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New neurons in the adult hippocampus: Hope or hype?
André Mendonça Madaleno (Third Year Medicine, TCD)

INTRODUCTION 
Stem cells are distinct from most oth-
er cells in the body due to their ability 
to both proliferate indefi nitely and to 
generate a variety of diff erentiated 
cell types. In a similar manner to hae-
matopoietic stem cells that produce 
red blood cells, white blood cells and 
platelets, neural stem cells can dif-
ferentiate into the main cells of the 
CNS: neurons, astrocytes and oligo-
dendrocytes1-2. Neurogenesis is the 
production of mature neurons from 
neural stem cells. This process was 
detected in adult humans only a de-
cade ago3-5, but has since been con-
fi rmed in two distinct regions of the 
brain: the subventricular zone and 
the dentate gyrus of the hippocam-
pus6. The newly formed immature 
neurons begin expressing a series of 
transient markers, such as double-
cortin, followed by later markers like 
neuronal nuclear protein (NeuN), 
present in fully diff erentiated neu-
rons (see Figure 1). During the diff er-
entiation process, dendrites develop 
within the hippocampal network by 
initially forming synapses at dendritic 
shafts and later forming more ma-
ture synapses with dendritic spines 
such as thorny excrescences7-8. van 
Praag et al9 and others have shown 
that these neurons are functionally 
relevant in a key area of the brain in-
volved in memory and emotion – the 
hippocampus9-11. This review provides 
an introduction to the function and 
neurogenic properties of the hippo-
campus followed by an analysis of 
the regulatory mechanisms of neuro-
genesis and the possible clinical ap-
plications of its stimulation in several 
neurological conditions.

�Figure 1:

Immunofl uorescent microscopy from rat 
hippocampus tissue where NeuN was used as 
a marker and mature neurons can be clearly 
visualized. This technique and double or triple 
marker techniques provide an easy and reliable 
protocol to count diff erent types of cells in 
hippocampal tissue. Image collected by the 
author in the Institute of Neuroscience, Trinity 
College, Dublin.
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CLINICAL POINTS

x� Adult neurogenesis is the generation of functional neurons from 

neural stem cells present in the adult.
x� Adult hippocampal neurogenesis occurs in the subgranular zone 

of the dentate gyrus, a central component of the hippocampal 

neural network.
x� Adult neurogenesis is stimulated by specifi c types of learning,  ex-

ercise and neurotrophic factors such as BDNF and Shh. It is down-

regulated by corticosteroids, infl ammation and some drugs.

x� Recently, several epigenetic mechanisms have been found to reg-

ulate neurogenesis and the maturation of new neurons.

x� Upregulation of neurogenesis has been implicated in the molecu-

lar mechanism of action of treatments for depression (e.g. anti-

depressant drugs and ECT); possible future applications include 

treatment of stroke and traumatic brain injury. 

ABSTRACT
Stem-cell research has caused a paradigm shift in our understanding of 
brain function and regeneration. Discovery of the production of func-
tional neurons in the adult hippocampus, a neurogenic niche of the cen-
tral nervous system (CNS), has refuted the long held theory proposed 
by Ramon y Cajal that in the CNS “everything may die, nothing may be 
regenerated”. Neurotrophic factors, activity-dependent neurogenesis, 
downregulation factors and post-translational regulatory mechanisms 
seem to interact in a complex and still ill-explored fashion to control this 
endogenous regenerative process. Moreover, in animal models, upregu-
lation of neurogenesis is achieved with fl uoxetine and other antidepres-
sant therapies such as electroconvulsive therapy (ECT), demonstrating 
the clinical relevance of this mechanism. In fact, recent studies suggest 
that the upregulation of neurogenesis might also provide treatments for 
conditions such as traumatic brain injury (TBI) and stroke. 
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STRUCTURE AND FUNCTION OF 
THE HIPPOCAMPUS

The hippocampus includes the hip-
pocampus proper, the subiculum and 
the dentate gyrus and maintains an 
anteroposterior functional specializa-
tion pattern. The ventral (anterior) 
part has been linked to emotionality 
whilst the dorsal (posterior) part is as-
sociated with learning12-13. Other stud-
ies, using functional magnetic reso-
nance imaging (fMRI), have shown 
how ventral hippocampal activity is 
associated with the processing of 
novel stimuli. This activity gradually 
shifts to the dorsal hippocampus as 
these stimuli become more familiar, 
suggesting that the latter region is 
associated with long-term memory14. 
Moreover, left-right asymmetry is 
found in the hippocampus since the 
anterior left hippocampus is associat-
ed with new language material while 
the right hippocampus is involved 
in spatial activities such as driving a 
car15. All of these diff erent functions 
are enabled by the large and diverse 
set of connections between the hip-
pocampus and other brain regions 
(see Figure 2). 

