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Accumulating knowledge has shown that a decrease in hippocampal neurogenesis is linked to the pathophysiology
of mood disorders and some hippocampal-dependent learning and memory tasks. The role of adult neurogenesis
has initially been proposed based on correlations between decreases or increases in neurogenesis and impairments
or improvements, respectively, in animal behaviors following interventions. Its role has been further elucidated
through the ablation of neurogenesis. However, the functional roles of neurogenesis in hippocampal-dependent
behaviors have been challenged by inconsistent findings between different studies. Despite the fact that factors
affecting neurogenesis also induce dendritic or synaptic changes in newborn or existing neurons, these two aspects
of structural changes within the hippocampus have always been examined separately. Thus, it is difficult to inter-
pret the functional role of adult neurogenesis or dendritic remodification in hippocampal-dependent behaviors.
This review discusses the relative contribution of adult neurogenesis and dendritic/synaptic remodeling of existing

neurons to hippocampal plasticity.
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INTRODUCTION

The discovery of adult neurogenesis in two neurogenic
zones in the mammalian brain, the dentate gyrus and the
subventricular zone, has provided hints on how functional
recovery may occur in the central nervous system (CNS)
following damages or how to improve brain plasticity in
an aging population. The functional significance, regula-
tion, and molecular mechanism of newborn neurons have
been extensively investigated in the past decade with the
aim of finding a therapeutic application of endogenous
stem cells to regenerate the adult brain.

Stress and aging are associated with increased blood
levels of glucocorticoids, reductions in adult neurogene-
sis, and impairments in learning and memory (22,30,69).
Conversely, physical activity and environmental enrich-
ment increase neurogenesis and improve performance

in hippocampal-dependent learning and memory tests
(47,63,71). Reducing or blocking hippocampal neuro-
genesis disrupts various hippocampal-dependent learn-
ing and memory functions (52,56,66,67). Although a
correlation between the number of newborn neurons and
cognitive performance in animal behavioral studies has
been demonstrated, inconsistencies among studies inves-
tigating the effects of ablation of adult neurogenesis have
challenged the significance of hippocampal neurogenesis
in learning and memory.

These discrepancies in the functional role of adult neu-
rogenesis in the hippocampus may be attributed to numer-
ous factors. These include different animal species and
strains, ablation approaches and duration, and specificity
of the behavioral tests. However, other aspects of neural
changes (e.g., synaptic protein expression, spine density,
dendrites, synapses) triggered by the same treatments have
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been neglected in most studies on hippocampal neuro-
genesis. It is difficult to interpret the relative contribu-
tion of adult neurogenesis or structural remodification of
existing neurons to hippocampal-dependent behaviors.
To limit the focus of this review, the underlying molecu-
lar mechanisms of how neurogenesis, dendritic remodel-
ing, and spine dynamics are regulated by external stimuli
are not discussed. In this review, we mainly discuss the
contribution of adult neurogenesis in the dentate region,
dendritic remodeling, and synaptic strengthening of the
existing neurons to hippocampal plasticity.

ADULT HIPPOCAMPAL NEUROGENESIS

Adult neurogenesis occurs in the subventricular zone
(SVZ) of the lateral ventricles and the subgranular zone
(SGZ) of the dentate gyrus of the hippocampus. Synaptic
remodeling of existing neurons in the hippocampus is
known to be essential for hippocampal-dependent learning
and memory formation. Adult hippocampal neurogenesis
has been widely accepted as an important factor in modu-
lation of hippocampal-dependent learning and memory
(23,69); therefore, the integration of newborn neurons in
the dentate gyrus serves as an additional plasticity in modi-
fying existing neuronal circuitry in the adult hippocampus.
The remodeling of the hippocampal structure may bring
an important adaptive plasticity in response to different
environmental challenges throughout life.

