs. Chronic
antidepressant treatment with fluoxetine (10 mg/kg/day) and venlafaxine (40 mg/kg/day) for 14 days downregulates 8-OH-DPAT inhibition
of forskolin-induced cAMP accumulation. (a) Modified from Mostany et al., 2008 [10], Pascual-Brazo et al., 2012 [8], and unpublished results
and (b) unpublished results.

several genes involved in neuroplasticity, cell survival, and
cognition [191-195].

CREB has been widely involved in the pathophysiology
of depression and both behavioural and cellular responses
to antidepressant treatments [11, 190]. Hippocampal expres-

sion of CREB is reduced in response to stress exposure
(102, 103]. In contrast, chronic but not acute antidepressant
therapy and electroconvulsive shock (ECS) increase levels of
CREB mRNA, CREB protein (Figure 4), and CREB activity—
promoting the phosphorylation of this protein—effects that
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FIGURE 4: Western blot analyses of hippocampal CREB (a) and p-CREB (b) levels and ratio p-CREB/CREB (c¢) after chronic antidepressant
treatment (14 days) with fluoxetine (10 mg/kg/day) and venlafaxine (40 mg/kg/day). Note that p-CREB levels and ratio p-CREB/CREB are
increased after fluoxetine treatment, but not total CREB, or after venlafaxine treatment in total cell lysate from hippocampus of rats. Values
are means + S.E.M. Corresponding to densitometry levels of the proteins expressed as the percentage of the same proteins in vehicle-treated
animals. “P < 0.05 versus vehicle. Modified from Mostany et al., 2008 [10], and Mato et al., 2010 [100].

seems to be area and drug dependent [11, 103, 105-108].
Thus, increased phosphorylated CREB levels in hippocam-
pus are linked to antidepressant-like behaviour [44], as
observed after viral-mediated overexpression of CREB in
hippocampus in behavioural models of depression [44].
Contrary to what could be expected, CREB overexpression
in the nucleus accumbens produces prodepressive effects
[111], and lowered CREB in the nucleus accumbens in mice
exhibits an antidepressant-like response [196]. A different
pattern appears also for amygdala, in which high CREB
levels produce opposite effects depending on the timing.
Thus, when CREB overexpression is induced before learned
helplessness training, there is a prodepressant effect, while the
increase of CREB after the training is antidepressant [109].
Studies in postmortem human brain indicate lower levels of
CREB protein in depressed antidepressant-free subjects, in
contrast to the increased CREB level in patients taking an
antidepressant at the time of death [104]. These results are
parallel to studies in human fibroblasts of patients with major

depression [110], which is consistent with animal studies.
Among the several target genes regulated by CREB, two of
the more relevant, are the brain-derived neurotrophic factor
(BDNF) and the vascular endothelium growth factor (VEGF)
[19, 60, 197, 198].

A growing body of data shows that other signalling cas-
cades can modulate CREB activity through phosphorylation,
such as the calcium/calmodulin-dependent kinase (CaMKII)
and the mitogen-activated protein (MAP) kinase cascades,
and may also be implicated in the mechanism of action of
antidepressants [11, 199].

Initially, all effects of cCAMP increase were attributed to
the activation of PKA/CREB, but two novel targets as the
cAMP-regulated ion channels and Epac (exchange protein
directly activated by cAMP) are now known to be involved
in mediating cAMP responses. An increase in Epac-2 levels,
but not Epac-1, has been found in postmortem samples of
prefrontal cortex and hippocampus of depressed subjects
[112].
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3.3.2. Wnt/B-Catenin Pathway. The Wingless-type (Wnt)
family of proteins has key roles in many fundamental
processes during neurodevelopment [200]. The role of this
pathway in neural development, through the modulation of
neural stem cells (NSC) proliferation and differentiation,
has been clearly demonstrated [201]. Some of the processes
regulated by Wnt/f-catenin pathway activity are neural
differentiation [202], hippocampal formation [203, 204],
dendritic morphogenesis [205, 206], axon guidance [207,
208], and synapse formation [209]. Moreover, it also plays
an important role in spatial learning [210] and memory,
including long-term potentiation (LTP) phenomena [159].

In the absence of Wnt signaling, f-catenin function is
blocked by a destruction complex consisting of Axin, APC,
and GSK-3 and CKla kinases [211], which phosphorylates 3-
catenin for destruction in the proteasome [212, 213]. Wnts act
through both canonical and noncanonical signal transduc-
tion pathways. Canonical Wnt signaling results in the inhibi-
tion of GSK-3 which is constitutively active, and the non-
phosphorylated 3-catenin is stabilized in the cytoplasm and
translocated to the nucleus, which is essential for canonical
Wnt signaling [214]. Once in the nucleus, B-catenin forms
a complex with the T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors, to activate the expression of
Whnt target genes. TCF/LEF transcription factors are bound
to Groucho, a protein producing repressive effects [214].
Nuclear S-catenin promotes the displacement of Groucho
and the binding of the histone acetylase cyclic AMP response
element-binding protein (CREB), activating the transcription
machinery [214, 215]. The noncanonical pathway or 3-catenin
independent is mediated through Rac/Rho (Wnt/PCP) or
through calcium (Wnt/Ca®") [201].

In the last years several evidences have implicated Wnt-
signaling pathway in the pathophysiology and treatment of
mood disorders and other cognitive pathologies. GSK-33
and f3-catenin are regulated either directly or indirectly by
lithium, valproate, antidepressants, and antipsychotics [8, 10,
113-117], while GSK-3 3 has also been identified as a target for
the treatment of Alzheimer’s disease [216] (Table 2).

Postmortem human brain samples from depressed sub-
jects and teenage suicide victims present a dysregulation of
Wnt/GSK-3f signaling with a decrease in f3-catenin expres-
sion in prefrontal cortex [124]. f-catenin knock-out mice
with 50-70% decrease of f-catenin expression in forebrain
regions present an increased immobility time in the tail
suspension test indicating a depression-like state, but not in
other anxiety tests [125].

The inhibition of GSK-3 activity, either pharmacolog-
ically [117-119], or through deletion in mouse forebrain,
results in an increase in brain f-catenin levels, as well as
in antidepressant-like effects or decreased anxiety [120], as
observed by the direct overexpression of 3-catenin in mouse
brain [126]. GSK-3f inhibition by lithium is an important
regulator of cell survival related to mood stabilizers [215]
and displays antidepressant efficacy [115, 118, 215, 217, 218].
In contrast, GSK-38 knockin mice displayed increased sus-
ceptibility to stress-induced depressive-like behaviour [121],
presenting decreased cell proliferation in the subgranular

zone of the dentate gyrus, accompanied by a reduction in
VEGE, but not BDNF, and blunted neurogenesis in response
to antidepressant treatments [219]. These data support the
importance of the Wnt pathway activation and p-catenin
levels associated to mood disorders and their treatment. In
addition, SNP variation in the promoter region of GSK-3
plays a protective role in the onset of bipolar illness [122] and
increased antidepressant response [123].

Recent studies have identified the Wnt/GSK-3f3/p-
catenin-signaling pathway as a key regulator of adult
neurogenesis in hippocampus [220, 221] or subventricular
zone [222], highlighting the role of GSK-3f on neural
progenitor homeostasis [200]. Wnt proteins are signaling
molecules that are released from hippocampal neural stem
cells (NSC) and astrocytes, acting autocrinally to regulate
proliferation via Wnt canonical pathway [220, 221].

Wnt/f-catenin pathway is activated by antidepressant
treatments as electroconvulsive therapy [26], chronic
treatments with classical antidepressants as the dual
serotonin-noradrenaline  reuptake  inhibitor = (SNRI)
venlafaxine (Figure 5(a)) [10], and 5-HT partial agonists [8].
The antidepressant-induced f-catenin increase is observed
in the subgranular zone (SGZ) of the dentate gyrus (DG)
of the hippocampus, in membrane and nuclear fractions
[10, 26]. The increased proliferation observed in SGZ after
chronic antidepressant treatments is localized in cell clusters
that also show a positive -catenin staining [8, 10].

Other treatments with antidepressant-like efficacy, such
as the subchronic administration of SSRI fluoxetine together
with the 5-HT,, antagonist ketanserin, also produce a f3-
catenin increase in the membrane fraction but not in the
nuclear one, which corresponds with a lack of changes in
hippocampal proliferation (Figure 5(b)) [83]. The increase
in membrane-associated f-catenin is parallel to an eleva-
tion of N-cadherin protein [83], both members of the f3-
catenin/N-cadherin complex present in pre- and postsynap-
tic terminals [223, 224], where f-catenin recruits scaffold-
ing proteins [225], conforming cell-cell adhesion complexes
[226], recruiting synaptic vesicles [209, 227], and acting on
the development of new synapses [225]. This suggests a
preference of modifications in synaptic plasticity instead of
proliferation, as previously reported for other antidepressant
treatments [60].

In addition, Frizzled receptors and GPCRs can interact
through several pathways [228, 229]. Some GPCRs act
through Gq and/or Gi proteins activating PKB (protein
kinase B)/Akt which inhibits GSK-3 via phosphorylation.
These receptors can also activate Gs proteins that activate
prostaglandin E2 (PGE2), phosphoinositide 3-kinase (PI3K),
and PKB/Akt, leading to the inhibition of GSK-3f. Other
receptors act on Gq or G12/13 proteins, activating the phos-
pholipase CS (PLCp) and protein kinase C (PKCs) and
inhibiting GSK-33 [228]. Taken together, these data support
the possible existence of interactions between the GSK-
33/ B-catenin pathway and other neurotransmitter systems
involved in depression, including serotonin. The pharmaco-
logical modulation of the different elements of the Wnt/f3-
catenin pathway with antidepressant purposes has to be
clarified in the near future, probably modulating at the
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FIGURE 5: Implication on f-catenin subcellular distribution of the chronic (14 days) antidepressant treatment with the SNRI venlafaxine
(40 mg/kg/day) (a), and 7-day treatment with the SSRI fluoxetine (5 mg/kg/day), the 5-HT,, antagonist ketanserin (0.1 mg/kg/day), and the
combination of both (b). Note that chronic treatment with venlafaxine produces an increase in both membrane-associated and nuclear j3-
catenin, while the subchronic treatment with fluoxetine + ketanserin, only increases 3-catenin in the membrane but not in the nuclear fraction.
*P < 0.05and ***P < 0.001 versus vehicle. (a) Modified from Mostany et al., 2008 [10], and (b) modified from Pilar-Cuellar et al., 2012 [83].

level of Wnts or f-catenin activity. Interestingly, a number
of patents regarding GSK-3f inhibition as the therapeutic
mechanism for treatment of neuropsychiatric disorders are
being launched, including treatment of depression.

3.3.3. mTOR Pathway. Target of rapamycin (TOR) genes,
members of the phosphoinositol kinase-related kinase
(PIKK) family of kinases [230], was first described in yeast
as the pharmacological targets of the microbicide rapa-
mycin [231]. TORs were subsequently described in other
invertebrate and vertebrate organisms. mTOR, the mamm-
alian form of this protein, exists in two different functional
multiprotein complexes within the cells, mTORC1 and
mTORC2, which are evolutionarily conserved from yeast to
mammals [232, 233]. mTORC2 is involved in cytoskeletal
remodeling [234] and in the regulation of cell survival
and cell cycle progression. mTORCI, the primary target
of rapamycin, is involved in cell proliferation, cell growth
and survival by protein translation, energy regulation, and
autophagy in response to growth factors, mitogens, nutrients,
and stress [235-237].

In neurons, mTORCI activity is regulated by phospho-
rylation in response to growth factors, as BDNE, mitogens,
hormones, and neurotransmitters through the activation of G
protein-coupled receptors (GPCRS) or ionotropic receptors.
The mTORCI phosphorylation is mediated by ERK/MAPK,
PI3K, PKA, and Epac. The activation of mTORCI results in
the phosphorylation and activation of several downstream
targets as the eukaryotic initiation factor 4E-binding protein
1 (4E-BP1), p70 ribosomal S6 kinase (p70S6K), RNA helicase
cofactor eIF4A, extracellular signal-regulated kinase (ERK,
including both ERK1 and ERK2), or PKB/Akt; and the
inhibition of the eukaryotic elongation factor 2 kinase (eEF2)
[238, 239].

mTOR has been extensively studied related to cancer,
development, metabolism, and more recently to the central
nervous system (CNS) physiology and diseases [238, 240,
241]. mTOR-signaling pathway is involved in synaptic plastic-
ity, memory retention, neuroendocrine regulation associated
with food intake and puberty, and modulation of neuronal
repair following injury. The target proteins of mTOR, 4E-
BP1, and eukaryotic initiation factor-4E (eIF4E) have been
detected in cell bodies and dendrites in cultured hippocampal
neurons and their distribution completely overlaps with the
postsynaptic density protein-95 (PSD-95) at synaptic sites,
suggesting the postsynaptic localization of these proteins
[242]. The activation of mTOR has been functionally linked
with local protein synthesis localized presynaptically as
synapsin I, or postsynaptically as PSD-95 and GluRl, and
cytoskeletal proteins as the activity-regulated cytoskeletal-
associated protein (Arc) [27, 241, 243].

mTOR-signaling pathway has been also related to a
number of neurological diseases, such as Alzheimer’s dis-
ease, Parkinson’s disease, and Huntington’s disease, tuberous
sclerosis, neurofibromatosis, fragile X syndrome, epilepsy,
brain injury, and ischemic stroke [244]. Dysfunction of
mTORCI is associated with the pathogenic mechanisms of
Alzheimer’s disease, and the activation of p70S6K, down-
stream of mTORCI, has been identified as a contributor
to hyperphosphorylated tau accumulation in neurons with
neurofibrillary tangles [245].

Recent studies have also associated mTOR signaling
in affective disorders since the administration of ketamine
produces a fast-acting antidepressant-like effect in animals
[27] and human [131]. In stressed rats, a reduction in PI3K-
Akt-mTOR-signaling pathway has been reported in PFCx
[127, 128] or amygdala [129]. The inhibition in mPFCx
of calcineurin, a serine/threonine protein phosphatase that
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participates in the regulation of neurotransmission, neuronal
structure and plasticity, and neuronal excitability, induces a
depression-like behaviour [246], accompanied by a decrease
in mTOR activity [130]. This effect can be reverted by the acti-
vation of mTOR by NMDA or the chronic administration of
the antidepressant venlafaxine, promoting an antidepressant-
like effect [130]. In human postmortem samples of prefrontal
cortex of depressed subjects, there is a decrease in the
expression of mTOR, as well as some of the downstream
targets of this pathway, as p70S6 kinase (p70S6K), elF4B,
and its phosphorylated form, which suggests the impairment
of the mTOR pathway in major depressive disorder (MDD)
that would lead to a reduction in protein translation [247]
(Table 2).

The subchronic, but not acute, administration of rapa-
mycin in rodents has an antidepressant-like effect shown in
two behavioural tests as forced swimming and tail suspension
tests [248]. Acute administration of different NMDA receptor
antagonists as the ketamine [27], Ro 25-6981 [27], and MK-
801 [249] or antagonists of the group II of the metabotropic
glutamate receptors (mGlu2/3), as MGS0039 and LY341495,
produce a fast antidepressant effect [250, 251] mediated
by mTOR-signaling pathway activation. Ketamine rapidly
activates the mammalian target of rapamycin (mTOR) path-
way, increases synaptogenesis, including increased density
and function of spine synapses, in the prefrontal cortex of
rats [27, 243], and increases hippocampal BDNF expression
[252], that results in a rapid antidepressant-like effect in
rats [27, 243] and humans [253]. Moreover, blockade of
mTOR signalling by the specific antagonist rapamycin com-
pletely blocks the ketamine induction of synaptogenesis and
behavioural responses in models of depression [27]. Other
antidepressant strategies as the electroconvulsive treatment
(ECT) also activate the mTOR pathway, leading to an increase
in VEGF [254]. Therefore, modulation of mTOR could be
a novel approach to develop strategies for the treatment of
affective disorders [255].

4. A Further Step: Neuroplasticity
versus Proliferation

The neurogenesis hypothesis of depression was based upon
the demonstration that stress decreased adult neurogenesis
in the hippocampus. This reduction in the production of
newborn granule cells in the hippocampal dentate gyrus is
related to the pathophysiology of depression. Since then,
several studies have established that newborn neurons in the
dentate gyrus are required for mediating some of the bene-
ficial effects of antidepressant treatments since the increase
in cell proliferation after antidepressant treatment is only
observed in the SGZ and not in SVZ, suggesting a specificity
of the antidepressants to regulate hippocampal neurogenesis.
Moreover, psychotropic drugs without antidepressant activity
do not increase neurogenesis [135, 256]. The disruption of
hippocampal proliferation by irradiation is not sufficient to
drive a depression-like phenotype. Both X-irradiation and
genetic manipulation approaches demonstrated a require-
ment of hippocampal neurogenesis in mediating some of

Neural Plasticity

the antidepressant treatment effects [71, 76, 257], while mice
exposed to X-irradiation of the SVZ or cerebellum responded
normally to the antidepressants. However, some drugs with
potential antidepressant action do not mediate their effect
through the increase in hippocampal proliferation, as drugs
acting on corticotrophin releasing factor receptor (CRF) or
arginine vasopressin 1b (V1b) receptors [76], as indicated
previously.

The appearance of the antidepressant-like effect in
behavioural tests after 2-3 weeks parallels the time needed for
the growth of newborn cells in hippocampus [258]. However,
this time course does not always take so long. For classic
antidepressants as the serotonin transporter inhibitors, a
chronic regime is needed to observe that increased prolifera-
tion rate [10, 60], while, for others as ECS and 5-HT, agonists
[8,64], an acute or subacute treatment, respectively, is enough
to increase proliferation.

The putative role of changes in synaptic plasticity and/or
neural proliferation in the depressive pathology is proposed
some time ago [19]. Synaptic plasticity, as indicated for prolif-
eration, is also modulated by antidepressant treatments [43,
44]. The neural plasticity is not only functional but structural
and is impaired in animal models [259]. For example, there
is a decrease in spine number in hippocampal CAl and
CA3 areas in bulbectomized animals that are reverted with
antidepressant treatment [259-261]. This structural plasticity
is more striking when new neurons are born [53], or there
is an increase in neuron survival as a consequence of
antidepressant treatment or ECS [262]. The new dendritic
spines formed are associated to smaller postsynaptic densities
(PSDs) and a higher frequency of miniexcitatory postsynaptic
currents (mEPSCs), suggesting an increased number of new
and active glutamatergic synapses [263].

The rapid antidepressant response to drugs as ketamine
acting through the blockade of NMDA receptors appears as
a new target for having fast-acting effects on the treatment of
mood disorders compared to the weeks or months required
for standard medications. Ketamine and other glutamate
antagonists through the increase of the number and func-
tion of new spine synapses in rat prefrontal cortex by the
activation of mTOR [27] do not modify hippocampal cell
proliferation [264].

It would also be critical for future work to validate the
relative importance of antidepressant-induced neurogenesis
and synaptic plasticity in the antidepressant effects. However,
evidence is strong that neurogenesis is required for at least
some of the beneficial effects of antidepressant treatment.
The exact role of neuroplastic/neuroproliferative changes in
other brain structures as mPFCx and amygdala should be
elucidated.

5. Conclusion

As indicated in this review, the importance of either prolifer-
ation or plasticity, or both, is still a matter of debate. As the
involvement of proliferation and plasticity has been mainly
studied in hippocampus, we might be underestimating its role
in the antidepressant effect. In this sense, as the hippocampus
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is responsible for the learning and cognition part of the
depressive disorder, the fact that the impairment of hip-
pocampal proliferation would not block the antidepressant
effect of some drugs does not necessarily conclude that the
proliferation is only dependent on hippocampus. In the last
years, prefrontal cortex, a structure with a great importance in
mood control and working memory, is gaining increasing rel-
evance in the plastic changes linked to antidepressant effects
promoted by drugs as ketamine. In this sense, hippocampal
proliferation would be only a small part of the plastic changes
that are taking place within the hippocampus, and other brain
areas. Thus, we must not underestimate the implication of
synaptic plasticity in those antidepressant treatments that are
not accompanied with increased proliferation.
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Adequate maturation of neurons and their integration into the hippocampal circuit is crucial for normal cognitive function and
emotional behavior, and disruption of this process could cause disturbances in mental health. Previous reports have shown that
mice heterozygous for a null mutation in a-CaMKII, which encodes a key synaptic plasticity molecule, display abnormal behaviors
related to schizophrenia and other psychiatric disorders. In these mutants, almost all neurons in the dentate gyrus are arrested at a
pseudoimmature state at the molecular and electrophysiological levels, a phenomenon defined as “immature dentate gyrus (iDG)”
To date, the iDG phenotype and shared behavioral abnormalities (including working memory deficit and hyperlocomotor activity)
have been discovered in Schnurri-2 knockout, mutant SNAP-25 knock-in, and forebrain-specific calcineurin knockout mice. In
addition, both chronic fluoxetine treatment and pilocarpine-induced seizures reverse the neuronal maturation, resulting in the
iDG phenotype in wild-type mice. Importantly, an iDG-like phenomenon was observed in post-mortem analysis of brains from
patients with schizophrenia/bipolar disorder. Based on these observations, we proposed that the iDG is a potential endophenotype
shared by certain types of neuropsychiatric disorders. This review summarizes recent data describing this phenotype and discusses

the data’s potential implication in elucidating the pathophysiology of neuropsychiatric disorders.

1. Introduction

The exact mechanisms within the brain that underlie most
psychiatric disorders remain largely unknown, and one of
the major challenges in psychiatric research is to identify
the pathophysiology in the brains of patients with these
disorders. This is challenging because psychiatric disorders
are diagnosed on the basis of behavioral characteristics and
not biological criteria. Therefore, each psychiatric disorder
likely consists of multiple biologically heterogeneous popu-
lations, which further complicates the search for underlying
pathophysiologies.

Previously, studies have identified the “immature dentate
gyrus (iDG),” a potential brain endophenotype shared by

several psychiatric disorders, including schizophrenia and
bipolar disorder. The iDG was identified in animal models
of psychiatric disorders, which were selected using large-
scale behavioral screening of genetically engineered mice
[1]. In the iDG phenotype, most of the granule cells or
principal neurons in the dentate gyrus (DG) within the
hippocampus are arrested at a pseudoimmature status, in
which the molecular and physiological properties are similar
to those of normal immature neurons from the DG. To date,
the iDG phenotype has been identified in several strains of
mutant mice, including a-CaMKII heterozygous knockout
(HKO) mice [1], Schnurri-2 (Shn-2) knockout (KO) mice
[2], mutant SNAP-25 knock-in (KI) mice [3], and forebrain-
specific calcineurin (CN) KO mice [4]. A signature pattern,
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FIGURE 1: Heat map showing behavioral phenotypes of more than 160 strains of genetically engineered mice. Each column represents the
mouse strain analyzed in the laboratory of the author’s group (unpublished data). Each row represents a behavior category assessed by the
comprehensive battery of behavioral tests. Colors represent an increase (red) or decrease (green), compared between wild-type and mutant

mice. Adapted from Takao et al. [8].

quite similar to the iDG phenotype identified in these mutant
mice, has also been found in mice treated with chronic
fluoxetine [5] and in a pilocarpine-induced mouse model of
epilepsy [6]. Moreover, postmortem analysis for molecular
markers of neuronal maturity in the DG revealed an iDG-
like signature for brains of patients with schizophrenia and
bipolar disorder [7].

The purpose of this review is to introduce how the
iDG phenotype was identified and its molecular and cellular
signature. An additional goal is to summarize potential
mechanisms underlying the iDG phenotype and its impact
on brain functions.

2. Discovery of iDG in «a-CaMKII HKO Mice

A high-throughput comprehensive behavioral testing battery
was developed for many different strains of genetically
engineered mice. The battery of tests covers many behavioral
domains ranging from sensorimotor functions to highly
cognitive functions, like learning and memory. In the course
of alarge-scale effort to phenotype the genetically engineered
mice (mutant mice), this battery of tests was administered
to more than 160 strains of knockout and transgenic mice
(Figure 1) [8]. Surprisingly, when tested most of the strains of
mutant mice displayed at least some aberrant behavioral phe-
notypes, which may suggest that many of the genes expressed
in the brain may have some functional significance at the
behavior level. In the course of screening the mutant mice
populations, a number of mouse strains were identified that
showed abnormal behaviors common to neuropsychiatric
disorders (e.g., schizophrenia, bipolar disorder, and autism).
Among these mutant mouse models, the a-CaMKII HKO
mice showed a particularly dramatic series of abnormal
behaviors. The first discovery of the iDG phenotype occurred
during investigations into the neuropathophysiology under-
lying these behaviors.

Calmodulin-dependent protein kinase II (CaMKII) is
a major downstream molecule of the N-methyl-d-aspartic
acid (NMDA) receptor, which has presumed involvement in
the pathophysiology of schizophrenia. The function of the
NMDA receptor can be modulated by calcineurin, a potential
susceptibility gene we previously identified [9,10]. CaMKII is
thought to play an essential role in neural plasticity, such as
long-term potentiation and long-term depression [11].

Perhaps the most striking behavioral phenotype of -
CaMKII HKO mice is that they occasionally kill their cage
mates (often littermates). Prior to 6 months of age, o-CaMKII
HKO mice kill more than half of their group-housed cage
mates. In addition, these mice show greatly increased loco-
motor activity in the open field test. While a-CaMKII HKO
mice demonstrate normal reference memory, as assessed by
the reference memory version of the eight-arm radial maze
test, their working memory is severely impaired. Likewise,
in the T-maze forced-alternation test, the working memory
of the a-CaMKII HKO mice was found to be severely
impaired, while they showed normal performance in a simple
left/right discrimination task using the same apparatuses.
Previous studies have presented representative videos of the
performance of «-CaMKII HKO mice in these tasks [12].
Using the home cage locomotor activity monitoring system,
which measures distance travelled in the home cage, it was
shown that the locomotor activity patterns of the a-CaMKII
HKO mice slowly and dramatically change over time. These
mice show a periodic mood-change-like behavior in their
home cage (Figure 2(a)), and 1 cycle lasts approximately 10-
20 d. The manifestations of this behavioral phenotype are so
clear that these mutant mice can be easily identified using
these activity patterns.

The next task was to understand the underlying patho-
physiology in the brains of the a-CaMKII mutants that
show this dramatic array of behavioral abnormalities. First,
a transcriptome analysis of the hippocampus of mutant mice
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FIGURE 2: Mood-change-like behavior and the iDG phenotype in a-CaMKII HKO mice. (a) Pattern of locomotor activity of wild-type and
a-CaMKII HKO mice in their home cage. Mutant mice were hyperactive and showed a periodic mood-change-like activity pattern. A.U:
arbitrary unit. (b) Among the downregulated genes in the hippocampus of «-CaMKII HKO mice, several genes were expressed selectively in
the DG (Allen Brain Atlas [42]. Seattle, WA: Allen Institute for Brain Science. © 2004-2008. Available from: http://www.brain-map.org).
Graphs indicate the relative expression levels of each gene in the microarray experiment. (¢) In a-CaMKII HKO mice, expression of
PSA-NCAM (a late-progenitor and immature-neuron marker) and calretinin (an immature neuron marker) was markedly increased, and
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working memory task (eight-arm radial maze test) was completely abolished. Red: calbindin; green: Arc-dVenus. Adapted from Yamasaki et
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was conducted. Gene expression in a-CaMKII HKO mice
was highly dysregulated, with altered expressions of more
than 2,000 genes in the hippocampus of the mutants. Surpris-
ingly, of the top 30 hippocampal genes with downregulated
expression in a-CaMKII mutants, 6 genes showed highly
selective expression in the DG (Figure 2(b)). These data
implied the existence of some unknown abnormalities in the
DG of these mutants.

Adult neurogenesis was then examined and a large
upregulation (>50%) of neurogenesis was demonstrated
in @-CaMKII mutant mice. Traditionally, the process of
adult neurogenesis involves a recapitulation during which
stem/progenitor cells give way to immature postmitotic
neurons, which then mature to adopt distinct morphological
and physiological properties in the hippocampus. Based
on the observed upregulation of adult neurogenesis in the
a-CaMKII mutant mice, it was interesting to determine
whether the a-CaMKII mutant mice followed the traditional
path of neurogenesis. Gene chip analysis of hippocampus
demonstrated a reduced expression of the gene for calbindin,
a marker for mature neurons in the DG, in the mutants.
Furthermore, calbindin, as assessed by immunohistochem-
istry, was dramatically reduced in the DG of the a-CaMKII
mutants (Figure 2(c)). In addition, expression of calretinin,
a marker for immature neurons in the DG, was increased,
as was expression of polysialylated neuronal cell adhesion
molecule (PSA-NCAM), a marker for late progenitor cells
and immature neurons. Taken together, these findings sug-
gest that in «-CaMKII mutant mice the number of immature
neurons are upregulated and the number of mature neurons
are downregulated.

Golgi staining was also performed to examine the mor-
phology of the DG neurons. Interestingly, staining of the
DG was difficult to achieve in the a-CaMKII mutant mice,
presenting a challenge in the quantification of morphological
alterations. Fewer dendritic intersections and shorter overall
dendritic length were demonstrated in the o«-CaMKII mutant
mice, consistent with the idea that DG neurons in these mice
are immature.

Moreover, DG neurons in the a-CaMKII mutant mice
were found to have many electrophysiological features that
are known characteristics of immature dentate neurons,
including high input resistance and a decreased number of
spikes during sustained depolarization. This finding indicates
that, in the o«-CaMKII mutant mice, most of the DG neurons
have electrophysiological properties consistent with those
of immature neurons. Interestingly, «-CaMKII HKO mice
also exhibit abnormal synaptic transmission/plasticity at
mossy fiber-CA3 synapses. Specifically, a-CaMKII mutant
mice have increased basal transmission and dramatically
decreased facilitation at these synapses.

The a-CaMKII HKO mice were mated with transgenic
mice expressing destabilized Venus (dVenus) under the Arc
promoter. Arc is known to be induced by neural activity. In
normal mice, a number of hippocampal neurons (including
DG neurons) become positive for Arc-dVenus after per-
forming working memory tasks (Figure 2(d)). In a-CaMKII
HKO mice, Arc-dVenus expression is almost completely
abolished in the DG after performing a working memory
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task, suggesting that the DG in these mutants is not fully
functional [13].

