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Adult hippocampal neurogenesis is the lifelong production of new functional neurons from neural stem cells in the adult brain. Production of neurons in the 
adult brain is limited to two areas. One of these is the subgranular region in the hippocampus dentate gyrus (DG), the other is the subventricular zone of the 
lateral ventricles. New neurons produced in the hippocampus DG functionally integrate into mature circuits, and contribute to cognition and emotional control, 
learning and memory functions in particular. It is still unclear how that contribution occurs and a key issue that is being intensively investigated. Hippocampal 
neurogenesis declines both with age and in neurodegenerative diseases characterized by deterioration of memory. Understanding the contribution of hippocampal 
neurogenesis to memory function and investigating factors that affect neurogenesis have gained importance for protective or therapeutic approaches against these 
neurodegenerative diseases. It is suggested that new neurons produced in the DG contribute to spatial and episodic memory function by pattern separation (prevent 
overlapping of similar information by making separate presentations) through their electrophysiologic properties (being stimulated easier than mature neurons) in 
the maturation process. Hippocampal neurogenesis is important in episodic and spatial memory formation. In this review we will try to explain how hippocampal 
neurogenesis occurs, factors that affect the neurogenesis process, and the role of neurogenesis in memory function based on the present literature.
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Erişkin hipokampal nörogenez, erişkin beyninde yaşam boyu nöral kök hücrelerden yeni fonksiyonel nöron üretimidir. Erişkin beyninde nöron üretimi iki 
bölgeye sınırlıdır. Bunlardan biri hipokampus dentat girusundaki (DG) subgranüler bölge, diğeri lateral ventriküllerin subventriküler bölgesidir. Hipokampus 
DG’sinde üretilen yeni nöronlar fonksiyonel olarak olgun devrelere entegre olurlar, özellikle öğrenme ve hafıza fonksiyonu olmak üzere kognisyon ve emosyonel 
kontrole katkıda bulunurlar. Bu katkının nasıl gerçekleştiği hala açık değildir ve yoğun olarak araştırılan önemli bir konudur. Hipokampal nörogenezin hem yaşla 
birlikte hem yaşa bağlı hafızanın bozulması ile karakterize nörodejeneratif hastalıklarda azaldığı bilinmektedir. Hipokampal nörogenezin hafıza fonksiyonuna 
katkısını anlamak ve nörogenezi etkileyen faktörleri araştırmak bu nörodejeneratif hastalıklara karşı koruyucu ya da tedavi edici yaklaşımlar için önem kazanmıştır. 
Hipokampal DG’de üretilen yeni nöronların olgunlaşma süreçlerindeki elektrofizyolojik özellikleri (olgun nöronlara göre daha kolay uyarılabilir olmaları) sayesinde 
patern ayrımı (hipokampusa gelen benzer bilgilerin ayrı sunumları yapılarak örtüşmelerinin engellenmesi) yaparak spasyal ve epizodik hafıza fonksiyonuna katkıda 
bulundukları düşünülmektedir. Bu derlemede hipokampal nörogenezin nasıl oluştuğunu, nörogenez sürecine etkili faktörleri ve hafıza fonksiyonunda nörogenezin 
rolünü mevcut literatüre dayanarak açıklamaya çalışacağız.

Anahtar Kelimeler: Erişkin hipokampal nörogenez, dentat girus, öğrenme ve hafıza, patern ayrımı
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Introduction

Neurogenesis describes the development of functional neurons 
from neural stem cells in the brain. In the past, neurogenesis 
was considered to be restricted to the prenatal period, and the 
dogma that stated the adult brain was not capable of generating 
new neurons was accepted for many years. However, our current 
knowledge indicates that, physiologically, neurogenesis continues 
for a lifetime in two regions in the adult mammalian brain: 
the subgranular zone (SGZ) of the dentate gyrus (DG) of the 
hippocampus, and the subventricular zone (SVZ) of the lateral 
ventricles (1). Immature neurons generated by the SVZ migrate 
long distances to differentiate into various local interneuron 
groups at olfactory bulbus. In addition, new neurons generated by 
the neural progenitor cell population of the SGZ form neighboring 
excitatory granular cells of the granular layer of the DG (1). It 
was recently reported that neurons originating from SVZ were 
integrated into the olfactory bulbus in other mammals; these 
neurons are integrated into the striatum adjacent to the SVZ in 
humans (2).