The hippocampus is defined as three major subre-
gions based on the anatomical properties of glutamatergic
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principal neurons within the hippocampus: dentate gyrus,
CA3and CAlregions. The neural circuitry in the hippocam-
pus is illustrated in Figure 1. The monosynaptic pathway
involves direct projection from the entorhinal cortex to the
CA1 or CA3 region for information processing, while
the trisynaptic pathway involves axonal projection from
the entorhinal cortex to the dentate gyrus where the outer
and middle third of the dendritic tree are innervated by
the axons from the lateral and medial entorhinal cortices.
The dentate granular cells send projections to the pyrami-
dal cells in the CA3 region through a mossy fiber path-
way. The CA3 pyramidal neurons then send projections
to the CA1 region via Schaffer collaterals. The projections
finally go to the entorhinal cortex. Since adult neurogen-
esis occurs in the SGZ of the dentate gyrus, synaptic con-
nections between the dentate gyrus and CA3 region via the
mossy fiber tract can be modified by adult neurogenesis.
Newborn cells could receive functional synaptic inputs
from the entorhinal cortex and local inhibitory neurons
(31,64). Establishing axonal connection with pyramidal
cells in the CA3 region rapidly within 4-10 days (1), the
dendritic morphology of newborn cells becomes progres-
sively more complex, and their neurites extend deeper
into the granular cell layer during neuronal differentia-
tion. With retroviral labeling of newborn cells with green
fluorescent proteins, it has been demonstrated that new
neurons form functional synaptic contact with their tar-
gets cells, including interneurons in hilus and pyramidal
cells in the CA3 region by the third week of neuronal
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Figure 1. The synaptic circuitry of the hippocampus. Granular cells in the dentate gyrus are connected through three synaptic points
(synapses 1-3). DG: dentate gyrus, EC: entorhinal cortex, Sub: subiculum. The trisynaptic pathway starts with the axonal projection
from the entorhinal cortex layer II to the DG through the perforant pathway. The granular cells in the DG project to the CA3 region
through mossy fibers. The CA3 pyramidal neurons send their projections to the CA1 region through Schaffer collaterals. CA1 pyrami-
dal neurons send their axonal projection to the EC. In addition to the trisynaptic circuit, the CA3 pyramidal cells have an associative
network interconnecting the pyramidal cell within this subregion. Furthermore, the entorhinal cortex sends projection directly to the
CA3 and CA1 pyramidal cells. The CA3 pyramidal cells receive axonal projection from the layer II of the entorhinal cortex, whereas
the CA1 pyramidal cells receive direct input from the layer III of the entorhinal cortex.
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maturation (60). Immature neurons display enhanced
synaptic plasticity in the adult hippocampus and dem-
onstrate a lower threshold for long-term potentiation
(LTP) induction in response to theta-burst stimulation
(55). These immature neurons are characterized by more
depolarized resting potentials and an increased LTP not
seen in mature neurons. This may be due to the fact that
Y-aminobutyric acid (GABA) is excitatory in immature
neurons but is inhibitory around the time that excitatory
glutamatergic synapses are established.

Elimination of new proliferating cells is very rapid if
they are not incorporated into existing circuitry. Most new-
born neurons are eliminated by cellular apoptosis (around
50-70% of new neurons die within the first month after
division) (9); however, this process can be counteracted
in an activity-dependent and survival-promoting man-
ner. External stimuli, like exposure to physical activity,
enriched environment, hippocampal-dependent learning,
and antidepressant treatments have been shown to posi-
tively regulate the process of adult neurogenesis (12,40,
47,48,63).

FUNCTIONS OF NEUROGENESIS
IN LEARNING AND MEMORY

Details of how newborn neurons participate in the
existing circuitry and modulate learning and memory are
still unclear. Two computational models describing how
neurogenesis affects memory formation in the hippocam-
pus have been discussed by Deng et al. (10). One model is
the replacement model, where newborn neurons continu-
ously replace the existing neurons, which leads to the loss
of old memories encoded by older neurons. The second
model is the addition model, where neurogenesis enables
new information to be effectively encoded while avoid-
ing the interference of old information that has already
been stored in the hippocampal network. These two mod-
els provide convergent evidence indicating the capability
of newborn neurons to affect the functions of the dentate
gyrus and therefore impact the functioning of the entire
hippocampal circuit. As a result, a decrease or increase in
hippocampal neurogenesis has substantial effects on hip-
pocampal plasticity and hippocampal-dependent animal
behavior (51,52). Studies from Garthe et al. have indi-
cated that adult neurogenesis, with only a small number
of new cells normally generated in the dentate gyrus, is
likely involved in preventing memory interference from
overlapping contexts rather than adding new information-
processing functions to the hippocampus (18).