These experiments were the first to demonstrate that
the most of the DG neurons in «-CaMKII HKO mice are
arrested at a pseudoimmature status. This arrest of maturity
was termed the “immature dentate gyrus (iDG)” phenotype.

3. iDG Is an Endophenotype Shared by
Genetically Engineered Mice with
Abnormal Behaviors Characteristic for
Neuropsychiatric Disorders

After identification of the iDG phenotype, it was impor-
tant to investigate whether other strains of mutant mice
share this phenotype. Over the past 10 years, the behav-
iors of mutant mice have been assessed continuously
using the comprehensive behavioral test battery previously
described [8]. The majority of the behavioral phenotypes
reported are registered in the mouse phonotype database
(http://www.mousephenotype.org). This database was used
to identify strains of mice that exhibited behavioral pheno-
type(s) similar to that shown by the a-CaMKII mutants. More
than 160 different strains of mutant mice were investigated,
and the best behavioral match was identified in a strain of the
mice lacking a transcription factor called Schnurri-2 (Shn-2
KO mice) [2].

Shn-2 KO mice show an array of behavioral abnormalities
that is quite similar to those of a-CaMKII HKO mice,
including hyperlocomotor activity and severe deficits in
working memory. In Shn-2 KO mice, locomotor activity
is dramatically increased and prepulse inhibition (PPI) is
impaired [2]. However, Shn-2 KO mice have normal reference
memory, as assessed by the left-right discrimination task
performed in a T-maze. In addition, the Shn-2 KO mice have
severely impaired working memory, as suggested by their
performance in the T-maze forced-alternation task and the
eight-arm radial maze (Figures 3(a)-3(d)) [2].

To identify the pathophysiologic abnormalities responsi-
ble for the behavioral phenotypes in Shn-2 KO mice, an addi-
tional gene chip analysis was conducted and the hippocampal
transcriptome patterns of Shn-2 KO mice were compared to
those of a-CaMKII HKO mice. Remarkably, the 2 mutant
strains showed strikingly similar gene expression patterns in
the hippocampus (Figures 4(a) and 4(b)), with expression
of >100 genes altered in a similar manner with regard to
both the direction and the magnitude of the alterations. For
example, as observed in a-CaMKII HKO mice, calbindin
expression was dramatically decreased in the DG of Shn-2
KO mice (Figure 4(c)) [2]. Whole-cell patch recordings made
from granule cells in the DG revealed that DG neurons in
Shn-2 KO mice have electrophysiological features shown by
immature neurons, such as a lower current threshold for
firing, a short latency to the first spike, and a decreased
number of spikes during sustained depolarization [2]. This
evidence supports the conclusion that Shn-2 KO mice also
express iDG phenotype. Additional strains of mutant mice
with the iDG phenotype have also been identified.
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FIGURE 3: Impaired working memory performance in Shn-2 KO mice. (a) In the spatial working memory version of the eight-arm radial maze,
compared to controls, Shn-2 KO mice performed significantly worse with respect to the number of different arm choices in the first 8 entries
(genotype effect: F| ,, = 62.104, P < 0.0001). (b) Mutants made significantly more revisiting errors than controls (genotype effect: F, ,, = 45.597,
P < 0.0001; genotype x trial block interaction: F, ,,4 = 1.470, P = 0.1345). (c) Shn-2 KO mice also showed poor working memory performance
in the T-maze forced-alternation task (genotype effect: F, ,; = 20.497: P = 0.0002; genotype x session interaction: F, |, = 3.273: P = 0.0029).
(d) Shn-2 KO and wild-type mice were comparable in the left-right discrimination task (genotype effect: F, |, = 0.209, P = 0.6529) and
reversal learning (genotype effect: F| |y = 5.917, P = 0.0251). Asterisks indicate statistical significance determined using the Student’s ¢-test
with a correction for multiple comparisons in each block (a, b) and each session (c) (*P < 0.05). Adapted from Takao et al. [2].
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Synaptosomal-associated protein of 25kDa (SNAP-25) phenotype was also identified in SNAP-25 knock-in (KI)
regulates exocytosis of neurotransmitters and is thought  mice with a single amino acid substitution [3]. Behaviorally,
to be involved in the neuropsychiatric disorders such as  these mice also show severe deficits in working memory. Of
schizophrenia [14, 15], attention-deficit/hyperactivity dis-  note, chronic administration of valproic acid, an antiepileptic
order (AD/HD) [16, 17], and epilepsy [18, 19]. The iDG  drug, rescued both the iDG phenotype and working memory
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deficit in SNAP-25 KI mice. CN is a key signal transduction
molecule in the brain, and several studies have suggested a
link between dysfunction of CN signaling and schizophrenia
[9, 20]. Conditional forebrain-specific CN KO mice also
exhibit abnormal behaviors related to schizophrenia [10, 21],
including a severe working memory deficit, and an iDG
phenotype was also observed in CN KO mice [4].

Further studies have established a method for assessing
the existence of the iDG phenotype using real-time poly-
merase chain reaction (PCR) with 3 probes (Figure 5) [22]
selected using gene chip data from a-CaMKII HKO mice. The
molecular markers for iDG include increased expression of
dopamine receptor D1A (Drdla) and decreased expression of
tryptophan 2,3-dioxygenase (Tdo2) and desmoplakin (Dsp)
in the DG of mutant mice [1]. To date, based on these
molecular markers for iDG, 9 of the 16 strains of mice
that exhibited abnormal behaviors (e.g., hyperlocomotor
activity, reduced anxiety-like behavior, and impaired working
memory) have been shown to express the iDG phenotype.
These results suggest that iDG is a common endophenotype
shared by mice with behavioral abnormalities characteristic
for neuropsychiatric disorders.

Furthermore, the current results demonstrated that hip-
pocampal gene expression patterns of mice expressing a
constitutively active cAMP-response element-binding pro-
tein (CREB) variant (VP16-CREB) were similar to those of
a-CaMKII HKO, Shn-2 KO, or SNAP-25 KI mice. Notably,
VP16-CREB mice exhibited dramatic alteration in expres-
sion of Calbl, Dsp, glial fibrillary acidic protein (GFAP),
and complement genes in the hippocampus [23]. It has
been shown previously that CREB activation is observed
in immature granule cells and plays important roles in
differentiation, survival, and maturation of neurons [24].
Thus, it is possible that chronic activation of CREB induced
a maturation abnormality of the granule cells, resulting in an
iDG-like phenotype.

4. Induction of iDG in Wild-Type Animals

The iDG phenotype can be seen not only in genetically
engineered mice, but also in properly manipulated wild-
type normal mice. For example, Kobayashi et al. found that
chronic treatment with the antidepressant fluoxetine (FLX),
one of the most widely used selective serotonin reuptake
inhibitors (SSRI), can induce iDG phenotypes in adult mice
[5]. In FLX-treated mice, expression of Calbl, Tdo2, and Dsp,
markers for mature granule cells, was greatly reduced in
the DG. In contrast, expression of calretinin, a marker for
immature granule cells, was increased in the DG [5]. These
findings suggest that the number of immature granule cells
is upregulated and the number of mature granule cells is
downregulated in FLX-treated mice. Electrophysiologically,
FLX-treated granule cells showed higher excitability, which
is a functional characteristic observed in immature granule
cells. FLX treatment was also found to reduce mossy fiber
synaptic facilitation to juvenile levels [5]. These molecular
and electrophysiological phenotypes found in FLX-treated
mice are strikingly similar to those found in .-CaMKII HKO,
Shn-2 KO, and SNAP-25 KI mice (see Table 1). This likely

represents an example of “dematuration,” in which mature
neurons are reversed to a pseudoimmature status. In the
study by Kobayashi et al., the dose of FLX used to treat
wild-type mice was higher than the doses used in other
studies using both wild-type mice [25, 26] and mouse model
of depression [27, 28]. This FLX-induced iDG caused by
“dematuration” may be related to the antidepressant-induced
mania/psychosis observed in clinical settings.

Recently, a second group reported that FLX treatment
induced an immature state in basolateral amygdala neurons
in adult brains [36]. In their study, chronic FLX treatment
reduced the percentage of neurons containing perineuronal
nets (PNNs) and expressing parvalbumin (PV) in the region.
PNNs predominantly surround mature PV-positive fast-
spiking (FS) neurons. PNNs develop late in postnatal devel-
opment and their formation coincides with the closure of
critical developmental periods and the maturation of PV-
positive neurons [37, 38]. During the critical period, absence
of PNNs is thought to allow the induction of synaptic plastic-
ity. Degradation of PNNs could reactivate synaptic plasticity
in adult brain [39, 40]. Thus, FLX treatment shifted the PV-
and PNN-containing neurons toward an immature state in
the adult basolateral amygdala [36]. The amygdala plays a
crucial role in fear-related behaviors. Chronic FLX treatment
has been thought to increase synaptic plasticity, converting
fear memory circuitry to a more immature state, subsequently
allowing erasure of that fear memory. A bidirectional regula-
tion of neuronal maturation in both the DG and amygdala
could be an important mechanism of FLX action. In terms
of regulation of neuronal maturation, chronic FLX treatment
has also been shown to reactivate ocular dominance plasticity
in the adult visual cortex [41]. Considering that ocular
dominance plasticity is restricted to a critical period during
postnatal development [39], chronic FLX treatment could
reinstate a juvenile-like form of that plasticity in adulthood.
These findings suggest that “dematuration” of neurons caused
by FLX is not specific to the DG granule cells.

In addition to FLX, another SSRI, paroxetine, is most
likely to induce “dematuration” of DG granule cells in
adult mice. Chronic paroxetine treatment has been found
to suppress calbindin and Dsp expression in the DG [5,
31] and reduce frequency facilitation at mossy fiber-CA3
synapses (mossy fiber synapses formed by immature granule
cells exhibit smaller frequency facilitation) [5]. These results
suggest that serotonergic antidepressants can reverse the state
of neuronal maturation in the adult DG.

Individuals with epilepsy are at significant risk of psy-
chosis with emerging behavioral features that include hal-
lucinations, mood instability, mixed irritability, and mania.
Recent genetic studies have shown that chromosome copy
number variations, such as the 15q13.3 microdeletion, as
conferring an increased risk for developing psychosis and
epilepsy and suggest that common phenotypes in epilepsy
and psychosis may share a genetic basis.

Pilocarpine-induced seizure is a well-established rodent
model of temporal lobe epilepsy. Based on previous evidence
demonstrating a permanent reduction in calbindin mRNA
and protein expression from the hippocampus of rats fol-
lowing pilocarpine treatment (and a similar reduction in
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FIGURE 5: Identification of the iDG phenotype using real-time polymerase chain reaction. iDG is characterized by upregulation of dopamine
receptor Dla (Drdla) and downregulation of both desmoplakin (Dsp) and tryptophan 2,3-dioxygenase (Tdo2) in the hippocampus. Asterisks
indicate statistical significance determined using the Student’s t-test (**P < 0.01, n = 4-7 per group). Adapted from Yamasaki et al. [1], Takao

et al. [2], Kobayashi et al. [5], and Shin et al. [6].

human epileptic brains post mortem), it was hypothesized
that mice with pilocarpine-induced seizures also exhibit an
iDG phenotype. Establishment of the iDG phenotype in this
mouse model of epilepsy was expected to further support the
link between the pathophysiologies of epilepsy and psychosis.
Molecular markers for the iDG phenotype were demon-
strated in mice with pilocarpine-induced seizures, including

dysregulated gene/protein expression of calretinin/calbindin,
as well as hallmark alterations in other iDG markers such
as Drdla, Tdo2, and Dsp. Mice with pilocarpine-induced
seizures also displayed characteristic iDG phenotypes at
the electrophysiological levels, including decreased polariza-
tion of resting membrane potentials, lower spike threshold
currents in their DG granule cells [6]. Although these
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TABLE 1: Behavioral, electrophysiological, and molecular phenotypes in mice with iDG.
a-CaMKII  Shn-2KO SNAP-25 CN KO FLX Pilocarpine
HKO [1] [2] KI [3] [4,10,21] treatment [5] treatment [6]
Locomotor activity T T T ) T1[29] T
Behavioral Working memory 1 [1-12] 1 1 1 1 [6,30]
phenotypes Social interaction I\f:gtzrrgz tljsu 1 1 1 1
PPI — ! l ! —
Mossy fibre-CA3 synapse
Basal transmission T ) — —
Frequency facilitation l l l 1 —
Electrophysiological ~ Granule cell soma
phenotypes Passive
Input resistance T T — — —
Active
Excitability ) ) T T T
Spike number 1 l T T T
Markers of immature granule cells
Dopamine D1 receptor (Drdla) T — T ) T[31] T
Calretinin ) ) T ) T T
Markers of mature granule cells
;F;érg;c;phan 2,3-dioxygenase ! ! ! I ! L
Desmoplakin (Dsp) 1 1 1 1 1 1
Molecular Calbindin 1 ! 1 L 1 !
phenotypes GluR1 1 132] L I _
Immediate early genes induction
c-Fos or Arc-dVenus 1 [1,13] 1 1 1 l
Inflammation-related molecules
%ﬁiﬁ?rﬂlary acidic protein B 1 1 1 1031] 1133]
Complement components — T T T[31] T [34]
MHC genes — T T T[31] T [34]
Adult neurogenesis
BrdU incorporation T 1 T T [25] T (33, 35]

T: Increased or upregulated.
|: Decreased or downregulated.
—: Nonsignificant.

characteristics resemble those found in «-CaMKII HKO,
DG granule cells in pilocarpine-treated mice exhibited a
significant increase in repetitive spiking by sustained depo-
larizing currents. This was in sharp contrast to the o-CaMKII
HKO, which showed relatively few spikes following the
same stimulation protocol. Granule cells from pilocarpine-
treated mice resemble neurons observed in chronic FLX-
treated mice. Therefore, similar to what was observed as
a result of pilocarpine treatment in mice, seizure-induced
changes in the epileptic brain may lead to a “dematuration”
of DG granule cells resulting in an iDG [6]. Remarkably,
the behavioral phenotypes of mice with pilocarpine-induced
seizures are similar to those found in earlier iDG mouse

models, specifically hyperlocomotor activity, working mem-
ory deficits, and social withdrawal.

5. iDG Phenotype and Human
Psychiatric Disorders

The discovery of an iDG phenotype in multiple strains of
mice with behavioral abnormalities suggests a link between
iDG and the distinct behavioral traits characteristic of
schizophrenia and other psychiatric disorders. To assess
whether iDG is related to human psychiatric disorders, com-
prehensive gene expression data from 166 hippocampi were
analyzed from human brains postmortem, including brains
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of 21 patients with psychiatric disorders. Comprehensive gene
expression analysis was performed using a specific biomarker
set derived from a-CaMKII HKO mice, including 10 genes
selected (ADCY8, CCNDI, LOCI51835, LOC284018, NTNGI,
PDYN, PIP3-E, PNCK, SPATAI3, and TDO2) due to differ-
ential expression in the iDG mutant hippocampus. Statistical
clustering of the gene expression data was performed using all
166 hippocampi from human brains collected postmortem.
The analysis roughly classified subjects into 2 clusters, one of
which (schizophrenia-enriched cluster) contained 19 of the 21
patients with psychiatric disorders (including schizophrenia,
schizoaffective, and bipolar patients) [1]. Furthermore, the
gene expression profile was compared between the patients
with schizophrenia in the schizophrenia-enriched cluster and
the individuals with no major psychiatric diagnosis, and 26
differentially expressed probes were identified in the patients
with schizophrenia. Interestingly, 12 of the 26 identified genes
were related to neurogenesis and cell-maturation/migration;
these 12 included calbindin whose expression was reduced
by >60% in the schizophrenia-enriched cluster. In a similar,
independent study, Altar et al. conducted DG transcriptome
analysis in human patients with schizophrenia [43] and
indicated that calbindin was significantly downregulated in
the DG of these patients.

Patients with schizophrenia and those with bipolar disor-
der have also been examined for the molecular characteristics
of the iDG phenotype. Postmortem immunohistochemical
analysis of brain tissue revealed that patients with schizophre-
nia and those with bipolar disorder display significantly
elevated calretinin expression in the DG, compared to both
control subjects and patients having major depression. The
increase of calretinin is strongly correlated with a history of
psychosis. Moreover, compared to both control subjects and
patients having major depression, patients with schizophre-
nia and those with bipolar disorder have significantly elevated
ratio of calretinin to calbindin [7]. These facts demonstrate
that an iDG-like condition may be also found in human
patients with schizophrenia and/or bipolar disorder.

A mouse model of schizophrenia that expresses the
iDG phenotype (Shn-2 KO mice) has been shown to dis-
play a series of brain phenotypes found in schizophrenia.
These phenotypes include decreased gamma-aminobutyric
acidergic (GABAergic) neuronal molecules (i.e., PV, glu-
tamic acid decarboxylase isoform 67 (GAD67), Gabral, etc.),
reduction of oligodendrocyte markers (myelin basic protein
and 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase)),
thinner cortex, and abnormal electroencephalographic find-
ings (increased theta waves and decreased gamma waves).
The gene expression pattern in Shn-2 KO mice was compared
with that in patients with mental disorders obtained from
publicly available array data using the bioinformatics tool,
NextBio (Cupertino, CA, USA). NextBio is a repository of
analyzed microarray datasets that allows an investigator to
search results and the expression profiles of publicly available
microarray datasets. This analysis determined that the highest
degree of gene expression overlap was detected from Broad-
mann area 10 (BA10) in postmortem tissue from patients
with schizophrenia and from control subjects, with 100 genes
commonly altered in both Shn-2 KO mice and patients with
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schizophrenia [2]. The similarity was extraordinal (P =
9.5 x 107'*), which is unlikely to be obtained by chance.
Furthermore, the expression levels of 76 of these 100 genes
were altered in the same directions (Figures 6(a) and 6(b)).
These findings support the idea that iDG or an equivalent
phenomenon could also be present in human brain.

6. Maturation Abnormalities of Neurons other
than DG Granule Cells in Humans with
Psychiatric Disorders

Growing evidence from postmortem research implicates
abnormal neurodevelopment in the pathogenesis of schiz-
ophrenia and other psychiatric disorders. In addition to
detection of the iDG-like condition mentioned earlier, imma-
turity of neurons other than DG granule cells has also been
shown in the brains of patients with psychiatric disorders.

The maturation of GABA signaling is characterized by
progressive switches in expression from GAD25 to GAD67
and from NKCCI to KCC2 in the prefrontal cortex (PFC)
and hippocampus of human brain. GAD25 is predominantly
expressed in the fetus, whereas GADG67 is stably expressed
across development [44]. GABA synthesis is increased con-
currently with the switch from GAD25 to GAD67. The cation-
chloride cotransporters, NKCCl and KCC2, contribute to
change of GABA from an excitatory to an inhibitory neuro-
transmitter in developing brain. NKCCI expression predomi-
nates early in the developmental period and KCC2 expression
rises as brain development progresses [44, 45]. In the hip-
pocampus of patients with schizophrenia, GAD25/GAD67
and NKCC1/KCC2 ratios are increased and KCC2 expression
is significantly decreased, indicating a potentially immature
state in a certain type of GABAergic neurons [44].

Decreased levels of PV have been shown in brains of
individuals with schizophrenia [46-49] and bipolar disorder
[50]. Because PV is known to be a marker of mature FS
inhibitory neurons, FS cells were hypothesized to be imma-
ture in these psychiatric disorders [51, 52]. In this context,
Gandal et al. developed an FS cell maturation index. Using
time-course gene expression data from developing FS cells
that were positively correlated with PV expression levels,
they showed a reduction of the index in cortices of patients
with schizophrenia, bipolar disorder, and autism [52]. These
results suggest that FS neurons are arrested in an immature-
like state in the cortices of patients with these psychiatric
disorders.

Furthermore, reduction of PNNs has been reported in
the lateral nucleus of the amygdala and in layer II of the
lateral entorhinal cortex of subjects with schizophrenia [38,
53]. PNNs are chondroitin sulfate proteoglycan-(CSPG-)
containing neural extracellular matrices and are particularly
enriched around PV-positive inhibitory neurons. Because
numbers of PV-positive cells are normal within these regions
in schizophrenia, the reduction of PNNs indicate downreg-
ulated CSPG levels, rather than loss of PNN-associated neu-
rons [53, 54]. Disruption of PNN formation is thought to lead
maturation abnormalities in selective neuronal populations,
including those expressing PV [39, 40]. Since PNNs develop
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FIGURE 6: Comparison of gene expression profiles between Shn-2 KO mice and individuals with schizophrenia. (a) Scatter plot of gene
expression fold change values in the medial prefrontal cortex (mPFC) of Shn-2 KO mice and Brodmann area (BA) 10 of postmortem
schizophrenia brain. (b) Genes differentially expressed in both Shn-2 KO mice and in schizophrenia. Red indicates gene upregulation and
blue indicates downregulation in both Shn-2 KO mice and in schizophrenia. The top 40 genes with respect to the fold change values are
included. Asterisks indicate inflammation-related genes. (c)-(f) The hippocampal transcriptome pattern of Shn-2 KO mice was similar to
the transcriptome data from lipopolysaccharide (LPS) treatment ((c), P = 5.6 x 107°), injury ((d), P = 5.7 x 107**), prion infection ((e),
P=1.0x10"%), and aging ((f), P = 1.4 x 107%). Adapted from Takao et al. [2].
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late in postnatal development and coincide with the mat-
uration of PV-positive neurons [38, 40], the reduction of
PNNs may imply that the PV-positive neurons remain at an
immature-like state in the amygdala and entorhinal cortex of
subjects with schizophrenia.

Taken together, these findings suggest that immaturity of
neurons in adult brain can be seen, not only in the DG, but
also in other brain regions in humans with psychiatric dis-
orders. Further studies that focus on defining the maturation
state of cells could identify maturation abnormalities of cells
in additional brain regions.

7. Potential Mechanisms Underlying iDG

When attempting to fully understand the iDG phenotype, a
logical next question is: what are the underlying mechanisms
causing iDG? Both genetic and pharmacological manipula-
tions have been shown to induce the iDG phenotype, and
these factors could provide clues towards identifying the
mechanisms behind this phenotype.

71. Inflammation. One clue into these mechanisms may lie
in the normal functions of genes that, when altered, produce
mouse models that express the iDG phenotype. For example,
Shn-2 can be linked to the inflammatory cascade in that
Shn-2 was originally identified as a nuclear factor-kappa
B (NF-«B) site-binding protein that tightly binds to the
enhancers of major histocompatibility complex (MHC) genes
in the MHC regions of chromosome 6 [55]. Recent genome-
wide association studies have identified a number of single
nucleotide polymorphisms (SNPs) in the MHC region associ-
ated with schizophrenia [56-60]. There are several MHC class
I genes (HLA-A, HLA-B, etc.), each with similar promoter
structures that have 2 NF-«B binding motifs [61]. Upon
inflammation, NF-«B is known to bind to these enhancers
and to initiate transcription of genes involved in immune
functions. Shn-2 binds these motifs but does not substitute
for the transcriptional function of NF-xB [62]. Instead, Shn-
2 competes with NF-«B for binding to the motifs and inhibits
NEF-«B activity. It has been reported that Shn-2 KO mice have
constitutive NF-xB activation and that T-cells of these mice
show dramatic enhancement in differentiation towards T-
helper Type 2 cells (Th2), a phenomenon called “Th2 slant,”
[63] which is observed in patients with schizophrenia [64].
Thus, Shn-2 is an inhibitor of NF-«B, a major mediator of
inflammation.

Due to the link between Shn-2 and inflammation, altered
gene expression patterns were expected in Shn-2 KO mice.
Using the bioinformatics tool, NextBio, publicly available
datasets were analyzed to find the conditions where tran-
scriptome patterns are similar to those found in the PFC
of Shn-2 KO mice. Gene expression patterns in the PFC
of Shn-2 KO mice were found to be similar to those seen
in inherently inflammatory conditions (e.g., prion infection,
malaria encephalopathy, spinal cord injury, brain injury, and
kidney tissue treated with lipopolysaccharide) (Figures 6(c)-
6(f)). However, this analysis highlighted that the scale of
inflammation for Shn-2 KO mice is quite different from
other inflammatory conditions (i.e., the inflammation in
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Shn-2 KO mice is much weaker in terms of the magnitude
of the changes). Additionally, it was found that many of
the genes with altered expression in both Shn-2 KO mice
and patients with schizophrenia were inflammation-related
genes (Figure 6(b)). Astrocytic activation is considered an
indication of inflammation and GFAP, a reactive astrocyte
marker, is increased not only in Shn-2 KO mice but also in
SNAP-25 KI [3], FLX-treated [65], and pilocarpine-treated
mice [33]. Therefore, the iDG phenotype can be associated
with inflammation-like phenomena.

72.  Neuronal Hyperexcitation. In pilocarpine-induced
epilepsy mouse models, a single episode of status epilepticus
(SE) was not enough to induce the iDG phenotype. Chronic
models of animal epilepsy develop spontaneous recurrent
seizures (SRS) following SE over a period of months or years.
In mice with pilocarpine-induced epilepsy, the markers of
the iDG phenotype were identified in mice that developed
SRS following SE, but not in mice that, after pilocarpine-
induced SE, did not develop SRS [6]. These findings have 2
potential interpretations: (1) tonic/chronic hyperexcitation
of hippocampal neurocircuits leading to SRS is needed
to induce the iDG phenotype, or (2) the iDG phenotype
itself is necessary for the development of SRS. However, a
representative model of iDG (a-CaMKII HKO mice) has a
more than 4-fold increase in sensitivity to pilocarpine for
triggering seizures, but not developing SRS.

Recently, it has been reported that SNAP-25 KI mice
sometimes exhibit spontaneously occurring convulsive
seizures after postnatal days 21-24 [66]. These seizures can
be suppressed with chronic administration of valproic acid,
an anticonvulsant, starting at postnatal day 16 [67]. These
findings led to an investigation of whether iDG phenotypes
and behavioral abnormalities could be rescued in mutant
mice by suppression of recurrent epileptic seizures with
valproic acid. Results showed that in the DG of SNAP-25
KI mice decreased expression of calbindin and increased
expression of calretinin could be rescued with chronic
administration of valproic acid. Valproic acid treatment
also reduced the previously observed increase in the size
of the DG and significantly improved working memory in
these mice [3]. These results suggest that recurrent epileptic
seizures underlie “dematuration” of DG granule cells, which
induce the iDG phenotype.

Hyperexcitability of the DG granule cells is a feature
shared among mice that express the iDG phenotype. The
threshold current required to induce an action potential is
reduced in a-CaMKII HKO, Shn-2 KO, SNAP-25 KI, and
FLX-treated mice (Table 1). Furthermore, the increased sen-
sitivity to pilocarpine (with respect to the seizure threshold)
in a-CaMKII HKO mice supports the idea that hyperexci-
tation induces the iDG phenotype [6]. Previous studies have
reported region-specific loss of GABAergic inhibition follow-
ing SE/SRS, especially from the CAl, CA3, and hilar regions in
the hippocampus. Notable molecular/morphological deficits
observed in iDG mouse models include a reduction of the
GABAergic system in the hippocampus (e.g., a reduction of
PV-positive interneurons and decrease of GAD67 expression,
Takao et al. [2]). Although it is probably too simplistic
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to conclude (or even to speculate) that a simple loss of
GABAergic cells and/or function from the hippocampus may
contribute to induction of the iDG phenotype, these data sug-
gest that sustained hippocampal neuronal hyperexcitation,
caused by loss of GABAergic inhibition, may be a common
driving force for initiating a cascade of molecular events that
lead to development of the iDG phenotype. Collectively, these
findings support the idea that neuronal hyperexcitation leads
to “dematuration” of mature granule cells in the DG, thereby
contributing to iDG phenotypes.

It should also be noted that iDG phenotypes are usually
associated with mild chronic inflammation. Shn2-KO, SNAP-
25 KI, pilocarpine-treated, FLX-treated, and paroxetine-
treated mice commonly demonstrate upregulated expression
of complement and MHC genes and GFAP, suggesting that
neuronal hyperexcitation is a source of inflammatory-like
processes in the brains of these mice. In contrast, recent
research has highlighted the involvement of the immune
system in the development of epilepsy. For instance, inflam-
matory cytokines are increased in the central nervous sys-
tem (CNS) and plasma of epilepsy model animals and of
patients with epilepsy [68, 69]. Moreover, inflammation in
the CNS is associated with damage to the blood-brain barrier
(potentially leading to leakage) that is known to enhance
neuronal excitability and has been implicated in epileptogen-
esis [70-72]. In this context, Fabene et al. demonstrated that
pilocarpine-induced SE enhances leukocytic inflammatory
changes in the CNS vasculature, consequently generating
epileptic activity [73]. Based on these data, a possible positive
feedback mechanism between neuronal hyperexcitation and
inflammatory conditions could subsequently induce iDG
phenotypes.

More recently, it has been reported that knockdown of
Discl (disrupted in schizophrenia 1), specifically in adult-
born DG neurons, results in enhanced excitability [74]. The
Discl gene was originally discovered in a Scottish family
with a high incidence of psychiatric disorders, including
schizophrenia and bipolar disorder [75]. Discl knockdown
also caused pronounced cognitive and affective deficits,
which could be reversed when affected DG neurons were
inactivated [74]. These findings are consistent with the
hypothesis that hyperexcitation of DG neurons may underlie
behavioral abnormalities related to schizophrenia and other
neuropsychiatric disorders.

7.3. Other Clues. The iDG phenotype is associated with sev-
eral other cellular/molecular alterations, and these changes
may serve as clues to the mechanisms underlying the phe-
notype. The GluRI subunit of a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid-type glutamate receptor is dra-
matically reduced in most, but not all, mice that express
the iDG phenotype. For example, it has been reported that
GluR1 expression is reduced in the DG of a-CaMKII HKO
[32] and Shn-2 KO [2]. Interestingly, GluR1 is expressed
primarily in mature granule cells and can be used as a marker
for maturation of granule cells [32]. Physiologically, Ca**-
permeability mediated by GluRl and/or GluR3 subunits is
strongly associated with granule cell maturation [76-78].
The GluRI reduction demonstrated in these mutants may be
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consistent with the idea that DG granule cells are immature
in these mice.