The demonstration of the mitotic division capacity of neural 
stem cells found in certain parts of adult mammalian brain as well 
as differentiation of these new cells into neurons and their possible 
integration into existing circuits has become a major milestone 
of neuroscience. The importance of neurogenesis in hippocampal 
functioning is further emphasized with the acknowledgement 
of the hippocampus as a critical site for learning and memory 
formation, and the place where adult neurogenesis occurs.

The hippocampus is a substantial structure for episodic memory 
and spatial memory formation (3). Our current knowledge implies 
that long-term potentiation (LTP) is responsible for the cellular 
and molecular mechanisms that underlie learning and memory 
formation. LTP is defined as a permanent increase in synaptic 
binding power and number in response to increased neural activity 
frequency arriving at a presynaptic neuron or neural pathway (4). 
However, a large number of studies have demonstrated that LTP 
both strengthens the synaptic associations and fosters new neuron 
formation in the hippocampus during learning (4). Furthermore, 
newly formed neurons have been suggested to increase synaptic 
plasticity by being easily inducible and producing higher 
amplitudes (5).

The neural network changes continuously with the addition 
of new neurons to the hippocampal DG (6). Therefore, the 
hippocampus and DG have a dynamic structure. The dynamic 
structure of the neural network in charge of memory functions is 
influenced by the rate of neurogenesis, and hippocampus-related 
behavior. For instance, learning, exercise, and environmental 
enrichment both accelerate neurogenesis and improve memory (6). 
On the other hand, stress, aging, and several diseases with adverse 
impacts on memory decrease neurogenesis (6).

Although the correlation between age-related reduction 
in neurogenesis and impairment in cognitive functioning (7) 
supports the association between neurogenesis and cognitive 
function, this association has yet to be elucidated. Several studies 
have been performed recently to shed light on this issue. Does the 
integration of new neurons into existing hippocampal circuits 
influence hippocampus-related behavior? If yes, how? Why are 
new neurons generated? Is the inhibition of neurogenesis harmful? 

Could increasing neurogenesis through pharmacologic and 
behavioral interventions prove beneficial? Studies in this area will 
lead the way to the development of preventative and treatment 
measures against learning and memory impairment seen in 
normal aging, and diseases characterized by memory impairment 
including Alzheimer’s disease. In this review, we describe adult 
hippocampal neurogenesis as well as the basic factors involved 
in this process, and discuss the importance of neurogenesis in 
learning and memory formation in light of the available literature.

Adult Hippocampal Neurogenesis

Adult hippocampal neurogenesis is the life-long generation of 
new neurons in the DG of the hippocampus in the human brain. 
The term neurogenic niche describes a local microenvironment 
consisting of neural progenitor/stem cells with the potential 
to regenerate and differentiate into other cell types (glial 
cells and neurons). The SGZ of the hippocampal DG is one of 
the two neurogenic niches found in the adult brain (1). New 
neuron formation was first demonstrated in 1965 by Altman ve 
Das (8) in the DG of the hippocampus of the adult rat brain. 
Studies investigating the functional role of neurogenesis have 
gathered speed after this pioneering study. Discovery of thymine 
analogue 5-bromo-2’-deoxyuridin (BrdU) in the 1990s, a marker 
of cells with regeneration potential, followed by the definite 
demonstration of hippocampal neurogenesis in the adult rat brain 
by Heather Cameron and Elizabeth Gould, and identification of 
adult-born new neurons using protein markers including neural 
nuclear antigen (NeuN) have contributed to the evidence for 
neurogenesis. Adult neurogenesis was demonstrated in several 
species including man in the following years (9). In 1998, Eriksson 
et al. (10) studied postmortem brain tissue of patients injected 
with BrdU and neural markers, and showed neurogenesis in the 
DG of the adult human brain.