ADULT HIPPOCAMPAL NEUROGENESIS
ON PATTERN SEPARATION

Pattern separation refers to the ability to separate simi-
lar parts of memories into distinct memory representa-
tions so as to avoid memory interference and confusion.
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Pattern completion refers to the ability to retrieve a com-
plete pattern of memory initiated by external cues. The
role of newborn neurons in pattern separation, rather than
a more generalized role in hippocampal-dependent learn-
ing and memory, has recently been discovered. This func-
tional role of adult neurogenesis was initially illustrated
by a lesion study showing that the dentate gyrus supports
spatial pattern separation, whereas the CA1 region sup-
ports temporal pattern separation (19). In contrast, the
CA3 region has been demonstrated to support pattern
completion (46). Garthe et al. used a reversal protocol of
the Morris water maze task and demonstrated that mice
that had an inhibition of neurogenesis (through the use of
the DNA-alkylating agent temozolomide) failed to iden-
tify the new position of the hidden platform and showed
a significantly higher preference for the old position of
the hidden platform (18). This study suggests that adult
neurogenesis in the dentate gryus is required to avoid
memory interference from similar contexts, thus allow-
ing efficient formation of new memories that are simi-
lar to previously acquired ones. Studies with ablation of
adult neurogenesis by irradiation have further confirmed
the role of adult neurogenesis on pattern separation.
Mice with decreased levels of hippocampal neurogenesis
show deficits in different spatial pattern separation tasks
(7,61). These results raised the hypothesis that mice with
increased neurogenesis may show improvement in spa-
tial pattern separation. A recent study has indeed dem-
onstrated that mice that have been exposed to voluntary
wheel running demonstrate enhanced neurogenesis and
enhanced spatial pattern separation (8). With a genetic
tool to specifically enhance neurogenesis in the dentate
gyrus, Sahay et al. have shown that mice with increased
neurogenesis perform better in distinguishing between
similar contextual representations in a behavioral para-
digm of contextual fear discrimination learning. These
findings suggest a positive relationship between pattern
separation and neurogenesis (50).

The granular cell population is heterogenous. Adult-
born neurons constitute ~5%, and developmentally born
neurons make up the remaining 95% of the neuronal pop-
ulation in the dentate gyrus (16,54). In transgenic mice
with the dendritic output of specifically old granular cells
inhibited by tetanus toxin and with intact 3- to 4-week-
aged newborn neurons, it was found that young neurons
are required for pattern separation, while old neurons
are required for pattern completion in a rapid pattern
completion-mediated memory recall (45). The authors
hypothesized that the newborn neurons in the adult den-
tate gyrus undergo functional switches from pattern sepa-
ration to rapid pattern completion when these new neurons
aged. These data indicate that there is a distinct function
of immature and mature subsets of granular cells in for-
mation of new memories and recall of old memories.
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A human study has recently shown that 6-week exer-
cise training improved performance in a visual pattern
separation task that is neurogenesis dependent, whereas
an increase in depression scores negatively predicted the
performance in visual pattern separation (11). Given the
well-established positive effect of physical exercise and
negative effect of stress on neurogenesis, this study has
suggested that adult neurogenesis in the dentate region
is likely involved in the improvement/deficit in pattern
separation of human participants (11).

