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Abstract  

Hippocampal neurogenesis is required for some 
types of hippocampus-dependent learning.  The 
functional relevance of adult hippocampal 
neurogenesis has long been a matter of intense 
experimentation and debate, but the precise role of 
new neurons has not been sufficiently elaborated. 
Many factors enhance hippocampal neurogenesis 
including hormones, growth factors, drugs, 
neurotransmitters, and physical exercise as well as 
learning a hippocampal- dependent task. Other 
factors suppress hippocampal neurogenesis; these 
include aging, stress, glucocorticoids and stimuli 
that activate the pituitary/adrenal axis. Recently, 
much attention has focused on the relevance of 
hippocampal neurogenesis to the pathophysiology 
and treatment of mood disorders. Indeed all major 
pharmacological and non-pharmacological 
treatments for depression enhance hippocampal 
neurogenesis and suppressing hippocampal 
neurogenesis in mice blocks behavioral responses 
in some antidepressant-sensitive tests. The present 
review highlights the functional significance of the 
adult hippocampal neurogenesis, factors affecting 
the same, study its effect on learning and how it 
responds to brain injury (especially in depression, 
epilepsy and Alzheimer’s disease). Thus, the 
dysregulation of adult neurogenesis may contribute 
to their pathogenesis and ultimately lead to 
developing effective therapeutic interventions for the 
same. 
 
Keywords: Hippocampal neurogenesis; 
Dysregulation; Depression; Epilepsy; Alzheimer’s 
disease; Therapeutic interventions. 

Introduction 

Adult neurogenesis has been highly conserved 
throughout evolution; it has been observed in the 
central nervous systems of both invertebrates and 
vertebrates such as fish, birds, and mammals [1-4]. 
The belief is that, in the adult life, neurons can only 
die and no new neurons are generated can be 
regarded as the “central dogma of neurobiology”, 
which has strongly influenced basic and applied 
neuroscience research as well as clinical practice 

before 1950s. In general, it was supported by the 
idea that the extreme specialization of the cerebral 
functions of mammals was incompatible with the 
generation of new neurons. However, a number of 
methodological, technical and conceptual 
drawbacks were responsible for the historical denial 
of adult neurogenesis so that the path to overturn 
this dogma has been long and full of obstacles. 
Once, at the beginning of the 1990s, neurogenesis 
in the adult brain was demonstrated, a rush to find 
therapeutic applications commenced, sometimes 
disregarding new and unexpected findings that had 
emerged. 

Although the discovery that there are limited 
areas of the brain where neurons do regenerate is 
important, it has deepened our curiosity as to why it 
is that most neurons in fact cannot replicate. One 
reason why neuronal replication in the adult was 
considered unlikely was the complexity of most 
neurons; with their highly branched dendrites and 
polysynaptic axonal combinations, they were 
considered to be terminally differentiated and unable 
to re-enter the cell cycle and divide, strictly from a 
mechanistic view. Another problem was conceptual. 
If neurons were able to divide, how would the newly 
created cells with their new dendrites, axons, and 
synapses, functionally integrate into the brain 
without disrupting existing circuits? With the 
dominant theories of brain function being based on 
a computer analogy with fixed circuits, it did not 
seem at all logical that adult brain circuitry could be 
continually adding new components.  

It is nature, then nurture 

With the advent of complex imaging technologies, 
the mighty brain has been conquered in a novel way. 
Till 1960, scientists considered it to be immutable, 
subject only to genetic control. Then, in early sixties, 
they began to speculate that environment might play 
a significant role in moulding the brain structure. 
Bennett et al [5] then experimentally proved that the 
brain morphology and chemistry be altered. This 
changed the prevailing presumptions about the 
brain’s plasticity (Diamond et al. [6]).  The novel 
concept arises is: it is nature, then nurture. Here, 
genes (nature) provide each brain’s basic building 
blocks. A variety of molecules play crucial role 
during the cortical genesis. For instance, Pax6, a 
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member of the Pax family of transcription factors 
and a master control gene in the ocular 
development, has been found to contribute in the 
development of central nervous system and also in 
postnatal neurogenesis [7]. 

Takacs et al [8] studied the morphological and 

functional maturation of doublecortin (DCX) in 
postnatal mouse brain from day (P) 2 to day (P) 22 
and concluded that neurogenesis appeared earlier 
in the rostral migratory system (RMS) than in the 
dentate gyrus (DG). Little is known about how adult 
neurogenesis is regulated by gender and 
endogenous levels of estradiol, a gonadotropic 
steroid hormone in the mouse. Lagace et al. [9] 
concludes in a study that there is no such influence 
in the female mice (C57BL/6) by estrous cycle or 
post ovariectomy. With chronic treatment with 
fluoxetine, there was a greater increase in the 
number of BrdU-immunoreactive SGZ cells in both 
male and female mice, thereby showing a parallel 
response in both genders.  

The environment (nurture) builds it through 
trillions of neuronal connections made by sight, 
smell, sound, touch and movement (Figure 1). 
Positivity enhances the connectivity, while negativity 
damages them. 

 
 
Figure 1. It is nature, then nurture. The red arrow 
shows the phase contrast micrograph of one of the 
stem cell lines developed in our laboratory from an 
adult human ependymal tissue. 

