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physiological conditions and in depression

Martin Dokter, Oliver von Bohlen und Halbach

Institute of Anatomy and Cell Biology, Ernst Moritz Arndt University of Greifswald, Germany

Abstract

Adult neurogenesis can only be observed in some specific brain regions. One of these areas is
the dentate gyrus of the hippocampal formation. The progenitor cells located in the subgranular
layer of the dentate gyrus proliferate, differentiate, and give rise to young neurons that can
become integrated into existing neuronal circuits. Under physiological conditions, hippocampal
neurogenesis is linked to hippocampal-dependent learning, whereas deficits in adult hippocampal
neurogenesis have been shown to correlate with disturbances in spatial learning and memory.
This review summarizes the phenomenon of adult hippocampal neurogenesis and the use of
suitable markers for the investigation of adult hippocampal neurogenesis. In addition, we focused
on the disturbances in neurogenesis that can be seen in depression. Interestingly, several
antidepressants have been found to be capable of increasing the rate of hippocampal
neurogenesis. Based on that, it can be speculated that factors, which directly or indirectly
increase the rate of hippocampal neurogenesis, may be helpful in the treatment of depression.
Key Words: hippocampus; dentate gyrus; learning; depression; aging; environment
Abbreviations: SVZ, subventricular zone; NeuroD, neurogenic differentiation; FGF, fibroblast
growth factor; BDNF, brain-derived neurotrophic factor.

INTRODUCTION

Neurogenesis has long been believed only
to occur during brain development. In the
1960s, Altman and Das provided the first
evidence that new cells can be generated in
the postnatal brain™?. Nowadays it is widely
accepted that ongoing adult neurogenesis
can be observed in several brain regions
including:

(i) the subventricular zone (SVZ): The newly
born cells of the SVZ migrate and
differentiate into neurons within the olfactory
bulb®. The newly generated neuronal cells
in the SVZ migrate over a long distance to
the olfactory bulbs through the rostral
migratory stream and differentiate into
interneurons at their final destination. These
newly generated neuronal cells in the
olfactory bulbs establish synaptic contacts
and functional connections with neighboring
cells™*?,

(i) the subgranular zone of the dentate
gyrus: The newly formed cells integrate into
the granular layer of the dentate gyrus and
start to extend their axons and dendrites into
their target areas™®.

(iii) the neocortex"®, the piriform cortex®*?,
the subcallosal zone™, the amygdala™™?, the
striatum™™*¥, and the substantia nigra™*°.
However, neurogenesis in these areas
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seems to occur at substantially lower levels
or might be induced under non-physiological
conditions.

The phenomenon of adult hippocampal
neurogenesis and the use of suitable
markers for the investigation of adult
hippocampal neurogenesis are reviewed. In
the review, we analyze the current
knowledge on the effects of depression
upon hippocampal neurogenesis and
propose that growth factors may not only
play important roles for adult hippocampal
neurogenesis but also for the beneficial
effects of chronic antidepressant treatments
on adult neurogenesis within the
hippocampus.

THE HIPPOCAMPUS

In humans, the hippocampus is located
within the temporal lobe. The hippocampal
formation is composed of the Cornu
ammonis (areas CA1-CA3), the dentate
gyrus and the subicular complex™. The
hippocampus has a three-laminar
composition. In the areas CA1-CAS3, these
layers are called: (i) stratum oriens, (ii)
stratum pyramidale (which consist of cell
bodies of the pyramidal neurons) and (iii)

the stratum radiatum/lacunosum moleculare.

The dentate gyrus has also a laminar
organization (stratum moleculare, stratum
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granulosum (composed of the cell bodies of the granule
cells) and polymorph layer). A substructure belonging to
the dentate gyrus is the subgranular zone. This small cell
layer is located at the basis of the stratum granulosum
and cells located in this substructure are capable of adult
neurogenesis. Different parts of the hippocampus
(dentate gyrus, CA3, CA1l) are interconnected by the
so-called tri-synaptic circuit™®?”, which plays a
fundamental role in hippocampal learning and memory.
The connections within the hippocampus are illustrated
in Figure 1.

Figure 1 Schematic representation of the connections
within the hippocampus (section of a rodent brain).

1: Fibers from the entorhinal cortex (layers Il and I11)
project via the Tractus perforans to the dentate gyrus;

2: The dentate gyrus sends fibers toward area CA3
(“mossy fiber” system);

3: Areas CA3 and CA1 are connected via the Schaffer
collaterals;

4: Area CA1 projects back to the entorhinal cortex (layer
1V). These projections can be direct or indirect (via the
subiculum).