Arc and c-Fos are immediate-early genes (IEGs) that
are commonly used as markers for the maturity of in vivo
activity-dependent responsiveness of granule cells, whose
expression can be stimulus-induced in 3- to 5-week-old cells
[79, 80]. As mentioned previously, Arc promoter activity
was dramatically reduced in the DG of a-CaMKII mice
after performing working memory tasks [13]. Likewise, Arc
induction after exposure to a novel environment or receiving
electrical foot shocks was reduced in the DG of Shn-2 KO [2]
and SNAP-25 KI mice [3]. In FLX-treated mice, expression
of c-Fos was reduced after receiving foot shocks [5]. Since
activity-dependent processes have been implicated in the
maturation of adult neural progenitors, if reduction of IEG
expression (or, conversely, promotion of expression) repre-
sents a state of low-responsiveness to behavioral stimulations
in the granule cells of mice expressing the iDG phenotype,
activity-dependent maturational mechanisms are also likely
impaired in these cells. However, granule cells are more
excitable in a-CaMKII HKO [1], Shn-2 KO [2], SNAP-25
KI [3], and FLX-treated mice [5]. Therefore, suppressed IEG
induction in mice expressing the iDG phenotype might be the
result of decreased activity and/or impairments in activity-
dependent gene regulation in the DG.

Adult neurogenesis in the DG was assessed using
incorporation of 5-br0mo-2'-deoxyuridine (BrdU) and was
elevated in «a-CaMKII HKO [1], FLX-treated [25], and
pilocarpine-treated mice. In the pilocarpine model of
epilepsy, BrdU incorporation was increased in the acute
phase after SE [33], as well as in the period of SRS [35].
However, despite the occurrence of epileptic seizures in
SNAP-25 KI mice, reduced adult neurogenesis was observed
in these mutants [3]. Further studies are needed to fully assess
whether altered adult neurogenesis is involved in formation
of the iDG phenotype. Electrophysiologically, an increase
in granule cell excitability and a reduction of frequency
facilitation at mossy fibre-CA3 synapses were found in -
CaMKII HKO, Shn-2 KO, SNAP-25 KI, and FLX-treated
mice. These shared molecular and physiological alternations
in mice with the iDG phenotype may provide important clues
to investigate the mechanisms underlying iDG.

Table 1 summarizes the behavioral, electrophysiological,
and molecular patterns in different mice with the iDG
phenotype. Some endophenotypes are perfectly shared, but
others are not. There appear to be subgroups of the iDG
phenotype, which may potentially correspond to different
types of psychiatric disorders. Furthermore, there are likely
some shared and some unshared mechanisms between the
different groups of mice with the iDG phenotype.

8. Face and Construct Validity of iDG Mouse
Models as Models of Psychiatric Disorders

Mice with the iDG phenotype possess face validity as animal
models of schizophrenia at both the behavioral and molecular
levels. In addition, various phenomena accompanied by the
iDG phenotype are in good agreement with most of the major
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hypotheses of the disorder, supporting the construct validity
of these models.

8.1. Face Validity. As mentioned earlier, mutant mice with the
iDG phenotype (CN KO, a-CaMKII HKO, Shn-2 KO, and
SNAP-25 KI mice) have been identified as potential models of
schizophrenia and bipolar disorder, originally by behavioral
screening designed to assess the face validity of this model.
These mutant mice strains commonly exhibited severe work-
ing memory deficits, decreased PPI, impaired social behav-
iors, and hyperactivity. Impairments in working memory
(81, 82], PPI [83], and social withdrawal [84] are prominent
features of schizophrenia symptomatology. Hyperactivity is
characteristic of rodent models of schizophrenia [85] and
could correspond to the psychomotor agitation often present
in patients with schizophrenia. Furthermore, FLX-treated
and pilocarpine-treated mice express iDG and behavioral
phenotypes shown by mutant iDG mice (Table 1). Therefore,
when evaluated at a behavioral level, mice expressing the
iDG phenotype display a strikingly conserved behavioral
phenotype.

Among these models, Shn-2 KO mice showed outstand-
ing face validity as an animal model of schizophrenia.
In addition, with respect to molecular profiles, Shn-2 KO
mice shared altered molecular expression patterns with
postmortem brain tissue from patients with schizophrenia.
Significant similarities in expression direction and magnitude
were detected when the gene expression pattern in Shn-2
KO medial PFC (mPFC) was compared with the pattern
in schizophrenic frontal cortex (Brodmann area 10, BA10)
examined postmortem [86]; 100 altered genes were detected
in both Shn-2 KO mice and patients with schizophrenia. Of
the 100 altered genes, 76 showed the same directional change
in expression and, of the 76 genes, 42 were downregulated
and 34 were upregulated [2]. A large number of genes
previously implicated in schizophrenia or bipolar disorder
were included in these groups. For example, 89 of the 100
similarly expressed genes have been identified as related to
these disorders. Shn-2 KO mice also displayed decreased
levels of PV in the frontal cortex, which has been widely
observed in schizophrenia [46-49]. Fast-spiking PV-positive
interneurons have been shown to be immature in the cortices
of patients with schizophrenia, bipolar disorder, and autism
[52]. This suggests that immaturity of this type of neuron in
the cortex may underlie some of the cognitive deficits seen
in these disorders. Shn-2 KO mice also exhibit decreased
expression of PV and GAD67 in the hippocampus, which has
been observed in the brains of patients with schizophrenia
examined postmortem [87-89]. Furthermore, Shn-2 KO
mice had significantly thinner cortex and reduced cell density
in the prelimbic and primary visual cortices, consistent with
observations in human patients with schizophrenia [90].

In addition to anatomical abnormalities, the cortex of
Shn-2 KO mice exhibits physiological alternations. Cortical
EEG analysis in mutant mice showed an increase in slow
waves and a decrease in fast waves, both of which are observed
in patients with schizophrenia [91-93]. Although present
studies have evaluated the molecular and physiological valid-
ity using Shn-2 KO mice in detail, future studies are needed
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to address whether other mouse strains that express the iDG
phenotype similarly fulfill the criteria for face validity.

8.2. Hyperdopaminergic/Hypoglutamatergic Hypotheses. The
longstanding “dopamine hypothesis of schizophrenia” is
based primarily on 2 facts: (1) all antipsychotics currently
available to treat the positive symptoms of schizophrenia
possess dopamine D2 receptor blocking activity and (2)
hyperactive dopamine release in subcortical limbic brain
regions, especially in the nucleus accumbens/striatum, has
been consistently observed in patients with schizophrenia
[94, 95]. Dopamine D2 blockers are widely used for treating
bipolar mania and hyperactivity of the dopaminergic sys-
tem during manic phases has also been proposed [96]. A
hyperdopaminergic state in subcortical regions is believed to
be associated with psychosis, a core constituent of positive
symptoms of schizophrenia and a phenotype often observed
in manic phase of the bipolar disorder, and a symptom that
can be ameliorated using treatment with D2 blockers.

Intriguingly, a-CaMKII HKO mice have been proposed
asamodel of schizophrenia by Novak and Seeman [97], based
on their finding that D2High receptors were elevated in the
striatum (representing hyperdopaminergic state analogous
to schizophrenia) of this mutant strain. Increasing evidence
also supports that mice with iDG phenotypes are in a
hyperdopaminergic state. For example, administration of
haloperidol, a typical antipsychotic, significantly improved
PPI impairment in Shn-2 KO mice [2]. Currently available
antipsychotics (including haloperidol) work primarily by
antagonizing dopamine D2 receptors and raising intracellular
cAMP levels. Therefore, intracellular stimulation of cAMP
levels is thought to have effects similar to treatment with
antipsychotic medication [98, 99]. Rolipram is a cAMP-
specific phosphodiesterase inhibitor that elevates intracellu-
lar cAMP levels. Chronic treatment with rolipram (in combi-
nation with ibuprofen) rescued a subset of mice expressing
the iDG phenotype and improved working memory and
nest building in Shn-2 KO mice. These findings suggest that
lower intracellular cAMP levels are involved in a subset of
behavioral abnormalities and iDG phenotypes.

Interestingly, dopamine D1 signaling is also upregulated
in the DG of a-CaMKII HKO and Shn-2 KO mice, when
assessed using receptor binding assay and receptor agonist
sensitivity, respectively. Increased expression of Drdla mRNA
also suggests elevated D1 signaling in a-CaMKII [1], SNAP-
25 KI [3], FLX-treated [65], and pilocarpine-treated mice
[6]. Upregulated DI signaling might serve as a compensatory
mechanism to normalize intracellular cAMP levels in these
mice. These results suggest the presence of a hyperdopamin-
ergic state in the brains of mice with the iDG phenotype.

This hyperdopaminergic state is thought to be a con-
sequence of NMDA receptor hypofunction. This assertion
is supported by findings showing that acute application
of an NMDA receptor antagonist stimulates dopamine
release in both animal models and humans. CaMKII
is a major downstream molecule of the NMDA recep-
tor and plays an important role in long-term potenti-
ation and long-term depression [100]. Since deficiency
of a-CaMKII causes schizophrenia-related behavioral and
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iDG phenotypes, NMDA receptor hypofunction might be
involved in the formation of the iDG phenotype. In addition,
in a-CaMKII HKO mice, NMDA receptor- binding was also
downregulated in the hippocampus, especially in the DG
[1], supporting the idea of NMDA receptor hypofunction in
these mutant mice. Additional evidence for this hypothesis
includes the fact that MK-801, an NMDA receptor antag-
onist that causes schizophrenia-like psychosis in humans,
produced significantly higher levels of drug-stimulated
motor activation in CN KO [10] and Shn-2 KO mice [2].
Taken together, these findings suggest that hypoglutamater-
gic/hyperdopaminergic function is involved in the iDG
phenotype.

8.3. Neurodevelopmental/Neurogenesis Hypothesis. The neu-
rodevelopmental hypothesis is one of the major theories
regarding the pathogenesis of schizophrenia [101-103]. This
hypothesis is supported by several lines of evidence, including
increased frequency of obstetric complications in patients
with schizophrenia, the presence of neurological, cognitive,
and behavioral dysfunction long before illness onset, the
absence of postmortem evidence of neurodegeneration, and
the induction of schizophrenia-like phenomena by neonatal
hippocampal lesions in model animals [101, 103-105]. These
findings are consistent with a neurodevelopmental model in
which the etiology of schizophrenia may involve pathologic
processes caused by both genetic and environmental factors
that begin before adolescence when the brain approaches its
adult anatomical state.

The iDG phenotype literally reflects a neurodevelopmen-
tal problem in which DG granule cells arrest in a pseu-
doimmature state. Takao et al. revealed that iDG phenotypes
emerge at 2-4 weeks of age in Shn-2 KO mice [2]. In 2-
week-old mice, there were no significant differences in the
expression of calbindin and calretinin in the DG of Shn-2
KO and wild-type mice. However, when mice were evaluated
at 1 month of age, calbindin expression was decreased and
calretinin was increased in the DG of Shn-2 KO mice,
indicating the postnatal (possibly adolescent) emergence of
an iDG phenotype.

Specifically, the number of calbindin-positive cells was
decreased at age of 4 weeks, compared to age of 2 weeks
in Shn-2 KO mice, whereas, in wild-type mice, these
cells increased throughout development. Even in adult
wild-type mice, “dematuration” of mature granule cells
and schizophrenia-related behavioral phenotypes, could be
induced by chronic FLX treatment [5] or with pilocarpine-
induced SRS [6]. These findings suggest that genetic and/or
environmental factors could induce the maturational abnor-
malities of DG granule cells during the postnatal develop-
mental period (and during adulthood).

Elevated neurogenesis has been defined as a core feature
of the pathology associated with the iDG phenotype, with few
exceptions (see [3]). One study supports a linkage between
schizophrenia and decreased hippocampal neurogenesis, as
tissues from human patients with schizophrenia had fewer
proliferating Ki-67 cells than tissues from control subjects
[112]. However, that study excluded several patients with
neurogenesis levels greater than 5-fold baseline levels, which
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may represent a subset of patients with schizophrenia/bipolar
disorder that display hyperactive neurogenesis.

8.4. Inflammation Hypothesis. The well-established role of
inflammation in the etiology of schizophrenia is often
referred to as the inflammation hypothesis [64, 113-115].
The link between prenatal infection and schizophrenia was
first identified in an epidemiological study demonstrating
increased schizophrenia risk in the offspring of women
exposed to influenza during pregnancy [64]. Several other
infectious factors have also been implicated in the pathogen-
esis of schizophrenia [64], suggesting that the disease may
result from maternal immune response to infection. To this
end, prenatal treatment with polyinosinic:polycytidylic acid
(poly I:C), viral infection, and LPS treatment are used as
rodent models of schizophrenia [114, 116-119]. As mentioned
previously, Shn-2 KO mice were shown to exhibit mild
chronic inflammation of the brain, as evidenced by increased
inflammation markers (including complement and MHC
class I genes, GFAP, and NADH/NADPH oxidase p22-phox)
and genome-wide gene expression patterns similar to various
inflammatory conditions [2]. Similarly, SNAP-25 KI mice,
which develop epileptic seizures, showed increased expres-
sion of complement and MHC class I genes, and GFAP in
the hippocampus [3]. In FLX-treated [65], paroxetine-treated
[31], and pilocarpine-treated animals [34], gene chip data
reveals hippocampal upregulation of complement and MHC
genes, and GFAP. Therefore, the changes in inflammation-
related molecules in these mice with iDG are consistent with
inflammatory features found in the brains of patients with
schizophrenia and epilepsy.

8.5. Collection of Genetic Association Study Results.
Schizophrenia is highly heritable and multiple genetic
and environmental factors are probably be involved [120].
Mice with iDG phenotype exhibit significantly altered
expression of genes that have been reported to associate with
schizophrenia.

For example, mutated genes that cause iDG phenotype
have been implicated in schizophrenia by association studies.
Based on the observation that CN KO mice display a
spectrum of behavioral abnormalities strikingly similar to
those observed in patients with schizophrenia [21], Gerber
et al. examined whether CN dysfunction is involved in the
etiology of schizophrenia [9]. By conducting transmission
disequilibrium studies in a large sample of affected families,
they reported evidence supporting an association between
the PPP3CC gene encoding the CNA-gamma catalytic sub-
unit and schizophrenia in populations from the United States
and South Africa. The allelic and haplotypic associations
of PPP3CC with schizophrenia were later confirmed in
populations from Japan [20]. Thus, CN KO mice have good
construct and face validity as a model for schizophrenia.

Moreover, recent genome-wide association studies have
identified a number of SNPs in the MHC region associated
with schizophrenia [56-59]. Many of these SNPs are located
in or near NF-xB binding sites that may be associated
with susceptibility to schizophrenia [2]. Some of the genes
surrounding these SNPs are dysregulated in the brains of
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patients with schizophrenia examined postmortem and/or
the PFC of Shn-2 KO mice. As Shn-2 is a MHC enhancer-
binding protein that binds to the NF-«B binding motif,
abnormal transcription of these genes may be induced by
dysregulated NF-xB signaling pathways, independent of any
deficiency or mutation in Shn-2 itself.

In addition, recent human genetic studies have discov-
ered associations between SNAP-25 and various psychiatric
and neurological disorders, including schizophrenia [14, 15],
ADHD [16,17], and epilepsy [18,19]. Translational convergent
functional genomic study demonstrates that SNAP-25 is
one of the top 42 candidate genes for schizophrenia [121].
Therefore, SNAP-25 KI mice also have strong construct
validity for schizophrenia.

Many of the genes with decreased expression in both
schizophrenic BA10 and Shn-2 KO mPFC have been reported
to be associated with schizophrenia. Chowdari et al. reported
that several SNPs in RGS4, regulator of G-protein signaling-4,
are associated with schizophrenia [122]. It has been previously
shown that RGS4 expression is decreased across 3 cortical
areas (including the PFC) of subjects with schizophrenia
[123]. Consistent with these observations, RGS4 mRNA
expression was decreased in the mPFC of Shn-2 KO mice [2].
Additionally, significant associations were detected between
samples from patients with schizophrenia and SNPs in Cbin4
[57], Gabral [124], and Nrxn3 [57]. These genes are involved
in synaptic transmission or synaptic plasticity, and expression
of these genes is commonly decreased in both schizophrenic
BA10 and Shn-2 KO mPFC. Thus, decreased expression of
genes associated with schizophrenia could play a significant
role in developing schizophrenic conditions in the PFC of
iDG mice, especially of Shn-2 KO mice.

Genes related to neuronal excitation and inflamma-
tory responses have been reported to be associated with
schizophrenia [125]. As previously mentioned, these condi-
tions are closely related to induction of the iDG phenotype. A
meta-analysis of clinical data showed an association between
SNPs in KCNH2 (a human Ether-a-go-go-family potassium
channel) and schizophrenia [126]. The KCNH2-3.1 isoform
modulates neuronal firing, and its expression is increased in
the hippocampi from individuals with schizophrenia, sug-
gesting increased neuronal excitability in the schizophrenic
brain [126].

Regarding inflammatory or immune response-related
genes, as previously mentioned, a number of SNPs in the
MHC region are associated with schizophrenia. In addition,
many inflammatory response-related genes such as CIQA,
CIQB [127], TACI [128, 129], TGFBRI [129], and TGM2 [130]
have been associated with schizophrenia. GFAP is also known
to have a significant association with schizophrenia [15].
These mRNA expression changes were in the same direction
as changes seen in schizophrenic BA10 and Shn-2 KO mPFC
[2]. Thus, it has been established that altered expression
of genes related to neuronal excitation and inflammatory
conditions could be involved in the brains of patients with
schizophrenia as well as in mice with iDG phenotype.

Taken together, these findings indicate that mice with
the iDG phenotype have high construct validity as animal
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models of schizophrenia, with many of the genes showing a
significant association with schizophrenia.

8.6. Other Factors. Some other factors, such as dysfunction of
oligodendrocytes or mitochondria, have been implicated in
psychiatric disorders. Several potential deficits were observed
in key oligodendrocyte markers, including decreases in
CNPase and myelin basic protein (MBP), which is a major
constituent of the myelin sheath of oligodendrocytes and
Schwann cells. Decreased CNPase protein levels have been
reported in schizophrenia [131]. Similarly, MBP mRNA
levels were decreased in the DG as well as the mPFC
of Shn-2 KO mice, and proteome analysis reveled that
many mitochondria-related proteins (e.g., dihydrolipoamide
S-acetyltransferase (DLAT), ubiquinol-cytochrome ¢ reduc-
tase core protein (UQCRC), and NADH dehydrogenase
[ubiquinone] Fe-S protein (NDUES)) in the DG are affected
in Shn-2 KO mice [2,132]. These findings suggest that changes
in the expression of molecules related to oligodendrocytes or
mitochondria in the DG of Shn-2 KO mice would be consis-
tent with the oligodendrocyte and mitochondria hypotheses
of schizophrenia, respectively.

Figure 7 shows a schematic representation of the model
detailing how the iDG phenotype may be involved in
schizophrenia, bipolar disorder, and other psychiatric disor-
ders. This proposed model is based on the findings that mice
with the iDG phenotype possess face and construct validity as
animal models of these disorders. In these disorders, multiple
genetic and environmental factors could induce mild chronic
inflammation, and this could subsequently result in multiple
endophenotypes (including iDG) in the brain, that may, as a
whole, cause behavioral abnormalities in psychiatric patients.

9. A Possible Role of iDG in
Behavioral Abnormalities Relevant to
Neuropsychiatric Disorders

9.1. iDG and Working Memory. Impairment in working
memory is one of the core behavioral abnormalities in mice
with the iDG phenotype. CN KO [21], a-CaMKII HKO [1,12],
Shn-2KO [2], SNAP-25 KI mice [3], and pilocarpine-treated
animals [30] have been reported to display severe working
memory deficits in the spatial working memory version of the
eight-arm radial maze and/or in the T-maze forced-alteration
task.

The hippocampal structure has been shown to be criti-
cally involved in working memory function [133, 134]. The
DG is a key input node for the hippocampal structure.
Perforant path fibers originating in the entorhinal cortex
provide a major source of highly processed sensory infor-
mation to DG granule cells. When rats with lesions in the
DG were tested on working memory version of the eight-
arm radial maze, they showed impairment in their ability
to perform this version of the task [135-137]. Considering
the evidence supporting involvement of the DG in working
memory function, it is likely that the iDG phenotype has a
negative impact on working memory function. However, the
possibility that deficits in regions other than the DG cause



Neural Plasticity

Human psychiatric
patients

Animal models of

psychiatric disorders

17

—

Genetically engineered mice
Genetic
Factors: SNPs, CNVs, etc. a-CaMKII HKO, Shn-2 KO,
’ SNAP-25 KI, CN KO
T - I
Causes Environmental Life events, drugs, Chronic SSRI,
factors: prenatal infection, etc. stress, poly I: C model
I [ 1 I
Neuronal . Pilocarpine-induced seizures
hyperexcitation: Ly Chronic SSRI
' ’I /’ ! \\
ll ! \‘ \
!
! J Candidate endophenotypes \ ':
! ' in the brain / |
Ve ) ' // ’l N
v v
Molecular and cellular ‘\\ I/
disruption % Mild chronic inflammation !
\\‘ 4\ 1 II
\ 1 ! /
AY; 1 N e
Hyperdopaminergic state Activated astrocytes

- Hypoglutamatergic state
Neural circuits and

iDG Mitochondrial dysfunction

systems dysfunction Altered neurogenesis Oligodendrocyte dysfunction
- /
' o Behavioral abnormalities/symptoms —\
Human psychiatric patients Model mice
4 N\ 4 N\
Balbaael and Psychomotor agitation B _C Hyperlocomotor activity
coenitive defici
cognitive deficits Working memory deficits ---r Working memory deficits
Decreased PPI 8- - Decreased PPI
Sochl wiiheemel L Impaired nest building
L ) L abnormal social behavior )
A J

FIGURE 7: A schematic representation of the model of involvement of the iDG phenotype in psychiatric disorders. In psychiatric
disorders, such as schizophrenia, bipolar disorder, and depression, multiple genetic and environmental factors could induce mild chronic
inflammation. This could subsequently result in multiple endophenotypes in the brain, including iDG. Inflammation could induce alterations
in neurogenesis [106, 107], mitochondrial dysfunction [108, 109], and oligodendrocyte dysfunction [110, 111]. Involvement of inflammation in
induction of a hypoglutamatergic state or hyperdopaminergic state remains unclear. These possible endophenotypes may affect each other,
which may, in turn, cause behavioral abnormalities in psychiatric patients. There may not be a single “principal” or “core” mechanism that
underlies the behavioral symptom of psychiatric disorders. Indeed, a shared or preserved set of multiple endophenotypes, as a whole, may be

the principal mechanisms of these disorders.

impairments in working memory in the mice with the iDG
phenotype cannot be excluded.

In working memory tasks, animals must rapidly establish
and maintain a memory of visited areas based on single
within-trial exposures and must suppress interference by
memories obtained during previous trials. Deficits in either
function could cause impairments in working memory tasks.
Mice with the iDG phenotype commonly display a reduction
of frequency facilitation at mossy fibre-CA3 synapses [1-
3, 5]. Frequency facilitation is a potential mechanism for the

involvement of the CA3 region in the processing of working
memory, especially in quickly encoding novel information
into the hippocampal memory system [138]. Therefore, the
deficit might contribute to impairments in establishment
and maintenance of memory in mice with the iDG phe-
notype. In addition, mice with the iDG phenotype might
have deficits in processes that reduce memory interference.
Interference between already remembered information and
to-be-remembered information can have a profound effect
on mnemonic accuracy [139]. DG granule cells have been
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proposed to play important roles in temporal pattern separa-
tion, in which an initial event should be separated from a later
event [140, 141]. If this hypothesis proves true, mice with the
iDG phenotype might have deficits in suppressing memory
interference, leading to impaired working memory.

9.2. iDG, Pattern Separation, and Psychosis. Among hip-
pocampal subfields, computational models have highlighted
the essential role of the DG for disambiguating similar events.
This so-called pattern separation refers to the computational
process for making representations for similar input patterns
more orthogonal for better discrimination [142-145]. Exper-
imental efforts have tested these computational hypotheses
using hippocampal region-selective lesions [146-149], in vivo
electrophysiological recording [150], and genetic manipula-
tion [151]. More recently, investigation of adult-born DG neu-
rons in memory formation has focused on specific function-
pattern integration and pattern separation [152, 153]. Marin-
Burgin et al. showed enhanced excitation/inhibition balance
and low input specificity in immature granule cells [153].
These electrophysiological features of immature granule cells
have been proposed to be crucial for pattern integration
[153]. For example, mature granule cells are presumably very
selective in their responses, which may contribute to pattern
separation by making the stimulus inputs independent of one
another. In contrast, the physiological properties of immature
granule cells probably make them less selective, which may
result in firing in response to multiple events [152, 153].

As mentioned earlier, granule cells in the pseudoimma-
ture state are hyperexcitable in a-CaMKII HKO [1], Shn-2
KO [2], SNAP-25KI [3], and FLX-treated mice [5]. Given that
the physiological properties of pseudoimmature granule cells
are comparable to those of immature granule cells in normal
development, it is tempting to hypothesize that, due to a lack
of appropriate memory separation, the iDG phenotype causes
excessive integration and association of memories to actual
and imaginary events.

However, Nakashiba et al. have reported that pattern
separation requires adult-born immature granule cells, not
mature granule cells [154]. The role of immature and pseu-
doimmature granule cells on pattern separation/integration
remains controversial. Therefore, future studies are needed to
examine input selectivity of pseudoimmature granule cells in
mice with the iDG phenotype and to address whether they
exhibit deficits in pattern separation.

An iDG signature, increased calretinin immunoreactiv-
ity, has been identified from patients with schizophrenia and
bipolar disorder. The increase in the calretinin signal was pos-
itively correlated with a history of psychosis in these patients
[7]. Similarly, in iDG mouse models, hyperlocomotor activ-
ity, generally thought to be linked to a hyperdopamin-
ergic/psychosis state, has been consistently observed [1-3,
10]. Indeed, o-CaMKII HKO mice show hyperlocomotion
and simultaneously display hypersensitivity to amphetamine-
induced hyperlocomotion (Kogan & Matsumoto, unpub-
lished observation), a well-established behavioral trait that
is believed to reflect a hyperdopaminergic/psychosis state in
patients with schizophrenia/bipolar disorder. Based on this
evidence, iDG may represent a pathophysiological deficit
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shared among patients with psychosis, a deficit presumably
linked to a hyperdopaminergic state. Interestingly, iDG
signatures have also been identified in pilocarpine-induced
epilepsy mouse models [6]. Epidemiological evidence indi-
cates that psychosis is often comorbid with epilepsy and vice-
versa [155]. Thus, these recent findings suggest that a common
hyperdopaminergic state may further strengthen the link
between epilepsy and psychosis [156].

How iDG contributes to psychosis and a hyperdopamin-
ergic state remains an open question. While not fully
answered, iDG may fit as a potential player in the disturbed
neurocircuits, based on recent studies that have proposed that
hippocampal neurocircuits influence dopaminergic neuronal
tones that underlie psychotic and schizophrenic conditions
[157,158].

The consequences of iDG (specifically, excess immature/
less-mature granule cells) on the function of the hippocam-
pus also remain open questions. It has recently been pro-
posed that immature granule cells in the DG may inhibit
or destabilize activity of the entire DG via activation of
inhibitory GABAergic input from hilar interneurons [159].
Because immature granule cells preferentially innervate hilar
interneurons and these interneurons innervate all DG gran-
ule cells, excess immature neurons may consequently lead to
gross inhibition of the DG. Although immature granule cells
in iDG models are hyperexcitable compared to mature gran-
ule cells [1-3, 5], their hyperexcitability may cause further
gross inhibition of DG by the proposed feedback mechanism
from hilar interneurons. A synaptic competition for perforant
path connections between older, more-mature granule cells
and newly generated immature cells has also been proposed
as a potential cause of the gross inhibition of the DG by
immature granule cells [159]. In iDG mouse models, mature
granule cells are dramatically reduced. This reduction of
mature neurons could be easily connected to dysfunction of
the DG, especially after considering the reduced arborization
of DG granule cells in iDG models [1].

In iDG models, the DG also does not respond to stimulus
(e.g., lack of c-Fos expression in DG following electric foot
shock in a-CaMKII HKO mice [1] and dramatically reduced
Arcinduction in a novel environment in Shn-2 KO mice [2]).
It currently remains unclear whether DG activity is actually
decreased. Furthermore, it remains unclear if decreased DG
activity leads to less glutamatergic input to CA3 from the DG
through mossy fibers. Although mossy fibers from the DG to
CA3 are glutamatergic and come into direct contact with CA3
pyramidal neurons, many mossy fiber synapses are connected
to interneurons in CA3 that provide GABAergic inhibitory
input to CA3 pyramidal cells. As a consequence, DG and
mossy fiber activation causes a net inhibition within the CA3
network and presumably activates only a specific subset of
CA3 pyramidal neurons [160, 161]. From this vantage point,
net inhibition of the DG by immature granule cells may cause
a tonic net activation of CA3. Induction of Arc transcription
after foot shock was greatly suppressed in almost every
region of the Shn-2 KO brain. Despite this near-ubiquitous
reduction of Arc, comparable Arc induction was observed in
the CAl and CA3 regions of the hippocampus in Shn-2 KO
and control mice. The relatively higher Arc induction in these
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regions suggests that CA areas in these mutant mice may be
more active than other brain regions.

This functional failure in the hippocampal formation per
se is proposed by Tamminga et al. [158] as an underlying
mechanism of psychosis, in which hypoactive DG (weakened
pattern separation) and hyperactive CA3 (strengthened pat-
tern completion) confer psychosis (cognitive “mistakes”) in
patients with schizophrenia and other psychiatric conditions.
Since an iDG signature was identified in patients with
schizophrenia and bipolar disorder and due to its strong
association with psychosis, it is conceivable that iDG is one
of the potential mechanisms causing dysfunction of the DG
and subsequent tonic activation of CA3-CAl in patients with
psychiatric conditions.

As discussed earlier, a subcortical hyperdopaminergic
state in patients is also believed to play a pivotal role in
the development of psychosis and is the only biochemical
finding supported by the mechanism-of-action of currently
available drugs. A hypothesis has been proposed by Grace
et al. [157, 162] suggesting that overdrive of the subcortical
dopamine system is caused by hyperactivation of the ventral
hippocampus. Tonic activation of ventral CA3-CAl induced
by the iDG phenotype theoretically leads to activation of the
ventral subiculum (vSub) through direct glutamatergic trans-
mission. Glutamatergic afferents to the nucleus accumbens
(NAc) from the vSub then activate GABAergic projections
from the NAc to the ventral pallidum, suppressing pallidal
GABAergic efferent neurons. Because dopaminergic neurons
in the ventral tegmental area (VTA) that project to the
subcortical limbic region (including the NAc) are governed
by GABAergic inhibitory projections from the ventral pal-
lidum, activation of the NAc by the vSub suppresses tonic
inhibitory GABAergic inputs from the ventral pallidum and
consequently leads to tonic activation of VTA dopamine
neurons.