The crucial period for development 

As we know that the brain undergoes different 
developmental stages which include neuronal 
proliferation, migration, differentiation, 
synaptogenesis and finally neural elaboration. At 
birth, the brain weighs about 1 pound (300gms) and 
has all the neurons that it will ever have. Also, these 
neurons do not regenerate.  At birth, humans do not 
yet possess a fully operational brain. The 
environment affects how genes work; genes 
determine how the environment is interpreted.  The 
development of brain assumes a well integrated 
manner over time. Learning is gradual. For instance, 
a baby doesn’t learn how to walk in one week. The 
brain is curious and seeks connections between the 
new and the known. The first five years of life are a 

crucial period for learning – a short but spectacular 
window of time when experiences such as a whisper, 
a hug and bedtime lullaby can change the 
architecture of the developing brain. 

Origins of Neural Progenitors in Adult Brain 

Neural progenitors in regions such as the 
hippocampal subgranular zone and the 
subventricular zone are generally thought to 
represent resident populations of cells that are 
established at birth and maintained throughout life 
by a combination of symmetric and asymmetric cell 
divisions that both renew the progenitor population 
and generate daughter cells that adopt neuronal or 
glial fates. The designation of a cell as a “stem cell” 
implies both the capacity for self-renewal as well as 
multipotentiality, in the brain implying the ability to 
give rise to progeny with both neuronal and glial 
fates. Within the population of BrdU-labeled cells in 
the hippocampal subgranular zone, there is 
probably a population of true stem cells. However, 
since there are no markers that will differentiate 
whether an individual cell is a stem cell or has 
adopted a more restricted fate, BrdU-labeled cells in 
the subgranular zone are frequently referred by the 
more generic term “neural progenitor.” A peripheral 
origin would seem to constitute the only major 
alternative to the “resident since birth view.” Notably, 
neural progenitor cells in both the hippocampal 
subgranular zone and the subventricular zone exist 
in close proximity to blood vessels in what has come 
to be referred to as a vascular niche [10]. Why 
neural progenitor cells reside in a vascular niche is 
unclear, although reasonable speculations include 
that blood vessels may condition the niche with 
factors that help neural progenitors maintain their 
proliferative and secreted by endothelial cells in 
maintaining neural stem cells in an undifferentiated 
state [11].  

However, a vascular niche might also imply that 
neural progenitor cells are derived from outside the 
central nervous system (CNS). Indeed, it is now well 
accepted that a circulating population of stem cells 
exists in adult blood and that at least under some in 
vitro conditions non-CNS stem cells may 
transdifferentiate into neurons [12]. Whether 
transdifferentiation occurs in vivo is controversial 
and no studies to date have provided evidence that 
circulating stem cells repopulate the progenitor 
niches in the hippocampus and subventricular zone. 

Functional Significance of Neurogenesis in 
the Adult Hippocampus 

If new neurons are generated in adult brain, what 
might their function be? An immediate question is, 
do the new granule cell neurons in the hippocampus 
make functional connections? Hippocampal granule 
neurons are part of a synaptic circuit that receives 
input from the entorhinal cortex and sends 
projections to the pyramidal neurons in the CA3 –
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CA1 region of the hippocampus (Figure 2).  If newly 
generated granule neurons are to participate 
functionally in these circuits, they must send axonal 
projections into the mossy fibers that carry granule 
cell output to the hippocampal pyramidal cells. 
Indeed, retrograde tracer studies using injections 
into the terminal fields of the mossy fibers have 
established that newly born BrdU-labeled neurons 
in the granule cell layer do send axonal projections 
to the pyramidal cell layers [13]. Since the 
hippocampus is best known for its role in learning 
and memory, one immediate question is whether 
neurogenesis might facilitate hippocampal- 
dependent learning. A general correlation does exist 
within inbred strains of mice between higher rates of 
neurogenesis in adult hippocampus and learning 
potential, as judged by the Morris water maze [14]. 
To test this hypothesis experimentally Shors et al. 
[15] abolished hippocampal neurogenesis by 
treating adult rats with the DNA-methylating agent 
methylazoxymethanol acetate (MAM). They then 
asked whether disrupting hippocampal 
neurogenesis would impair performance in a test in 
which an eye blink elicited by an electrical stimulus 
was conditioned to occur in response to a white 
noise. In one version of the test, known as “delayed 
conditioning,” the white noise and the periorbital 
stimulation (or unconditioned stimulus) overlaps 
temporally and learning does not require an intact 
hippocampus. In the second version, known as 
“trace conditioning,” a gap is present between the 
unconditioned and conditioned stimulus, and an 
intact hippocampus is required for leaning to occur. 
Interestingly, treatment with MAM impaired the 
hippocampal-dependent but not the hippocampal-
independent leaning, arguing that hippocampal 
neurogenesis is involved in formation of trace 
memories. 
 

 
 

Figure 2. Anatomy of the hippocampal regions. 

 
Agents such as MAM are highly toxic and could be 
exhibiting effects on non-dividing cells, a 
confounding variable that is difficult to ever 
completely exclude. However, arguing against a 
general toxic effect of MAM, there was no change in 
hippocampal volume, cell numbers or long-term 
potentiation in the MAM-treated animals. In addition, 
if hippocampal neurogenesis was allowed to 
recover, leaning in the hippocampal-dependent task 

recovered as well. Most recent studies continue to 
support the notion that hippocampal neurogenesis 
plays a role in at least some forms of hippocampal 
learning and memory. 