Neurogenic cells, located in the subgranular zone, are
shown as red circles.

ADULT NEUROGENESIS WITHIN THE
HIPPOCAMPUS

Under physiological conditions, adult neurogenesis
within the hippocampus is mainly observed in the
subgranular layer of the dentate gyrus. Adult
hippocampal neurogenesis is thought to consist of
several developmental stages®®?? that are characterized
by morphological distinct cells:

Type 1 cells

Adult hippocampal neurogenesis originates from a cell
with functional and morphological characteristics of a glia
cell. Type 1 cells are thought to constitute the resident
early precursor population. The somata of these cells,
located in the subgranular zone, are triangular shaped.
These cells extend an apical process towards the
molecular layer of the dentate gyrus and sometimes also
shorter tangentially orientated processes at the base of

the subgranular zone®?, Cells belonging to type 1 are
relatively abundant within the subgranular zone, but it is
thought that these cells rarely divide. Type 1 cells
express glial fibrillary acidic protein as well as the
intermediate filament nestin'®>%°!,

Type 2 cells

Type 1 cells give rise to fast proliferating intermediate
precursors. Most of the expansion of the pool of newly
generated cells occurs during the stage of type 2 cells.
Type 2 cells are characterized by a small soma, irregular
shaped nucleus and short and horizontally orientated
processes. Type 2 cells show an overlap in the
expression of several glial and neuronal markers. Based
on the expression of distinct markers, type 2 cells can be
divided into two nestin-positive subpopulations: one
negative and one positive for the immature neuronal
marker doublecortin. These two different subpopulations
were named type-2a and type-2b cells®??.

Type 3 cells

Type 3 stage is a transition phase from the slowly
proliferating “neuroblasts” to the postmitotic immature
neuron. Under normal conditions, type 3 cells display
only little proliferative activity, but under
pathophysiological conditions (e.g. seizures), they can
dramatically increase their proliferative activity?”. Type 3
cells express no markers of the glial lineage, but markers
of the neuronal lineage®®. Type 3 cells migrate over a
short distance into the granular layer. The morphology of
the type 3 cells is highly variable, reflecting their
developmental transition: the orientation of the
processes changes from horizontal to vertical and the
processes vary in length and complexity. Exit from the
cell cycle occurs at this stage and coincides with the
transient expression of the calcium-binding protein
calretinin. Concerning the regulation and control of adult
neurogenesis, it is important to understand that control
means maintenance of a baseline level of neurogenesis,
whereas regulation is rather the deviation from that
baseline. For detailed information see the recent
published review from Gerd Kempermann®®?.,

MARKERS FOR NEUROGENESIS IN THE
HIPPOCAMPUS

Bromodeoxyuridine (BrdU)

The synthetic halogenated pyrimidine analogue BrdU is
incorporated into nuclear DNA as bromouracil, replacing
thymidine during the S-phase of the cell cycle. Since the
introduction of monoclonal antibodies against BrdU®”, an
increasing number of immunohistocytochemical
techniques have been applied for detecting the
exogenous nucleoside incorporated into replicating
DNAPY, A breakthrough for the analysis of adult
hippocampal neurogenesis was the use of
BrdU-immunohistochemistry®?. However, it should be
kept in mind that BrdU labels all S-phase cells in the
adult dentate gyrus; thus, it does not allow distinguishing
between newly formed glia cells or neurons. Therefore,

553



Dokter M, et al. / Neural Regeneration Research. 2012;7(7):552-559.

BrdU labeling without the use of additional markers is
inappropriate. Due to the fact that BrdU incorporation is a
general indicator for cell genesis in the brain, an increase
in BrdU-labeled cells must not per se indicate the
generation of more new neurons®®. To determine that
changes in BrdU-labeling are indeed related to altered
neurogenesis, one has to combine this labeling with
other markers that label newly formed neurons at later
stages in the time-course of neurogenesis. Furthermore,
problems of dilution, over- and underestimation have to
be taken into account. In addition, the application mode
(number of injections, concentration of BrdU) and the
time-course by which the analysis takes place are
important factors that also should be taken into
account™®!. BrdU is mainly applied by intraperitoneal
injection. Thus, BrdU has to cross the blood-brain barrier
and based on that, changes in the integrity of the
blood-brain barrier can influence the numbers of
BrdU-positive cells®.

Ki-67 and phosphohistone H3

Both markers are well-suited to detect dividing cells
within the hippocampus.