Adult hippocampal neurogenesis starts with the proliferation 
of neural progenitor cells in the SGZ (11). Very few neural 
progenitor cells differentiate into glia, most differentiate into 
granular cells in the DG (6). Physiological and morphologic 
maturation patterns of newborn DG cells imply that neural 
differentiation and short-distance migration into the granular 
cell layer of DG starts in the first week of life (6). These cells 
have not yet been synaptically integrated into the existing 
neural network and are activated with γ-aminobutyric acid 
(GABA) (12). In the second week, cells attain more neuron-like 
characteristics with dendrites extending into the molecular layer, 
and axons extending from the hilus into CA3 to form mossy fibers. 
However, they are still immature neurons due to high membrane 
resistance and distinctive discharge characteristics. They also lack 
glutamatergic input due to an inadequate number of dendritic 
spins in the molecular layer (6). Interestingly, GABA found in the 
local environment causes neural depolarization in these cells via 
Na+-K+-2Cl- co-carriers. At this stage, GABA is required for the 
maturation and survival of adult-born cells (6,12). GABA-related 
depolarization is mediated by the cyclic adenosine monophosphate 
response element-binding protein. Hence, GABA is the critical 
neurotransmitter in neurogenesis. In this process, GABA, which 
is normally an inhibitory neurotransmitter, stimulates newborn 
neurons and prepares them for integration into existing circuits. 
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Newborn DG cells establish afferent and efferent synapses with 
local neural networks in the third week, as well as synapses with 
afferent axonal fibers of the perforating pathway, originating from 
the entorhinal cortex (EC). Glutamatergic synaptic intake starts 
with the establishment of synaptic integration and the excitatory 
GABA input attains inhibitory characteristics (6). In the 4-6th 

weeks of life, DG cells are highly inducible with lower threshold 
values for LTP yielding higher LTP amplitudes, and exhibit 
stronger synaptic plasticity than mature DG cells. Newborn DG 
cells are indistinguishable from adult DG cells in terms of their 
basic physiologic and synaptic plasticity features by the eighth 
week (6).

Other brain chemicals are also involved in the process of new 
neuron generation and development. Among these, brain-derived 
neurotrophic factor (BDNF) is one of the most important. BDNF 
is involved in stimulating the differentiation of hippocampal 
progenitor cells into neurons and their survival (13). Furthermore, 
fibroblast growth factor-2 and epidermal growth factor have been 
shown to stimulate proliferation (14).

The functions of newborn granular cells remain unknown. 
However, specific electrophysiologic features of these cells in 
the early maturation period (prior to the 6th week) suggest that 
they might be involved in learning and memory functions. 
Young neurons, which have low thresholds for LTP induction 
when events occur, have been suggested to be involved in coding, 
storing, and temporal association of one event with another 
(15,16). Additionally, there is an association between adult 
hippocampal neurogenesis and psychiatric disorders including 
anxiety and depression. Permanent exposure to stress induces 
maladaptive fear reaction and depression, and reduces hippocampal 
neuron generation and survival (17). Stress-related reduction 
in hippocampal neurogenesis has been suggested to underlie 
depressive episodes. Treatments that increase serotonin levels 
in depression have been reported to reinforce neuron generation 
and survival in the DG (1). The suppressive effects of stress on 
neurogenesis possibly result from an increase in glucocorticoid 
levels (1).

Factors that Affect Adult Hippocampal 
Neurogenesis

Adult hippocampal neurogenesis is a multistage process that 
starts with the proliferation of progenitor cells and continues 
with their differentiation and attainment of neural phenotype. 
Migration of newborn neurons that survive apoptosis, and 
completion of their morphologic and physiological maturation 
is followed by their functional synaptic integration into existing 
circuits (1). Studies of the last two decades have shown that several 
factors might affect adult neural progenitor cells, including 
extrinsic factors such as growth factors, cytokines, chemokines, 
neurotrophins, steroids, and extracellular matrix molecules, and 
cellular intrinsic factors such as transcription factors and mediators 
of signalization pathways. 

Adult neurogenesis is also mediated dynamically by certain 
behavioral factors. Manipulations regarding physical activity and 
environmental enrichment have increased the number of newborn 
granular cells and their survival rates, and improved cognitive 
functions in experimental animals. On the other hand, aging and 

stress have been shown to affect proliferation and survival phases, 
and eventually decrease neurogenesis and impair hippocampus-
related behavior (6).

Transplantation of progenitor cells to brain sites other than 
neurogenic niches have hindered neurogenesis, which emphasizes 
the importance of the microenvironment in this process. 
Neurogenic niche is localized around blood vessels, which fosters 
communication with the systemic environment. Animal studies 
have shown that certain chemokines known to increase in the 
plasma and cerebrospinal fluid of healthy elderly individuals 
decrease neurogenesis, which suggests that central and peripheral 
factors might modulate neurogenesis by affecting the neurogenic 
niche.