Factors that Affect Hippocampal Neurogenesis 
in Adult Brain 

Many factors affect hippocampal neurogenesis, 
including hormones, growth factors, drugs and 
neurotransmitters [16]. Not only may hippocampal 
neurogenesis be required for some types of learning, 
but learning a task can also stimulate hippocampal 
neurogenesis [17]. Environmental manipulations can 
also enhance hippocampal neurogenesis. For 
example, environmental enrichment which consists 
of switching animals from housing in standard 
laboratory cages to an environment with increased 
opportunities for social interaction, exploration and 
physical activity produces a range of morphological 
and behavioral changes in rodents including 
stimulating hippocampal neurogenesis [18]. Physical 
exercise enhances hippocampal neurogenesis quite 
possibly by stimulating the systemic production of 
insulin-like growth factor 1 [19]. Estrogen stimulates 
hippocampal neurogenesis and the rate of 
hippocampal neurogenesis is increased during 
phases of the estrus cycle when estrogen levels are 
high [20]. Besides increasing longevity, dietary 
restriction also enhances hippocampal 
neurogenesis [21]. Other factors suppress 
hippocampal neurogenesis. In general, 
glucocorticoids or any stimulus that activates the 
pituitary/adrenal axis suppresses hippocampal 
neurogenesis. Activation of the pituitary/ adrenal 
axis may at least partly account for the consistent 
effects of a variety of stress paradigms on 
suppressing hippocampal neurogenesis [22]. Stress 
and pituitary/adrenal activation may also account for 
the suppression of hippocampal neurogenesis seen 
with social isolation [23] and lower social hierarchy 
in rodents in which hippocampal neurogenesis is 
decreased in subordinate males [24]. Hippocampal 
neurogenesis also decreases with aging [25] and 
may be impaired in pathological states that provoke 
some types of inflammation [26]. 

Hippocampal Neurogenesis and Cognition- 
The relationship 

Effect of SGZ Neurrogenesis  on Learning 

Several experimental set-ups have been designed 
to investigate the function of adult hippocampal 
neurogenesis in learning and memory. These 
include (1) low-dose irradiation of either whole brain 
or restricted brain regions [27,28]; (2) systemic 
treatment with antimitotic drugs, such as 
methylazoxymethanol acetate (MAM) [29]; (3) using 
aging as a natural process to reduce neurogenesis  
and (4) using genetically engineered mice to 
specifically eliminate neural progenitors, such as the 
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GFAP-tk mice in which the proliferating GFAP+ 
progenitors are susceptible to ganciclovir treatment 
[30].  Although none of these methods specifically 
targets adult progenitors, they begin to reveal a 
causal link between SGZ neurogenesis and 
cognition and suggest several potential roles for 
SGZ neurogenesis. 

The function of neurogenesis in learning was 
first examined by Shors and colleagues [29] in 
MAM-treated rats that failed to form conditioned 
responses in trace eyeblink conditioning or trace 
fear conditioning but not contextual fear conditioning, 
which are all hippocampus-dependent tasks. 
Similarly, no defect in contextual fear conditioning 
was detected in tlx conditional knockout mice, in 
which hippocampal neurogenesis was greatly 
reduced [31]. In contrast, irradiated rats or mice and 
ganciclovir-treated GFAP-tk mice are defective in 
learning contextual fear conditioning tasks [29,32]. 
Besides the different cell ablation methods and 
confitioning protocols used in these studies, only 
very young cells were targeted by the MAM 
treatment, whereas both young cells and mature 
newborn neurons were affected in the irradiated 
animals and GFAP-tk mice. Therefore, it is possible 
that immature and mature newborn neurons play 
different roles in learning, given their distinct 
electrophysiological properties. 

The role of hippocampal neurogenesis in spatial 
learning and memory is rather elusive (reviewed in 
[33]). X-ray irradiation of 2-month-old mice leads to 
impaired spatial learning and memory in the Barnes 
maze but not in the Morris water maze [34]. In 
contrast, X-ray irradiation of 3-week-old mice leads 
to opposite observations: impaired spatial learning 
and memory in the Morris water maze but not in the 
Barnes maze [35]. Furthermore, many other studies 
were not able to detect any defects in spatial 
learning in animals with reduced or abolished 
neurogenesis [28,29,36-38], despite the fact that 
impaired long-term retention of memories was 
observed in irradiated rats and in tls mutant mice 
[28,31]. Inducible deletion of tlx in adult mice also 
led to deective learning in the Morris water maze. 
Intriguily, ablation of hippocampal neurogenesis 
even caused an improvement in hippocampus-
dependent working memory in the eight-armed 
radial maze [39], suggesting that adult-born neurons 
may have distince roles in the formation of different 
types of memories. 