ACTIVITY-DEPENDENT SYNAPTIC
PLASTICITY IN CA3-CA1 SYNAPSE
FOLLOWING HIPPOCAMPAL-DEPENDENT
LEARNING

Strengthening synaptic contact within hippocam-
pal subregions is a form of enhanced synaptic efficacy.
Experience-dependent changes in synaptic strength of
CA3-CALl synapse could occur during some form of
hippocampal-dependent learning (24). Madronal et al. have
shown that induction of LTP by high-frequency stimula-
tion of the Schaffer collaterals 14 days before or during
the classical eye blink conditioning learning task impairs
the acquisition of the eye blink response, suggesting that
disrupting the CA3—CA1 synaptic strength is sufficient
to affect some form of associative learning process (37).
Strengthening the synapse, which is activity dependent,
has been shown to occur at the hippocampal CA3-CAl
synapse during different processes (acquisition, extinc-
tion, recall, and reconditioning) of a classical associative
learning task of the conditioned eyelid responses (25). A
recent study by Clarke et al. has demonstrated that object
recognition memory consolidation was associated with
transient potentiation in the hippocampal CA3-CAl
synapse. This study indicates that the synaptic strength
of the hippocampal CA3—CA1 synapse is enhanced during
the acquisition phase in an associative learning task (6).
The authors showed that reactivation of a consolidated
memory induced changes in CA3—CA1 synaptic efficacy,
whereby reactivation of objection recognition memory
(retrieval of a given memory that has already formed)
triggered by a novel object induced synaptic modifica-
tion in the hippocampus, suggesting that both memory
consolidation and reconsolidation in the phase of mem-
ory formation is capable of modifying hippocampal plas-
ticity. This may imply that strengthening of the synapse
could occur during the process of pattern separation and
pattern completion in the CA3—CA1 synapse. It warrants
further study to examine whether a similar change of
synaptic strength occurs in the dentate gyrus during the
process of pattern separation, as this region has been sug-
gested to be responsible for spatial pattern separation as
discussed above. Given the above evidence, it is clear that
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strengthening synaptic contact in the CA3—CA1 synapse
following learning can contribute to enhanced synaptic
plasticity in the hippocampus.

DENDRITIC REMODELING IN RELATION
TO LEARNING AND MEMORY

Dendritic remodeling of the existing neurons has
been shown to be correlated with learning and memory.
Physical exercise and stress exert opposite effects on den-
dritic remodeling of hippocampal neurons. Voluntary run-
ning in rodents induces dendritic remodeling in the dentate
gyrus, CAl, and entorhinal cortex (58). Animals with run-
ning show increased spine density and increased dendritic
complexity in terms of increase in cell proportion with one
to two primary dendrites and overall dendritic length (49).
Furthermore, enhancement of spine density in the dentate
region has been reported in animals following 2 weeks of
running (20). Running improves learning and memory in
association with enhanced LTP and neurogenesis in the
dentate region (62). In addition, running enhances the
number of mushroom spines in newborn neurons, indicat-
ing enhanced spine maturation (64). Conversely, chronic
exposure to unpredictable stress is known to suppress the
induction of LTP not only in the dentate regions but also
in the CAI region (2). Stress or exogenous corticoste-
rone application primarily induces dendritic atrophy in
the apical dendrites of the CA3 regions. Severe dendritic
retraction in the CA3 area has repeatedly been reported
in various animal species with different stress paradigms,
like prolonged corticosterone treatment, chronic restraint
stress, and the psychosocial stress model (39,65,68).
Stress causes dendritic atrophy as indicated by decrease
in the number and length of branch points of the CA3 api-
cal dendrites. Dendritic atrophy in the CA3 region may
negatively affect the dendritic projection to CAl from
CA3 region, which could lead to impaired hippocampal
function and behavioral deficits, such as impairments in
hippocampal-dependent learning and memory.

Prenatal stress impairs spatial learning in the Morris
water maze and decreases the length and number of den-
dritic segments and branching in the CA3 region and den-
tate gyrus, but not in the CA1 region (27). Exposure to
7 days of hypobaric hypoxia induces a significant decrease
in dendritic branching and length in the CA1 region in
association with severe learning deficit in the partially
baited radial arm maze task (59). In contrast, Lopes et al.
observed no impairment in spatial learning and memory
in the Morris water maze test though they observed sig-
nificant dendritic atrophy in the CA3 region of the adult
offspring with gestational protein restriction (36). The
CA3 region is known to be essential for acquisition and
memory consolidation in the Morris water maze task in
mice (17). Therefore, it is possible that another form of
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plasticity (e.g., alteration in the levels of neurogenesis)
may play a role in compensating for the atrophy that
occurred in the subregions of the hippocampus.

INTERPLAY BETWEEN NEWBORN NEURONS
AND DENDRITIC REMODELING IN
HIPPOCAMPAL FUNCTION

Approaches of ablating neurogenesis have commonly
been used as a direct investigation of the functions of
neurogenesis in cognitive performance. Several meth-
ods, including antimitotic drug administration, irradia-
tion, and genetic intervention, have been used to suppress
the production of new neurons in the adult brain to study
their involvement in learning and memory. Injection
with a DNA-methylating agent [methylazoxymethoanol
(MAM)] or irradiation significantly reduces hippocam-
pal neurogenesis (51,57). However, these two approaches
block hippocampal neurogenesis nonspecifically and
induce side effects that may cause detrimental effects on
brain physiology and function. For example, irradiation
may inhibit cell proliferation and damage the stem cell
niche (43).