Microglia are distributed in the hilus and granular cell layer in 
the adult DG (18). Microglia constitute an important component 
of the neurogenic niche. During neurogenesis, microglia both 
remove apoptotic cells, and potentially influence proliferation, 
differentiation and neural survival with their secretagogues. 
Microglia are thought to contribute to the neurogenic niche 
mostly through neurotrophic factor [BDNF, insulin-like growth 
factor (IGF-1)], and cytokine and chemokine secretions (18). 
BDNF is the most important neurotrophic factor that stimulates 
neural stem cell proliferation and neural survival, and also a key 
element of memory formation. The hippocampus has very high 
levels of BDNF, particularly localized to the granular cells of 
DG. The BDNF receptor is expressed on neural stem cells. We 
also demonstrated in a previous study that increased neurogenesis 
is correlated with elevated hippocampal BDNF levels and 
improvement in spatial memory in calorie-restricted adolescent 
female rats (19). The BDNF-neurogenesis-memory association is 
further evidenced by the decrease in hippocampal BDNF levels 
and receptors with aging, and the associated impairment in 
neurogenesis, learning, and memory functions (20).

In addition to microglia, hippocampal astrocytes also strongly 
stimulate neural stem cells with their pro-neurogenic factor 
secretions (18). Levels of hippocampal growth factors that are 
known stimulators of neurogenesis including IGF-1 and vascular 
endothelial growth factor are significantly decreased in elderly 
rats compared with young rats. Altered profiles of astrocytes in 
aged hippocampus and reduction in their pro-neurogenic factor 
secretions suggest that astrocytes contribute to the protection of 
the neurogenic niche, and the age-related decrease in hippocampal 
neurogenesis is associated with reduced secretion of pro-neurogenic 
factors by astrocytes (18). Adenosine triphosphate, a product 
of astrocyte metabolism, is an important signal molecule that 
stimulates neural stem cell proliferation (21). The limited amount 
of BDNF secreted by the vascular endothelial cells physically 
supported by astrocytes has also been shown to contribute to 
neurogenesis (22).

The juxtaposition of neural progenitor cells to blood vessels 
suggests that important extrinsic factors involved in proliferation, 
neural differentiation, and survival reach these cells via the 
vascular route (18). Several studies reported that exercise increased 
neurogenesis. For instance, voluntary running has been reported 
to be a potential stimulator of neurogenesis by increasing 
cerebral blood flow (1). In recent years, calorie restriction has also 
been suggested to increase neurogenesis through an unknown 
mechanism (7). In our above-mentioned study, we also found 
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that a 15% calorie-restricted diet in adolescence increased 
hippocampal neurogenesis, even if a normal diet was assumed in 
adulthood (19). Our results suggested that calorie-restricted diet 
increases hippocampal BDNF levels to increase neurogenesis. 
Also, we immunohistochemically demonstrated elevated levels 
of endothelial nitric oxide synthase (eNOS) in the hippocampus 
DG parallel with increased neurogenesis. eNOS is known to 
increase blood supply by causing vasodilatation of vessels. This 
unpublished result suggests that increased eNOS-mediated blood 
flow in the hippocampal neurogenic niche is the factor that 
stimulates proliferation. 

Adult hippocampal neurogenesis might be modulated by 
an artificial induction of neural network efficacy. For instance, 
induction of LTP in DG via high frequency stimulation of the 
perforating pathway has increased proliferation of neural progenitor 
cells in the SGZ and strengthened the survival of 1-2-week-old 
adult-born DG cells (15). Electroconvulsive shock, which causes 
a brief seizure in the brain and has therapeutic effects in several 
emotional disorders, has also increased proliferation of neural 
progenitor cells and neurogenesis in the SGZ (15). Studies in 
patients and animal models of neurologic disorders have indicated 
that changes in adult hippocampal neurogenesis might be involved 
in the pathogenesis by triggering abnormal neural circuit activity. 
For example, drug-induced seizures might increase proliferation of 
neural progenitor cells, lead to morphologic abnormalities, ectopic 
migrations, and accelerated integration of adult-born granular 
cells (15). As a result, it is not yet clear whether changes in the rate 
of hippocampal neurogenesis lead to pathologic consequences (15).