Neurogenesis as a Response to Injury 

In general, neurogenesis is stimulated by injuries to 
the hippocampus. Insults including ischemia [40], 
seizures [41] and direct excitotoxic lesioning of the 
hippocampal granule cell layer [42] all increase 
neural progenitor proliferation. Lesioning the 
hippocampus indirectly by removing its afferent 
input from the entorhinal cortex also stimulates 
neurogenesis [43]. Injury may also stimulate 
neurogenesis outside the hippocampus. Occlusion 

of the middle cerebral artery in rats, for example, in 
addition to enhancing hippocampal neurogenesis, 
induces neural progenitors in the subventricular 
zone to migrate into the cerebral cortex and striatum 
[44]. What remains unclear is the degree to which 
such activation results in actual repair and the 
reestablishment of functional connections. While the 
answer to this question is not fully known, targeted 
injuries to select neocortical layers in mice has been 
shown to stimulate the appearance of BrdU-labeled 
cells within the neocortex [45], reflecting cell 
labelling induced within the neocortex itself as well 
as migration of BrdU-labeled cells from the 
subventricular zone [45]. Some of these labeled 
cells differentiate into neurons and, most 
interestingly, some fractions of them send 
projections to the thalamus and reestablish 
corticothalamic projections. While these studies do 
not establish full functionality, they do offer hope 
that following brain injuries more plasticity exists in 
adult brain than might have been expected and that 
the capacity exists to reestablish functional 
connections between brain regions. 

Hippocampal Neurogenesis and Depression 

Hippocampal neurogenesis might at first be thought 
to have little relevance to major affective disorders. 
Yet recently, much attention has been focused on 
hippocampal neurogenesis in relation to the 
pathophysiology and treatment of mood disorders. 
Interest was initially stimulated by the observation 
that all major pharmacological and 
nonpharmacological treatments for depression 
enhance hippocampal neurogenesis [46]. One 
among them includes ‘Psychotherapy’, which, in the 
modern medical era is gaining significance as an 
adjuvant therapy in various psychiatric and 
neuropsychiatric disorders.  Therapeutic hypnosis in 
the current times can be extended to have an effect 
on activity-dependent gene expression, 
neurogenesis, and stem cells in memory, learning, 
behaviour change, and healing. Ross [47] 
speculated that therapeutic and post-hypnotic 
suggestion could be focused more precisely with the 
time parameters of gene expression and 
neurogenesis that range from minutes and hours for 
synthesizing new synapses to weeks and months 
for the generation and maturation of new, 
functioning neurons in the adult brain.  

On the other hand, Ranson [48] tracked back the 
monoaminergic hypothesis involving the role of 
serotoninergic and noradrenergic role in the 
pathophysiology of depression. The signal 
transduction of transcription and growth factors 
(CREB and BDNF) have been given prime 
importance in the chronic stress and neurogenesis 
process.  

Chronic antidepressant administration up-
regulates the cAMP signal transduction cascade 
resulting in an increased expression and function of 
the transcription factor CREB. Enhanced CREB 
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expression leads to an up-regulation of specific 
target genes, including the neurotrophin BDNF. 
Chronic antidepressant treatments enhance BDNF 
expression within hippocampal and cortical neurons 
and can prevent the stress-induced decrease in 
BDNF expression. Thus, he proposed the 
information processing hypothesis, which provides 
strong support to the use of combined treatment 
strategies, associating psychotherapy and 
pharmacological approaches in the case of severe 
depression in patients with cancer. 

Indeed, clinically effective agents including 
selective serotonin reuptake inhibitors (SSRIs), 
selective norepinephrine reuptake inhibitors (SNRIs), 
tricyclics, lithium, and monoamine oxidase (MAO) 
inhibitors enhance hippocampal neurogenesis [49]. 
Similar effects are also seen with newer agents 
predicted to have antidepressant efficacy, including 
rolipram (a type IV phosphodiesterase inhibitor), 
substance P (NK1    receptor) antagonists, group II 
metabotropic glutamate receptor antagonists and 
AMPA (a-amino-5- hydroxy-3-methyl-4-isoxazole 
propionic acid) receptor potentiators. The effects 
are specific in that non-antidepressant agents, such 
as haloperidol, do not consistently enhance 
hippocampal neurogenesis. Interestingly, the time 
course of the effects that agents such as fluoxetine 
have on neurogenesis are delayed in a manner 
consistent with the known delay in the clinical 
efficacy of the drugs.  

Nonpharmacological manipulations such as 
electroconvulsive shock therapy (ECT) also 
increase neural progenitor proliferation and 
neurogenesis. Indeed, of all antidepressant 
treatments tested to date, only one putative therapy, 
transcranial magnetic stimulation, may not affect 
hippocampal neurogenesis [46]. In major 
depression, it has been hypothesized that neuronal 
systems may be unable to respond to stressful 
stimuli with appropriate adaptive plasticity [49]. 
Neurogenesis may be seen as one form of adaptive 
plasticity. Various acute and chronic physical or 
psychosocial stress paradigms all reduce neural 
progenitor proliferation and neurogenesis in the 
hippocampus of adult animals [50,51]. Stress-
induced reductions in neural progenitor proliferation 
in the hippocampus can also be reversed with 
antidepressant treatments including tricyclics, 
SSRIs and NK1 receptor antagonists [50,52,53]. 
These effects have been seen in models of 
psychosocial stress [52] and learned helplessness 
[50]. Thus, one current working hypothesis is that 
reduced neural progenitor proliferation leads to 
decreased hippocampal neurogenesis and that 
reversing or blocking this decrease may be one way 
that antidepressant treatments exert therapeutic 
effects. 