The name Ki-67 is derived from the city of origin (Kiel,
Germany) and the number of the original clone in a
96-well plate®”. Ki-67 is expressed in all phases of the
cell cycle (G;, G,, S and M) except the resting phase (Gy)
and at the beginning of the G, phase'®.. Due to its short
half-life of about 1 hour, it is rarely detectable in cells in
the G, phase®. Phosphohistone H3 is a part of the
histone octamer. The phosphorylated form of
phosphohistone H3 is present during the late G2 phase
and in the M phase of cell division®**".. Since metaphase
chromosomes are always intensely phosphorylated, it
could be speculated that the phosphorylation of histone 3
is a tool of the cell cycle to mark chromosomes that are
ready to go further in the cell cycle®®. Both markers are
widely used to identify proliferating and mitotic cells in
the hippocampus (Figure 2A) and in contrast to BrdU,
Ki-76 and phosphohistone H3 can directly be detected by
means of immunohistochemistry, since they are
intrinsically expressed.

Since the mere measurement of proliferation is not a
good prognosis of neurogenesis as a process®”, a more
detailed analysis by using markers for later steps of
neurogenesis is required.

Neurogenic differentiation (NeuroD)

The basic helix-loop-helix protein NeuroD represents a
transcription factor expressed at later stages of neuronal
commitment®. NeuroD is expressed during
neurogenesis in the adult dentate gyrus“® and
NeuroD-positive cells can be found in the subgranular
zone and inner granule cell layer™®*?. Furthermore,
NeuroD expression is found in PSA-NCAM-positive cells
(see below) within the dentate gyrus, but NeuroD
expression precedes that of PSA-NCAM™. Thus,
NeuroD is a marker for the early cells of the neuronal
lineage and therefore can be used to identify early mitotic
active neuronal cells in the dentate gyrus.
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Polysialylated embryonic form of the neural cell
adhesion molecule (PSA-NCAM) and doublecortin
PSA-NCAM is highly expressed by newly generated and
developing granule cells in the adult dentate gyrus™*.
The attachment of the polysialic acid with its high
negative charge and large hydrate volume leads to a
weakening of the adhesion forces; however, the
functional significance of polysialic acid on NCAM in
adult neurogenic zones is incompletely understood™.,
doublecortin (Figure 2B) is a brain-specific
microtubule-associated protein that is expressed by
migrating neuroblasts and young neurons®*".

Figure 2 Examples of immuno-stained cells in the
dentate gyrus.

(A) Dividing cells were marked by using antibodies
(Ser-10, sc-8656, Santa Cruz Biotechnology, Germany
(red)) directed against phosphohistone H3 (PH3). The
phosphorylation of Ser-10 at histone3 is a marker of the
m-phase of the cell cycle. Since PH3 is a marker for
general cell proliferation, one cannot distinguish whether
the labeled cells belong to the neuronal lineage or not. Cell
nuclei were counterstained with DAPI (in blue).

(B) Doublecortin (DCX) positive cells with the dentate
gyrus of a mouse, visualized by an antibody directed
against DCX (C-18; sc-8066; Santa Cruz Biotechnology,
Germany (red); cell nuclei were counterstained with
4’6-diamidino-2-phenylindole (in blue)). The DCX-positive
cells belong to the neuronal lineage. Thus, DCX-positive
cells can either belong to the population of late mitotic
neuronal progenitor cells or to the population of early
postmitotic, immature neurons. Since DCX is expressed
for a longer time than PH3, more DCX than PH3 positive
cells can be seen.
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In 1998, it has been discovered that mutation in the
human X-linked gene doublecortin causes defects in the
cortical layering, known as "double cortex" syndrome, in
females, whereas males show X-linked lissencephaly™*®*!,
A central phase of neurogenesis is associated with the
expression of PSA-NCAM and doublecortin. This phase
ranges from the progenitor stage to the stage, during
which the newly generated cells extend their dendrites
and axons to establish functional connections®™”.
PSA-NCAM or doublecortin positive cells are also
positive for NeuroD and there is a transient
co-expression of these markers with NeuN, a marker for
mature neuronal cells™*" **4, indicating that PSA-NCAM
and doublecortin are markers for the neuronal lineage in
the adult dentate gyrus.

FUNCTIONAL HIPPOCAMPAL
NEUROGENESIS

Neurogenesis within the dentate gyrus occurs throughout
postnatal life and is influenced by environment,
behavior®**" and aging®®*.

The hippocampus is a brain region capable of structural
reorganization. Pre-existing neural circuits within the
adult hippocampus can undergo experience-induced
changes in dendritic spines®® and in the rate of
hippocampal neurogenesis. Functional neurogenesis
seems to have a profound impact upon neuronal
plasticity within the hippocampus, since increased
neurogenesis within the dentate gyrus is observed in a
variety of hippocampus-dependent learning and memory
tasks®" ®%4. Furthermore, long-term potentiation, a
well-characterized form of synaptic plasticity, believed to
play a critical role in memory formation, stimulates
hippocampal neurogenesis'®. Deficits in adult
hippocampal neurogenesis, however, can lead to
defective spatial learning and memory™.