The Role of Adult Hippocampal Neurogenesis 
in Learning and Memory Functions of the 
Hippocampus

The hippocampus mediates higher brain functions including 
learning, memory, and spatial coding (3). Declarative memory 
is mediated by the hippocampus and grouped into episodic and 
semantic memory (23). Episodic memory contains contextual 
information regarding when and where a particular event occurred, 
and what kind of an event occurred. Memories are remembered 
by learning, coding, consolidating new information, associating 
these with old information, and recalling through associations. 
In contrast, semantic memory contains information regarding 
world facts (24). Hippocampal injury both prevents learning new 
information and complicates remembering previous information. 
However, recall of older information is preserved. The latter 
finding implies that information is coded and consolidated in 
the hippocampus (transfer from short-term memory to long-term 
memory), and then transferred to non-hippocampal regions. The 
hippocampus is responsible for indexing memory traces stored in 
cortical areas (25,26).

As previously mentioned, the hippocampus is one of the two 
brain areas in which adult neurogenesis occurs (1). Discovery 
of new neuron generation in the hippocampus, the structure 
responsible for learning and memory, has steered researchers into 
investigating the role of new neurons in hippocampal physiology 
and pathologies. Researchers agree that hippocampal neurogenesis 
contributes to learning and memory functions. However, the 
exact mechanism of this contribution has yet to be elucidated. 

The results of computed stimulation models and experimental 
studies (manipulations involving transgenic animals or inhibition 
or stimulation of neurogenesis) indicated that the DG of the 
hippocampus, where adult neurogenesis occurs, is responsible 
for learning new information, pattern separation of similar 
information, distinct memory formation, and consolidation. 
Pattern separation is an important feature of episodic memory and 
is considered to be a result of adult hippocampal neurogenesis. The 
DG of the hippocampus prepares separate presentations of spatial 
and temporal associations within similar events or experiences to 
prevent overlapping of similar events and enables presentation as 
different memories (pattern separation) (15).

Hippocampal Circuits

The hippocampal regions and inter-regional connections are 
known to be involved in the processing of neural information. 
The trisynaptic circuit that contains connections between EC, 
DG, CA3, and CA1 forms the spine of the hippocampal network 
(Figure 1). The DG has a key function in the hippocampus. 
Cortical inputs enter the hippocampus through the DG. Stimuli 
from EC are transmitted to the dendrites of DG granular cells 
via glutamatergic excitatory synapses (the perforating pathway). 
The second pathway within the trisynaptic cycle is the synaptic 
connection between DG and CA3. Axons of DG granular cells 
form sparse but strong connections with the pyramidal cells of 
CA3 via mossy fibers. The trisynaptic pathway is completed with 
transmission of information from CA3 pyramidal neurons to 
dendrites of CA1 pyramidal neurons via Schaffer collaterals (27). 
Other hippocampal connections are as follows: Granular cells of the 
DG connect with local interneurons. These interneurons provide 
feedback inhibition to granular cells. The perforating pathway from 
the EC also connects with pyramidal cells of CA3. CA3 receives 
more intense but possibly weaker connections compared with 
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Figure 1. The trisynaptic circuit, the spine of the hippocampal circuit, 
contains connections between the entorhinal cortex, dentate gyrus, CA3 
and CA1 (dashed lines). Part of the fibers originating from entorhinal 
cortex directly arrive at CA3, and other fibers arrive at the dentate 
gyrus (perforating pathway). Granular neurons of the dentate gyrus 
pass through the hilus to head towards CA3 (mossy fibers). Axons of 
CA3 neurons extend into CA1 (Schaffer collaterals), and axons of CA1 
neurons return to the entorhinal cortex. Furthermore, there are recurrent 
connections within CA3.
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the EC. Other than the returning connections from CA3 to DG, 
axon collaterals of pyramidal neurons of CA3 also have recurrent 
connections that self-reinforce. Also, axons extend from EC to CA1. 
From CA1, either direct projection occurs to various cortical areas 
(prefrontal, anterior cingulate, orbitofrontal), or projection to these 
areas occurs through EC; in other words, CA1 is the exit site from 
the hippocampus. Hence, information arrives at the hippocampus 
through the EC, where it is processed, consolidated, and returned 
to the EC to influence all brain activity (27).

The trisynaptic circuit plays an active role in coding. 
Connections that enter CA3 and CA1 through the perforating 
pathway without arriving at the DG are predominant in recall. 
Evidence shows that projections from DG to CA3 via the mossy 
fibers are involved in the creation of new and distinctive codes but 
are not required for re-activation. Recurrent connections in CA3 
function as an auto-association network. With these connections 
CA3 reinforces and stores information presented to it self, and 
recalls recorded patterns upon activation by the EC (28).