With advanced research techniques, a more specific and
noninvasive genetic approach has been applied to block
proliferation of neural progenitors. However, divergent
results are still apparent. In transgenic mice expressing
the herpes virus thymidine kinase in glial fibrillary acidic
protein (GFAP)-positive progenitor cells in all neurogenic
brain regions, proliferating thymidine kinase cells are
killed after oral delivery of the antiviral prodrug gancyclo-
vir. Saxe et al. showed that neurogenesis ablation did not
alter normal spatial memory but impaired contextual fear
conditioning (52). Dupret and colleagues blocked nestin-
positive neural precursors in mice by using the reverse
tetracycline-controlled transactivator regulatory system to
overexpress proapoptotic protein B-cell CLL/lymphoma 2
(BCL2)-associated X protein (Bax) in the nestin-positive
neural precursors (14). This group demonstrated that abla-
tion of adult neurogenesis in mice results in deficit in spa-
tial learning and memory in the Morris water maze test
but not fear-conditioned learning. This observation is con-
sistent with the finding from Zhang and colleagues using
the ablation method of inducible removal of the orphan
nuclear receptor tailless-related receptor (TLX) (72). Taken
together, these findings may suggest that adult hippo-
campal neurogenesis may be involved in specific types of
hippocampal-dependent behavior.

Newborn neurons exhibit not only enhanced plasticity
but also preferential activation during spatial exploration
and hippocampal-dependent spatial learning and primary
reactivation during memory recall (28). Indeed, Schinder
and Gage have proposed that neurogenesis may comple-
ment synaptic plasticity and memory function of older
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neurons and consequently may increase learning capa-
bility (53). In addition to adult neurogenesis, dendritic
remodeling and synaptic changes should be considered
as taking part in the modulation of hippocampal func-
tions as these structural changes confer adaptive plastic-
ity in response to environmental stimuli (35). However,
because factors that affect neurogenesis also induce struc-
tural remodeling of the existing neurons, it is difficult to
clearly interpret the functions of adult neurogenesis in
hippocampal-dependent learning and memory.

Negative regulators of adult neurogenesis include stress
or high levels of glucocorticoids, which have been shown
to cause dendritic retraction of CA3 pyramidal neurons
and loss of dendritic spine in adult male rats and tree
shrews (39,41). Furthermore, exposure to chronic stress
induces dendritic atrophy and spine loss in the dentate
gyrus and CA1 (26). In contrast to stress, environmental
enrichment, physical exercise (in terms of running), and
hippocampal-dependent learning show beneficial effects
on inducing both adult neurogenesis and dendritic remod-
eling in the hippocampus (12,15,34,48,58). A variety of
hippocampal-dependent learning, like the associative
learning task in trace eye blink conditioning and spatial
learning in the Morris water maze task, increases neuro-
genesis in the dentate gyrus (3,13,21). Electrophysiological
studies show that increased synaptic activity (represented
by an enhancement in LTP) increases cell proliferation
and cell survival (5). Furthermore, learning itself also
changes spine number and morphology (29,44). Despite
the fact that both adult neurogenesis and dendritic remod-
eling in the existing neurons play an important role in hip-
pocampal function, these two aspects have normally been
examined separately in the literature.

Changes in hippocampal neurogenesis and dendritic
modification occur simultaneously following exposure to
stress or physical exercise (Fig. 2). It is unclear which modi-
fication has a greater impact on hippocampal plasticity. Yau
et al. used an animal model of stress with voluntary running
to examine whether neurogenesis or dendritic remodeling
has a greater influence on hippocampal functions (70).
This study observed that running improved depression-like
behavior and spatial learning in association with restored
hippocampal neurogenesis, spine density, and enhanced
dendritic complexity in corticosterone-treated rats (an ani-
mal model of stress). Blockade of neurogenesis with an
antimitotic drug, cytosine arabinoside (Ara-c), diminished
the counteractive effect of running on stress, despite the
enhancement in dendritic complexity and spine density in
the CA3 region of these rats. Conversely, blockade of neu-
rogenesis in normal (nonstress) rats exhibiting enhanced
dendritic length and spine density in CA3 pyramidal cells
shows no behavioral changes following running. Yau et al.
hypothesized that under normal conditions, enhancement
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Figure 2. Simultaneous modulation of dendritic complexity, synaptic plasticity, and neurogenesis in the hippocampus by a representative
negative regulator (stress) and a positive regulator (physical exercise). LTP: long-term potentiation.