Since the hippocampus exhibits marked functional
decline with aging, it could be speculated that
neurogenesis within the aged dentate gyrus is altered.
Indeed, it has been shown that neurogenesis is
drastically reduced in aged animals, not only in rodents,
but also in non-human primates®!. Neurogenesis
therefore seems to be linked to hippocampal functions
and an age-related decline in hippocampal functions
seems to be accompanied by a reduction in
neurogenesis. When talking about aging, it is worth to
consider that not aging per se is the “regulator” of
neurogenesis®® but rather one of the global key
determinants that (in concert with other regulators) can
influence both the baseline level and the regulation of
adult neurogenesis®. From the factors that cause a
decline in neurogenesis during aging, several

neuropeptides and transmitters are known to be involved.

For example, modified expression of neurotrophic
factors®™, changed neurotransmitter release®”"%, as well
as increased glucocorticoid levels have been found to
contribute to the effect of aging on adult neurogenesis!®®.

Therefore, the decline in hippocampal neurogenesis may
represent a side-product of aging. Given that
neurogenesis occurs throughout postnatal life, one would
expect that the dentate gyrus increases in size during
adulthood and that the number of granule cells is
increased in aged as compared to adult animals.
However, granule cell number of the dentate gyrus do
not increase with age", indicating that proliferation is
balanced by cell death. Thus, not the addition of new
neurons into the dentate gyrus seemed to be linked to
hippocampal functions, but the rate of the turnover of
granule cells within the dentate gyrus.

Neurogenesis is not only influenced by intrinsic
mechanisms but is altered by external stimuli. For
example, neurogenesis within the dentate gyrus is
increase in mice that were housed in an enriched
environment®. Enriched environment not only increases
neurogenesis in the dentate gyrus, but also improves
spatial memory™ and levels of neurotrophins!”.
Interestingly, there are data suggesting that the newly
generated neurons participate in the memory
improvement induced by the enrichment®.
Environmental enrichment typically consists of many
components, including increased social interaction and
more physical activity. Concerning the increased social
interactions, it has been found that social environment
has an impact upon adult neurogenesis, since rats
reared in isolation have less newborn cells in the dentate
gyrus than rats housed in groups'™. Thus, social
environment can increase neurogenesis. Interaction with
social partners, however, can lead to the formation of
dominance hierarchies. The position in a dominance
hierarchy does not influence cell proliferation within the
dentate gyrus, but dominant male rats have more new
neurons as compared with male subordinates®. Based
on these results, it can be concluded that social
environment is capable of increasing cell proliferation in
the dentate gyrus and the position within the dominance
hierarchy has an effect upon the neuronal lineage. Since
environmental enrichment allows more physical activity,
it also has been tested whether voluntary running
influences adult neurogenesis. The obtained data
demonstrate that voluntary exercise increases the
number of BrdU-positive cells in the adult murine dentate
gyrus”® and the levels of the brain-derived neurotrophic
factor (BDNF)".. These data indicate that both
components of enriched environment (social interactions
and physical activity) contribute to the beneficial effects
upon adult neurogenesis. Furthermore, a dietary
restriction feeding regimen has been found to increase
the numbers of newly generated cells in the murine
dentate gyrus, along with an increase in the expression
of neurotrophins®.

HIPPOCAMPAL NEUROGENESIS AND
DEPRESSION

Depression is a disorder of the representation and
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regulation of mood and emotion. Mechanisms underlying
the etiology of depression are complex and still poorly
understood®, Depression has a profound impact upon
several brain structures, as e.g. the hippocampal
formation®. In numerous magnetic resonance imaging
studies, the hippocampal volumetric differences between
depressed and healthy subjects have been analyzed.
Although there are some inconsistencies among the
different studies, a smaller hippocampal volume in
depressed patients seems to be related to the
pathophysiology of the disease®. An interesting aspect
of antidepressant treatment is that it is capable of
blocking or reversing hippocampal atrophy that is
observed in patients with depression®®.