THE HIPPOCAMPUS: A 
NEUROGENIC NICHE

Neurogenesis within the hippocam-
pus is supported by its diff use neu-
ronal connections to other regions 
of the brain and the characteristics 
of the hippocampal dentate gyrus, 
where neurogenesis takes place. 
The hippocampus receives choliner-
gic, noradrenergic, serotonergic and 
dopaminergic connections, most of 
which pass through the hippocam-
pal fornix. These inputs appear to be 

important for synaptic plasticity and 
adult hippocampal neurogenesis16. 
For example, inhibition of serotonin 
production with the drug parachlo-
rophenylalanine (PCPA) is associated 
with a reduction in the number of 
new neurons produced in the den-
tate gyrus17. 

The dentate gyrus receives connec-
tions from the entorhinal cortex and 
projects eff erent connections of un-
myelinated granule cell axons (mossy 
fi bers) through the fornix, thereby 
playing a fundamental role in the 
hippocampal neuronal network18. Its 

particular properties include the spe-
cifi c functions of astrocytes and capil-
laries which seem to create a “neuro-
genic niche”. Thus, the dentate gyrus 
is a microenvironment within the CNS 
that has unique characteristics allow-
ing for the diff erentiation of neural 
progenitors and their integration into 
the neural circuitry.

Vascular endothelial growth factor 
(VEGF), a well characterized angio-
genic factor, appears to stimulate 
neurogenesis in the dentate gyrus19. 
This supports the concept of the 
neurogenic niche as also a “vascular 

�Figure 2: The hippocampus is connected to cor-
tex regions (represented by black lines) and subcorti-
cal structures such as anterior thalamic nuclei (ATN), 
medial dorsal thalamic nuclei (MDTN) and others 
(represented by red lines). Figure reproduced from 
Bird C, Burgess N. The hippocampus and memory: in-
sights from spatial processing. Nature Reviews Neu-
roscience. 2008; 182-94.
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niche,” a dynamic biochemical mi-
croenvironment of angiogenesis and 
vascular remodelling. In fact, Palmer 
et al20 found that in vivo areas of high 
neural stem cell proliferation are in 
close proximity to dentate gyri cap-
illaries which suggests an overlap 
between angiogenic and neurogenic 
mechanisms in the adult brain.

Similarly, astrocytes, now considered 
the most important non-neural cells 
involved in regulating neurogenesis, 
are apposed to the subgranular zone 
of the dentate gyrus – the zone where 
neurogenesis takes place (see Figure 
3)21-25. They promote proliferation and 
neuronal specifi cation of adult neural 
stem cells in vitro whereas astrocytes 
from non-neurogenic areas such as 
the spinal cord do not. This view is 
supported by their unique ability to 
produce neurogenic signals, such as 
neurogenesin-1, a neuronal cell fate 
factor that promotes the specializa-
tion of neural stem cells into neurons 
rather than astrocytes26. 

Moreover, certain activities can infl u-
ence this neurogenic niche. Besides 
the special properties of astrocytes 
and angiogenesis in the dentate gy-
rus which allow for a basal level of 
neurogenesis, certain types of learn-
ing or simple physical exercise have 
been shown to upregulate hippocam-
pal neurogenesis.  

ACTIVITY-DEPENDENT 
NEUROGENESIS

It is now commonly accepted that 
adult neurogenesis in the hippocam-
pus is stimulated by local factors such 
as nearby synaptic activity and sys-
temic factors including some hippo-
campal-dependent types of learning 
and physical exercise. 

On a synaptic level, there is in vitro 
evidence for the direct stimulation of 
neural stem cells through glutamate 
NMDA receptors and Cav1.2/1.3 chan-
nels. Administration of antagonists 

such as nifedipine to these L-type 
calcium channels causes a complete 
block of excitation-induced neuro-
genesis in rodent models27. More-
over, antagonizing NMDA receptors 
in neural stem cells in vitro blocks 
both excitation-induced neurogen-
esis and basal neurogenesis levels27. 
Paradoxically, indiscriminate NMDA 
glutamate receptor agonist binding 
seems to reduce neurogenesis in 
vivo. It is postulated that this eff ect 
is mediated by inhibitory GABAergic 
hippocampal interneurons activated 
by NMDA glutamate receptors28-29. 
Hence, there is a counterbalance to 
excitation-induced neurogenesis me-
diated by GABAergic interneurons.