Admittedly, it was well known before the effects 
of antidepressants on neurogenesis were 
discovered that stress adversely affects the 
hippocampus in other ways, including producing 

atrophy and reduced dendritic arborization of CA3 
pyramidal neurons [54], and that some of these 
effects can be reversed by antidepressants [54]. 
Indeed, the degree to which effects on hippocampal 
neurogenesis underlie the therapeutic benefits of 
antidepressant treatments remains to be determined 
and several recent commentaries have summarized 
arguments, both pro and con, on this issue [55-57]. 
However, recent studies by Santarelli et al. [27] in 
mice seem to strongly support the notion that 
hippocampal neurogenesis plays some role in the 
actions of antidepressant compounds. In these 
studies, hippocampal neurogenesis was blocked 
with fractionated radiation directed to the 
hippocampus. Mice were then tested in an 
antidepressant- sensitive behavioral test called the 
noveltysuppressed feeding test, in which following 
fasting; the time that it takes for a mouse to eat in a 
novel environment is measured. The test is 
considered a measure of anxiety since anxiolytic 
drugs reduce feeding latency. It is also considered a 
measure of antidepressant effect since commonly 
used antidepressant compounds have a similar 
effect. 

Reducing neural progenitor proliferation blocked 
the responses of mice to both fluoxetine and 
imipramine in the novelty-suppressed feeding test, 
arguing that hippocampal neurogenesis is 
necessary for the actions of antidepressants in this 
test. 

As with cytotoxic agents, interpretation of such 
studies is confounded by whether radiation may be 
affecting factors other than hippocampal 
neurogenesis since in these studies other regions 
including the hypothalamus and amygdala, which 
might also be involved in mediating antidepressant 
effects, were included in the irradiated area. While 
such effects are difficult to completely exclude, no 
changes were found in brain histology, numbers of 
granule cell neurons or hippocampal long-term 
potentiation. A variety of neuroendocrine responses 
were also normal and a separate behavioural test, 
the cued fear conditioning test, which is regarded as 
a test of amygdala function, were in intact. 
Collectively, these studies strongly argue that at 
least some of the effects of antidepressants are 
mediated through their influence on hippocampal 
neurogenesis. 

How antidepressants exert their actions is not 
completely understood. At the cellular level, 
antidepressants seem to principally increase the 
proliferation rate of neural progenitors without 
affecting fractional survival rate or the rate at which 
surviving cells differentiate into neurons [46]. BDNF 
(brain-derived neurotrophic factor) has been 
postulated to play a significant role in this action as 
explained below. Thus antidepressants probably 
enhance neurogenesis by increasing the size of the 
progenitor pool. Although effects have been 
principally studied in vivo, fluoxetine [58] and lithium 
[59] have been noted to increase cell proliferation in 
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vitro as well. At the molecular level it is not known 
how antidepressants influence neural progenitor 
proliferation. As noted above, stress adversely 
affects hippocampal function at least in part through 
hyperactivity of the pituitary/adrenal axis and 
hypersecretion of glucocorticoids [60]. A connection 
between activity of the glucocorticoid system and 
excitatory amino acids has been suggested by the 
finding that cortisol-induced decreases in neural 
progenitor proliferation can be prevented by 
administration of the N-methyl- D-aspartate (NMDA) 
antagonist MK-801 [60]. Glucocorticoid activity is 
mediated by high-affinity mineralocorticoid and low-
affinity glucocorticoid receptors and hippocampal 
cells are rich in glucocorticoid receptors where they 
regulate excitability and morphology. Also, elevated 
glucocorticoid levels suppress hippocampal 
neurogenesis in adults.  This was shown by Quiros 
et al [61] who studied the ability of melatonin to 
prevent glucocorticoid-induced cell death in 
hippocampal HT22 cells, found a G(1) cell cycle 
arrest  mediated by an increase of cyclin/cyclin-
dependent kinase inhibitor p21(WAF1/CIP1) protein 
after dexamethasone treatment and incremental 
change in amyloid beta protein and glutamate 
toxicity. 

Antidepressants affect additional pathways that 
may be relevant to their effects on hippocampal 
neurogenesis, the best studied of these being the 
interactions of antidepressants with the BDNF 
signalling pathway [62]. Monteggia et al [63] 
reported that deleting BDNF in a knock-out model in 
broad forebrain regions of adult mice impairs 
hippocampal-dependent learning and long-term 
potentiation and also attenuating the actions of 
desipramine, an antidepressant, in the forced swim 
test, suggesting the involvement of BDNF in 
antidepressant efficacy. Similar experiments 
conducted recently by Adachi et al [64] showed the 
selective loss of BDNF in the DG but not the CA1 
region attenuates the actions of desipramine and 
citalopram in the forced swim test. They used a 
combination of adeno-associated virus (AAV) with 
the Cre/loxP site-specific recombination system to 
induce the knockout of BDNF selectively in either 
the CA1 or dentate gyrus (DG) subregions of the 
hippocampus. Their results supported the view that 
BDNF in the DG might be essential in mediating the 
therapeutic effect of antidepressants. 