in dendritic remodeling may play a compensatory role in
maintaining the integration of hippocampal circuitry and
thus may be sufficient to maintain hippocampal function
and prevent behavioral deficits in the absence of adult neu-
rogenesis. Conversely, under pathological conditions, like
stress, both adult neurogenesis and dendritic remodeling
are required for maintaining intact hippocampal function,
which may, in turn, enable animals to overcome the stress-
induced effects on behavior.

Madronal et al. have demonstrated that animals exposed
to physically enriched environments and to social enrich-
ment did not display differences in hippocampal neuro-
genesis. Improvements in motor performance and operant
conditioning are only observed in animals with enriched
physical environments (38). In this study, social interaction
increased neurogenesis but did not affect learning ability,
suggesting that the physical factor may be important for
the behavioral improvement observed in this study. This
may be due to the fact that physical activity simultane-
ously increases neurogenesis and dendritic plasticity in
the hippocampus in the animals with a physically enriched
environment, but not in the animals with socially enriched
environments. The authors argued that an alteration in

neurogenesis is not always required for a change in ani-
mal behavior, as social interaction increases neurogenesis
and cell proliferation, but did not improve hippocampal-
dependent spatial learning abilities in their study. Their
speculation is supported by a study showing that improve-
ment in spatial learning in animals with enriched envi-
ronment is independent of an increase in hippocampal
neurogenesis (42).

No behavioral changes have been found in normal
animals with neurogenesis ablation by antimitotic drug
or irradiation (56,67). However, dendritic or synaptic
remodeling of existing neurons has not yet been examined
in these animals. It is possible that some forms of com-
pensation from existing neurons may occur in the absence
of newborn neurons in normal animals, thus maintaining
hippocampal neuronal connectivity and preventing behav-
ioral deficits in animals without newborn neurons (70). In
a rat model of chronic unpredictable stress, antidepressants
improve depressive behavior in a neurogenesis-independent
manner and in association with dendritic remodeling in
the prefrontal cortex and hippocampus (4). Furthermore,
in a rat model of depression induced by chronic treatment
with 50 mg/kg corticosterone, the antidepressant effect of a
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Chinese herbal medicine named Wolfberry has been shown
to be mediated through an enhancement of synaptic plas-
ticity (increased protein expression of synaptic proteins) in
spite of no changes in hippocampal neurogenesis following
treatment (73). These studies may suggest that enhanced
dendritic/synaptic plasticity may be substantial for maintain-
ing hippocampal function and hence exert antidepressant
effects in some situations.

CONCLUSION

Although different methods for ablating neurogenesis
have been applied to elucidate the functional involvement
of neurogenesis in some hippocampal-dependent behav-
iors, interventions that also affect the dendritic and syn-
aptic remodeling of the existing neurons should be taken
into account before concluding the functional role of neu-
rogenesis in hippocampal-dependent animal behaviors.
Adult neurogenesis in the dentate gyrus and structural
remodeling in the CA1 or CA3 regions may interact with
each other. This may lead to a compensatory effect on sub-
region-specific deficits, such that an intact hippocampal
circuitry may be maintained in spite of dendritic atrophy
or a decrease in neurogenesis. It is difficult to manipulate
neurogenesis without affecting other factors following
treatment, like physical exercise, antidepressant therapy,
and environment enrichment. In such circumstances, the
functional role of adult neurogenesis in hippocampal-
dependent behaviors is hard to elucidate. An accurate
conclusion on the functional role of adult neurogenesis or
structural remodeling within the hippocampus may only
be made when other potential confounding variables can
be ruled out. As suggested by Lazic, the neurogenesis-
independent effect on behavior should be measured or
taken into consideration when performing data analysis of
neurogenesis and behavioral correlations (32,33).
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