10. Conclusion

In the course of large-scale behavioral screening of mouse
models of neuropsychiatric disorders, a number of strains of
mice displayed a series of schizophrenia-related behavioral
abnormalities, including increased locomotor activity, severe
working memory deficits, and decreased social interaction.
Among these models, a-CaMKII HKO, Shn-2 KO, SNAP-
25 KI, and CN KO mice all possessed an iDG phenotype.
Subsequently, it was shown that chronic FLX treatment
or pilocarpine-induced SRS reverses neuronal maturation,
resulting in the iDG phenotype in wild-type mice. Impor-
tantly, iDG-like phenomena have been observed in the brains
of patients with schizophrenia and bipolar disorder when
examined postmortem. Based on these observations, iDG
is proposed as a potential endophenotype shared by certain
types of neuropsychiatric disorders.

Due to limitations of the current psychiatric diagnostic
methods, schizophrenia, bipolar disorder, and other related
psychiatric disorders are considered biologically heteroge-
neous populations. Therefore, an endophenotype-based anal-
ysis would be preferable for establishing biological character-
istics for the classification of psychiatric disorders, rather than
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an analysis based on current diagnostic methods [163]. In this
context, the current findings suggest that the iDG phenotype
could be used as a potential brain endophenotype shared by
neuropsychiatric disorders (including schizophrenia, bipolar
disorders, and epilepsy) and could be useful for phenotype-
based classification of these disorders. Furthermore, at least
partial rescue of iDG phenotypes and some behavioral abnor-
malities was possible in Shn-2 KO and SNAP-25 KI mice
with treatment based on possible mechanisms underlying the
iDG phenotype. Further investigation of iDG as an important
factor in the precipitation of, as well as recovery from,
episodes of schizophrenia and other psychiatric disorders
would facilitate the study of these disorders.
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Brain cancer is a common type of childhood malignancy, and radiotherapy (RT) is a mainstay of treatment. RT is effective for tumor
eradication, and survival rates are high. However, RT damages the brain and disrupts ongoing developmental processes, resulting in
debilitating cognitive “late” effects that may take years to fully manifest. These late effects likely derive from a long-term decrement
in cell proliferation, combined with a neural environment that is hostile to plasticity, both of which are induced by RT. Long-term
suppression of cell proliferation deprives the brain of the raw materials needed for optimum cognitive performance (such as new
neurons in the hippocampus and new glia in frontal cortex), while chronic inflammation and dearth of trophic substances (such
as growth hormone) limit neuroplastic potential in existing circuitry. Potential treatments for cognitive late effects should address
both of these conditions. Exercise represents one such potential treatment, since it has the capacity to enhance cell proliferation, as
well as to promote a neural milieu permissive for plasticity. Here, we review the evidence that cognitive late effects can be traced to
RT-induced suppression of cell proliferation and hostile environmental conditions, as well as emerging evidence that exercise may

be effective as an independent or adjuvant therapy.

1. Introduction

Brain tumors are the second most common form of child-
hood cancer, after acute lymphoblastic leukemia (ALL) [1].
Treatment for both brain tumors and ALL includes cranial
RT. Given 5-year survival rates that approach 90% for
children treated for ALL and 70% for those treated for
brain tumors [2], there are currently a great many survivors
of these cancers that suffer from the consequences of RT,
including adverse physiological, psychological, and cognitive
side effects that manifest both acutely and years later. These
so called “late effects” result in lowered quality of life (QOL)
[3] in survivors, for which there is at present no effective
treatment.

RT for pediatric cancer has long been acknowledged
as a primary cause of neurological complications and neu-
rocognitive decline [4-8]. Childhood RT is associated with

a significant decrease in IQ scores [8-14], thought to result
from deficits in core processing functions impaired by RT,
including processing speed [15], attention [15-18], working
memory, and other executive functions [7, 19]. In addition
to cognitive impairments, adult survivors of childhood RT
also experience elevated rates of emotional distress, such as
anxiety and/or depression [20, 21] and posttraumatic stress
disorder [22]. These cognitive and emotional consequences
of RT result in decreased QOL that manifests in a variety of
ways. For example, adult survivors of childhood RT are less
likely to obtain a college education [23, 24] or marry [5, 20]
and more likely to be unemployed [24, 25].

Improving QOL for survivors necessarily involves atten-
uating the long-term neural consequences of RT. Ionizing
radiation damages the brain directly, but in addition, it
chronically suppresses cell proliferation, thereby depriving
the brain of the raw materials needed for repair. Evidence



indicates that it also creates a milieu that is hostile to regener-
ative processes. When the brain is irradiated in childhood,
there is a further consequence of RT, as suppressed cell
proliferation and hostile environmental conditions disrupt
ongoing developmental processes. What is needed, therefore,
is a treatment that can both “jump-start” cell proliferation and
foster a neural environment that is conducive to plasticity.
Exercise may represent one such treatment, and its restorative
potential for the post-RT brain is discussed.

2. RT Disrupts Brain Development

RT damages the brain regardless of age. However, the brains
of children are still developing, and RT profoundly affects
ongoing developmental processes. The potential mechanisms
underlying this disruption are many, such as perturbations
of vasculature [26] and suppression of cell proliferation [27-
29]. Damage to the endocrine system [30, 31] has been
shown to play a role, in particular, decreased expression
of growth hormone (GH). GH deficiency results from the
effects of a brain tumor or of therapy such as surgery, RT,
or chemotherapy. Merchant et al. [32] report that the peak
GH response within 12 months after the initiation of cranial
RT depends on hypothalamic dose-volume effects and may
be predicted on the basis of a linear model that sums the
effects of the entire dose distribution. The rate of decline in
the peak GH response may also be influenced by clinical
factors indicating the severity of the disease and the type and
location of tumor.

Disruption of brain development could also be due in
part to cancer treatment effects on food intake. Treatment-
induced nausea and vomiting, as well as gastrointestinal
toxicity can lead to nutritional deficiency and changes in body
composition [34, 35], which may be long-lasting. Indeed,
survivors of childhood brain cancer are often underweight
[36]. In contrast, survivors of childhood ALL are more likely
to be obese, compared with age-matched controls [37]. Thus,
treatment effects on hormone levels and nutritional intake,
alone or in combination, are likely important contributors
to altered neural development and, ultimately, cognitive
impairments.

Animal models of pediatric RT enable controlled study of
mechanisms that contribute to disrupted development and,
ultimately, cognitive late effects. To model the effects of RT
on the developing brain, we have treated postnatal day 28
(PND28) rats with whole brain irradiation (WBI), using one
of 2 regimens: single dose (20 Gy) or fractionated, in which
animals received 20 Gy over the course of 5 days (4 Gy/d).
Either regimen results in a profound stunting of brain growth
visible to the naked eye (see Figure 1), although the effect is
clearly bigger with single dose treatment.

Using this model, we can probe the cellular, chemical, and
structural effects of RT that contribute to decreased brain size
and cognitive impairments in adulthood. To enhance trans-
lational value, we are using imaging techniques to discover
RT-induced changes in vivo that predict future cognitive
impairments before they manifest. For example, we are using
magnetic resonance imaging (MRI) and diffusion tensor
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FIGURE 1: Irradiation of the developing (PND28) rat brain results
in visibly decreased brain size in adulthood. Note that a 20 Gy total
dose of X-ray radiation resulted in a smaller brain when it was
administered as a single dose. A fractionated dose (4 Gy/d for 5 days)
was less detrimental to brain size.

imaging (DTTI) to assess RT-induced structural changes and

H magnetic resonance spectroscopy (MRS) to assess chem-
ical changes following RT (see Figure 2). DTT has the added
advantage of providing information on fractional anisotropy
(FA), a measure of the functional integrity of white matter
tracts. Our preliminary '"H MRS findings showed changes
in glutamate, alanine, and lactate in RT brains, compared to
sham controls. In addition, FA analysis showed a significant
decline in fimbria volume and mean fimbria FA value in RT
brains compared to controls. These changes were observed
three months prior to the detected cognitive changes shown
in Figure 3, suggesting that imaging changes can be used as
early markers of cognitive decline.

3. RT-Induced Suppression of
Cell Proliferation Contributes to
Cognitive Impairments

Because ionizing radiation kills dividing cells, it is effective
at treating cancer, yet devastating to noncancerous tissue
in the brain. Although mature neurons are postmitotic and
therefore not directly affected by radiation, the brain’s actively
dividing neural stem cells (NSC) are largely wiped out, even
by very low doses [28]. This is problematic, as it decreases
the availability of new neurons in neurogenic regions of the
brain and of new glia (oligodendrocytes and astrocytes) in
nonneurogenic areas.

The dentate gyrus (DG) of the hippocampus, along with
the lining of the lateral ventricles (the subventricular zone,
or SVZ), is one of the few neurogenic regions of the adult
mammalian brain (see [38] for review). Animal studies
indicate that ongoing neurogenesis in this region is important
for cognition. For example, newly generated neurons are kept
alive by effortful learning (for review see [39]) and are needed
for the formation of long-term spatial memory [40]. Analysis
of postmortem human tissue following cancer treatment
shows an almost complete lack of hippocampal neurogenesis
[41], the functional importance of which is attested to by the
cognitive impairments observed in survivors [42].

Animal models have yielded direct links between RT-
induced decrements in hippocampal neurogenesis and
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(a) (b)

FIGURE 2: Data from our group indicates that measurable imaging changes precede cognitive decline. (a) An image of a rat brain acquired
using a 9.4 T MRI. The pink box indicates where 'H MRS was performed. Changes in glutamate, alanine, and lactate preceded cognitive
impairments. In addition, FA analysis detected a decrease in volume of the fimbria. (b) An FA map of the rat brain.
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FIGURE 3: Data from our group showing RT-induced cognitive deficits. (a) Schematic illustration of the 5-CSRTT apparatus. (b) Fractionated
X-ray radiation (4 Gy/d for 5 days) restricted to the frontal cortex of young rats significantly reduced choice accuracy on a 5-CSRTT 6 and
9 months following RT (*P < 0.05). (c) Fractionated WBI in young rats impaired pliancy on a hippocampus-dependent strategy-switching
task in the Morris water maze [33] 3-4 weeks following RT (*P < 0.05).



cognitive impairments. Many studies have focused on
deficits in spatial performance (place learning or spa-
tial memory) and trace fear conditioning, since these
are hippocampus-dependent functions. Spatial impairments
have been observed in conjunction with decrements in DG
cytogenesis following both fractionated [43, 44] and single-
dose WBI [45, 46]. Our group also has noted performance
deficits in a spatial task after fractionated irradiation (see
Figure 3(c)). Decreased fear conditioning has also been asso-
ciated with radiation-induced suppression of DG cytogenesis
[47-49]. In sum, an increasing body of evidence implicates
suppression of hippocampal neurogenesis as a causative
factor in cognitive impairments following RT.

However, suppression of hippocampal neurogenesis is
likely only part of the story. NSCs in nonneurogenic brain
regions, such as the cortex, differentiate into glia [50]. A
plentiful supply of glial cells is essential for neuronal health
and function [51, 52], so reduced proliferation of NSCs due
to RT could contribute to cognitive impairments by reducing
the availability of glia. For example, problems with executive
functions are widely reported in adult survivors of childhood
RT. Executive functions develop linearly during adolescence,
in apparent conjunction with myelination of the frontal
lobes [19]. Frontal lobe white matter appears particularly
vulnerable to RT [53], and RT-induced damage to white
matter tracts may, in large part, underlie the neurocognitive
deficits experienced by adult survivors of childhood cancer
[19, 54]. Myelination is dependent on a ready supply of
healthy oligodendrocytes, which is in turn dependent on
adequate proliferative activity of NSCs. RT-induced ablation
of NSCs in nonneurogenic regions could therefore contribute
to cognitive impairments.

To provide direct evidence that RT-induced suppression
of gliogenesis contributes to frontal lobe dysfunction, animal
models of frontal lobe-dependent tasks are important. The
5-choice serial reaction time task (5-CSRTT) is a reliable
means by which to assess prefrontal cognitive processes in
the rodent. This automated task measures several aspects of
visual attention, specifically divided, sustained, and selective
attention, as well as processing speed and impulsivity [55].
The task requires the animal to detect brief flashes of light
that appear in one of five apertures (see Figure 3(a)) and
then nose-poke into the aperture that the light appeared in.
The animal is given 5 seconds in which to make the nose-
poke response. Correct responses are rewarded by a food
pellet being dispensed into a magazine at the rear of the
testing chamber (see Figure 3(a)). To provide motivation,
animals are food restricted. Between stimulus presentations,
there is an intertrial interval (ITI), and the animal must
inhibit responding during this interval, because premature
responses result in a short time-out period during which
there are no trials, and thus food reward cannot be obtained.
In performing this task, the animal has to sustain attention to
all 5 of the apertures in order to constantly monitor where the
light stimulus will be presented. Incorrect responses (nose-
pokes into an aperture other than that in which the light was
presented) indicate impaired attention. Measures of impul-
sivity are collected through responses that are characterized
as perseverative and/or premature. Perseverative responses
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are defined as continuous nose-pokes in additional apertures.
Nose-pokes made before the light is presented are considered
premature responses. Processing speed measures are based
on various latency times that are collected throughout the
task.

We have used the 5-CSRTT to probe for impairment of
prefrontal cognitive processes following fractionated irradia-
tion (4 Gy/d for 5 days). Irradiated animals and shams were
trained to perform the 5-CSRTT and then tested 6 and 9
months postirradiation. Our preliminary findings indicate
that the irradiated animals are significantly less accurate
at nose-poking into the correct aperture, suggesting that
they have attentional impairments (see Figure 3(b)). Future
experiments will focus on replicating these impairments in
irradiated animals and determine whether they are linked to
reduced gliogenesis in frontal regions.

4. RT Creates a Brain Milieu
Hostile to Plasticity

The microenvironment of the brain is regulated and protected
by specific barriers, which include the vascular endothelial
barrier (also called the blood-brain barrier, or BBB) at the
capillary-parenchyma interface and the epithelial barrier
(blood-cerebrospinal fluid barrier) at the choroid plexus [56].
The BBB is more than a physical barrier: it plays a fundamen-
tal role in regulating the movement of substances between
the blood and the CNS (see Figure 4(a)). The microvascular
network is also the site of the BBB, and the endothelial cells
(ECs) that make up the microvascular network barrier con-
tain few pinocytotic vesicles and adhere to each other via tight
junctions [57]. Tight junctions limit paracellular transport of
hydrophilic compounds into the CNS as compared to non-
CNS vessels [58, 59]. Also, astrocytes in close proximity to
the ECs add another impediment to paracellular transport
by biochemically conditioning the ECs and strengthening the
tight junctions between them [60]. ECs coat, in a single layer,
the interior of all blood vessels. Because of this intertwined
fate with the circulatory system, ECs play a unique role
in maintaining physiological homeostasis, controlling the
movement of substances across from the blood compartment
into the different tissues and organs with varying demands
and function [61]. The ECs also play an important immune
function through leukocyte surveillance and extravasation
by regulating adhesion integrins and cytokine production
[62]. In particular, they have been shown to directly secrete
tumor necrosis factor (TNF) [63]. Thus, damage to the ECs
compromises the integrity of the BBB.

When the barrier between the vascular supply of the brain
and the CNS parenchyma is disrupted, excess extravasation
of proteins, biologic-response molecules (e.g., growth factors,
cytokines, and clotting factors), inflammatory cells, and
therapeutic drugs can damage the brain [56, 64-66]. The
disruption of the BBB (see Figure 4(b)) has been identified as
a consequence of various diseases/injuries such as multiple
sclerosis, ischemia, HIV, hypertension, brain tumors, CNS
injury, and radiation exposure [66-70], wherein inflamma-
tory cells are able to penetrate the BBB and destroy the myelin
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FIGURE 4: This diagram depicts a cross section of brain parenchyma showing the structure of the BBB and the damage induced by RT. (a)
Normal BBB showing intact tight junctions (T7]), lack of vesicles, astrocytes and pericytes abutting the EC providing additional barrier support,
and a neuron with thick, healthy myelin. (b) Damaged BBB in which astrocytes and pericytes have pulled away from the EC, a leukocyte has
adhered to the EC, and there is formation of vesicles and loss of T] integrity.

surrounding the axons. Demyelination and myelin thinning
have been reported in the CNS following RT [71-74]. Felts
et al. have also shown that RT-induced BBB permeability
prolonged the induced demyelination of neurons [75, 76].
We and others [77-80] have demonstrated that there is an
increase in BBB permeability following RT, which is caused
in part by EC damage, as expressed by changes in tight
junction integrity and by vesicle formation postirradiation.
RT-induced EC damage has been investigated [81-83] with
the aim of elucidating the effect on initiating and/or sus-
taining radiation side effects. Eissner et al. [84], as well as
others [82, 83], have shown that when irradiated, ECs in vitro
and in vivo undergo apoptosis at a higher percentage than
other cells. Our studies using electron microscopy show that
RT causes damage to the tight junctions [78], which is also
connected to the observed increase in BBB permeability. In
addition, several studies, including our own, have shown an
increase in BBB permeability and an increase in the number
of vesicles following fractionated cranial irradiation [78-80].

Such damage to the microvasculature and breach of the
BBB can disturb the delicate brain microenvironment and
expose the brain parenchyma and neural cells to noxious
substances [70, 78, 85]. This microenvironment imbalance
can set into motion a chain of events (such as cytokines
release), magnifying the original signal and finally causing
measurable late-term tissue damage in the irradiated brain
that may play a role in cognitive impairment [86]. We and
others have shown that RT induces an inflammatory response
as indicated by an increase in TNF-a and intercellular
adhesion molecule-1 (ICAM-1) signaling in the brain [87-
90]. We have reported activated astrocytes after treatment
with single and fractionated RT [78, 91]. Prolonged gliosis
can create glial scar sites, which have been theorized to
inhibit axonal regeneration or remyelination [92, 93]. We
have demonstrated that this inflammation response is related
to an increase in BBB permeability following RT and that
it is abrogated when treated with antibodies to TNF-« or
ICAM-1[77, 90]. In a histological study on mouse brains we

observed significant changes 120 days following fractionated
RT: fewer neurons, a significant decrease in myelin suggesting
complete destruction of the parts of the white matter at 120
days following RT, and at 90 days following RT, we observed
swelling of nerve fibers and increased thickening of the
myelin sheaths (see Figure 5(b)) indicative of dying axons.

5. The Restorative Potential of
Exercise for the Post-RT Brain

Given its myriad beneficial effects on the brain, exercise has
been suggested as a treatment for a wide variety of brain
maladies, from aging [94] to alcoholism [95]. In the case of
aging, exercise has been shown to have a remarkable restora-
tive effect, encouraging the resurgence of atrophied regions
such as white matter tracts [96] and the hippocampus [97],
and improving cognition [98]. Such effects are particularly
encouraging for the post-RT brain, since it shares many
things in common with the aged brain, such as decreased
cell proliferation, decreased growth hormone, and increased
inflammation. Moreover, in both cases these conditions
worsen over time, to ultimately create a neural milieu in
which plasticity is suppressed.

In aged rodents, exercise can increase proliferation of
NSCs [99], suggesting that it has neurogenic potential even
in a system in which cell proliferation is drastically reduced.
Encouragingly, exercise has been reported to increase hip-
pocampal neurogenesis in the irradiated brain in rodent
models [100, 101]. There are likely multiple mechanisms of
this enhanced neurogenesis. Neurogenesis is tightly linked to
the microenvironment [102] and is known to be suppressed
under conditions in which there is unchecked inflammation
[27] or a lack of trophic [103] or hormonal support [104].
Exercise has been shown to increase growth hormone [104]
and reduce inflammation [105], two potential ways in which
it could counteract the suppressive environment created by
RT.
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FIGURE 5: Histological markers of radiation injury in the mouse brain at 90, 120, 180, and 300 days after RT. (a, b) Luxol fast blue staining
showing loss of myelin. (c, d) Sections of brain nerve fibers showing structural changes, microglial (outlined in green) inflammation, and
myelin sheath thickening indicative of cell death (images at 50x). (e, f) Yellow and blue arrow heads point at myelin sheath surrounding the
neurons and at mitochondria, respectively (scale bar = 1 ym). (g) Necrosis detected at 120 days. (h) Yellow arrows point at pericyte pulling
away from endothelial cell, a sign of inflammation, with white edematous area causing vascular constriction.
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FIGURE 6: Effect of a single 4 Gy dose of X-ray radiation on microglia in the developing rat brain 24 hr after exposure. (a, b) A schematic
representation of microglia distribution (gray dots) in the cerebral cortex showing that RT-induced loss of microglia is more pronounced in
inner layers relative to superficial layers. (c, d) Representative 20x images of Ibal+ staining in the retrosplenial cortex showing that RT not

only reduces the number of microglia but also alters their morphology.

Recent research has begun to elucidate the impor-
tant role that microglia have in maintaining the neuro-
genic niche [106-108]. Unfortunately, radiation severely dis-
rupts microglial distribution, alters their morphology (see
Figure 6), and decreases their numbers [109], effects that
likely contribute to RT-induced neurogenesis impairment. It
has been shown that, after radiation, microglia in the SVZ
rebound more quickly than those in the DG. This may explain
why neurogenesis recovers better in the SVZ, compared to the
dentate [110]. Voluntary exercise has been shown to increase
microglia [111], suggesting a further means by which exercise
could help to restore a microenvironment conducive to cell
proliferation.

Exercise might also have an enhancing effect on glio-
genesis in the post-RT brain. As described above, glia are
essential for the integrity and function of the cortex. Exercise

has been shown to enhance cortical gliogenesis in the intact
brain [112], and our future efforts will include determining
whether post-RT exercise enhances cortical gliogenesis and
ameliorates impairments in the 5-CSRTT.

In addition to these many direct benefits, it is impor-
tant for survivors of childhood RT to exercise, in order
to counteract chronic conditions that arise from cancer
treatment, such as impaired pulmonary and cardiac function
[113]. Emotional problems like depression and anxiety may
also decrease with regular exercise. Unfortunately, treatment-
induced fatigue, cardiorespiratory problems, and muscular
deconditioning tend to promote sedentary habits during
treatment that linger into adulthood, with the result that
childhood cancer survivors are much less physically active
than their healthy peers (see [113] for review). Cranial RT in
particular is associated with sedentary habits in adulthood



[114, 115]. However, recent studies suggest that physical fitness
is an achievable goal for childhood cancer survivors [36, 113],
so the beneficial effects of exercise observed in animal models
can be followed up in human patients.

Fortunately, rodents show no reluctance to exercise after
RT, and initial studies suggest that exercise is capable of
ameliorating RT-induced deficits in both neurogenesis and
cognition. Voluntary running in adulthood has been shown
to restore neurogenesis in mice irradiated early in life [100],
suggesting that exercise may be a feasible means by which
to promote cell proliferation in adult survivors of childhood
RT. Furthermore, it may be able to attenuate RT-induced
cognitive impairments. A recent study showed that volun-
tary running ameliorated radiation-induced spatial memory
decline 4 months after radiation as well as partially restored
neurogenesis in the DG [101].

While these results are encouraging, continued study of
the effects of exercise on the RT brain in animal models is
essential. For one thing, it is important to better understand
the effects of exercise in the context of the RT brain. In
particular, it is necessary to determine whether exercise has
an adequate neural substrate on which to work. For example,
one well-established effect of exercise is its ability to induce
angiogenesis [116, 117], an effect that depends upon the brain’s
capacity to produce new ECs. Given the suppressive effect of
RT on cell proliferation, it is possible that the angiogenic effect
of exercise would be limited in the post-RT brain. In short,
it is possible that the effects of exercise would be dampened
in the post-RT brain, reducing its potential as a stand-alone
treatment. Further study may indicate that exercise would be
most useful as an adjuvant therapy. For example, stem cell
replacement shows promise in the irradiated rodent brain
[118] and may eventually be possible in humans if the hostile
environment created by RT can be made more permissive
for growth and repair. Exercise represents a viable means by
which to achieve this, and future studies should address the
potential of exercise to neutralize the hostile environment
created by RT, as a preliminary step in restorative treatments.

6. Conclusions

Both human and animal studies indicate that suppressed cell
proliferation and the hostile neural environment induced by
cranial RT contribute to subsequent cognitive impairments.
These effects of RT may be alleviated, at least to some extent,
by exercise. It has been well established that exercise can
both promote cell proliferation as well as foster a neural
environment permissive for plastic change. Early evidence
from animal models indicates that exercise has the capacity
to do both in the post-RT brain. However, further studies are
needed, in order to determine whether RT-induced pertur-
bations of the microenvironment could limit the plasticity-
enhancing effects exercise has to offer.
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Depression is a devastating and prevalent disease, with profound effects on neural structure and function; however the etiology and
neuropathology of depression remain poorly understood. Though antidepressant drugs exist, they are not ideal, as only a segment
of patients are effectively treated, therapeutic onset is delayed, and the exact mechanism of these drugs remains to be elucidated.
Several theories of depression do exist, including modulation of monoaminergic neurotransmission, alterations in neurotrophic
factors, and the upregulation of adult hippocampal neurogenesis, and are briefly mentioned in the review. However none of these
theories sufficiently explains the pathology and treatment of depression unto itself. Recently, neural plasticity theories of depression
have postulated that multiple aspects of brain plasticity, beyond neurogenesis, may bridge the prevailing theories. The term “neural
plasticity” encompasses an array of mechanisms, from the birth, survival, migration, and integration of new neurons to neurite
outgrowth, synaptogenesis, and the modulation of mature synapses. This review critically assesses the role of adult hippocampal
neurogenesis and the cell adhesion molecule, PSA-NCAM (which is known to be involved in many facets of neural plasticity), in

depression and antidepressant treatment.

1. Neural Plasticity and Disease

As the fundamental units of the brain, neurons function to
integrate and transmit a myriad of signals across vast and
complex networks. Neurons by definition are continually
forming, eliminating, and modulating (strengthening and
weakening) connections in response to the constant flow of
information. In mediating and responding to activity, neu-
rons, including their processes and synapses, must be plastic.
Thus neural plasticity may then be defined as the ability of
neurons and neural elements to adapt in response to intrinsic
and extrinsic signals. As such, our ability to process and
synthesize information, ultimately producing behavior, is
dependent upon this neural plasticity [1]. It is therefore not
surprising that dysregulation or disruption of neural plastic-
ity is associated with neuropsychiatric and neurodegenerative
disease.

Dynamic processes such as adult neurogenesis, the devel-
opment of dendritic spines, and synaptic adaptations are
included under the umbrella of neural plasticity and are

essential to normal functioning. Aberrant neural production,
connectivity, or transmission is invariably present under
disease states, such as Alzheimer’s disease, schizophrenia, or
depression [2-5]. Each aspect of neural plasticity can inde-
pendently and additively cause or contribute to the disease
state. Thus, it is of fundamental importance to elucidate the
neurological underpinnings of these disease states at the cel-
lular level, in order to understand etiology and better develop
effective treatment.

2. Adult Hippocampal Neurogenesis

Neural stem cells were first identified in the adult brain of
rodents more than 50 years ago [6] and are found across
a variety of species including humans [7]. Interestingly, the
production of new neurons is typically limited to two regions:
the subventricular zone, which lines the lateral ventricles and
sends new neurons to the olfactory bulb via the rostral migra-
tory stream, and the subgranular zone of the hippocampus

(8].



It is important to note that neurogenesis, as defined here,
requires the proliferation, survival, and differentiation of
newly generated cells into neurons. Any number of internal
and/or external factors may independently affect the prolif-
eration of progenitor cells, their differentiation into neurons,
or their survival rates [9-14]. Thus merely identifying cells
as having been produced in the adult brain, without further
demonstrating that they survive and become neurons, is
insufficient to conclude that neurogenesis has occurred.

Although new neurons can be labelled and observed, the
exact role of these neurons in the function of the hippocam-
pus remains to be fully elucidated. New neurons produced
in the subgranular zone have been associated with a number
of functions [15, 16]. There is solid evidence that new hip-
pocampal neurons are selectively and imperatively involved
in spatial learning and memory [17-20]. New neurons in
the hippocampus, perhaps more ambiguously, have also been
associated with the etiology and treatment of depression [21-
23]. Interestingly, the hippocampus is functionally dissoci-
ated along the dorsal-ventral axis, wherein the dorsal region
plays a larger role in cognitive faculties, while the ventral
region is more involved in emotionality [24, 25]. For the
purpose this review, however, we will concentrate on the
functions of the hippocampus associated with emotionality
and stress and refer the reader to reviews that cover the hip-
pocampus’ cognitive associations (See: [26, 27]).

3. Cell Adhesion Molecules

Neural plasticity is a complex and varied process; from neural
development, the migration of newly generated neurons,
dendritic modifications, and synaptic modulation, many
proteins facilitate and contribute to the malleability of neu-
ral tissue. Cell adhesion molecules (CAMs) are special-
ized proteins—typically expressed at the cell surface—which
are important in synaptic function, synaptic plasticity, and
remodeling of neural circuits [28]. The structure and function
of CAMs vary widely within the nervous system, and the
categorization and function of each CAM protein involved
in neural plasticity are beyond the scope of this review (for a
more detailed overview see [28, 29]). This review will instead
focus on the potential role of a single CAM, the polysialylated
form of neural cell adhesion molecule (PSA-NCAM), in the
etiology and treatment of depression.

The neural cell adhesion molecule (NCAM) is a mem-
ber of the immunoglobulin superfamily of cell adhesion
molecules and serves to mediate Ca2*-independent cell-
cell and cell-extracellular matrix (ECM) interactions [30].
Through homo- and heterophilic interactions, NCAM func-
tions in cell migration, neurite outgrowth and targeting,
axonal branching, synaptogenesis, and synaptic plasticity
[30-32]. Neural plasticity mediated through the NCAM
protein is facilitated through posttranslational modifications,
the most important and prevalent of which is glycosylation
with polysialic acid (PSA) [33]. Polysialic acid is a linear
homopolymer of «2,8-linked sialic acid, which bears a
negative charge, acting to abate NCAM-NCAM interactions
and therefore interfere with cell adhesion [34]. PSA-NCAM
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serves to regulate cell-cell and cell-ECM interactions during
times of plasticity.