BDNF is of interest since both BDNF mRNA and 
protein increase in response to antidepressant 
treatments and BDNF is one of a number of growth 
factors that enhance hippocampal neurogenesis. 
BDNF administered exogenously to brain either 
intraventricularly or intrahippocampal mimics the 
effects of antidepressants in a number of behavioral 
models of depression. Stress also downregulates 
BDNF levels and antidepressants reverse this effect. 
Thus, by impacting both the glucocorticoid and 
BDNF pathways, antidepressants intersect with two 
major pathways that also regulate hippocampal 

neurogenesis. That these are the only pathways, 
however, seems unlikely: indeed, recent microarray 
and proteomic studies of antidepressant-treated 
animals have identified several other potential 
targets for antidepressant actions that might also 
impact hippocampal neurogenesis [65,66] such as 
subgenual prefrontal cortex, dorsal raphe nucleus 
and hypothalamus [67]. 

An interesting, but as yet unproven, hypothesis 
concerning the role of hippocampal neurogenesis in 
human depression has been proposed. Jacobs et al. 
and later others suggested that insufficient 
hippocampal neurogenesis causally underlies 
depression [68,69]. Besides, hippocampal volume 
(antemortem as well as post mortem) has been 
utilized as a marker of cognitive deficits in certain 
neuropsychiatric (e.g.,schizophrenia) and 
neurodegenerative disorders (e.g.,Alzheimer’s 
disease). The trisynaptic circuitry consisting 
between the mossy fibers, the axons of 
hippocampal dentate granular cells, and the 
dendrites of CA3 pyramidal neurons is important in 
integrating various cognitive processes. In 
Schizophrenia, the derangement of this circuit leads 
to higher cognitive function deficits and spatial 
learning and memory disturbances. Kolomeets et al. 
[70] proved that the synaptic contacts between 
mossy fiber axon terminals (MFT) and branched 
dendritic spines of pyramidal neurons in stratum 
lucidum of the CA3 region of the hippocampus had 
a significantly reduced volume fraction of spines, 
total number of invaginated spines, and number of 
spines forming synapses per MFT using electron 
microscopy morphometric study. However, there 
were no effects of postmortem delay, age, duration 
of disease, or neuroleptic exposure found, 
suggesting a link to those with predominantly 
positive symptoms. 

In Alzheimer’s disease, the hippocampal volume 
in the antemortem subjects has been evaluated 
using magnetic resonance imaging, correlating with 
the dementia severity and the density of 
hippocampal neurofibrillary tangles at autopsy [71]. 
However, it is relatively difficult to know the 
correlation between the two measures. 

Consistent with the hypothesis of Jacobs et al., 
stress related glucocorticoids are associated with a 
decrease in neurogenesis, and increased serotonin 
levels are associated with an increase in 
neurogenesis [72,73]. If adult neurogenesis is 
blocked by irradiation, the behavioral effects of 
fluoxetine treatment (a serotonin reuptake inhibitor) 
have been found to be abolished [27].  

Besides, a recent report has demonstrated that 
the behavioural effects and increased SGZ cell 
proliferation in resonse to fluoxetine are dependent 
on the genetic composition of the mice [74].  Unlike 
fluoxetine, the antidepressant -like effects of a 
melanin-concentrating hormone receptor antagonist 
are independent of SGZ neurogenesis. This is 
evident in BALB/cJ mice, wherein the behavioral 
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effect of fluoxetine is dependent on SGZ 
neurogenesis in chronic unpredictable stress but 
nor in the forced swimming test or in novelty-
induced hypophagia. In addition, the anti-
depressant-like effect of the enriched environment 
in one study was found to be independent of SGZ 
neurogenesis. Thus, different antidepressants may 
act through different mechanisms and SGZ 
neurogenesis may be one of the many substrates of 
certain antidepressants, the apparently conflicting 
observations may also result from the choice of 
behavioral tests.  

Thus, despite all the progress in the field, it 
remains unclear whether impaired SGZ 
neurogenesis is an etiological factor for depression. 
In fact, SGZ neurogenesis and depression-like 
behavior are not well correlated in at least two 
rodent models of depression, learned helplessness 
and chronic mild stress [75]. Moreover, ablating 
neurogenesis does not affect the anxiety-related or 
depressed-like behavior in a battery of tests of 
anxiety and depression [27,30]. Thus, it is unclear 
whether SGZ neurogenesis plays a role in baseline 
anxiety in rodents. Finally, despite the fact that 
hippocampus atrophy is often detected in 
depressed patients, whether and to what extent the 
reduction in SGZ neurogenesis contributes to this 
atrophy has not been directly investigated. 
Therefore, further studies are needed to test 
whether impaired SGZ neurogenesis is a pivotal 
component for the pathophysiology of depression. 
Besides, the hippocampus is generally thought to 
be involved in memory consolidation, and less 
involved in the generation of mood, suggesting that 
altered hippocampal neurogenesis may be 
secondary to, rather than causative of depression. 
For example, disturbed adult neurogenesis in 
depression might be only one aspect of a more 
general failure of neural plasticity [76]. Additionally 
and importantly, adult hippocampal neurogenesis is 
limited to the dentate gyrus sub-region and does not 
occur throughout the hippocampus, so 
interpretations drawn from more global hippocampal 
changes in disease states should be considered 
with caution. 