The evidence for the stimulation of 
neural stem cells through NMDA and 
Cav1.2/1.3 channels demonstrates 
how neurogenesis is infl uenced by 
neuronal activity at a cellular level. 
Conversely, behavioural data ob-
tained by Shors et al30 shows that 
some types of learning are dependent 
on adult neurogenesis. Hippocampal-
dependent types of learning include 

trace fear conditioning (formation 
of memories of noxious events) and 
spatial learning (measured in rodents 
using a Morris water maze exercise). 
This study found that only some of 
these types, such as trace fear con-
ditioning, are dependent on active 
adult hippocampal neurogenesis sug-
gesting a signifi cant but complex role 
of adult neurogenesis in hippocam-
pal-dependent learning30-31. 

Similarly, rodent studies looking at 
the eff ects of physical exercise on 
neurogenesis and cognition provide 
a basis for an exercise-induced neu-
rogenesis hypothesis32-33. Through 
future research, these results might 
help to explain human cohort data 
identifying a correlation between 
cardiovascular fi tness and cognition 
levels34-35.  

Recent studies have also linked the 
regulation of adult hippocampal neu-
rogenesis with leptin36, diet37 and 
sleep patterns38; suggesting that 
some factors of overall health and 
lifestyle may infl uence brain func-

�Figure 3: Unlike the remainder of the hippocampal formation, populated by pyramidal cells, 
the dentate gyrus has granular cells and is composed of the subgranular zone, containing the neural 
progenitors (blue) responsible for adult neurogenesis, and the outer granular and molecular layers with 
granular cells (neurons) in green. In this rat brain slice, astrocytes (red) were also marked. This photo was 
taken in the lab of David Schaff er at the University of California, Berkeley.
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tion by regulating neurogenesis.  Al-
though the interplay of all of these 
factors in the process of neurogen-
esis is not completely understood, 
much is known about the mecha-
nisms involved in its control, which 
include both neurotrophic and down-
regulation factors.

NEUROTROPHIC FACTORS 

A neurotrophic factor is any regula-
tory factor present in the CNS that 
upregulates neurogenesis. These in-
clude VEGF, fi broblast growth factors 
1 and 2 (FGF-1 and FGF-2), oestrogen 
and endothelial growth factor (EGF). 
However, two of the most studied 
and well understood are the brain de-
rived neurotrophic factor (BDNF) and 
Sonic hedgehog (Shh). 

BDNF promotes the diff erentiation 
and survival of new neurons in the 
adult and is essential for the devel-
opment of the embryonic CNS. A re-
duction in BDNF is thought to play a 
role in neurodegeneration, chronic 
stress and depression39. BDNF binds 
to TrkB, a tyrosine kinase receptor, 
thereby activating a series of molecu-
lar cascades which are fundamental 
for normal hippocampal structural 
development. For example, one of 
these pathways includes mitogen-ac-
tivated protein kinase kinase (MEK) 
and extracellular regulated kinase 
(ERK)40. The transcription of BDNF 
is regulated by calcium/cyclic-AMP 
responsive-element binding protein 
(CREB), itself phosphorylated by this 
MEK-ERK pathway, thus establish-
ing a positive feedback mechanism. 
Stressful environments, as replicated 
in animal models, are associated with 
a down regulation of BDNF mRNA 
and protein levels41-43. Similarly, CREB 
has been shown to be down regu-
lated in the cerebral cortex of de-
pressed patients and to be reduced 
in the dentate gyrus following stress. 
It is thought that most antidepres-
sants achieve their eff ect through 
the upregulation of the CREB-BDNF 

pathway and possibly subsequently 
through hippocampal neurogene-
sis39-44. 

Similarly, Shh not only promotes ear-
ly neural development in the embryo 
but also promotes survival of stem 
cell niches in the adult brain. While 
its role is not yet completely under-
stood, Shh has been shown to elicit 
a dose-dependent proliferation in 
neural progenitor cells both in vitro 
and in vivo. In fact, blocking Shh sig-
nalling reduces hippocampal neural 
stem cell proliferation in vivo45-46. 