The rather high frequencies (5-10 Hz) that stimulate the 
perforating pathway are required to create polysynaptic activation 
at CA3 and CA1 through the DG and are optimum for LTP 
induction at the DG. Low frequencies (0.2 Hz) are adequate for 
the excitation of CA3 and CA1, but not for the activation of DG 
cells. Accordingly, the hippocampus exhibits oscillatory theta-
frequency discharges (approximately 6-8 Hz) in an exploratory 
animal (29). Hippocampal theta activity is known to be associated 
with rapid learning (28), and neurogenesis at the DG contributes 
to hippocampal theta activity (30). More evidence that the DG 
is involved in consolidation rather than recall was shown using 
a Morris Water Maze; inactivation of hippocampal mossy fiber 
synapses impaired spatial memory formation but not recall (31).

Pattern Separation

Pattern separation defines transformation of similar inputs 
into separate outputs in computer modeling. Pattern separation 
is considered an important stage of information processing for 
preventing interference. A network acts as a separator if output 
neurons of a specific event have different discharge patterns from 
input neurons. This distinction can be made by changing the 
discharge rate or discharging neuron groups (15).

There are several reasons for holding the DG and adult-born 
neurons responsible for pattern separation. The number of granular 
cells at the DG is five times greater than that of EC cells projecting 
into the DG. This divergent feature allows cortical input from the 
EC to the hippocampus to be widely dispersed (orthogonal) at 
the DG. Granular cells of the DG receive positive and negative 
feedback inhibition via local interneurons (15). Each granular cell 
receives input from hundreds of EC neurons and has high baseline 
inhibition levels. Therefore, only neurons that specifically receive 
more input are activated. Neurons activated with weak stimuli are 
inhibited via negative feedback inhibition. This tight regulation 
allows each EC input (each and every one, even if similar) to 
activate a different DG population (sparse coding) (6). Life-long 
neurogenesis is the source of these different DG populations. 
The homeostatic mechanism has also been suggested to prevent 
overgrowth of available circuits with the death of existing neurons 
while new neurons with high plasticity are added to the circuit. 

The most vigorously activated granular cells of the DG 
have burst discharges when experiences occur, and solely induce 
action potential formation at target CA3 pyramidal neurons. 
Spikes formed by weakly activated granular cells fail to stimulate 
target cells, but exert a rather stronger effect on CA3 interneuron 
population. This, in turn, increases the overall level of inhibition 
of the CA3 network (6). Such a system activates only CA3 neurons 
that receive input from the most vigorously activated cells, and 
inhibit other CA3 neurons (6). Similar inputs arriving at the 
hippocampus are thus sent to CA3 after pattern separation at the 
DG (separate coding), and translated into associated but separate 
memories at CA3 to complete the pattern (32). Reverse projections 
from CA3 to immature neurons also facilitate sparse coding of DG 
granular cells (33). Also, the electrophysiologic features (high 
inducibility) of immature neurons have led to another hypothesis 
that suggests simultaneous events stimulate the same immature 
granular cell population, whereas events separated by days/weeks 
stimulate different granular cell masses. Hence, different granular 
cell populations represent events occurring at different time points 
and contribute to temporal separation (34).

The pattern separation function of DG has also been shown 
in in vivo studies. Behavioral studies of rodents with DG injury 
have demonstrated the role of DG in pattern separation (35,36). 
Similarly, activity in the DG/CA3 region has been reported to 
correlate with pattern separation in recent fMRI studies (34). It 
has also been demonstrated that animals failed to differentiate 
similar contents in fear conditioning tests when neurogenesis was 
inhibited (35). On the other hand, manipulations that increase 
neurogenesis have resulted in better performance in location 
distinction and contextual fear conditioning (37). Furthermore, 
impairment of pattern separation has been reported in normal 
aging and patients with moderate cognitive impairment (35). 
Pharmacologic strategies aimed at stimulating hippocampal 
neurogenesis have been suggested to be potentially therapeutic 
in age-related impairment of pattern separation in the latter 
studies. 

Molecular Mechanisms Mediating Pattern 
Separation

BDNF has been reported to have an important role in pattern 
separation in DG, although the exact molecular mechanisms 
of the process are unclear. Accordingly, separate storage of 
similar presentations requires stabilization and reinforcement of 
connections between CA3 and DG neurons responsible for pattern 
coding. Activity patterns are thought to be repeated throughout 
consolidation, to activate gene expression programs that reinforce 
the connections. BDNF has been hypothesized as the triggering 
factor that reinforces connections to be re-activated during recall 
(38).