Although these functional studies suggest some 
potential roles for SGZ neurogenesis in cognition, it 
is difficult to reach any definitive conclusions due to 
the controversial results. These discrepancies are 
probably due to differences in animal species and 
strains, the details behavioral procedures and the 
different knockdown strategies. More significantly, 
all the available strategies rely on the global 
treatment of animals and may cause a variety of 
undesired side effects. Furthermore, all current 
studies have employed behavioral tasks based on 
lesion models where the whole hippocampus is 
affected. Given that new neurons in the SGZ 
constitute only a small part of the anatomical 
structure of the hippocampus, impaired behavior 
caused by a lack of neurogenesis will be easier to 

detect if the behavioral tests are aimed at 
challenging these new neurons. Therefore, to 
definitively demonstrate the functions of SGZ 
neurogenesis, selective ablation approaches with 
few side effects and a variety of behavioral tasks 
need to be developed in the future. 

Hippocampal neurogenesis and CNS 
disorders 

Here, we will discuss SGZ neurogenesis in cases of 
epipelsy, and neurodegenerative diseases 
(eg.,Alzheimer’s disease, Parkinson’s disease) and 
CNS infections ( eg., HIV). 

Epilepsy 

Seizure activity increases proliferation in both SVZ 
and SGZ, but most studies focus on exxaming the 
SGZ because epilepsy causes cognitive defects 
(reviewed by Jessberger and Parent [77]). 
Neurogenesis in the SGZ can be elevated for up to 
5weeks after seizure but eventually declines to the 
basal or even a lower level. Seizure induces the 
proliferation of both progenitors and neuroblasts, 
which is unlikely to be a compensatory effect in 
response to neuronal death. Seizure causes 
abnormal morphogenesis in newborn neurons, such 
as hilar basal dendrite formation and Ectopic hilar 
migration of newborn neurons. Seizure activity also 
leads to mossy fiber sprouting of neurons born prior 
to seizure activity [77,78]. 

Seizure-induced new neurons functionally 
integrate into the hippocampal circuitry despite their 
abnormal connectivity. Interestingly, the antiepileptic 
drug Valproic acid can inhibit seizure-induced 
neurogenesis and also protect rats from seizure-
associated deficiency in a hippocampus-dependent 
learning task. However, the level of SGZ 
neurogenesis does not always correlate with 
susceptibility to developing epilepsy. The role of 
seizure-associated aberrant neurogenesis in 
epilepsy is yet tobe determined. 

Alzheimer’s disease  

Alzheimer’s disease (AD) is a degenerative disorder 
of the brain characterized clinically by progressive 
loss of memory and other cognitive skills. Its 
pathological hallmarks include neuronal and 
synaptic loss, amyloid plaques, and neurofibrillary 
tangles. While most cases occur sporadically, the 
disease is inherited in some families in an 
autosomal dominant fashion. These familial AD 
(FAD) cases share the identical clinical and 
pathological features as sporadic AD except for their 
generally earlier age of onset [79]. Mutations in the 
amyloid precursor protein as well as the presenilin 
genes have been found to cause early onset FAD 
[79]. Several studies have found that neurogenesis 
is impaired in the hippocampus of transgenic mice 
expressing presenilin 1 FAD mutants [80-82]. 
Decreased progenitor proliferation has also been 
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noted in mice expressing FAD mutations in the 
amyloid precursor protein [83]. The molecular basis 
for this impairment is unknown, although Ab peptide, 
which is overproduced in FAD mutant brain and is 
the principle component of senile plaques, may be 
directly toxic to neural progenitor cells [84]. At the 
cellular level, the presenilin-1 FAD mutants seem to 
primarily reduce the fractional survival of BrdU-
labeled neural progenitors without decreasing total 
granule cell numbers, suggesting that the FAD 
mutant’s primary effect is to alter the kinetics of new 
neuron production, in essence making the 
hippocampus in the FAD mutant generate more 
neural progenitors in order to maintain the same 
number of granule cell neurons [80]. Whether a 
similar impairment occurs in human FAD cases or in 
the more common sporadic disease is not known. 

One study has reported that the number of 
neurons expressing immature neuronal markers 
such as doublecortin, polysaturated nerve cell 
adhesion molecule (PSA-NCAM) and TUC-4 (TOAD 
[Turned On After Division]/Ulip/CRMP) are 
increased in the hippocampal granule cell layer of 
sporadic human cases [85]. The authors of this 
study interpreted their findings as indicating that 
neurogenesis was increased in the hippocampus in 
Alzheimer’s disease. However, given the lack of any 
method for tracking the fate of these immature 
neurons and, in particular, whether they ever 
progress to become mature neurons, these results 
could also be interpreted as showing that in AD 
hippocampal neurogenesis is blocked at the stage 
of immature neuron generation. Of direct clinical 
relevance is whether impaired neurogenesis might 
contribute to cognitive dysfunction in AD. Pointing to 
a possibly relevant role, the hippocampus is 
pathologically affected early in AD with pyramidal 
cell loss and disruption of perforating path 
connections from the entorhinal cortex. Granule cell 
neurons exhibit cytoskeletal changes that are 
similar to those found in other neurons in AD, 
possibly impairing neurogenesis. It is also 
interesting that the rate of hippocampal 
neurogenesis decreases with aging coincident with 
age-related memory decline [25] and that age 
related memory impairments may be improved in 
rodents following transplantation of immortalized 
neural stem cells into brain [86].  