DOWNREGULATION

Downregulators of hippocampal neu-
rogenesis such as nicotine, opiates, 
alcohol, endogenous glucocorticoids 
and IL-6 have an opposite eff ect to 
that of neurotrophic factors28. The 
infl ammatory marker IL-6 is particu-
larly interesting since it counteracts a 
compensatory increase in neurogen-
esis following neuronal death and in-
fl ammation caused by TBI (see Clini-
cal Uses for further discussion). In 
the rodent model, transgenically in-
duced astroglial production of IL-6 re-
duced hippocampal neurogenesis by 
63% possibly through autocrine and/
or paracrine mechanisms47. Further-
more, the action of glucocorticoids 
provides a mechanism that explains 
how overactivity of the hypothalamo-
pituitary-adrenocorticoid axis, pres-
ent in patients suff ering from depres-
sion, might be partially responsible 
for the lower levels of neurogenesis 
observed in these patients48. 

In addition to these regulators of 
neurogenesis, there are also mecha-
nisms that control neurogenesis at 
an upstream level by means of post-
translational control of gene expres-
sion.  

POST-TRANSLATIONAL 
REGULATORY MECHANISMS

Post-translational regulatory mecha-
nisms, such as epigenetics and mi-
croRNA (mi-RNA), infl uence gene 
expression without altering the DNA 
sequence present in all somatic adult 
cells. As a result, these mechanisms 
control the production of regulatory 
factors and the ultimate fate of neu-
ral stem cells. 

Epigenetic control mechanisms are 
post-translational modifi cations of 
DNA and nuclear proteins that pro-
duce permanent changes in chroma-
tin structure and therefore regulate 
gene expression49. Several epigen-
etic regulatory mechanisms of neu-
rogenesis have been identifi ed in the 
past decade50-51 such as DNA meth-
ylation52. DNA methylation is a well 
understood post-translational modi-
fi cation that involves the addition of 
methyl groups to lysine residues of 
chromatin by DNA methyltransfer-
ases. This reduces the transcription 
of these methylated genes, a process 
referred to as gene silencing. There 
are also proteins which demethylate 
promoter regions thereby allowing 
for the transcription and expression 
of the previously methylated genes. 
Ma et al concluded that the Gadd45b 
gene, expressed in mature neurons, 
was required for the demethylation 
of BDNF and FGF-1 promoters there-
by allowing these neurotrophic fac-
tors to be transcribed. Gadd45b gene 
knockout in a rodent model caused 
a signifi cant reduction in activity-
induced neurogenesis and dendritic 
development52.

Another post-translational mecha-
nism regulating neurogenesis in-
volves miRNA and was identifi ed by 
Cheng et al using rodent models. 
miRNAs are 22-nucleotide-long non-
coding RNA sequences that cause 
the degradation or inhibition of 
complementary sequences of mRNA 
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thereby reducing gene expression53. 
This mechanism regulates neurogen-
esis in the subventricular zone rather 
than the hippocampus; however, it 
provides an example of what might 
underlie neurogenesis control in all 
neurogenic niches of the CNS. In this 
study, miRNA miR-124, which causes 
the downregulation of the transcrip-
tion factor Sox9, was suggested to 
be important for adult neurogenesis. 
Sox9 stimulates glial cell formation 
from neural stem cells. miR-124 re-
duces Sox9 expression, thereby pro-
moting an alternative cell fate: neu-
rogenesis. Hence, miR-124 increases 
the proportion of neurons to glial 
cells produced from the proliferating 
neural stem cells and functions as a 
“neuro-glial cell fate switch” 54-56. 

The mechanisms of epigenetic con-
trol of neurotrophic factor produc-
tion and the mi-RNA based “neuro-
glial cell fate switch” help us to better 
understand the process by which 
cells diff erentiate and integrate into 
a complex network such as the CNS. 
While the clinical potential of these 
post-translational mechanisms is un-
known, other areas of research into 
adult neurogenesis have already dis-
covered several clinical implications.

CURRENT AND FUTURE CLINICAL 
IMPLICATIONS

Upregulation of neurogenesis has 
been inadvertently used as the main-
stay of treatment for depression for 
decades until its role was brought to 
light by Santarelli et al. Their study 
showed that selective serotonin 
reuptake inhibitors (SSRIs), such as 
fl uoxetine, did not have an antide-
pressant eff ect in animals where neu-
rogenesis was eliminated by selec-
tive irradiation of the hippocampus44. 
Hence, the fi rst clinical application 
of the upregulation of neurogenesis 
was identifi ed. 