Immature adult-born neurons are capable of responding 
faster to spatial input arriving at the DG due to their high 
plasticity. This rapid response might be susceptible to available 
hippocampal BDNF levels. Ablation of the BDNF receptor, 
tropomyosin receptor kinase B (TrkB), in progenitor cells has 
influenced synaptic plasticity and behavior. Accordingly, it might 
be possible that BDNF activates TrkB receptors in immature cells 
during pattern separation. BDNF expression might therefore 
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be needed for coding of similar presentations in the DG. One 
study demonstrated that BDNF is required for the execution of 
a task involving pattern separation; BDNF was not an effective 
factor in a version of the same task without a prominent need for 
pattern separation. The same study also demonstrated that pattern 
separation was impaired with the inhibition of BDNF at DG, and 
injection of BDNF in the DG improved pattern separation. In 
addition, BDNF-dependent pattern separation occurred during 
coding, consolidation, and storing, but not during recall (38). 

Another study implied that N-methyl-D-aspartic acid 
-mediated plasticity was required for rapid pattern separation 
in the DG (39). On the other hand, the cholinergic system has 
an important part in learning and memory function, as we have 
previously shown (40). The cholinergic system is responsible for 
coding information into episodic memory. Cholinergic innervation 
originating from the septum has been reported as the most 
important input regulating hippocampal theta rhythm necessary 
for proper hippocampal functioning (41). Additionally, deficiency 
of cholinergic neurons in the basal forebrain reduced the number 
of doublecortin (DCX) immunopositive cells in the subgranular 
region of the DG. DCX is expressed specifically in immature 
neurons (41).

The Role of Adult Neurogenesis in Consolidation

The hippocampus is needed for the consolidation of learned 
information during the transfer into long-term memory. Memory 
is stored only for a brief period in the hippocampus. Afterwards, 
it is transferred to other brain structures (neocortical structures 
including the medial prefrontal cortex, and orbitofrontal, and 
anterior cingulate cortex) through a process called system 
consolidation (42). Ongoing neurogenesis is thought to be an 
active process that allows deletion of old information from the 
hippocampus upon its transfer and storage into cortical structures, 
to make room for storage of new information (27).

Adult-born neurons start forming synapses at approximately 
2.5 weeks and integration of these neurons into existing circuits 
continues for a few more weeks (43). New neurons compete 
with existing granular cells throughout this integration process. 
Compensatory changes take place to prevent over stimulation 
of the circuit with the addition of highly inducible immature 
neurons. These compensatory mechanisms include reduction of 
sodium flow and/or increase in potassium flow in existing DG and 
CA3 neurons, or reduction of inducibility via loss of receptors or 
endocytosis (43). The addition of new neurons weakens available 
hippocampal connections. As a result, old memories transferred 
outside of the hippocampus are cleared to make room for the 
storage of new information (25). Frankland et al. (43) described 
ongoing adult hippocampal neurogenesis as the clearing process 
of memories in the hippocampus. This has been termed the 
hippocampal “memory clearance hypothesis” (44).

Kitamura et al. (42) demonstrated that increased neurogenesis 
achieved with wheel spinning exercise eliminated hippocampus 
dependency of memory without causing any memory loss. This 
suggests that the match between elimination of hippocampus-
dependent memory and activation non-hippocampal regions 
(cortical regions) is important for memory recall. Adult 
neurogenesis is known to decrease with advancing age, in parallel 

with the age-related impairment in spatial memory. Considering 
the limited storage capacity of the hippocampus DG, hippocampal 
capacity for acquisition and storage of new information is expected 
to decrease due to reduced clearance of old memories as a result of 
diminished neurogenesis in aged animals. 

Conclusion

The discovery of neurogenesis in the adult mammalian 
brain, including man, has been intriguing because it contradicts 
the dogma that the brain has a limited regenerative capacity. 
The hippocampus DG is one of the brain regions where adult 
neurogenesis occurs. The hippocampus is responsible for learning 
and memory functions. Hippocampal dysfunction has been 
suggested to underlie the pathogenesis of neurodegenerative 
diseases with age-related cognitive impairment. Therefore, it 
is important to investigate the role of new-born neurons in 
hippocampus physiology and pathology. Understanding how 
adult neurogenesis affects learning and memory formation, and 
investigating factors that affect neurogenesis are important for the 
development of clinical cognitive strengtheners. 
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