Moreover, factors that positively affect 
hippocampal neurogenesis, such as estrogen [87], 
and cognitively stimulating activities [88] may 
reduce the risk of AD. Yet of the major brain regions 
ultimately affected by AD pathology, only the 
hippocampus is currently regarded as neurogenic, 
and even in the hippocampus, the brunt of the 
pathology is in the pyramidal neurons, which are 
currently regarded as non-neurogenic. Thus, 
whether hippocampal neurogenesis can be 
considered a legitimate therapeutic target in AD is 
at present unclear. 

Parkinson's disease, as we know is a 
neurodegenerative disorder characterized by a 
progressive neuronal loss affecting preferentially the 
dopaminergic neurons of the nigrostriatal projection. 
Hope

 
rests upon the development of effective 

neurorestorative or
 

neuroregenerative therapies 
based on gene and stem cell therapy

 
or a 

combination of both. Recent years have provided 
evidence for the existence of neural stem cells with 
the potential to produce new neurons, particularly of 
a dopaminergic phenotype, in the adult mammalian 
brain. Such stem cells have been identified in so 
called neurogenic brain areas, where neurogenesis 
is constitutively ongoing, but also in primarily non-
neurogenic areas, such as the midbrain and the 
striatum, where neurogenesis does not occur under 
normal physiological conditions [89]. Endogenous 
neural stem cells may have the potential to be 
instrumentalized for a non-invasive cell replacement 
therapy with autologous neurons to repair the 
damaged nigrostriatal dopaminergic projection. 

The results of experimental therapies
 
based on 

transplanting exogenous dopamine-rich fetal cells or
 

growth factor (GDNF) overexpression into the brain 
of Parkinson's

 
disease patients encourage future 

cell- and gene-based strategies. However, one has
 

to investigate the possible impact of PD on adult 
neuronal stem

 
cell pools and their neurogenic 

potential, before designing effective therapeutic 

potentials [90]. 

It is not clear how the HIV infection of the brain 
produces various behavioural deficits and diverse 
neuropathological signs. Tran and Miller [91] 
suggested that SDF-1/CXCR4 (Stromal cell-derived 
factor-1/ chemokine receptor CXCR4) signaling is 
crucial in the adult neurogenesis. The chemokine 
SDF-1 via its receptor CXCR4 is also essential for 
embryonal development of the dentate gyrus as 
shown by them. Adult neural progenitor cells 
existing in the subgranlar zone, that produce 
granule neurons, express CXCR4 and other 
chemokine receptors, and granule neurons express 
SDF-1. Here, they showed that the virus may 
interfere with SDF-1/CXCR4 signaling in the brain 
including disruption of SGZ neurogenesis.  

Recently, Kitayama et al [92] have shown that 
the neurotoxic factor(s) released from HIV-1-
infected macrophages impede(s) neuronal cell 
repair in brain tissue, especially the hippocampus, 
making it more vulnerable to neuronal damage. 
They cocultured rat OHCs (outer hair cells) with 
HIV-1-infected MDM (Monocyte-derived 
macrophages) and found that neuronal cells at the 
GCL of the DG were preferentially killed via 
apoptosis, and that projection of MF (mossy fibre) 
from GCL to PCL of the CA3 region was severely 
disturbed. Then, they marked the precursor cells 
around the DG region by using an EGFP-expressing 
retrovirus vector and found that these cells lost the 
ability to differentiate into neurons when exposed to 
HIV-1-infected MDM. In the DG, new neurons are 
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normally incorporated into GCL or PCL, while in the 
presence of HIV-1-infected MDM, mature neurons 
failed to be incorporated into those layers. 

Conclusion 

From a more fundamental neuroscience point of 
view, it is important to learn about the normal role of 
precursor cells and the normal function of 
neurogenesis in the neurogenic regions of the adult 
CNS. This information might have immense 
implications for our understanding of brain function 
in development, normal adulthood, and disease 
states. Circuit plasticity at the level of individual cells, 
neuronal or glial, adds a new layer of complexity to 
our understanding of how brain structure and 
function interact. Better understanding of these 
issues may enable the prevention of disease and 
dysfunction beyond the already evident goals of 
trying to repair what is already degenerating or 
damaged. Such protection of normal brain function 
may offer important therapeutic options 
complementary to those possible by cellular repair. 
Indeed, maintaining cellular plasticity might be one 
of the most straightforward concepts in 
neuroprotection. The potential mechanisms for 
restoration of any biological manipulation will 
depend in part on the strategies employed to 
optimally induce activity in neuronal circuits.  
Despite efforts to analyze the function of 
hippocampal neurogenesis, the precise role it plays 
in cognitive or emotional behaviors is still requires 
further exploration. 

However, this field is just at the beginning of 
understanding the complex interplay between 
neural precursors’ potential and signals in their local 
microenvironment; much can be learned about 
precursor heterogeneity and how to take advantage 
of what might be partial cell-type restriction, 
permissive and instructive developmental signals, 
and modulation of specific aspects of neuronal 
differentiation and survival. Progress over the past 
decade has been great, and the coming decades 
promise to offer significant insight into these and 
other critical issues for the field. Deciphering the 
intricate pathways of neurogenesis will certainly 
help us to design effective therapeutic strategies for 
various neurological diseases in humans. 
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