In the adult brain PSA-NCAM is expressed on the cell
surface of newly generated daughter cells, on neurites during
outgrowth and path finding, and at the synapse of mature
neurons [30]. The addition of the PSA moiety to NCAM is
essential to neural remodelling and synaptic plasticity [10,
35, 36]. Selective cleavage of PSA in the adult brain inhibits
activity-induced synaptic plasticity (induction of long-term
potentiation (LTP) and long-term depression (LTD)) and
alters the normal migration and integration of newly gener-
ated neurons within the hippocampus [10, 35], importantly
though cleavage of PSA from NCAM does not disrupt
normal basal synaptic neurotransmission or alter normal
levels of neural proliferation or survival [10, 35]. PSA-NCAM
is therefore a particularly interesting protein in that it is
one that mediates plasticity at multiple levels, from neural
proliferation, integration, differentiation, neuritic outgrowth,
synaptogenesis, and modulation of mature synapses.

4. Depression

Depression is a devastating neuropsychiatric disease that is
both prevalent—with a lifetime incidence of 20% [37]—and
costly, accruing over $83 billion (USD) annually in expense
to society in the USA alone [38]. Depression is a spectrum
disorder ranging from dysthymia to major depressive disor-
der (MDD), which also includes seasonal (seasonal affective
disorder) and bipolar subtypes; however general symptomol-
ogy is characterized by a depressed mood and/or anhedonia
[39]. The DSM-IV criteria for diagnosis with MDD may
include secondary symptoms such as fatigue, insomnia or
hypersomnia, changes in body weight, and impaired cogni-
tion [39]. Although depression is prevalent and carries a large
burden of disease, the pathoetiology of depression is poorly
understood. While antidepressant drugs do exist, they are not
ideal, as only a segment of patients is effectively treated, and
the therapeutic onset is delayed [40-42]. Moreover, the exact
mechanism of these drugs remains to be elucidated, though
several theories do exist. The existing theories of etiology
and treatment of depression will be briefly discussed with an
aim of integrating and placing neurogenesis and PSA-NCAM
related plasticity within the current state of knowledge.

5. Monoamine Theory of Depression

Much of the current understanding of depression has been
built upon the serendipitous discovery of the mood-elevating
effects of iproniazid, a monoamine oxidase inhibitor (MAOI),
during clinical trials for antituberculosis agents in the early
1950s [43, 44]. Around the same time the first tricyclic antide-
pressant (TCA), imipramine, a drug also known to modu-
late monoaminergic neurotransmission, was discovered to
relieve depressive symptoms [45]. Both compounds enhance
monoaminergic neurotransmitters (primarily serotonin and
norepinephrine) function in the synapse and therefore acted
as a springboard for the rational design of drugs which
specifically enhance the transmission of these neuromodu-
lators. Further, these findings resulted in the development
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of the monoamine hypothesis of depression [46, 47]. The
monoamine hypothesis of depression postulates that the
pathophysiological basis of depression is due to the deficient
activity of monoamines in the central nervous system [48].

While first generation antidepressant drugs can indeed
be effective, remission rates still typically remain below
60%, and treatment is associated with potentially severe side
effects, causing a third of patients to discontinue treatment
[49, 50]. Thus new drugs, such as selective serotonin reup-
take inhibitors (SSRIs), have been developed in an attempt to
enhance efficacy and reduce the side effects observed with the
broader-acting first generation compounds. However, the
ability of these newer drugs to alleviate depression is, unfor-
tunately, typically lower than that of MAOIs and TCAs [50].
SSRIs are the primary first line treatment for patients with
major depressive disorder (MDD), yet only a third of patients
will respond to these drugs following initial treatment [41].
Even in patients that are initially responsive to treatment, up
to 57% will have depressive symptoms return due to a loss of
drug efficacy [40].

While it is known that antidepressants modify mono-
aminergic neurotransmission, it is not known how antide-
pressants exert their therapeutic effects, as the influence on
monoamines occurs within hours of treatment, but allevia-
tion of depressive symptoms requires weeks of exposure [51-
54]. The monoamine theory explains this delayed efficacy
of treatment as the time required for the 5-HTIA serotonin
autoreceptor to sensitize and normalize serotonergic tone at
the synapse [42, 55, 56]. However, disrupting or ablating por-
tions of the serotonergic system fails to induce a depressive
phenotype [57], suggesting that the dysregulation of sero-
tonergic neurotransmission is not the only underlying factor
in depression. Given the prevalence of treatment-resistant
forms of depression and the limited long-term efficacy of
current drugs, novel targets are needed for the development
of more efficacious pharmacological treatments.

6. Neurogenic Hypothesis of Depression

As noted earlier, neurogenesis in the adult hippocampus is
seen across a variety of species, including humans [7]. Adult
hippocampal neurogenesis has been hypothesized to play a
potentially important role on the pathology and successful
treatment of depression. A neurogenic hypothesis of depres-
sion has been postulated, which suggests that reduced adult
hippocampal neurogenesis may underlie the pathoetiology
of depression, while antidepressant efficacy depends on the
upregulation of hippocampal neurogenesis [58].

7. Etiology of Depression and Animal Models

As with other neuropsychiatric disorders, depression has
a multifaceted and varied etiology, including genetic, epi-
genetic, and environmental factors. The most prevalent of
these factors is stress. Stress is cited as the leading cause of
depression by depressed patients [59]. Unipolar depression
is associated with abnormal hypothalamic-pituitary adrenal
(HPA) axis function such as hypersecretion of cortisol,
abnormal diurnal secretion of cortisol resulting in a flattened

circadian rhythm and impaired negative feedback [59, 60].
Interestingly, normalization of HPA function is seen after
chronic exposure to antidepressants, an effect coincident
with, or slightly preceding, behavioural alleviation of depres-
sive symptoms [61]. As such normalization of HPA function
has become a major target of novel therapies [59, 62].

Many animal models of depression capitalize on the
association of stress and depression; such models have a solid
ethological basis. For instance, models using exposure to
chronic variable stress (CVS) have shown good face, con-
struct, and predictive validity, making it one of the most
commonly used paradigms to model depression [63]. For
example, CVS increases immobility in the forced swim test
(FST, a putative measure of behavioural despair) [64], reduces
sucrose preference (anhedonia) [65], increases novelty-
induced hypophagia [21, 64], reduces hippocampal neuroge-
nesis [21, 65], and reduces the expression of proteins associ-
ated with neuroplasticity such as PSA-NCAM [66]. Although
it is not possible to model all symptoms of depression in
rodents, a battery of key endophenotypes can be examined
such as anhedonia, body weight changes, behavioural despair,
HPA function, and brain alterations (such as reduced hip-
pocampal volume, neurogenesis, and neural plasticity), as
have been observed in human patients with depression [67].

8. Stress, Depression, and
Reduced Neural Plasticity

The hippocampal formation is an area rich in mineralo-
corticoid (MRs) and glucocorticoid receptors (GRs). These
receptors function in the maintenance of basal HPA tone
and in the regulation of negative feedback of glucocorticoid
release during a stress response [68]. Given this, it is not
surprising that the hippocampus is particularly vulnerable
to the effects of stress and depression [69, 70]. Depressed
patients have reduced hippocampal volume which varies with
the number of episodes and duration of the illness [71-
73]. Similarly, postmortem studies of hippocampal tissue
collected from depressed patients have shown alterations in
gray matter density, reductions in neuropil, and decreased
hippocampal neurogenesis [22, 23, 74-77]. Animal models of
depression using exposure to chronic stress demonstrate the
same changes in hippocampal structure and show reductions
in neural plasticity, including reductions in neurogenesis and
the expression of proteins associated with neural plasticity
[21, 64, 65, 78]. Chronic stress exposure also reduces dendrite
length and complexity [79, 80], spine density [81], and NCAM
expression [65] and modifies expression of synaptic SNARE
proteins [82] in the hippocampus.

Stabilization of the HPA axis by antidepressants is asso-
ciated with improved mood scores that either precedes or
is coincident with the behavioural alleviation of depressive
symptoms in humans [61]. Thus the improvements in neg-
ative feedback inhibition of the HPA axis that correspond
to improvement in depressive symptoms with antidepressant
treatment may be attributable to neural adaptation in limbic
structures that regulate feedback inhibition of HPA axis such
as the hippocampus. Interestingly chronic antidepressant
treatment is seen to reverse the negative effects of stress on



hippocampal volume [65, 83], though the exact contribution
of neural plastic elements that underlie this enhancement is
not fully understood.

9. Neurogenesis in Antidepressant Efficacy

The neurogenic hypothesis of depression is predicated not
only on the previous findings that chronic stress decreases
hippocampal neurogenesis [21, 65, 84] but also that antide-
pressant drugs can both prevent [83, 85] and reverse [21,
65, 86] this effect (see Table 1). The enhancement of adult
hippocampal neurogenesis is dependent on chronic, but not
acute, exposure to antidepressants, occurring in a manner
that temporally coincides with the delayed clinical efficacy
of these drugs [9, 21]. This delayed enhancement of neuro-
genesis is mediated through the increased proliferation of
neural progenitor cells, while the proportion and the dif-
ferentiation of surviving cells into neurons remain constant
[9]. Several classes of antidepressant including SSRIs, TCAs,
MAOIs, SNRIs, and melatonergic antidepressants increase
neurogenesis in the hippocampus [87, 88]. Moreover, the
nonpharmacological antidepressant treatment of electrocon-
vulsive therapy (ECT) also enhances neurogenesis in the
adult hippocampus [89, 90]. ECT is the most effective antide-
pressant treatment in depressed patients who are treatment
resistant [91], and it can upregulate neurogenesis to levels
nearly twice that of pharmacological antidepressants [89].
Similarly, recent human studies suggest that the broader
acting, typically more efficacious, TCA and MAOI classes of
antidepressant increase cell proliferation levels beyond that
of SSRIs [23]; further indicating a role for hippocampal
neurogenesis in successful antidepressant treatment.

While it is accepted that chronic antidepressant treatment
upregulates hippocampal neurogenesis, some studies have
suggested that increased neurogenesis is absolutely necessary
for antidepressant efficacy. Specifically, if hippocampal neu-
rogenesis is reduced via localized irradiation, antidepressants
lose their behavioural efficacy in rodent models of depression
[21]. However, use of the cytostatic agent methylazoxym-
ethanol (MAM) to reduce hippocampal neurogenesis failed
to disrupt the behavioural efficacy of chronic antidepressant
treatment on sucrose preference or in the forced swim test;
antidepressant treatment still increased hippocampal volume
and NCAM expression, despite the disruption of hippocam-
pal neurogenesis [65]. Nonetheless, neurogenesis does seem
to be required for the attenuation of anxiety-like behaviour
as measured in the novelty suppressed feeding (NSF) test,
suggesting a role for neurogenesis in specific aspects of
antidepressant efficacy. Indeed, further research has shown
neurogenic-dependent and -independent effects of an antide-
pressant drug, where hippocampal neurogenesis is only
required for the alleviation of some anxiety/depressive-like
behaviour [64, 92-94]. These findings point toward multi-
faceted and pleiotropic effects of antidepressants on neural
circuitry. Interestingly anxiolytic drugs, such as benzodi-
azepines, also show efficacy in the NSF test with acute treat-
ment, while antidepressants require chronic, neurogenesis-
enhancing treatment [95]. It is then possible that the reduc-
tion in glucocorticoids from anxiolytic treatment mediates
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the reduction in anxiety-like behaviour in the NSF test; there-
fore antidepressant-induced neurogenesis may mediate a
similar effect on glucocorticoid levels. Indeed this may be the
case, as hippocampal neurogenesis buffers the stress response
and normalizes glucocorticoid release after stress [96]. Syn-
der and colleagues found that inhibition of hippocampal
neurogenesis, either transgenically or via irradiation, atten-
uated the recovery of basal HPA tone following a stressor
and the normal suppression of glucocorticoid release during
the dexamethasone suppression test [96]. As such, there is
likely a role for hippocampal neurogenesis in reestablishing
normal HPA tone and regulating a normal HPA response,
possibly through GR-mediated negative feedback. Thus the
effectiveness of antidepressant treatment and the importance
of ensuing neurogenesis within different behavioural mea-
sures of antidepressant efficacy may represent the underlying
mechanisms through which antidepressants are exerting
their effects. Separate facets of antidepressant-induced neu-
ral plasticity may therefore facilitate drug action such as
neurogenesis-mediated normalization of the stress response
in the NSF test versus modulation of monoaminergic tone
through synaptic plasticity in the sucrose preference test and
FST. Hence the contribution of broader neural plasticity,
beyond neurogenesis, is also of interest and has been pro-
posed as the underlying mechanism of antidepressant efficacy
[65].

10. Potential Role for PSA-NCAM in
Antidepressant Efficacy

The expression of PSA-NCAM within the adult nervous
system is essential in multiple facets of neural plasticity,
including neurogenesis, synaptic plasticity, and neurite out-
growth [10, 30, 31, 97, 98]. Importantly, PSA-NCAM func-
tions across all aspects of hippocampal neurogenesis (pro-
liferation, migration, differentiation, and survival), therefore
changes in the polysialylation of newly generated neurons
alter neurogenesis as a whole [99-104] (see Table 2). For
instance, chronic mild stress reduces the expression of both
the core NCAM protein [65] and the addition of the PSA
moiety [11, 105-108] in the hippocampus; however these
changes are dependent on the type of stressor [109] (see
Table 3). Alterations in PSA-NCAM expression following
stress are also seen in other regions associated with depres-
sion including the amygdala and prefrontal cortex [110-113].
Similarly, PSA-NCAM expression is reduced in amygdala
of patients with major depressive disorder [2, 114]; however
no change is seen in the PFC [115]. Conversely, chronic
antidepressant treatment modulates PSA-NCAM expression
throughout the limbic system in animal models of depression.
[11, 116-119]. Moreover, antidepressant treatment reduces
PSA-NCAM expression in the dorsal raphe nucleus [116],
implicating PSA-NCAM in antidepressant-induced plasticity
related to serotonergic neurotransmission. Taken together
these findings suggest PSA-NCAM may play a fundamental
role in mediating broad effects of antidepressant treatment
across multiple forms of neural plasticity.

Previous studies have shown PSA-NCAM is essential in
the activity-dependent induction of hippocampal LTP and
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TABLE 1: Selected publications showing the effect of stress/depression or antidepressant treatment on neurogenesis and the functional

importance of neurogenesis in antidepressant efficacy.

(a) Animal models of depression

Reference Species  Sex Model Antidepressant Metho_d of Summary of findings
ablation
Neurogenesis-dependent regulation of HPA
Snyder et al. . X-ray; havi 1
2011 [96] Mouse M Restraint — transgenic response to stress and behavioural measures (NSE,
FST, and SC)
Chronic
David et al. . . Neurogenesis-dependent (NSF) and -independent
2009 [64] Mouse  Mand F cort{cc?sterqne Fluoxetine X-ray (OFT, FST) aspects of antidepressant efficacy
administration
Neurogenesis-dependent (NSF) and -independent
Bessa et al. Rat M Chronic mild Imipramine; MAM (SC, EST) aspects of antidepressant efficacy.
2009 [65] stress fluoxetine Significant alterations in neural plasticity
associated with antidepressant efficacy
Surget et al Chronic Imipramine; Neurogenesis-dependent (NSE, CS, ST) and
2008 [92] Mouse M unpredictable fluoxetine -independent (A) aspects of antidepressant
stress efficacy
Holick et al. . Neurogenesis-independent effects of
2008 [93] Mouse M B Fluoxetine X-ray antidepressant efficacy
Airan et al. Rat F Chronic mild Imipramine; Xora Neurogenesis-dependent (NSF) and -independent
2007 [94] stress fluoxetine Y (OFT) aspects of antidepressant efficacy
Alonso et al. Mouse M Chronic mild Fluoxetine - Decreased cell proliferation in the DG, while
2004 [85] stress chronic fluoxetine blocked this effect
Santarelli et Imipramine; Neurogenesis-dependent (NSF) antidepressant
al. 2003 [21] Mouse M - fluoxetine X-ray efficacy
Czéh et al. Rat M Social . . Decreased cell proliferation and survival in the
2002 [78] subordination DG
FluoxetTne; Chronic, but not acute, treatment with
Malberg et al. reboxetine; . . .
2000 [9] Rat M tranylcypromine; — monoaminergic antidepressant and ECS
ECS ’ increased cell proliferation in the DG
(b) Human studies of depression
Reference Subjects Sex Population Antidepressant  Effect on neurogenesis
assessed
No significant difference in number of granule cells
Cobb et al. 2013 Depressed patients between depressed subjects and controls; decreased
Humans MandF — - - . .
[74] postmortem hippocampal volume correlating with duration of
disease
Depression is associated with a decreased number of
Boldrini et al. Depressed patients ) granule neurons, correlated with reduced DG
2013 [75] Humans ~ Mand F postmortem SSRIs; TCAs volume. SSRI and TCA treatment increase granule
neuron number and DG volume
. . Both antidepressant classes increase cell proliferation
Boldrini et al. Humans MandF Depressed patients SSRIs; TCAs  over untreated depressed patients and controls;
2012 [22] postmortem . . . .
NPCs associated with angiogenesis
Boldrini et al. Depressed patients ) Both antidepressant classes increase cell proliferation
2009 [23] Humans — Mand F postmortem SSRIs; TCAs over untreated depressed patients and controls
Stockmeier et al. Humans M and F Depressed patients - Increased density of granule cells in the DG of
2004 [76] postmortem depressed subjects compared to controls

NSEF: novelty suppressed feeding; FST: forced swim test; SC: sucrose consumption; OFT: open field test; CS: coat state; ST: splash test; A: actimeter; MAM:
methylazoxymethanol acetate (cytostatic agent).

LTD [35], where the polysialylation of NCAM is positively
correlated with neural activity of glutamatergic neurons
[120, 121]. Moreover, inhibiting the polysialylation of NCAM
reduces the rate of dendritic spine formation and decreases
the stability of these spines [122]. Interestingly PSA-NCAM

is also directly related to monoaminergic neurotransmission,
as PSA-NCAM expression is directly modulated by the 5-
HTIA receptor [123]. Moreover, serotonergic innervation
plays a role in regulating the expression of PSA-NCAM in
the hippocampus [124]. Given the interaction of serotonergic
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TABLE 2: Selected publications delineating the role of PSA-NCAM in adult hippocampal neurogenesis.
Authors Species Role in . Ablation Findings
neurogenesis method
McCall et al. 2013 [97] Rat Neurite oqtgrowth; EndoN Clea}'age of PSA-NCAM caused expanded dendritic arborization
survival and increased cell death
Migration; Cleavage of PSA-NCAM disrupts normal migration and
Burgess et al. 2008 [10] Rat differentiation EndoN differentiation of newly generated neurons in the DG
PSA-NCAM is highly expressed in the entire cell body and
Seri et al. 2004 [99] ? Differentiation — growing processes of D cells (precursors in the generation of new
granule neurons in the dentate gyrus)
Hippocampal expression of PSA-NCAM throughout life in
Ni Dhuill et al. 1999 Proliferation; humans closely resembles that of the rat. Expression largely
Human . — . .
[100] neurite outgrowth contained to granule cells of the dentate gyrus and their mossy
fiber axons, with large reductions in expression with age
Seki and Rutishauser . NCAM KO; Aberrant collateral sprouting of mossy fibers and ectopic synaptic
1998 [98] Mouse  Neurite outgrowth EndoN bouton formation
Lo Age related decline in PSA-NCAM expression in the GCL,
Kuhn et al. 1996 [101] Rat Migration o reduced migration of PSA-NCAM expressing cells into the GCL
Fox et al. 1995 [102] Rat Proliferation . PSA-NCAM expre_ssmn.decreases with age, coinciding with
decreased cell proliferation
Proliferation; Newly generated granule cells in the dentate gyrus express a
Seki and Arai 1993 [103]  Rat migration; — highly polysialylated form of NCAM, involved in the migration
differentiation of immature neurons from the subgranular zone into the GCL
Sekiand Arai 1991 [104]  Rat Proliferation . Highly polysialylated form of NCAM is persistently expressed in

the adult dentate gyrus

EndoN: endoneuraminidase N; GCL: granule cell layer.

neurotransmission with PSA-NCAM and its putative role in
regulating synaptic plasticity, it is possible that PSA-NCAM
may mediate some of the effects of antidepressant treatment
on monoaminergic tone.

The ability of PSA-NCAM to directly alter hippocampal
neurogenesis is evidenced by the selective removal of the
PSA moiety from NCAM with the bacteriophage enzyme
EndoN. Application of EndoN disrupts normal migration
of newly produced cells and alters differentiation of these
new cells by shifting them toward a neuronal phenotype
[10]. Selective cleavage of PSA also produces enhanced den-
dritic arborization, aberrant mossy fiber sprouting, produces
ectopic synaptic bouton formation, and increases cell death
within the hippocampus [97, 98].

Given the role of PSA-NCAM in mediating multiple
aspects of neural plasticity it appears to function at the conflu-
ence of the prevailing theories of depression: monoaminergic,
neurotrophic, and neurogenic, thus making it an interesting
target for future study. Further research is necessary to
elucidate the role of PSA-NCAM and similar proteins, in the
etiology of depression and efficacy of antidepressant drugs.

11. Role of Neurotrophic Factors in
Antidepressant Efficacy

Brain-derived neurotrophic factor (BDNF) has been impli-
cated in the etiology and treatment of depression. Depressed
patients show decreased levels of serum BDNF [125, 126],
which is correlated with decreased hippocampal volume and
increased ratings of depression [126]. Conversely, increased

BDNF levels are associated with antidepressant treatment
and alleviation of depression [127]. These findings are mir-
rored in rodent models of depression [128-132] as chronic
antidepressant treatment increases BDNF levels, coincid-
ing with alleviation of depressive-like behaviours [130-132],
and intracranial infusion of BDNF produces antidepressant
effects [128, 133].

Activation of the TrkB neurotrophin receptor largely
mediates the plasticity-enhancing actions of BDNF [134-
136], where inhibition of TrkB signalling attenuates the
behavioural efficacy of antidepressants [136]. Conversely
BDNE or more specifically proBDNEF via activation of
the p75 neurotrophin receptor mediates plasticity-reducing
actions such as apoptosis, neural atrophy, and synaptic prun-
ing [137]. It has been postulated that the balance of TrkB and
p75 signalling may underlie antidepressant effects of BDNF,
suggesting a mechanism through which stress/depression
may modulate the effects of BDNE. To this point, knocking
out TrkB receptors fails to produce a depressive-like phe-
notype in neurogenesis-dependent or -independent behav-
ioural measures of antidepressant efficacy [138, 139]; however
sex differences exist as female TrkB knockouts do appear to
develop a depressive-like behavioural phenotype [140].

Interestingly, PSA-NCAM interacts with BDNEF, as
removal of PSA from NCAM inhibits the induction of LTP,
and the application of exogenous BDNF restores LTP at
the affected synapse [141]. Further, disruption of the
polysialylation of NCAM also disturbs the effects of BDNF
on cortical neuron differentiation and survival, while the
application of exogenous BDNF reverses these effects [142].
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TaBLE 3: Effects of stress and depression on the expression of PSA-NCAM.

(a) Animal models of stress and depression

Reference Species  Sex Model Antidepressant Effect on PSA-NCAM
Gilabert-Juan et al. 2012 [110] Mouse M Chronic restraint stress — < in mPFC
Djordjevic et al. 2012 [111] Rat M  Chronic social isolation — Tin HPGC; | PFC
Djordjevic et al. 2012 [109] Rat M Chronic social isolation Fluoxetine Tin HPC, | by FIx treatment
Djordjevic et al. 2012 [112] Rat M  Chronic social isolation Fluoxetine T in PFC; | by Flx treatment (with stress)
Gilabert-Juan et al. 2011 [113] Mouse M Chronic restraint stress — | in CeM; < in BLA; & Me
Wainwright et al. 2011 [11] Rat M Unpred1_ctable chronic — | in HPC
mild stress
. . | in dRN; < in mPFC; T AMYG
Homberg et al. 2011 [116] Rat M Fluoxetine (adolescent), | AMYG (adult)
. T in HPC (str. luc. only); | in Me and
Varea et al. 2007 [117] Rat M — Fluoxetine BMA: < in BLA
Sairanen et al. 2007 [118] Rat M — Imipramine Tin HPC; T pIPFC
Varea et al. 2007 [119] Rat M — Fluoxetine T in mPEC (whole); T ilPFC; & pIPFC
Cordero et al. 2005 [105] Rat M Chronic restraint stress — lin CeM; | Me
Nacher et al. 2004 [66] Rat M Oral corticosterone - | in HPC
administration
Chronic restraint stress; .. Y
Nacher et al. 2004 [106] Rat M oral corticosterone — Lin p1r¥f9rm cortex (oral CO.RT)’ Tin
administration piriform cortex (restraint)
Pham et al. 2003 [107] Rat M Chronic restraint stress — T in HPC (3 weeks), < in HPC (6 weeks)
Sandi et al. 2001 [108] Rat M Chronic restraint stress — Tin HPC
(b) Human studies of depression
Reference Subjects Sex Population assessed Antidepressant Effect on PSA-NCAM
Maheu et al. 2013 [114] Human ’ Depressed patients Spec1ﬁc classes not Lin BLA
postmortem disclosed
Gilabert-Juan et al. 2012 Human M and F Depressed patients Spec1ﬁc classes not o in dIPFC
[115] postmortem disclosed
Varea et al. 2012 [2] Human MandF Depressed patients Specific classes not | in BLA; | in BMA

postmortem

disclosed

Me: medial amygdala; CeM: centromedial amygdala; BMA: basomedial amygdala; dRN: dorsal raphe nucleus; str. luc.: stratum lucidum; pIPFC: prelimbic
cortex; ilPFC: infralimbic prefrontal cortex; HPC: hippocampus; AMYG: amygdala; mPFC: medial prefrontal cortex.

These findings suggest that PSA-NCAM may mediate the
responsiveness of neurons to BDNE It is known that PSA-
NCAM interacts with, and may regulate, p75 expression in
septal neurons [143] and newly generated neurons of the
SVZ [144]. Indeed knockout of p75 significantly reduces
the expression of PSA-NCAM in SVZ neuroblasts [145]. As
previously mentioned the p75 receptor is involved in the
regulation of adult hippocampal neurogenesis [146] and
regulates neurogenesis stimulated by chronic antidepressant
treatment [147]. Given the complex and varied role of BDNF
in the etiology of depression and antidepressant treatment
more research is needed to further elucidate a mechanism
through which the modulation of BDNF exerts its influence.

12. Gonadal Hormones, Depression, and
Modulation of Neural Plasticity

Women are twice as likely as men to develop depression [148].
Sex differences are also seen in antidepressant efficacy as men
have a better response to TCAs, while women have a better

response to SSRIs [149], although these findings remain con-
troversial. Any sex difference observed suggests that gonadal
hormone levels are involved, and indeed there is evidence
that androgens may protect males from the development of
depression. Interestingly, there is an increased incidence of
depression in males coinciding with the age related decline
in testosterone levels [150-153]. Similarly, young hypogonadal
males are more susceptible to developing depression [154],
portending protective effects of testosterone against the
development of depression. Testosterone has shown some
antidepressant action as testosterone replacement therapies
are efficacious in alleviating depressive symptoms in hypog-
onadal men [152, 155, 156]. Testosterone replacement also has
efficacy as an adjunct treatment to clinical antidepressants in
cases of treatment-resistant depression [155, 157]; however it
should be noted that androgen therapies are not always seen
to be effective for men suffering depression [158, 159].
Gonadal hormones in females are also likely a factor in
the treatment and etiology of depression. Times of dramatic
hormone fluctuation, such as during the postpartum and



perimenopause, are associated with an increased incidence
in depression [160, 161]. In addition hormonal replacement
can show antidepressant effects during the postpartum and in
peri- and postmenopausal women [162-164]. Consistent with
clinical studies, gonadal hormones are also effective as an
adjunct therapy to chronic antidepressant treatment in ani-
mal models. For example, chronic imipramine increases hip-
pocampal neurogenesis in intact but not in ovariectomized
rats [165]. Another study found that an SSRI decreased
immobility in the FST in ovariectomized female rats, but
only with adjunct estradiol treatment [166]. Similarly, testos-
terone potentiates the effects of imipramine in increasing cell
proliferation and facilitates the alleviation of depressive-like
behavioural phenotypes in castrated socially isolated male
rats [167]. Consequently androgens and estrogens may have
antidepressant properties which could impede the develop-
ment of, or ameliorate, extant depressive disorders.

Interestingly gonadal hormones modulate adult neuro-
genesis, BDNF levels, and PSA-NCAM expression in the
hippocampus. Testosterone and its metabolite dihydrotestos-
terone (DHT) both serve to enhance hippocampal neuro-
genesis through improved cell survival via an androgen-
dependent mechanism within the dentate gyrus [168]. Sim-
ilarly, estrogens are able to increase adult neurogenesis via
proliferation or survival depending on duration of treatment
[169]. Estrogens regulate the polysialylation of NCAM across
the estrous cycle [170], while the removal of testicular hor-
mones decreases PSA-NCAM expression in the dentate
gyrus [11]. Significant interplay exists between gonadal hor-
mones and BDNE, as testosterone and DHT interact with
BDNF to modulate synaptic plasticity, dendritic morphology,
and neurogenesis in the central nervous system [171-174].
Estrogens and BDNF also share widespread interactions,
as estradiol regulates hippocampal BDNF [175, 176] levels
possibly through an estrogen-sensitive response element on
the BDNF gene [177]. Conversely, BDNF mediates estradiol-
induced alterations in hippocampal dendritic spine density
(178]. Thus gonadal hormones may play a role in facilitating
antidepressant efficacy through the modulation of neural
plasticity.