In current clinical practice, the treat-
ments that involve upregulation of 

adult hippocampal neurogenesis are 
used solely for depression. These in-
clude some antidepressants, such 
as fl uoxetine31, and electroconvul-
sive therapy (ECT)57, used in cases 
of severe depression refractory to 
conventional pharmacotherapy. The 
antidepressant eff ect of ECT seems 
to be mediated in part by increased 
VEGF production. This provides a 
possible explanation for the effi  cacy 
of ECT in cases where pharmacologi-
cal antidepressants do not work be-
cause these agents do not increase 
VEGF production28,58. In fact, the clini-
cal use of ECT might be improved in 
the near future as some small clinical 
trials, which have focused on fi ne-
tuning the electrical pulse width and 
electrode placement, have shown 
increased treatment effi  cacy and a 
reduction of its classic side-eff ects in-
cluding retrograde amnesia59.

Another important therapeutic goal 
for the future is to discover a treat-
ment that would upregulate en-
dogenous neurogenesis after TBI 
or stroke, hence improving motor 
and cognitive patient outcomes. It 
is known that VEGF-induced neuro-
genesis10 is part of the endogenous 
repair response to ischaemic stroke 
in the adult cortex60 even though it is 
not clear to what extent cortical neu-
rogenesis is present in adult humans6. 
While adult cortical neurogenesis is 
signifi cant in vertebrates like fi sh, 
amphibians and reptiles, it seems to 
have been suppressed throughout 
evolution in birds and mammals61. 

A complete understanding of the 
necessary conditions for the up-
regulation of functionally signifi cant 
neurogenesis after stroke or TBI has 
not yet been reached. Nevertheless, 
promising experiments using double-
cortin and NeuN markers have shown 
new hippocampal neurons to mi-
grate to ischaemic striatal areas after 
induced ischaemic events in rodent 
models62-63. Unfortunately, these new 

neurons have minimal survival rates 
in their new location. As a result, the 
clinical signifi cance of these migrato-
ry neurons is limited until the neces-
sary conditions for their integration 
into functional networks are discov-
ered62-64.

A caveat for possible future treat-
ments involving the upregulation of 
neurogenesis is the risk of deregu-
lated neurogenesis. Results from 
González-Martínez et al65 suggest 
that spontaneous neurogenesis is as-
sociated with pharmacoresistant hu-
man neocortical epilepsy. Neverthe-
less, it is still unclear whether this is 
related to its pathogenesis or an en-
dogenous mechanism of repair that 
fails to function in this condition. 

Moreover, it has been shown that it 
is possible to improve sensorimotor 
and learning outcomes by upregu-
lating neurogenesis after damage to 
the mammalian cortex. For example, 
Shear et al66 used mammalian models 
to transplant exogenous neural stem 
cells after TBI. They reported positive 
behavioural and motor outcomes, 
providing a basis for future use of 
neural stem cells in a wide range of 
pathologies66-67. Another method by 
which this might be achieved was 
demonstrated by Xiong et al68. This 
study concluded that administration 
of erythropoietin six hours post-TBI 
provided neuroprotection and neu-
rorestoration by enhancing neuro-
genesis, angiogenesis and synaptic 
plasticity in the dentate gyrus of a 
rodent model. More importantly, 
erythropoietin improved sensorimo-
tor and spatial learning outcomes68. 
The biochemical mechanism of eryth-
ropoietin has been studied in the 
subventricular zone and it appears to 
upregulate BDNF and VEGF produc-
tion69. Nevertheless, erythropoietin, 
after an early successful clinical tri-
al70, was tested in a randomized mul-
ticenter trial which has shown that 
it is not acceptable for use in stroke 
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due to an increase in mortality at 90 
days post stroke71-72. Therefore, while 
we know that it is possible to upregu-
late neurogenesis with positive clini-
cal outcomes, no drug that will safely 
do so has yet been discovered. 

CONCLUSION
The discovery of adult neurogen-
esis in key regions of the CNS such 
as the hippocampus has changed 
our understanding of brain function 
and repair73. The previous model of 
a fi xed adult neuronal circuitry, simi-
lar to a computer circuit board, may 
be replaced by a model of a more 
dynamic nature, constantly adapt-
ing to exogenous and endogenous 
signals74. Moreover, current knowl-
edge of the regulatory mechanisms 
involved in neurogenesis allows us 
to understand the mechanisms of ac-
tion of some treatments for depres-
sion and provides a new framework 
for research on treatments for many 
common neuropsychiatric and neu-
rological disorders, including stroke 
and TBI. Hence, the discovery of adult 
neurogenesis will probably change 
the way we treat brain injury as much 
as it has changed our understanding 
of how the brain functions.    
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