13. Effects of Experimental Manipulation on
Neural Plasticity

Many of the studies examining a reduction in neurogenesis
have used viral vectors, irradiation, or the cytostatic agent,
methylazoxymethanol. It is important to note that the exper-
imental manipulation of neurogenesis also likely produces
downstream effects on neural plasticity in a much broader
sense, including the expression of cell adhesion molecules
(including PSA-NCAM), synaptic proteins, and BDNE As
such, it is difficult to know for sure whether the attenuation of
antidepressant efficacy via reductions in neurogenesis is due
to changes in neurogenesis levels or other aspects of neural
plasticity. For instance, radiation levels as low as 2.5Gy
significantly reduce the density of BDNF-expressing neurons
[179] and the expression of PSA-NCAM in the hippocampus
[180]. This is important as a 10 Gy dose of radiation is typically
used to inhibit neurogenesis in studies assessing attenuated
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neurogenesis [21, 96, 181], suggesting BDNF and PSA-NCAM
expression will also be affected. This suggests that the effects
of radiation affect proteins associated with neural remod-
elling and synaptic plasticity as well as neurogenesis [180].
It is important to address these caveats in future research
to further elucidate the role of neurogenesis and neural
plasticity in depression and its treatment.

14. Conclusion

Depression is a complex neuropsychiatric disease with a
poorly defined etiology. While hosts of antidepressant drugs
do exist, they are often inefficacious. Elucidating the neural
underpinnings of depression and fully understanding the
pleiotropic effects of current antidepressant compounds,
beyond their role in modulating monoaminergic neurotrans-
mission, are necessary for the development of more effective
drugs. The potential role of neurogenesis, both its decline
with the occurrence of depression and its enhancement by
chronic treatment with antidepressant drugs and therapies,
has provided a promising avenue for research. Though
significant findings have been made relating neurogenesis to
the effective treatment of depression, large gaps in our under-
standing still exist. To this end, the role of synaptic pro-
teins and cell adhesion molecules, including PSA-NCAM,
in the etiology and treatment of depression should also be
investigated. As with neurogenesis, PSA-NCAM is reduced
in depressed patients and in models of depression, while
chronic antidepressant treatment increases expression of
PSA-NCAM. Importantly however, PSA-NCAM mediates
multiple facets of neural plasticity, including neurogenesis
and synaptic plasticity, in addition to mediating effects of
neurotrophic factors, such as BDNE. PSA-NCAM therefore
functions at the confluence of many forms of neural plasticity,
and its mechanisms bridge several theories of depression:
monoamine, neurogenic, and neurotrophic. This review has
focused on the potential roles of neurogenesis and PSA-
NCAM in depression; however many other proteins are
associated with neural plasticity and depression [29, 182,183].
Given the limitations in the understanding of the genesis of
depression and current antidepressant treatments, continued
research into the exact contribution of adult neurogenesis and
the potential roles of proteins associated with neural plasticity
and the continued perusal of a broader, neural plasticity
hypothesis of depression are certainly warranted.
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Adult neurogenesis, the process of generating new neurons from neural stem cells, plays significant roles in synaptic plasticity,
memory, and mood regulation. In the mammalian brain, it continues to occur well into adulthood in discrete regions, namely, the
hippocampus and olfactory bulb. During the past decade, significant progress has been made in understanding the mechanisms
regulating adult hippocampal neurogenesis and its role in the etiology of mental disorders. In addition, adult hippocampal
neurogenesis is highly correlated with the remission of the antidepressant effect. In this paper, we discuss three major psychiatric
disorders, depression, schizophrenia, and drug addiction, in light of preclinical evidence used in establishing the neurobiological
significance of adult neurogenesis. We interpret the significance of these results and pose questions that remain unanswered.
Potential treatments which include electroconvulsive therapy, deep brain stimulation, chemical antidepressants, and exercise
therapy are discussed. While consensus lacks on specific mechanisms, we highlight evidence which indicates that these treatments
may function via an increase in neural progenitor proliferation and changes to the hippocampal circuitry. Establishing a significant
role of adult neurogenesis in the pathogenicity of psychiatric disorders may hold the key to potential strategies toward effective

treatment.

1. Introduction

Mental disorders are debilitating conditions that significantly
impair the function of the central nervous system and
degrade the quality of life. About one-quarter of adult Amer-
icans are diagnosed with mental disorders such as major
depression, anxiety, and schizophrenia [1]. Understanding
the neurobiological basis of mental disorders, determining
effective treatments, and alleviating the respective symptoms
are major forces driving modern psychiatry today.

The hippocampus, an area of the brain important
in memory, cognitive function, and mood regulation, is
particularly vulnerable to chronic stress and mental disorders
[2, 3]. Several landmark clinical studies have demonstrated
that major depression is accompanied by a decrease in
the volume of hippocampus and consequent deficits in
hippocampal function [4, 5]. Similarly, in schizophrenic

patients, shape deformations, cell loss, and volume reduction
in the hippocampus were found using neuroimaging analysis
[6-8]. Reversal of these alterations has successfully improved
the behavioral and cognitive symptoms associated with these
disorders. Such evidence has encouraged consideration of
whether improving hippocampal structure and function
could be a potential therapeutic target in treating mental
disorders [9, 10].

Since the pioneering discovery of mammalian postnatal
neurogenesis in the 1960s [58], adult neurogenesis has
been unambiguously investigated in discrete brain regions
across mammals including humans. Adult neurogenesis in
all mammals, including humans, occurs throughout life
within two specialized neurogenic niches, the subventricular
zone (SVZ) of the lateral ventricle and the subgranular
zone (SGZ) of the hippocampal dentate gyrus [59]. In
particular, adult neurogenesis in dentate gyrus has attracted



interest since newborn neurons contribute to enhanced
neural plasticity that could sustain specific brain functions
such as spatial learning, pattern discrimination, and mood
regulation [47, 60, 61]. In addition, adult hippocampal
neurogenesis in the mature brain represents a striking
example of activity-dependent neural plasticity such as stress,
antidepressants, and brain injuries [62]. Extensive studies
have shown that voluntary exercise, enriched environments,
and antidepressants contribute to overall brain health by
robustly promoting adult hippocampal neurogenesis [37,
53, 63]. Decreased neurogenesis in the hippocampus via
aging or stress has been implicated in the pathogenesis of
cognitive deficits, anxiety and depression [64, 65]. In fact,
adult hippocampal neurogenesis not only plays an important
role in antidepressant action [47] but also plays a role in
ameliorating various pathological disease conditions [25, 46,
66, 67]. Therefore, a better understanding of the molecular
and cellular mechanisms that regulate adult hippocampal
neurogenesis may offer new therapeutic targets.

In this paper, we will highlight three major psychiatric
disorders that have been associated with adult hippocampal
neurogenesis. We will present and interpret the significance
of the results in regards to the mechanism of cognitive and
neurological disorders. Finally, we will lay out some current
and potential therapeutic treatments that are used to counter
these psychiatric disorders.

2. Adult Neurogenesis and Mental Disorders

2.1. Depression. Major depression is among the most preva-
lent psychiatric disorders and has high morbidity worldwide.
Chronic stress represents a key risk factor in developing
depression [68—70]. Despite a tremendous amount of study,
the underlying mechanisms associated with the pathophys-
iology of depression remain poorly understood. The neu-
rogenesis hypothesis of depression originated from studies
using animal stress models. Because of the lack of a patho-
physiologically reliable animal depression model, stress is
primarily used to cause depression in animal models. These
studies demonstrate that stress inhibits newborn neuron
proliferation in the dentate gyrus of the hippocampus [71,
72]. All antidepressant classes are now known to promote
adult hippocampal neurogenesis [38, 47]. The underlying
cellular and molecular mechanisms of adult neurogenesis
in regulating the suppressive effect of stress have been
examined using various stress paradigms including physical
and psychosocial stresses (Table 1). For example, physical
stress such as repeated restraint [11] and inescapable foot
shock [12] inhibits one or more steps of adult neurogenesis
in the dentate gyrus. Similarly, chronic psychosocial stress
using the social defeat paradigm leads to an inhibitory
effect on cell proliferation and survival of newborn granule
neurons in rodents [17]. In addition, the effect of depression
on hippocampal volume in humans has been studied [4,
5, 73-75]. Early onset depression has been associated with
a reduction in hippocampal volume [75], and in patients
older than 60, depression has been associated specifically
with a reduction in right hippocampal volume [74]. Further,
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hippocampal grey matter which undergoes reduction in
depressed patients could be increased through antidepressive
treatment like citalopram [73]. While such changes have
been observed, postmortem studies have found no change
in cell proliferation between major depression patients
and control samples [76, 77]. Intriguingly, antidepressant
treatment does increase cell proliferation in the dentate
gyrus of major depression patients [77]. Such differential
effects between rodents and humans on cell proliferation
in the dentate gyrus might be due to biological differences
implying different cellular mechanisms [78]. Determining
the processes of adult neurogenesis in humans, such as
fate determination, survival, differentiation, and integration
across both spectrums will be helpful in reconciling the
differences.

Preclinical models of depression generally show one or
more suppressed steps during the sequential adult neuroge-
nesis process. Such evidence has raised questions regarding
the causality between neurogenesis and depression. Using
a variety of methods ablating newborn neurons in the
adult dentate gyrus, evidence correlates adult hippocampal
neurogenesis with depression. However, the results are
controversial [47, 48, 76, 79]. For example, ablating adult
hippocampal neurogenesis using X-ray irradiation does not
affect anxiety- and depressive-like behaviors as measured
by novelty-suppressed feeding, open-field, light-dark, and
elevated plus maze [47, 48, 79]. Further, pharmacological
treatment with an anti-mitotic drug, methylazoxymethanol
(MAM) which decreases cell proliferation in the dentate
gyrus, does not induce an anhedonic-like state in rats [80].
On the contrary, genetically inhibiting hippocampal neuro-
genesis using Nestin-rtTA/Tet-Bax bigenic mice does increase
anxiety-related behavior but does not affect depressive-
like behavior [81]. Also, deletion of adult neurogenesis
using GFAP-TK mice influences depressive-like behavioral
response as shown by increased immobility time in the
tail suspension test and induction of an anhedonic-like
response in sucrose-preference test, but shows no effect
in novelty-suppressed feeding or elevated plus maze [82].
This group further suggests that suppression of neurogenesis
predisposes the animal to stress-induced anxiety/depression-
like behavior response and that newborn neurons in the
hippocampus buffer this depressive-like behavior [82]. At
this juncture, the results do not quite support that decreased
neurogenesis is associated with a risk factor in development
of depressive behavior. It may be more pertinent to conclude
that newborn neurons may be a major contributor in
normalizing or ameliorating against disease state rather than
being causally involved in the etiology of depression in the
animal model.

2.2. Schizophrenia. Schizophrenia is a multifactorial psychi-
atric disorder resulting from a complex interplay of genetic
and environmental susceptibility factors [3]. Establishing
the major etiology, neuropathology and pathophysiology of
schizophrenia have proven difficult.

Initial studies from postmortem hippocampal tissue
have indicated a reduction in neural progenitors and hip-
pocampal volume in patients diagnosed with schizophrenia
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[76]. Supporting this, a growing number of studies have
identified susceptibility genes associated with schizophrenia
that are involved in regulation of adult neurogenesis [22,
83] (Table 2). One such gene is disrupted-in-schizophrenia
1 (DISC1) which was originally identified as a potential
susceptibility gene for schizophrenia and related psychiatric
disorders in a large Scottish pedigree [84, 85]. It is widely
expressed during embryonic neurogenesis and postnatal
development with high expression persisting in the adult
hippocampus, especially in the dentate gyrus [86, 87].
The expression pattern of DISC1 may implicate a role of
DISC1 in neuronal development. Using various approaches
including genetic mutants and short-hairpin RNA (shRNA)
knockdown, several lines of evidence have converged to
indicate that DISC1 function is involved in distinct steps of
adult neurogenesis and behavioral response. First, mutant
DISC1 mice with selective impairment in working memory
showed reduced number of neural progenitors and immature
neurons, as well as misoriented apical dendrites of immature
neurons in the adult hippocampal dentate gyrus [21]. In
the same DISCl mutant mice, altered axonal targeting
and short-term plasticity in the hippocampus were also
observed [21]. Second, knockdown of DISC1 via lentiviral-
mediated shRNA also led to decreased newborn cells and a
depressive-like behavioral response [22]. Third, knockdown
of DISCI via retroviral-mediated shRNA approach to label
dividing cells and their progeny results in aberrant dendritic
development including an enhancement of dendritic out-
growth, soma hypertrophy, overextended migration, accel-
erated synapse formation, mistargeted axonal mossy fibers,
and presynaptic differentiation of newborn granule neurons
in the adult mouse dentate gyrus [18, 19]. Further, the same
group also indicated that AKT-mTOR signaling pathway is
a critical DISCI target in regulating dendritic development
of newborn granule neurons in the adult dentate gyrus [88].
Taken together, these results suggest that DISCI orchestrates
the tempo of functional integration in the adult brain. It also
demonstrates the major roles a susceptibility gene could play
in neuronal development and the pathogenesis of the disease.
Other susceptibility genes for schizophrenia linked to
adult neurogenesis have been identified. NPAS, a bHLH
transcription factor that is broadly expressed in the devel-
oping neuroepithelium, was identified as a risk factor for
schizophrenia and associated with cognitive deficits in an
affected mother and her daughter [89, 90]. Mice lacking
Npas3 show developmental brain abnormalities including a
reduction in size of the anterior hippocampus, hypoplasia
of the corpus callosum and enlargement of the ventricles
[23]. In addition, mice lacking Npas3 exhibit behavioral
abnormalities including locomotor hyperactivity, subtle gait
defects, impairment of prepulse inhibition of acoustic startle,
deficit in recognition memory, and altered anxiety-related
responses [23]. Finally, Npas3-deficent mice also display a
significant reduction of adult neurogenesis by 84% relative
to their wild-type littermates, which may suggest that adult
neurogenesis impairment is involved in the pathogenesis of
schizophrenia [22]. However, direct causal evidence linking
adult neurogenesis to schizophrenia needs to be examined.
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In addition to using genetic animal models for schizo-
phrenia, a prenatal injection of synthetic double-stranded
RNA polyriboinosinic polyribocytidylic acid (Polyl:C) into
mice has been used as an animal model for schizophrenia
[26, 91]. These mice displayed behavioral deficits in the
open-field test and prepulse inhibition of the startle response
[26]. A recent study demonstrated that these infected animals
showed behavioral impairments accompanied by decreased
adult hippocampal neurogenesis [25]. Interestingly, these
abnormalities were rescued by increasing adult hippocampal
neurogenesis via exercise, indicating that enhancing neuro-
genesis may help aid recovery for schizophrenia [25].

2.3. Drug Addiction. Drug addiction is a chronic relapsing
disorder characterized by a loss of the ability to control drug
intake and a compulsive drug-seeking and -taking behavior
[92]. Generally, the mesolimbic dopaminergic system in
the brain is thought to be an important brain area in
the neurobiology of addiction [93]. The hippocampus has
received great attention because abusive drugs are potent
negative regulators of adult hippocampal neurogenesis and
as a result may impair cognitive function [27, 94-96]
(Table 3).

Cocaine abuse, a powerful and addictive psychostimulant
drug, is associated with dynamic regulation of adult neuroge-
nesis in the hippocampal dentate gyrus and its corresponding
memory function [30]. Studies have shown that both a high
dose of cocaine or chronic cocaine exposure can decrease
the proliferation of neural progenitors in the rat dentate
gyrus [28] and cause working memory dysfunction [30].
In addition, chronic treatment of cocaine increased adult
neurogenesis in mice in some studies [97], but the same effect
is not observed in the rat dentate gyrus [27, 31, 98, 99]. While
most studies support evidence that chronic administration of
cocaine diminishes proliferation of neural progenitors in the
adult hippocampus, the effect on survival and maturation
of neural progenitors is not always consistent. Possible
explanations for the discrepancy might be due to the dif-
ferences in animal strain, methods, and duration of cocaine
treatment. Therefore, more evidence is needed to determine
the timing, duration and consequences of impaired adult
hippocampal neurogenesis caused by cocaine. Recently, role
of adult hippocampal neurogenesis in cocaine-taking and
cocaine-seeking behavior was explored. Using X-ray irradi-
ation approach, ablation of adult hippocampal neurogenesis
increased cocaine-taking and cocaine-seeking behavior, sug-
gesting that impaired neurogenesis may result in increased
susceptibility in the animal model of cocaine addiction
[100]. Interestingly, withdrawal from cocaine administration
normalizes the reduction of neural progenitors and enhances
maturation of neural progenitors in the adult dentate gyrus
[27]. This indicates that the normalization of the cocaine-
induced neurogenesis deficit may help decrease susceptibility
to relapse and related cognitive deficits.

The correlation between alcohol dependence and hip-
pocampal neurogenesis has been extensively studied. Among
other anatomic changes, alcoholic patients undergo struc-
tural changes in hippocampal volume [101-103]. Animal
models have been used to examine the cellular effects and
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underlying mechanisms. Converging studies have associ-
ated alcohol consumption and dependence with a selective
decline in adult hippocampal neurogenesis [32, 104-107].
Acute or chronic administration of ethanol treatment in
mice inhibits neural progenitor cell proliferation and survival
in the adult rat hippocampus [32, 108]. Clinically relevant
animal models have been used to confirm this wherein
alcohol dependence reduced proliferation of neural progen-
itors, as well as consequent differentiation and maturation
[34]. More recently, chronic alcohol treatment over 11
months in adolescent macaque monkeys produced selective
and long-lasting decrease in hippocampal neural progenitor
proliferation [36]. Alterations in synaptic plasticity are also
associated with chronic alcohol treatment resulting in the
reversible inhibition of long-term potentiation (LTP) in the
rat hippocampus [109]. Besides LTP changes, functional or
behavioral changes as measured via active avoidance, and
spatial memory also occur following alcohol consumption
indicating learning and memory deficits [110, 111]. An absti-
nence state following alcohol consumption can contribute
to depression-like behavior with a concurrent reduction
in the neural progenitor and immature neuron population
in dentate gyrus in mice [35]. This was counteracted
via desipramine which alleviated both the structural and
functional phenotypes associated with this comorbidity [35].
Whether adult neurogenesis can regulate alcohol-drinking
or -seeking behavior remains to be studied. Understanding
this causality will allow us to develop improved therapeutic
intervention in treating the pathological symptoms associ-
ated with alcohol dependence.

3. Therapeutic Interventions

Adult neurogenesis is affected by a variety of external stimuli
that influence neuronal activity. The therapeutic effects
of electroconvulsive therapy, antidepressants, exercise, and
others such as deep brain stimulation have been utilized for
their therapeutic efficacy. These have been associated with
adult hippocampal neurogenesis and will be discussed below.

3.1. Electroconvulsive Therapy and Deep Brain Stimulation.
One of the more intense therapeutic treatments for severe
psychiatric disorders, especially depression, is electroconvul-
sive therapy (ECT) [112]. In the 1940s and 50s, ECT was
used in extreme cases in humans when patients did not
respond to other treatments [112, 113]. Despite extensive
research, the mechanism of action of ECT had not been
discovered. Recently, it was linked to neurogenesis, providing
a possible explanation for the mechanism that helps to relieve
symptoms [37, 38] (Table 4).

The first study to demonstrate the influence of ECT
on adult hippocampal neurogenesis showed that a single
treatment of ECT results in stimulation of adult neural
progenitors that survive up to 3 months afterward [37]. A
subsequent study confirmed that ECT promotes neural pro-
genitor proliferation [38]. Further, ECT also reversed long-
term neurogenesis deficits and hippocampal-dependent fear
memory disrupted by X-ray irradiation [114]. This matches
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clinical observations that ECT is the most effective treatment
for depression. It may also suggest that adult hippocampal
neurogenesis is a critical neurobiological component under-
lying the clinical effect of ECT. A detailed characterization
of hippocampal progenitors affected by ECT has been
reported. At the cellular level, ECT stimulates proliferation
of quiescent progenitor cells and at a later phase increases
the proliferation of amplifying progenitor cells [39], which
may lead to a net increase in the number of mature
adult-born neurons [40]. Functionally, electrophysiological
analysis shows that chronic treatment of ECT induces long-
term-potentiation-(LTP-) like synaptic changes in the adult
dentate gyrus [115]. Given that LTP results in increased
proliferation of neural progenitors in the dentate gyrus [116],
enhanced neurogenesis caused by ECT could potentially
alter hippocampal circuitry which may contribute to the
functional effects of ECT.

Exactly how ECT stimulates specific niche signals to
regulate the sequential process of adult neurogenesis remains
unclear. Growing evidence in the past decade has deter-
mined a number of factors that regulate adult neurogenesis
in response to ECT in the hippocampus. Among those
factors, induction of neurotrophic growth factors has been
extensively identified. These include brain-derived neu-
rotrophic factor (BDNF), fibroblast growth factor-2 (FGF-
2), and vascular endothelial growth factor (VEGF) [105,
106, 117]. BDNF, a member of the nerve growth factor
family expressed throughout the brain, is known to be
responsible for synaptic strength, survival, and growth of
mature neurons via activation of its receptor TrkB. While
both acute and chronic treatments of ECT induce BDNF
and TrkB gene expression, the level of BDNF gene expression
remains prolonged during chronic treatment of ECT [106].
FGF family of growth factors and corresponding receptors
are involved in angiogenesis and early stages of neural
development [118, 119]. Expression of FGF-2 mRNA in
rodent hippocampus is increased in both acute and chronic
treatments of ECT [117]. In addition, infusion of BDNF
and FGF into rodent hippocampus results in antidepressant-
like effects [120, 121], while blockade of BDNF and FGF in
the dentate gyrus induces behavioral deficits and decreases
adult hippocampal neurogenesis [121, 122]. These findings
indicate that such factors can be strong candidates in ECT
treatment to mediate antidepressant effects. A recent study
demonstrated ECT promoting DNA demethylation in the
BDNF and FGF promoter regions and adult neurogenesis
in dentate gyrus through growth arrest and DNA-damage-
inducible protein 45 beta (Gadd45b) [42]. These results
suggest that dynamic epigenetic DNA modifications may
serve as an essential mechanism to translate neurogenic
niche signals for sustained regulation of adult neurogenesis
and antidepressant action of ECT. Lastly, VEGF is known
as a regulator for vascular growth and also a stimulator
of neurogenesis [123]. The effect of ECT is dependent
upon VEGF signaling for induction of quiescent neural
progenitor cell proliferation and is sufficient to produce an
antidepressant effect [39]. Taken together, ECT is one of the
strongest stimuli of hippocampal neurogenesis. It increases
the rate of proliferation and maturation of new neurons in
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the dentate gyrus which could have a significant effect on
hippocampal circuitry. ECT’s therapeutic efficacy may be a
result of this, proving to be an effective treatment for severe
depression and other mood disorders.

Another possible treatment for neuropsychiatric disor-
ders is deep brain stimulation (DBS). DBS is an extreme
treatment for a wide range of neurological disorders such
as Parkinson’s disease, dystonia, chronic pain, and tremors
[124]. Tt has proven effective in treating these disorders in
initial trials [125, 126] and also in treating major depression
especially in patients that do not respond to chemical
antidepressants [127]. Growing evidence has focused on
multiple anatomical targets in the brain with different
stimulation frequencies, pulse width, and amplitude in order
to obtain the ideal setting for conferring an antidepressant
response (Table 4). The limited number of studies that have
been conducted thus far suggests that DBS may proceed
via an increase in adult neurogenesis and survival rate of
mature neurons integrating into the hippocampal circuitry
(Table 4). The first evidence reported by [44] demonstrated
that high frequency stimulation of the rat thalamus increased
adult neurogenesis and restored experimentally suppressed
neurogenesis in the dentate gyrus. One study shows that
stimulation of the anterior thalamic nuclei has the effect of
promoting proliferation of ANPs, similar to fluoxetine [45].
Similarly, other studies have identified specific stimulation
of the entorhinal cortex, a major source of input to the
hippocampus, promoting proliferation of progenitors which
increase the survival rate and formation of mature neurons
integrating into the hippocampal circuitry [46]. This finding
was supported by increased performance in the water-maze
memory tests. DBS may prove to be a significant approach
in combating psychiatric disorders. However, direct involve-
ment of adult neurogenesis conferring antidepressant action
of DBS as well as its mechanism of action needs to be
determined.

3.2. Chronic Treatment of Chemical Antidepressants. Multiple
classes of antidepressants have been shown to positively
influence aspects of adult hippocampal neurogenesis in
a chronic time course manner (Table5). Most selective
serotonin reuptake inhibitor (SSRI) treatments are associated
with a delayed onset of therapeutic efficacy consistent with
the time course of maturation of newborn neurons [66].
Stimulation of neurogenesis is required for antidepressant
efficacy. Studies in monkeys and rodents confirm that in con-
ferring antidepressant action, chronic fluoxetine treatment
stimulates adult hippocampal neurogenesis and mediated
depressive-like behavioral effects [38, 47, 116].

The cellular basis of fluoxetine action within the neuronal
differentiation cascade has been identified. Using a nestin-
cyan fluorescent protein (CFP)nuc mouse line where the
reporter is fused to a nuclear localization signal that allows
identification and classification of early neuronal progeni-
tors, fluoxetine was shown to increase symmetric divisions
of the amplifying neuronal progenitor (ANP) cell class
while not affecting division of stem-like cells in the dentate
gyrus [49]. These results suggest that the cellular target
for fluoxetine’s therapeutic action to increase new neurons
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arises due to a resultant expansion of this ANP cell class.
Another study by Wang et al. [48] showed that fluoxetine
stimulates dendritic development of newborn neurons and
neurogenesis-dependent LTP in the dentate gyrus which
results in behavioral alteration induced by fluoxetine. By
ablating adult neurogenesis using X-ray irradiation, they
indicated that fluoxetine-induced LTP and behavior response
both require adult hippocampal neurogenesis [17]. Thus,
the effects of chronic fluoxetine administration on the
maturation and functional properties of newborn neurons
may translate into enhanced synaptic plasticity in the
appropriate neural circuits, which subsequently exhibit a
behavioral response to antidepressant action. Besides study-
ing fluoxetine, various other classes of antidepressant drugs
have been tested. For instance, similar results were seen in
rodent administration of SSRI citalopram [50] and tricyclic
antidepressant imipramine [51], although this effect was
observed in the stressed condition. The mood stabilizers
including lithium have been shown to significantly increase
both neural progenitors and survival [128]. Although a more
detailed characterization of the cellular process needs to be
determined, these studies support the notion that regulation
of adult neurogenesis may provide potential therapeutic
targets for treatment of depression.

What underlies the neurogenic action of antidepressants?
Extrinsic factors such as BDNF and VEGF that regulate
the microniche of adult neurogenesis may hold the answer.
BDNF serves as a key regulator of various aspects in adult
hippocampal neurogenesis including proliferation, survival,
dendritic growth, maturation, and synaptic plasticity, which
could make BDNF a potential mediator of the antidepressant
action induced by different chemical antidepressants [129].
Emerging evidence shows that BDNF and TrkB mRNA levels
in the hippocampus are dramatically induced by chronic
treatment of different chemical antidepressants including
fluoxetine, tranylcypromine, sertraline, desipramine, and
mianserin [130]. Infusion of exogenous BDNF into the hip-
pocampus exhibits antidepressive-like behavioral responses
[120]. Further, behavioral abnormalities found in het-
erozygous BDNF (BDNF+/—) mice and mice lacking the
TrkB are counteracted by chronic antidepressants including
fluoxetine [131]. This data coupled with evidence that
BDNF-signaling enhances adult neurogenesis in the dentate
gyrus [132] led to the suggestion that antidepressants
may represent an enhancement of neural plasticity such
as adult neurogenesis and behavioral alteration, which in
turn could be regulated by increasing the level of BDNF
[130]. However, a direct link between adult hippocampal
neurogenesis and antidepressive-like behavioral action of
antidepressants through BDNF is still lacking.

The other promising molecular target is VEGE, which
shows increased mRNA levels with chronic treatment of
fluoxetine and desipramine in the hippocampus [133]. VEGF
is also sufficient to promote basal level of adult hippocampal
neurogenesis [134] and is necessary for the antidepressant
action [133]. Conversely, a significant role of VEGF is
demonstrated when VEGF signaling diminishes induction
of adult neurogenesis and antidepressant action in response
to chronic treatment of fluoxetine [133]. Taken together,
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Neural Plasticity

an important action of antidepressants may be to increase
neurogenesis in the hippocampus through a variety of
molecular mechanisms which have an impact on depressive
symptoms.

3.3. Exercise Therapy. Physiological stimulation in the form
of exercise has been shown to stimulate cell proliferation
and adult hippocampal neurogenesis [53, 55, 56, 135] and
enhance the learning and memory function in both mice
[57, 136] and human [137]. The plastic nature of the
mammalian brain, especially neurogenesis continuing in the
hippocampus well into adulthood, has allowed for exercise
to exert its effects at the cellular level. This not only holds
promise for brain diseases such as Alzheimer’s or Parkinson’s
disease, but also for schizophrenia and major depression.
A recent clinical trial demonstrated how exercise therapy
can improve the mental health and cardiovascular fitness
in patients with schizophrenia [138]. The use of exercise in
treating depression has also received increased attention in
recent years.

The cellular effects of running on hippocampal neu-
rogenesis have been closely investigated in a number of
notable studies (Table 6). Using BrdU labeling, one of the
earlier studies showed how mice with free access to a
running wheel nearly doubled the number of surviving
newborn cells [53]. Another study has shown that running
actually activates the quiescent radial population in the
hippocampus [55]. These activated cells eventually give rise
to mature neurons that are functionally integrated into the
hippocampal circuitry. Hippocampal structure and function
has been closely studied in relation to cognitive or mental
function. Running has been shown to improve neurogenesis
with a corresponding enhancement in learning and long-
term potentiation [57, 136]. Physical exercise has all been
implicated in the distinct encoding of spatial information.
In one study, young and aged mice undergoing running
exercise were compared to each other with the result that
running enhanced spatial pattern separation when exercise
was correlated with increased hippocampal neurogenesis
[56]. The effect of exercise-induced neurogenesis has been
studied in humans as well. Cerebral blood volume (CBV)
maps in hippocampal formation have been generated in both
exercising mice and humans [54]. Similar to mice, exercise
specifically targeted the dentate gyrus CBV in humans and
was correlated with increased cognitive function.

It is still unclear whether benefits from physical exercise,
namely, in cognitive function, are conferred by the increase in
neurogenesis. Any causal relationship between the increased
neurogenesis and benefits in learning and memory is still
being studied, and at least, current evidence is not decisive
[139]. BDNE, as previously noted playing a role in both
ECT and antidepressants, has again been suggested as
a strong contender and possible mediator of the causal
relationship being observed. A recent clinical trial demon-
strated that exercise training increased hippocampal volume,
effectively reversing age-related loss in volume [137]. This
increased hippocampal volume was also associated with
greater serum levels of BDNF [137]. In the review of
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Bekinschetein et al.,, a number of studies are mentioned
indicating a strong causal link between BDNF and learning
and memory. Physical activity has been associated with
increased BDNF mRNA levels in the rat hippocampus,
especially the dentate gyrus [140, 141]. Specific deletion of
the BDNF-receptor TrkB reduced survival of newborn neu-
rons, impaired neurogenesis-dependent LTP, and increased
anxiety-like behavior [142]. Indeed, ablation of TrkB in
neural progenitors also prevented behavioral improvements
conferred by exercise [132], bolstering the role of BDNE.
Other factors, namely, NMDA receptors and downstream
effectors such as calcium/calmodulin protein kinase II and
mitogen-activated protein kinase, could be involved in the
mechanism by which BDNF effects synaptic plasticity [143].
Further evidence may ascertain the mechanism by which
BDNF operates.

In an effort to treat neuropsychiatric disorders in relation
to aberrant neurogenesis, it is important to study and
classify important stimuli that can have a lasting effect
on neurogenesis and hippocampal function. ECT, DBS,
antidepressants, and physical exercise all seem to have
their own effect on neurogenesis, and in combination with
proper administration, they could prove vital in discovering
potential treatments for psychiatric disorders that continue
to disable the population.

4. Conclusion

Significant progress has been made in the past decade
documenting the function and regulation of adult neu-
rogenesis. Many offer a neurobiological understanding of
the role of adult neurogenesis in psychiatric disorders.
These studies demonstrate how these disorders may proceed
through an impairment of neural progenitor proliferation
in the hippocampus, and how an ablation of neurogenesis
may predispose an animal to depressive-like behaviors. A
pathophysiologically reliable animal model is, however, still
required to confirm data across the cellular and behavioral
spectrums. Further, genetic manipulations of susceptibility
genes in loss-of-function transgenic models may be used to
rescue cognitive deficits and confirm their roles via cellular
and behavioral studies. These may bolster a causal link
between adult neurogenesis and the disorder.

However, with our current knowledge, several questions
remain to be answered. We do not yet have a clear
understanding of how external stimuli in current treatments
mediate the induction and function of factors in the neuro-
genic niche that stimulate adult hippocampal neurogenesis.
We also do not know how the regulation of neurogenic
niche via niche signals and neurotrophic factors may be
altered by X-ray irradiation which is used to ablate and study
neurogenesis. The role of BDNF has been evidenced in ECT,
DBS, antidepressants, and exercise therapy. Going forward,
its downstream effects would need to be studied to determine
how BDNF mediates synaptic plasticity. Further, in the case
of relatively new treatments such as DBS, conclusive evidence
of its antidepressant effect and mechanism of action will
bolster the significant role it could play in treating psychiatric



Neural Plasticity

Surure)s undYT

Auo :SISA[eUE 9ZIS [95S9A POO[
sIoUUNI SUNOA UI 9ZIS [9SS9A POO[q PIseaIdUT : :
"1 T srouun “SNITAOTIAT J.1D) 1dp Yoom-§
[£S] plo pue unof giog Sunof ur sayoueiq pue Yi3us[ dNLIPUI ssisdpeue A3ojoydiow [euomaN ‘Suruuni Arejunjop  dsnowr
Le ur Surured reneds ! SIDULIG PUE HOUS] SHLIPLIP -aser Sursind Inoy-$z uay) ‘skep 7 10§ : HanIoA II8/LSD
o ’ paseaxour :sis[eue A3ojoydiowr [euomaN : .
PIdUBYUD ISTIIIXY Arep (dr Sy/8w oG X £) NP :UONRIJIOIJ

*901wI plo pue Junok
yjoq ur uonerdjijord paseaIour :uoneIioIg

"6€—G¢ Aep Yse) 9ZBUW I9)eM SLLIOI
:Burures] renedg

uraped Teneds
PaseaIduT ASIOIAXY

‘aoneInjew [euoInau PaseaIdur 9SIIIXY

"ased Sursnd yoom-(1 uayy
‘skep ¢ 105 Aqrep (dr By/8uw 06 x §) NPIg
‘uoneredass uayed renedg

‘Sutuuni Arejunjop

*STLIAS 21BIUSP UT SN PRIBAIIOE ISIDIAXY

-aseyd Sursind Aep-g 10 1oy
7 UdY) {([BAIIUI INOY-7) SIWI) JATINIISUOD
¢ 10 2ou0 11 (dr Byy/8wr o) NpIg

‘Suruuni £1e3UN[OA ASNOW JI9)::GS9H

"UOTJRINIBW [RUOINAU PIsLIIdUT (11)
'sn143 a1e1uap Je A[[eoyroads
dWNJOA POO[q [21q219D PISLIIIUI (1)
19s1019XY

"aser dursynd

SYIM-F U} JUIWLIZAXD JO YooM PU0IS
Burmp (dr 3y/8w 09 x £) Npag :[eAlaIng
‘9 puB F T 0 SY9M Je ueds YN

‘Suruuna Areyunjop

*SUOINAU P)RIAUIS A[MIU JO [BAIAINS

pue uoneiajijoid [[90 paseaIour :s1ouumy
STOINIU PaJeIdaud3 A[MAU JO [BATAINS

pue uonedijoid [[20 PaseaIdap [SIAWWIMG
*STOINAU PIJBIIUIZ A[MIU JO [BAIAINS

pue uoneIdjrjoid [[95 PISeaIdap SIDUTLI]

“aset Sursind yoam-oF a1 ‘skep 71

103 Aqrep (d1 8/8w oG X 71) Npag :[eAraIng
N

Sursind anoy-$z uayy ‘sep ¢1 103 AJrep

(dr Sy/8uw oG X T1) Npg ‘uonesdoig

-53e0 Je1 UT dTW

F-¢ 10J [oUM SUTUUNI T :SIdUUMY
*(wzoprerd noyim)

skep ¢ 10a0 Aep 1od Sururen) ozewr
19)EM SLLIOW JO S[BLI} 7 :SIQWIUIIMG
(wroperd qim)

‘sAep (¢ 12a0 Aep 1ad 3ururen szew

I9]eM SLLIOJA JO STeLI) 7 :SIoUIed]

JI0TARYAq UO S99

wﬂwuﬁowo.uﬂvﬁ Uo 1509

wrpered [eyuswrrodxy

3S1019%9 Jo adAT,

14

‘stsoudornau [edwresoddry ynpe wo aS1919Xd JO 199332 YY) SUNLSTISIAUT SAIPNIS [EUWITUR 193]S 19 TTAV],

asnowr 97g/LSD

snowr 9/Tq/SD

osnowr 9/Tq/SD
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disorders. Finally, we are yet to obtain a conclusive causal
relationship between adult neurogenesis and depression,
as well as adult neurogenesis and cognitive function or
learning and memory. How drug abuse may alter these
relationships especially in the maturation and integration
of newborn neurons in the hippocampus will be useful.
Current evidence when coupled to such a characterization
may provide evidence of the cellular mechanism at play in
many widely used treatments.

Adult neurogenesis is important in synaptic plasticity
with overarching roles in memory, learning, and mood.
Such roles have been established via a plethora of studies
which show that the process is dynamically regulated and
demonstrates striking structural plasticity in response to
internal and environmental cues. It is strongly regulated by
stress signals, and stimulated by antidepressants, which may
serve to potentially alter the hippocampal circuitry. Current
evidence indicates a significant role for adult neurogenesis in
the neurological impairments of psychiatric disorders. At this
critical juncture, it is important we distinguish whether adult
neurogenesis is causally involved in the etiology or plays a
significant role in ameliorating the disease state symptoms.
A clear understanding of this relationship in regard to the
pathogenesis of the disease will be invaluable in aiding
our understanding of the causes at play, and how effective
treatments may be designed to alleviate the symptoms.
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Adult-generated neurons in the dentate gyrus (DG) of the hippocampus play a role in various forms of learning and memory.
However, adult born neurons in the DG, while still at an immature stage, exhibit unique electrophysiological properties and are
also functionally implicated in learning and memory processes. We investigated the effects of extinction of drug-seeking behavior
on the formation of immature neurons in the DG as assessed by quantification of doublecortin (DCX) immunoreactivity. Rats were
allowed to self-administer heroin (0.03 mg/kg/infusion) for 12 days and then subjected either to 10 days of extinction training or
forced abstinence. We also examined extinction responding patterns following heroin self-administration in glial fibrillary acidic
protein thymidine kinase (GFAP-tk) transgenic mice, which have been previously demonstrated to show reduced formation of
immature and mature neurons in the DG following treatment with ganciclovir (GCV). We found that extinction training increased
DCX immunoreactivity in the dorsal DG as compared with animals undergoing forced abstinence, and that GCV-treated GFAP-tk
mice displayed impaired extinction learning as compared to saline-treated mice. Our results suggest that extinction of drug-seeking
behavior increases the formation of immature neurons in the DG and that these neurons may play a functional role in extinction

learning.

1. Introduction

Adult-born neurons in the dentate gyrus (DG) of the adult
hippocampus are generated from neural progenitor cells
(NPCs) located in the subgranular layer of this brain region,
which proliferate and differentiate first into immature
neurons and subsequently migrate into the granule cell
layer as mature neurons where they integrate into existing
hippocampal circuits [1]. There are numerous lines of
evidence to support the notion that mature adult-born neu-
rons contribute to several forms of hippocampus-dependent
learning and memory processes such as spatial navigation,
contextual learning, and pattern separation (reviewed in [2—
7]). Various neuropsychiatric disorders such as depression,
schizophrenia, and drug addiction are characterized by
alterations in neurogenesis in the DG [1, 8-10]. In the drug
addiction literature, there is general agreement that most

drugs of abuse, including opiates, ethanol, and psychostim-
ulants, suppress neurogenesis in the DG [11-16], and it
has been suggested that diminished DG neurogenesis may
play a causative role in certain cognitive deficits frequently
observed in drug addicts, such as maladaptive contextual
and episodic memory formation, altered spatial abilities,
cognitive inflexibility, and susceptibility to relapse [17-19].
While the majority of research on neurogenesis in the
adult DG has focused on factors influencing the prolif-
eration, differentiation, and survival of NPCs, as well as
the role of mature adult-born neurons in various cognitive
functions, relatively little is known about the function of
adult-born neurons that have not yet fully developed into
mature granule cells. There are known species-specific time
periods (approximately 3—6 weeks in rodents) between NPC
proliferation and formation of mature dentate granule cells
when adult-born neurons are considered immature. During



this time period, immature adult-born neurons undergo a
substantial amount of morphological and physiological mat-
uration and exhibit enhanced synaptic plasticity and lower
thresholds for the induction of long-term potentiation (LTP)
[20, 21]. During this stage, immature neurons transiently
express the microtubule-associated protein doublecortin
(DCX) [22, 23], which allows for immunohistochemical
detection and quantification of the number of immature
neurons in the DG. Recent studies using novel transgenic
approaches to selectively ablate immature neurons in the
DG have revealed that in fact these neurons mediate spatial
memory as well as the extinction of conditioned fear [24].
However, the role of immature DG neurons in extinction of
addiction-related behaviors has not yet been explored.

Given that extinction is an established form of new
and active learning [25-28], the goal of the present study
was designed to explore the possibility that immature DG
neurons are involved in the extinction of drug-seeking
behavior. In Experiment 1, we sought to determine if
extinction of drug-seeking behavior following heroin self-
administration would alter DCX immunoreactivity in the
DG as compared to animals undergoing forced abstinence.
In Experiment 2, we sought to determine if suppression of
the generation of immature neurons in the DG would affect
extinction responding following heroin self-administration.

2. Material and Methods

2.1. Subjects. Animals were maintained on a 12-hour light-
dark cycle (lights off at 07:00hr) in a temperature- and
humidity-controlled room. Animals were given ad libitum
access to food and water during all phases of the experiment
except during behavioral testing. All experimental proce-
dures were conducted with the approval of the Institutional
Animal Care and Use Committee of the Medical University
of South Carolina and in accordance with the Principles of
Laboratory Animal Care and the Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research
(National Research Council, 2003). For Experiment 1, male
Sprague-Dawley rats (Harlan Laboratories, Livermore, CA,
USA) weighing approximately 250-275 g were individually
housed upon arrival. For Experiment 2, male GFAP-tk
mice (B6.Cg-Tg(Gfap-Tk) 7.1 Mvs/], stock #005698; Jackson
Laboratories, Bar Harbor, ME, USA) weighing approxi-
mately 20-25 g were individually housed upon arrival. This
mouse strain was generated as described elsewhere [29, 30]
to express a herpes simplex virus thymidine kinase (tk)
exclusively in GFAP-positive cells, and proliferating cells
expressing the transgene in the presence of the antiviral agent
ganciclovir (GCV) produce toxic nucleotide analogues that
promote cell death. Thus, GFAP-tk mice have been used
as a tool for investigating the function of adult-generated
neuronal precursors [31]. This strain has been backcrossed
from the founder line onto a C57BL/6 background strain
for more than 12 generations. Prior to shipment, all animals
were implanted with jugular vein catheters by Harlan or
Jackson Laboratories Surgical Services. Catheters were filled
with a Hep-Lock solution, tunneled subcutaneously to

Neural Plasticity

exit the dorsum between the scapulae, plugged with 1cm
segments of stainless steel tubing and secured to skin on the
dorsum with wound clips.

2.2. Drugs. Heroin (diacetylmorphine hydrochloride), 5-
bromodeoxyuridine (BrDU), and sodium pentobarbital were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Heroin
was dissolved in sterile saline for intravenous (i.v.) self-
administration. BrDU was dissolved in sterile saline at a
concentration of 50 mg/mL for intraperitoneal (i.p.) admin-
istration and was administered in a volume of 1 mL/kg to
yield a final dose of 50mg/kg per injection. Sodium pen-
tobarbital was dissolved in sterile saline containing 10% v/v
ethanol and 40% v/v propylene glycol at a concentration of
150 mg/mL for i.p. administration. Ganciclovir (GCV) was
obtained from Waterstone Technology (St. Carmel, IN, USA)
and dissolved at a concentration of 10 mg/mL in sterile saline
for subcutaneous administration via osmotic minipumps.

2.3. Apparatus. Drug self-administration and extinction
training were conducted in operant self-administration
chambers (ENV-008 for rats, ENV-307 for mice; Med
Associates, St. Albans, VT, USA). Each self-administration
chamber was located inside a sound-attenuating cubicle
equipped with a house light and an exhaust fan designed to
mask external noise and odors and was interfaced to a PC
computer. Positioned above each lever was a 2.5 cm diameter
white stimulus light. Syringe pumps were located outside
self-administration chambers and were interfaced to a PC.
Drug solutions were delivered via the syringe pump through
a single-channel liquid swivel mounted atop of the chamber,
which was connected to a vascular access port.

2.4. Surgical Procedures. Upon arrival, animals were allowed
one day of acclimation before surgical procedures. For Exper-
iment 1, rats were anesthetized with isoflurane (2% v/v)
vaporized in medical-grade oxygen at a flow rate of 2 L/min.
Staples surrounding catheter tubing were removed and a
one-inch longitudinal incision was made for implantation
of a threaded vascular access port (Plastics One; Roanoke,
VA, USA). Access ports were attached to a mesh collar
that was sutured underneath the surrounding tissue within
the incision and were sealed with a piece of Tygon tubing
closed at one end and a protective cap. Following surgical
procedures, rats were given 5 days of postoperative care
during which they received daily intravenous infusions of
70 U/mL heparin (0.2mL volume) to maintain catheter
patency and 100 mg/mL cefazolin (0.1 mL volume) to protect
against infection. Rats also received daily subcutaneous
injections of 2.5mg/mL of meloxicam (0.15mL volume)
for surgery-related discomfort. The surgery site was also
treated with topical lidocaine and triple antibiotic ointment
to facilitate healing of the wound.

For Experiment 2, mice were anesthetized as described
above, the catheter exit wound was enlarged to 1cm in
length, and mice were implanted with sterile osmotic
minipumps (Model 1004, pump rate 0.11uL/hr; Alzet;
Cupertino, CA, USA) containing either sterile saline or
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FiGure 1: Timelines of procedures in Experiments 1 and 2.

GCV (10mg/mL) into the dorsum. The catheter was
trimmed to extend 1cm from the exit wound. Following
minipump implantation, mice were treated with 10 U/mL
heparin (0.05 mL volume) to maintain catheter patency and
10 mg/mL cefazolin (0.05mL volume) to protect against
infection. The surgery site was treated with topical lidocaine
and triple antibiotic ointment to facilitate healing of the
wound, and mice were allowed 1 day to recover prior to
initiation of drug self-administration procedures.

2.5. Heroin Self-Administration. All self-administration pro-
cedures were conducted during the dark phase of the light-
dark cycle. A timeline of both experiments is provided in
Figure 1. In Experiment 1, to initiate operant responding,
rats were placed in the self-administration chambers for a
single 16 hr overnight training sessions whereby each press
on the designated active lever delivered a 45 mg food pellet
(Test-diet, Richmond, IN, USA) into a pellet receptacle on
a fixed-ratio 1 (FR1) schedule of reinforcement. Each lever
press was accompanied by a concurrent illumination of a
stimulus light located above the active lever for 2 sec. Each
food pellet delivery was followed by a 20 sec time-out period,
during which additional active lever presses were recorded
but produced no programmed consequences. Presses on the
designated inactive lever were recorded but produced no
consequences at any time during the experiment. Approxi-
mately 24 hr following the initial overnight training session,
3 hr daily heroin self-administration sessions were initiated,
whereby presses on the active lever resulted in delivery
of heroin (0.03 mg/kg/infusion, delivered in a volume of
0.06 mL over a 2 sec period) on a FR1 schedule of reinforce-
ment. Each drug infusion was followed by a 20sec time-
out period, during which additional active lever presses were
recorded but produced no programmed consequences. Each
drug infusion was accompanied by concurrent illumination

of a stimulus light located above the active lever for 2 sec.
Self-administration sessions were conducted 6 consecutive
days per week for a total of 12 days. Body weights were
assessed every 5-7 days in order to assess potential weight
loss as a result of heroin self-administration and to adjust the
concentration of heroin in the infusion syringe as needed.

In Experiment 2, heroin self-administration in GFAP-
tk mice was commenced on the day following minipump
implantation. Procedures were similar to those of Exper-
iment 1, with the following exceptions: (1) food pellet
training was not conducted since mouse self-administration
chambers were not equipped with pellet dispensers or
receptacles; (2) heroin was delivered in a volume of 0.02 mL
over a 1lsec period; (3) self-administration sessions were
conducted for a total of 10 days. Group body weights were
assessed on the day following minipump implantation and
again during each of the 5 extinction days in order to assess
potential weight loss as a result of heroin self-administration
and/or GCV treatment and to adjust the concentration
of heroin in the infusion syringe as needed. BrDU was
administered at a dose of 50 mg/kg within 1 minute of the
end of each of the 5 extinction sessions.

2.6. Extinction Procedures. Extinction sessions were 3 hr in
length during which responding on the lever that previously
delivered heroin no longer produced any programmed
consequences. In addition, the light cue that previously
accompanied reinforcer delivery was not available during
extinction sessions. Animals were subjected to extinction
training to achieve a target level of extinction responding
equivalent to 25% of the number of active lever presses that
were emitted on the average of the last 2 days of active
heroin self-administration. Since the majority of extinction
of responding on the active lever in Experiment 1 was
observed during the first 5 extinction training sessions,



only 5 extinction sessions were conducted in Experiment
2. Immediately following each of the 5 extinction training
sessions, mice were injected with BrDU (50 mg/kg i.p.) to
provide an indicator of suppression of the formation of
immature neurons.

In Experiment 1, animals undergoing forced abstinence
instead of extinction training were transported to a neutral
room at approximately the same time of day as when
extinction sessions were conducted, handled briefly, and left
undisturbed in the home cage for 3 hr (equivalent to the
length of extinction sessions). Rats were then returned to the
colony room. This process was repeated daily for a total of 10
days to parallel the number of days that extinction training
was conducted.

2.7. Assessment of DCX Immunoreactivity. In Experiment
1, rats were anesthetized with sodium pentobarbital
(150 mg/kg i.p.) 7 days following the final extinction train-
ing session (or on the same day for animals undergoing
forced abstinence—see Figure 1) and perfused transcardially
with 100 mL of phosphate-buffered saline (PBS, pH=7.4)
containing 0.1% w/v heparin followed by 200 mL of 4% w/v
paraformaldehyde (pH=7.4) in 0.1M PBS. Brains were
removed, postfixed in the fixative solution for 24 hr at 4°C,
cryoprotected in 30% w/v sucrose in PBS for 48 hr at 4°C,
cut into 30um coronal sections along the hippocampal
neuraxis), and processed for free-floating DCX immuno-
histochemistry. Sections were preblocked for 1hr in PBS
containing 0.1% Tween 20, 1 M glycine, and 5% w/v donkey
serum, followed by overnight incubation with rabbit anti-
DCX primary antisera (1:500; Abcam; Cambridge, MA,
USA) at 4°C. On the next day, sections were washed,
incubated with DyLight 594-conjugated donkey anti-rabbit
secondary antisera (1:500; Jackson ImmunoResearch; West
Grove, PA, USA), washed, mounted onto microscope slides,
and coverslipped with Prolong antifade mounting medium
(Invitrogen; Carlsbad, CA, USA). Slides were stored in
darkness until quantification, which was performed under
epifluorescence microscopy at 400x magnification (Leica
Microsystems; Bannockburn, IL, USA) by an investigator
blind to experimental condition. Manual rotation of the
fine focus in the z-place was performed to verify the
presence of DCX-positive cell bodies. The number of DCX
immunoreactive neurons in the subgranular layer of the DG
was quantified in one hemisphere from —1.8 to —6.4 mm
posterior to bregma to the nearest 0.2 mm according to
[32]. Total DCX counts throughout the hippocampal neu-
raxis were calculated by summation of all counts at each
coronal level of section for each individual animal. Images
of DCX immunoreactivity in the DG that are presented
in Figure 2 were obtained on a Zeiss LSM 410 confocal
microscope.

Immunohistochemical staining of tissue from GFAP-tk
mice for DCX immunoreactivity yielded inadequate and
unsatisfactory staining patterns, as evidenced by a lack of
staining of dendritic processes in the granule cell layer. Use
of primary antisera from a different vendor also produced
unsatisfactory results. We therefore attempted to verify
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reductions in neuron production in the DG of these mice
induced by GCV using previously published procedures for
BrDU immunohistochemistry [33] throughout the mouse
hippocampal neuraxis.

2.8. Statistical Analyses. Active and inactive lever press data
were analyzed by a one-way ANOVA followed by the Holm-
Sidak post hoc tests. DCX immunoreactivity quantified
along the hippocampal neuraxis was analyzed by a two-
way ANOVA (with the treatment group as the intersubject
variable and plane of section as the intrasubject variable)
followed by the Holm-Sidak post hoc tests. Total DCX counts
in animals undergoing extinction versus abstinence, as well
as body weights of mice treated with either saline or GCV,
were analyzed by one-way ANOVA. The level of statistical
significance was set to P < 0.05 for all tests.

3. Results

The timelines for behavioral procedures in Experiments 1
and 2 are presented in Figure 1. Heroin self-administration
data and the effects of extinction versus abstinence on DCX
immunoreactivity are depicted in Figure 2. No differences in
the number of active or inactive lever presses during active
heroin self-administration were observed between animals
that subsequently underwent extinction or abstinence (P >
0.05). In addition, the number of heroin infusions obtained
in each session did not differ between groups (P > 0.05,
data not shown), indicating that heroin intake was equivalent
prior to extinction. Animals subjected to extinction training
displayed significant changes in active lever pressing behavior
across extinction sessions (F(10,133) = 30.2, P < 0.001;
Figure 2(a)). Presses on the active lever were significantly
increased on the first day of extinction as compared to the
average of the last 2 days of active heroin self-administration,
characteristic of an expected “extinction burst” following
removal of heroin as the reinforcer. After the 2nd day
of extinction, lever pressing declined and was significantly
lower during the 3rd through 10th extinction sessions as
compared to the average of the last two days of self-
administration. The number of inactive lever presses did not
differ across experimental groups and also did not change
across extinction sessions (P’s > 0.05; Figure 2(b)). The lack
of reduction of inactive lever presses produced by extinction
training was likely due to a floor effect since the mean
number of inactive lever presses per session during the final
two days of heroin self-administration was less than 5 for the
two groups.

Analysis of DCX immunoreactivity along the hippocam-
pal neuraxis in animals that underwent either extinction
training or abstinence following heroin self-administration
revealed that extinction-trained animals showed significantly
higher levels of DCX immunoreactivity (F(1,208) = 21.95,
P < 0.001; Figures 2(c)-2(e)) in dorsal regions of the DG
ranging from 3.0 to 4.0 mm posterior to bregma. No group
differences were detected in ventral/posterior regions of the
DG. In addition, total DCX counts throughout all sections
analyzed were higher (F(1,13) = 8.19, P < 0.05) in animals
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FIGURE 3: Heroin self-administration and extinction in GFAP-tk mice implanted with minipumps containing either saline or GCV. (a)
Active lever presses during 10 days of heroin self-administration followed by 5 days of extinction. Mice treated with GCV (n = 11) displayed
increased extinction responding during the first 3 extinction days (E1-E3) as compared to mice that were treated with saline (n = 9).
*P < 0.05 versus saline-treated mice on the same day of extinction. (b) Inactive lever presses during 10 days of heroin self-administration

followed by 5 days of extinction.

that underwent extinction (502.4 + 45.6, mean + SEM)
than those that underwent abstinence (357.2 + 25.8, mean
+ SEM).

The results of Experiment 2 are depicted in Figure 3.
No differences in lever pressing during the 10 days of
active heroin self-administration were noted in GFAP-tk
mice receiving saline or GCV (P > 0.05; Figure 3(a)) or
in the number of heroin infusions obtained (P > 0.05,
data not shown) indicating equal levels of heroin intake
between the two groups. Levels of heroin intake in these
GFAP-tk mice were similar to those reported previously in
Balb/c mice [34]. On the first 3 days of extinction, GCV-
treated mice displayed an increased number of presses on
the lever that previously delivered heroin (F(1,226) =
5.8, P < 0.05; Figure 3(a)), suggesting an impairment
in extinction learning. No differences between treatment
groups were noted for inactive lever presses across any
phase of the experiment (P > 0.05; Figure 3(b)). Similarly,
analysis of body weight data before and after heroin self-
administration revealed neither weight loss nor weight gain
(P > 0.05), suggesting that heroin self-administration and/or
GCV treatment did not produce nonspecific effects on food
intake in GFAP-tk mice.

As mentioned earlier, use of primary antisera against
DCX from two different commercial vendors produced
inadequate and unsatisfactory staining patterns. Therefore,
to verify the GCV-induced reduction of newly proliferating
cells in the DG of GFAP-tk mice, immunohistochemistry for
BrDU was performed. The number of BrDU-positive cells
per section was significantly lower in mice treated with GCV
(5.7 = 0.6, mean = SEM) as compared with those treated
with saline (14.1 + 0.8, mean + SEM) (F(1,45) = 74.2,
P <0.001).

4. Discussion

In Experiment 1, we demonstrated that extinction training
procedures following heroin self-administration produced
increased levels of DCX immunoreactivity in the DG,
primarily in more rostral/dorsal regions, as compared to
animals that underwent abstinence. Extinction of drug-
seeking behavior in rodent models of addiction is typically
produced by withholding drug reinforcers and associated
cues when animals are performing the same operant task that
previously resulted in drug infusions and cue presentation.
Although we did not assess the effects of extinction on the
production of mature neurons in the DG, our findings are in
line with those of Rapanelli and colleagues [35], who found
that subjecting rats to an operant conditioning task resulted
in increased numbers of mature neurons in the dorsal
DG.

In Experiment 2, we found that impairment of cell
proliferation in the DG by administration of GCV to GFAP-
tk mice resulted in increases in extinction responding during
the first 3 sessions following cessation of heroin availability.
Similarly, Noonan and colleagues [36] have previously
demonstrated that ablation of both mature and immature
neurons in the DG by hippocampal irradiation resulted
in increased responding during the first 3 extinction ses-
sions following cocaine self-administration. Unfortunately,
however, the present study did not assess the impact of
GCV treatment on formation of immature versus mature
neurons, and only nonspecific quantification of the number
of BrDU-positive cells as an indicator of cell proliferation
was performed. Nonetheless the short time frame of GCV
administration (10 days followed by commencement of
extinction training on the following day) and the known
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amount of time required for the formation of mature
neurons in the adult mouse DG (>4 weeks, see [37, 38]), our
findings suggest that immature neurons in the DG may play a
role in the process of extinction learning. Additional studies
using transgenic lines of mice that more precisely allow the
examination of the function on DG immature neurons, such
as nestin-tk mice [24], are clearly warranted to confirm
this.

We noted that extinction training following heroin self-
administration increased DCX immunoreactivity primarily
in dorsal regions of the DG, while no such effects were
observed in the ventral DG. Numerous lines of evidence
suggest that dorsal regions of the hippocampus mediate
drug-seeking behavior [39-41], although the precise role of
adult-born neurons specifically in the DG, both immature
and mature, has not yet been fully defined [17-19]. In
contrast to our findings, other investigators have reported
that cocaine self-administration followed by either continued
drug intake or withdrawal results in preferential increases
in DCX immunoreactivity in posterior/ventral regions of
the DG [42]. The reasons underlying our observations of
extinction-induced increases in DCX immunoreactivity in
dorsal DG regions are currently unclear but may be related to
the functional dichotomy of dorsal versus ventral areas of the
hippocampus, with more dorsal regions mediating spatial
information processing and more posterior/ventral regions
mediating limbic functions such as emotionality [43]. Future
studies employing methods to manipulate immature DG
neurons with precise anatomical specificity are needed to
resolve this issue.

There are several limitations of the present study.
First, the number of DCX-positive neurons per coronal
section in Experiment 1 is lower than those that have
been reported by others [36, 42, 44]. There are numerous
factors that could have contributed to these differences,
such as opiate-induced suppression of NPC proliferation
or survival [12, 45-47], different antigens to which DCX
primary antisera were raised, and different methods of
quantification (stereology versus manual counting). Second,
due to technical problems with utilizing DCX antisera in
mouse tissue, we were unable to quantify the degree to which
GCV suppressed the formation of DCX-immunoreactive
immature neurons in the DG, and only a nonspecific
assessment of the number of proliferating cells by BrDU
immunohistochemistry was performed. Clearly, future stud-
ies should be conducted to assess changes in a range of
markers of NPC proliferation, differentiation, maturation,
and cell death in the DG that occur as a result of extinction
training. Third, both mice and rats self-administered heroin
under limited access conditions (3hr/day) and were not
likely opiate dependent, which is typically achieved under
conditions of extended daily access (6+hr/day). The effects
of extinction training on DCX immunoreactivity in the DG
in heroin-dependent animals is an avenue worthy of further
exploration.

In summary, we present evidence that extinction training
following heroin self-administration increases the number
of DCX-positive immature neurons selectively in the dorsal
regions of the DG. We also present evidence that inhibition

of cell proliferation in the DG increases responding dur-
ing extinction, which is indicative of impaired extinction
learning. These findings lend further support to the notion
that immature neurons in the DG may play a functional
role in certain learning and memory processes, including the
extinction of drug-seeking behavior.
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Schizophrenia is a complex psychiatric disorder. Although a number of different hypotheses have been developed to
explain its aetiopathogenesis, we are far from understanding it. There is clinical and experimental evidence indicating that
neurodevelopmental factors play a major role. Disturbances in neurodevelopment might result in alterations of neuroanatomy
and neurochemistry, leading to the typical symptoms observed in schizophrenia. The present paper will critically address the
neurodevelopmental models underlying schizophrenia by discussing the effects of typical and atypical antipsychotics in animal
models. We will specifically discuss the vitamin D deficiency model, the poly I:C model, the ketamine model, and the postnatal
ventral hippocampal lesion model, all of which reflect core neurodevelopmental issues underlying schizophrenia onset.

1. Introduction

Schizophrenia is a complex psychiatric disorder which
is characterized by a defined set of symptoms usually
grouped into positive symptoms, negative symptoms, cog-
nitive impairment, psychosocial impairments, and poor
quality of life. It is commonly described as a developmental
disorder, with onset in the early adulthood or adolescence
and involving several genetic and environmental factors.
The causes of schizophrenia are unknown. However, several
hypotheses have been tested in the recent research. One of
the most accepted theories is the “two hit hypothesis.” Such
a hypothesis proposes that an early disturbance is necessary
but not sufficient to cause an increased vulnerability to
schizophrenia. Thus, an early neurodevelopmental insult
is requested to interact with either normal or abnormal
postpubertal brain maturation to fully produce late neurode-
velopmental brain structural and functional changes [1-4].
Evidence indicating a neurodevelopmental origin of
schizophrenia is grounded on extensive research performed
over the past two decades. In particular, a novel approach has
allowed clinicians to specifically investigate the early phases

of psychosis and to clarify the mechanisms underlying the
onset of the illness. This approach has been variably termed
as ultrahigh risk, at risk mental state, or clinical high risk [5].
This putatively prodromal psychotic phase is associated with
an enhanced risk of developing the illness as compared to the
general population (1%), ranging from 18% at six months
up to 36% after three years [6]. The majority (73%) of the
individuals developing a psychotic illness will transit towards
a schizophrenia spectrum disorder [7]. The clinical high
risk state for psychosis is also characterized by significant
cognitive impairments [8] and deficits in social functioning
and quality of life [5]. These alterations are associated
with underlying neurodevelopmental abnormalities in the
structure [9-11], function [12-14], connectivity [15], and
neurochemistry [16-18] of the brain, resembling those
observed in the established phase of the illness [19]. Interest
in this area has exponentially grown to the extent that a new
diagnostic category is being discussed in the forthcoming
DSM-5 [20]. These findings taken together indicated that
schizophrenia is characterized by dynamic neurobiological
changes since its earliest phases. In theory, the early phases
of schizophrenia can thus be particularly amenable to



treatments that can impact the underlying neurobiology,
including antipsychotics. The present paper will critically
address this point, focusing on the role played by the effect
of antipsychotics on the neurogenesis during the onset of
schizophrenia. These issues will be discussed in the light of
the recent advances in animal models.

2. Methodological Approach

In the following sections, we will provide an update on
the effects of antipsychotics on cell proliferation in animal
models used in schizophrenia research. This critical paper
is limited to models most traditionally employed in the
laboratories, whereby all models reflect neurodevelopmental
aspects. In Table 1, a selection of most relevant publications
in the last 13 years is given. A survey of effects of neuroleptics
on hippocampal neurogenesis is provided in Table 2.

3. Modelling Schizophrenia with
Animal Paradigms

The development of animal models is a crucial issue
in biological psychiatry for the study of alterations in
neurochemistry, neuroanatomy, and behaviours resembling
those observed in schizophrenia. Similarly, it can be useful
for the discovery and development of effective treatments
such as antipsychotic molecules. However, heterogeneity of
the clinical symptoms of schizophrenia and the incomplete
knowledge about the cause and progression of the illness
make the development of valid animal models particularly
difficult. Moreover, there is scepticism as to what extent
the behaviour of animals can actually reflect highly com-
plex disorders such as schizophrenia. Since each animal
model is developed to target only each specific domain
of schizophrenia, different complementary approaches are
usually needed. Therefore (i) developmental, (ii) genetic, and
(iii) pharmacological models have been used in experimental
schizophrenia research [31-38].

(i) The developmental hypothesis and the respective
animal models proceed from the assumption that mal-
formations at very early stages of neurogenesis result in
structural abnormalities of the adult brain [39-41]. Under
this scenario, the pathogenesis of schizophrenia onset is
attributed to abnormal neuronal development and/or re-
organization of neuronal circuits in the frontal cortex or
in limbic structures. Hippocampal volume reductions [42,
43], hippocampal shape deformation, or abnormalities in
the hippocampal cell density [44] have been consistently
reported. Many of these alterations, however, are essentially
based on genetic deficits impacting the brain development
(see below).

(ii) Genetic animal models are developed by translation
of human genetic mutations into animals (for review:
[33, 45-47]). They include whole-body mutant mouse
strains ([48] (Reelin); [49] (Neuregulin-1)), mutant mouse
strains in which distinct genes have been knocked down
in a tissue- or cell-type-specific manner ([50] (NRG-
1/ErbB); [51] (DISC)), and transgenic mice that overexpress
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schizophrenia-relevant genes ([52] (dopamine D2 receptor);
[53] (Neuregulin-1)). More advanced and complex models,
however, are under development. These models combine
several environmental and/or genetic factors to better
account for the complex aetiology of schizophrenia [54]. For
example, combined genetic disruption of the NMDA recep-
tor subunit 1 [55-58], the dopamine D2 and D4 receptors,
the dopamine transporter [59-61], and, the mutants in the
dopamine-degrading enzyme catechol-O-methyl-transferase
[62, 63] may provide a unique tool to study imbalance in
the functional regulation of neurotransmitters implicated in
schizophrenia.

(iii) Finally, the development of schizophrenia-relevant
animal models can also target the pharmacodynamics of
common antipsychotic drugs, to identify their molecular
substrates, and to optimise their pharmacokinetics, to
develop new drugs, or to test potential antipsychotics.

4. Concept of Neurogenesis in Schizophrenia

Neuronal stem cells (NSCs) belong to the class of adult
stem cells. They are multipotent and able to generate
(only) the specific cell lineages of the nervous system:
neurons, astrocytes, and oligodendrocytes [68]. NSCs will
be generated throughout the whole life, but with declining
intensity. NSCs are primarily located in the subgranular
zone (SGZ) of the hippocampal dentate gyrus and in the
subventricular zone (SVZ) of the lateral ventricles. But
there is also evidence that NSCs are present in multiple
areas of the adult brain [69]. Under the influence of their
local microenvironment, that is, their niche, NSCs take
different developmental pathways/roads of life. NSCs in
the SVZ become neuroblasts, migrate towards the rostral
migratory stream into the olfactory bulb, and develop into
interneurons. NSCs in the SGZ, on the other hand, develop
into local dentate granule cells [70].

Even if most evidences were acquired from different
animal models, there is converging consensus that adult
neurogenesis seems to be essential for different processes,
such as learning and memory [71, 72], mood regulation
[73, 74], physiological (maintenance) neuroregeneration,
neurorestoration after mechanical brain injuries [75, 76],
stroke [76, 77], multiple sclerosis [78, 79], and Parkinson’s
disease [80]. Thus it is not surprising that disturbances
of adult neurogenesis are investigated in a wide range
of pathological processes including neurodegenerative dis-
eases, brain tumours, seizures, and mental illnesses such as
schizophrenia, major depression, dementia, and alcoholism
[70].

Because of these reasons, over the past years there
has been a growing interest into neurogenesis-relevant
research on postmortem human tissues of schizophrenic
patients. Arnold and Watt [21] found abnormal neuronal
densities in the olfactory epithelium of schizophrenics. Rioux
and Arnold [81] demonstrated a deregulated expression
of retinoid receptors in schizophrenia and that retinoid
signalling plays a central role in neurogenesis. Reif and
coworkers [22] were able to demonstrate that the first
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TasLE 1: Critical selection of most relevant papers published in the last 13 years.
Author Year Finding Reason for selection
Genetic or environmental first hit . .
. Comprehensive hypothesis
Bayer et al. [1] 1999 affects brain development, a second concerning schizophrenia
Y ’ hit later in life initiated the outbreak .
. . etiology
of schizophrenia
Number of immature cells is First report on altered cell
Arnold and Watt [21] 2001 increased in the olfactory reps . .
oy . . density in schizophrenics
epithelium of schizophrenics
. S . First report on altered cell
Reif et al. [22] 2006 Cell proliferation is d1m1n1shed m proliferation in the human
the dentate gyrus of schizophrenics .
brain
Kippin et al. [23] 2005 Typical and atypical neuroleptics Effects of neuroleptics on
Wakade et al. [24] 2002 enhance neurogenesis in the neurogenesis in the
Wang et al. [25] 2004 subventricular zone subventricular zone
Kodama et al. [26] 2004 Atypical but not typical Effects of neuroleptics on
Wakade et al. [24] 2002 neuroleptics interfere with neurogenesis in the
Halim et al. [27] 2004 hippocampal neurogenesis hippocampus
Risperidone partially restored Eﬁzzi;)(flzntaizysrllcal
Piontkewitz et al. [28] 2012 impaired neurogenesis in poly I:C P
offspring neurogenesis in an model
of maternal infection
Subchronic treatment with
haloperidol ameliorated decreased Effect of neuroleptics on
Keilhoff et al. [29] 2010 neurogenesis and normalised neurogenesis in the vitamin
behaviour in vitamin D-deficient D model
rats
Risperidone .and.haloperldol . Effects of typical and
promoted survival in stem cells in atvpical neurolentics on
Keilhoff et al. [30] 2010 the hippocampus of rats P P

subchronically treated with

neurogenesis in the
ketamine model

ketamine

TaBLE 2: Survey of the effects of neuroleptics on hippocampal
neurogenesis.

Effect on neuroleptics on

Model neurogenesis in the Literature
hippocampus

Vitamin D deficiency Haloperidol 1 [29]

Maternal infection Risperidone [28]
Clozapine @ ~ [64]

] Haloperidol 1 * [30]
Ketamine Risperidone 1 * [30]
Phencyclidine Risperidone @ [65]

Clozapine 1 [66]

Postnatal lesion of

ventral hippocampus Haloperidol @ #

[67], indirect

@: no effect, 1: increase, /: increase after application of low doses, *: cell
survival.

step of adult neurogenesis, that is, cell proliferation, is
diminished in the dentate gyrus of patients suffering from
schizophrenia. Atz and coworkers [82] found a genotypic
association of NCAM1 polymorphisms with schizophrenia.
NCAM expression is a characteristic feature of the postnatal
neurogenic niche [83].

Beside differentiation into neurons, adult neuronal stem
cells may also undergo gliogenesis. There is an increasing
body of evidence for glial pathology in schizophrenia [84].
Oligodendrocyte and myelin dysfunction are perturbed in
schizophrenia since its earliest phases. Through changes in
synaptic formation and/or function, they can induce cogni-
tive dysfunction, one of the core symptoms of schizophrenia
[85, 86]. The activation of astrocytes has been discussed
as an important pathogenic factor for the development of
schizophrenia [87], and also microglia has been shown to
remodel the CNS during development as well as after injuries
(88-92].

5. Neurogenic Potential of Antipsychotics

Basically, antipsychotic drugs are divided into typical (first-
generation antipsychotics) and atypical (second-generation
antipsychotics). Within the commonly used typical antipsy-
chotics in early psychosis are butyrophenone (e.g., haloperi-
dol) and phenothiazine (e.g., chlorpromazine) derivates and
within the atypical are clozapine, olanzapine, quetiapine,
risperidone (reviewed in [93]).

Antipsychotics interfere with neuronal remodelling.
Thereby dopaminergic effects seem to be involved [23, 94].
It was suggested that stimulation of dopamine D2 receptors



inhibits the proliferation of neuronal stem cells and that
tonic endogenous dopamine inhibits their proliferation [88].
Moreover, it was reported that blockade of D2 receptors
activates transcription factors which regulate the expression
of genes of neuronal growth factors [95].

Olanzapine, which has less affinity for the dopaminergic
receptors [96], is also able to enhance SVZ [24, 25] and hip-
pocampal neurogenesis [26]. The latter, on the other hand,
is not influenced by haloperidol [24, 27] clearly indicating
that typical and atypical antipsychotics differentially regulate
neurogenesis. In support to this notion, it was also reported
that typical and atypical antipsychotics differentially induce
neuronal plasticity and synaptic remodelling. Atypical but
not typical antipsychotics are effective not only in the stria-
tum but also in the prefrontal cortex and hippocampus [94].
With respect to the schizophrenia-relevant morphometric
changes and cellular abnormalities in the grey matter, the
reported effects of antipsychotics in the prefrontal cortex
are particularly interesting (reviewed in [97]). Interestingly,
long-term antipsychotic treatment induced glial but not
neuronal cell proliferation in monkeys and that with no
difference between typical and atypical antipsychotics [98].
All these results, however, do not challenge the scientific con-
sensus that the adult cortex under physiological conditions
belongs to the so-called nonneurogenic tissue.

6. Mechanisms Underlying the Effects of
Antipsychotics on Neurogenesis

There are different possible mechanisms by which antipsy-
chotics realize their influence on cell proliferation/neuro-
genesis. Earlier studies indicate that a couple of factors, for
example, trophic and transcription factors, can interact in
a fine-tuned network. Clozapine, for example, selectively
increased FGF-2 (fibroblast growth factor-2, belongs to
trophic factors) in the striatum [99]. In the hippocampus,
FGF-2 is induced by quetiapine, but only when the NMDA
receptor system is downregulated [100]. Other studies
addressed the schizophrenia-relevant role of BDNF (brain-
derived neurotrophic factor). However, the findings on
BDNF status in naive patients as well as in patients treated
with antipsychotics are highly discrepant (reviewed by [101—
105]). In animals, BDNF in the hippocampus was decreased
by haloperidol and high-dosed risperidone [106—108], while
olanzapine therapy enhanced BDNF [109]. It was also shown
that haloperidol reduced NGF (neuronal growth factor)
while olanzapine raised NGF levels and risperidone was
ineffective on NGF [110, 111]. VEGF (vascular endothelial
growth factor, angiogenic neurotrophin) seemed also to be
involved in the action of antipsychotics. Haloperidol and
olanzapine increased its hippocampal levels [112].
Antipsychotics can additionally influence cell prolifera-
tion/neurogenesis via targeting transcription factors impli-
cated in mitotic activity regulation. Thus, it was shown
that haloperidol, risperidone, and clozapine affected phos-
phorylation of extracellular signal-regulated kinases (ERKs)
and cyclic adenosine 3’,5"-monophosphate (cAMP) response
element (CRE) binding protein (CREB), each with different
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profiles. In fact, haloperidol and risperidone promoted
phosphorylation [113, 114], while clozapine reduced ERK1/2
and CREB phosphorylation [113]. Furthermore, haloperidol
treatment of mice increased phosphorylation of Aktl. With
respect to the Akt/GSK-3 system, clozapine had similar
effects as haloperidol increasing the Aktl phosphorylation
[115].

It is important to note that a direct antipsychotic drug-
gene interaction should be taken into close consideration,
even if a direct intervention on genes (belonging to the
glutamate/NMDA receptor family) has been shown only for
haloperidol [116, 117]. Since modulation of progenitor cell
proliferation as well as neurogenesis resulting in NMDA
receptor modulation has been described [118], these findings
set one possible agenda by which a direct antipsychotic drug-
gene interaction can become neurogenic.

Assuming that the pathology of the schizophrenia [119,
120] and the cell proliferation/neurogenesis [70, 121] are
subjected to epigenetic control mechanisms, future research
is needed to address the exact neurogenic mechanisms of
antipsychotics adjusting by epigenetic factors.

A comprehensive summary of questions concerning
neurogenic actions of antipsychotic drugs is given by Newton
and Duman [122].

7. From the Bench: Interplay of Schizophrenia,
Neuroleptics, and Neurogenesis

Several pathophysiological models have been proposed to
explain schizophrenia and may appear to reflect distinct
aspects of this disease. None of the pharmacological, genetic,
and neurodevelopmental models have been evaluated in
detail for translational relevance or to satisfy requirements of
the different levels of validity (face, construct, and predictive
validity; for review see [123]). Pharmacological models
focused on alterations in the dopaminergic, glutamatergic,
serotonergic, and GABAergic neurotransmitter systems [54,
124, 125]. They are based on alterations in these neurotrans-
mitter systems, mimicking the in vivo conditions which are
clinically relevant for schizophrenia. These alterations may
be manipulated by drug challenges.

8. First Lesson: The Aspect of
Maternal Vitamin D Deficiency

Given the apparent polygenic nature of schizophrenia and
the limited translational significance of the available phar-
macological models, neurodevelopmental models may offer
a better chance of success [126]. Different animal models in
schizophrenia research were developed to shed light on the
developmental aspects of the disease.

In the course of ontogenesis there are two critical
phases when the organism is susceptible to disturbances
which can contribute to schizophrenia, that is, the embry-
onic/postdelivery phase (first hit) and during puberty (sec-
ond hit). The vitamin D deficiency model appears to be
useful to study the impact of brain disturbances during
embryonic/fetal development [127, 128]. Interestingly, some
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of the vitamin D deficiency effects could be related to
later gestational periods thus possibly expanding the haz-
ardous time window for the neurobiological development
of schizophrenia [129]. Moreover, it was shown that the
neurosteroid can impact brain development by affecting
migration and survival of developing neurones in the brain,
by influencing brain levels of neurotrophins and their
receptors [130], by altering brain apoptotic activity [131],
and by exerting immunoregulatory and neuroprotective
effects (for review see [127]).

The vitamin D deficiency model is one of the most
commonly explored and used also in our lab [29, 132].
Generally, animals from a normal diet control group which
were left untreated revealed a basal level of 5-bromo-2’-
deoxyuridine (BrdU) immunolabelling in the hippocampal
subgranular zone which was in line with previous reports
[133]. Cell typing 5 days after BrdU application offered a
large pool of BrdU-labelled cells costained with DCX, a
marker for immature neurons (~55%). A colabelling with
NeuN, a marker for mature neurons, was only rarely found.
The second largest group of BrdU-positive cells (~10%)
were round or oval, medium-sized, and immunopositive
for nestin, an intermediate filament that is expressed in
neuronal stem or progenitor cells, identifying these cells as
granule cell precursors. The remaining BrdU-positive cells
expressed the common astroglia marker GFAP (~4%), the
NG2 proteoglycan, a marker for oligodendroglial precursor
cells and/or synantocytes (~4%), or were free of any co-
labelling (~7%). There were no obvious differences in
the distribution of BrdU-immunoreactive cells at different
longitudinal levels of the dentate gyrus.

When cell typing was done 3 weeks after the last BrdU
application, about 75% of the BrdU-labelled cells could be
identified as granule cells. They had a small round soma,
were immunopositive for NeuN, and some of them were
shifted from the subgranular cell layer towards the middle
part of the granule cell layer. Now, DCX co-labelling was
found to be poor. Saline treatment did not alter this BrdU-
labelling/costaining pattern.

Prenatal vitamin D deficiency reduced cell proliferation
in the subgranular zone. The loss was proportionally dis-
tributed between the different cell types. Due to the very little
counts of BrdU-positive cells marked with all nonneuronal
markers, only the loss of DCX-positive cells was numerically
evident.

In control animals, the typical (first-generation) neu-
roleptic haloperidol significantly increased the total num-
ber of BrdU-labelled cells. In vitamin D-deficient mice,
the deficiency-induced reduction of cell proliferation was
completely normalized by haloperidol resulting in a mitotic
activity adequate to the untreated control level. In both cases,
haloperidol treatment revealed tendentially more DCX-
expressing cells. Moreover, a cytoskeletal hypertrophy of
radial glia-like GFAP-positive astrocytes, possibly serving as
climbing frame for the migrating neuronal newcomers, was
found.

There is general consensus that neuroleptic drugs
improve the psychopathology of schizophrenia. Treatment
with typical neuroleptics is considered to result in minimal

improvement or in worsening of cognitive processes [134],
but there are also reports showing that typical neuroleptics
provide modest gains in multiple cognitive domains [135].
As hippocampal neurogenesis plays an important role in
learning and memory processes [74], we speculate that
the previously demonstrated normalization of a vitamin D
deficiency-induced habituation deficit in the hole board by
haloperidol [136] could result from an at least partially
restored mitotic activity. This idea is supported by findings
that vitamin D depletion depressed promitotic genes [131,
137]. It is also plausible that there is some kind of exhaustion
of the mitotic cell potency due to the overshooting activity
in young animals, as it was demonstrated for the vitamin
D deficiency model [131] and the NOS knock-out model
[138]. Using learning paradigms dependent on hippocampal
integrity in subsequent experiments, effects of APDs on both
learning behaviour and neurogenesis should be studied in
detail.

9. Second Lesson: The Aspect of
Maternal Infection

Epidemiological studies have shown that maternal infection
and inflammation in definite periods of pregnancy are sig-
nificantly associated with an increased risk of schizophrenia
in the offsprings. Infection with influenza virus [139] or
application of polyriboinosinic-polyribocytidylic acid (poly
I:C), an inflammatory agent which mimics inflammation
by stimulation cytokine release through Toll-like recep-
tor TLR3 activation is accepted models in schizophrenia
research (for review see [140]). Prenatal immune stimulation
reduces hippocampal neurogenesis [141-144]. The beneficial
effects of atypical neuroleptic drugs (APDs), on the other
hand, have been attributed to their capacity to increase
neurogenesis [22, 145-147]. Together with the group of
Weiner and Piontkewitz [28], some of the present authors
studied the effects of adolescent poly I:C and risperidone
treatment by analyzing a battery of cellular markers referring
to cell proliferation and differentiation of hippocampal
cell populations. The offspring of poly I:C-treated dams
were characterized by an impaired neurogenesis including a
decrease of calretinin-positive neurons, disturbed microvas-
cularization and granular cell density in the dentate area, and
a reduction of parvalbumin-expressing interneurons, whose
deficit is a well-replicated neuropathological finding in
schizophrenia [148]. Risperidone normalized the disturbed
cell proliferation and/or survival, the number of calretinin
and parvalbumin-expressing cells, and counteracted the
disturbance in angiogenesis.

Together with previous reports on deficient hippocampal
neurogenesis in offspring of poly L:C-exposed mice [64,
144] and LPS-exposed rats [141], our findings confirm
the hypothesis that impaired neurogenesis is an important
aetiopathological factor for hippocampal abnormalities and
related cognitive dysfunctions in animal models and in
patients with schizophrenia [22, 30, 74, 123, 141, 145-147,
149, 150]. Studies concerning an influence of antipsychotics
in the poly I:C model are rare. Thus, Meyer et al. [64]



demonstrated that chronic clozapine treatment had no effect
on poly I:C-hampered neurogenesis.

With respect to neurogenesis, our findings about a
risperidone-mediated normalization of the byprenatal poly
I:C disturbed angiogenesis are of special interest. In general,
angiogenesis and neurogenesis are closely linked with each
other [151]. Thus, VEGF modulates neurogenesis directly
and also subsequently releasing neurotrophic factors such
as BDNF [145, 152, 153]. Moreover, in a previous study
we showed that administration of risperidone was able to
increase VEGF expression [30] and angiogenesis [28] in
the hippocampus of rats. Given that alterations of brain
capillaries have been observed in schizophrenia [154], the
demonstrated angiogenic effect of risperidone might be a
partial mechanism by which antipsychotics realized their
action.

Deficit of parvalbumin-expressing interneurons is an
accepted feature in schizophrenia [148, 155], also demon-
strable in animal models [156-160]. Our findings that
risperidone counteracts this induced by prenatal poly I:.C
deficiency may also have important implications for under-
standing its antipsychotic mechanism.

To fully complete the present section, it is important to
note that, in line with previously reported findings [161,
162], we found no effects of prenatal poly I:C treatment
and/or risperidone intervention on astrocytes, oligodendro-
cytes, and microglial cells.

10. Third Lesson: The Aspect of Imbalances in
Central Glutamatergic Neurotransmission

Glutamatergic alterations have been consistently showed in
psychosis, since its earliest stages [54]. Repeated adminis-
tration of noncompetitive NMDA receptor antagonists like
ketamine, dizocilpine, and phencyclidine (PCP) to neonatal
and pubertal rats leads to a number of molecular, neuro-
chemical, and behavioural alterations that resemble those
observed in schizophrenia [156, 163, 164]. Administration
of the NMDA receptor antagonist dizocilpine and PCP in
late fetal and early postnatal period of life in the rat will
increase neuronal death by apoptosis [165]. On the contrary,
administration of these substances to rats at an adult age will
increase neuronal damage by necrosis with subsequent gliosis
[166] which results in enduring alteration in the neuronal
circuitry. Maeda and coworkers [66] showed that PCP-
induced decreased adult neurogenesis was counteracted by
coadministered glycine and D-serine confirming the involve-
ment of NMDA receptors in disruption of neurogenesis.
Moreover, they were able to demonstrate a reconstruction of
neurogenesis by clozapine, but not haloperidol.

However, we found that acute application of ketamine
in sub-anaesthetic doses had no effect on cell proliferation.
Animals, decapitated 3 weeks after ketamine application,
however, showed a significant increased number of BrdU-
labelled nuclei in the subgranular zone compared to saline-
treated and untreated animals, whereby the cell-type assign-
ment did not differ between the groups. There was no
difference between the left and the right hippocampus, but

Neural Plasticity

significantly more BrdU-labelled cells were found in the
lateral than in the medial blade of the dentate gyrus. In
our first respective paper [167], this was interpreted as
stimulating effect of ketamine on neurogenesis. Later on
[30], however, we speculated that the withdrawal rather than
the application of ketamine was essential and that beside
an increase of cell proliferation there was a better survival
of proliferated cells. These effects were accompanied by an
enhanced mRNA level of BDNE

Haloperidol and the atypical antipsychotic risperidone
increased the total number of BrdU-labelled cells surviving
for three weeks within the granule cell layer in untreated
animals. Hereby, VEGF (vascular endothelial growth fac-
tor, signalling protein involved in angiogenesis and cell
proliferation in general), MMP2 (matrix metallopeptidase
2 (Gelatinase A)), a proteolytic enzyme involved in cell
proliferation, adhesion, and migration), CREB, and p38
MAP kinase seemed to be involved at mRNA as well as
protein levels. The ketamine withdrawal-induced changes
in proliferation/survival, however, were not additionally
affected by the neuroleptics [30].

Malberg and Monteggia [168] showed that chronic
administration of haloperidol increased the level of BDNF
in the frontal cortex and amygdala, a possible mechanism for
the neuroproliferative potency of haloperidol. Together with
its direct effect on MMP2 and the subsequent effect on VEGF
(possibly by processing the VEGF binding proteins HARP
(heparin affine regulatory peptide)) and CTGF (connective
tissue growth factor), the cell proliferative/protective potency
of haloperidol is plausible.

Nevertheless, the demonstrated haloperidol effect on
cell proliferation is in agreement with some, but not all,
previous reports [24, 25, 27, 169]. The differences can reflect
methodological heterogeneity across different experimental
settings (dosage, application regime, and used rat strain).

Interestingly, in the PCP model risperidone was unable
to reverse the PCP-induced decreases in parvalbumin expres-
sion in the prefrontal cortex [65]. This indicates that the
antipsychotic effects of risperidone differ (prenatal poly I:C
insult (see above) versus chronic administration of PCP to
adult animals).

11. Fourth Lesson: The Aspect of
Mechanical Lesions

Lesion models such as the neonatal ventral hippocam-
pal lesion result in schizophrenia-related alterations in
behaviour, neurochemistry, and neuropathology when per-
formed on postnatal day (PD) 7, but not on PD 14 or
PD 21 [32]. Interestingly, lesions performed in adolescent
rats result in less pronounced and qualitatively different
schizophrenia-related alterations [170-173]. However, only
few data suggesting a link between brain lesion and neuro-
genesis are available. Lipska et al. [174] and Ashe et al. [175]
studied the expression of BDNF mRNA in rats with neonatal
lesions of the ventral hippocampus and found consistently
a suppressed BDNF level in the dentate gyrus. From that
and from the BrdU incorporation studies, they concluded
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that “a transient disconnection in the CAl and CA2 area
of the hippocampus may have long-lasting consequences
for neurogenesis in the dentate gyrus” [176]. Negrete-Diaz
et al. [67] showed that nitric oxide (NO) levels in the
prefrontal cortex, the occipital cortex, and the cerebellum
are higher in the damaged animals and that haloperidol, in
part, attenuates these altered NO levels. NO itself is known
to be anti-proliferative and it should be allowed to suppose a
connection between the enhanced NO level and the reduced
BrdU incorporation in animals with ventral hippocampus
lesions. It is not clear, however, how haloperidol-induced
reduction in NO may lead to a restored cell proliferation.
This might be, at least partially, a mechanism by which
haloperidol decreased stereotypy in ventral hippocampus
damaged rats [177].

12. Conclusions/Outlook

Clinical and experimental researches indicate that neuroge-
nesis is disturbed in schizophrenia, since its earliest phases.
Moreover, antipsychotics specifically interact with these
alterations, affecting the neurogenesis. By increasing the
neurogenesis it may be possible to provide beneficial gains for
processes related with learning and memory formation. The
regulation of neurogenesis may be a promising novel target
for the treatment and the prevention of schizophrenia.
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