It has been reported that stress paradigms, as well as
some animal models of depression, result in a decrease
in hippocampal volume and neurogenesis®®®. In this
context it is of interest to note that that chronic
antidepressant treatment is not only effective in the
treatment of depression, but also up-regulates adult
neurogenesis within the hippocampus®®”. Current
evidence suggest that adult hippocampal neurogenesis
may not be a major contributor to the development of
depression, but is required for some of the effects of
antidepressants®®®®%. This would suggest that there is a
link between the chronic treatment with antidepressants
and neurogenesis. Such a link may be the effect of
several antidepressants on neurotrophins.
Antidepressants stimulate the production and signaling
of plasticity-related proteins such as neurotrophins®”.
The neurotrophin BDNF, for example, promotes neuronal
differentiation, survival during early development, adult
neurogenesis, and neural plasticity®®. Thus, treatment
with antidepressant may, through enhanced BDNF
signaling, improve neurogenesis. Aside from
neurotrophins also other growth factors seemed to be
important in this context. By comparing depressed
subjects, treated with antidepressants, with untreated
depressed subjects, it was demonstrated that
depression-induced changes in fibroblast growth factor
(FGF) transcripts, including FGF-2, were attenuated by
antidepressant treatment®?. Moreover, it has been
shown that FGF-2 injection into the lateral ventricle
induces antidepressant-like effects'®*** and that mice
lacking FGF-2 display reduced hippocampal
neurogenesis'®. Thus, FGF-2 may also constitute both,
a potential partner interacting with several
antidepressants and a factor influencing adult
hippocampal neurogenesis. Based on these results it can
be suggested that neurogenesis is affected by
depression and that chronic antidepressant treatment
can have beneficial effects on hippocampal
neurogenesis. These results further hint that chronic
treatment with antidepressants has an impact upon
various growth factor systems and that these different
growth factors, at least in part, may be responsible for
the beneficial effects of several antidepressants.
However, these assumptions are based on animal

556

models of depression. Concerning depression in humans,
it would be important to show that there is also a link
between depression and neurogenesis. Whether
antidepressant interventions produce similar alterations
in the human brain and whether stimulation of adult
neurogenesis within the human hippocampus may have
beneficial effects in the treatment of depression is still
unknown.

Data from animal studies have shown that neurogenesis
can be increased by dietary restriction as well as by
enriched environment. Both conditions not only increase
the rate of hippocampal neurogenesis but also the levels
of BDNF. Thus, physical exercise and environmental
enrichment may have beneficial effects in the treatment
of depression. Along this line, it has been demonstrated
that exposure to enriched environment ameliorates
depressive symptoms in chronically stressed rats”®® as
well as in rats exposed to juvenile stress®”.

CONCLUSION/PERSPECTIVE

New neurons generated in the dentate gyrus of the adult
hippocampus play an essential role in certain forms of
hippocampus-dependent learning tasks. Getting insight
in the role of adult hippocampal neurogenesis in learning
and memory could have important clinical implications.
Stimulation of neurogenesis within the dentate gyrus
could have the capacity to recover cognitive functions
and might therefore be beneficial for the treatment of
neurodegenerative (e.g. Alzheimer’s disease) and/or
mental disorders (e.g. depression). Environmental
enrichment, as well as pharmacological manipulations,
such as treatment with certain antidepressants, can be
helpful in promoting neurogenesis. Depression is
accompanied by a decline in neurogenesis and chronic
treatment with antidepressants can increase the rate of
neurogenesis. It can be speculated that the stimulating
effects upon neurogenesis of diverse antidepressants
are mediated by the activation of growth factors.
Environmental enrichment and physical exercise
increase the rate of neurogenesis within the dentate
gyrus, increase the levels of growth factors and
ameliorate depressive symptoms. Environmental
enrichment and physical exercise may therefore provide
new therapeutic strategies for the treatment of
depression or of illnesses that are accompanied by
reductions in the rates adult neurogenesis.

Funding: This study was supported by the German Research
Foundation, No. BO 1971/5-1; the Gerhard Domagk
Stipendium.

Author contributions: Martin Dokter and Oliver von Bohlen
und Halbach contributed equally.

Conflicts of interest: None declared.

REFERENCES

[1]  Altman J, Das GD. Postnatal neurogenesis in the guinea-pig.
Nature. 1967;214(5093):1098-1101.



Dokter M, et al. / Neural Regeneration Research. 2012;7(7):552-559.

[2

(3]

[4]
(5]

6l

(71

8l
[

[10]

(11

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Altman J, Das GD. Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol.
1965;124(3):319-335.

Luskin MB. Restricted proliferation and migration of postnatally

generated neurons derived from the forebrain subventricular zone.

Neuron.1993;11(1):173-189.

Carlen M, Cassidy RM, Brismar H, et al. Functional integration of
adult-born neurons. Curr Biol. 2002;12(7):606-608.

Belluzzi O, Benedusi M, Ackman J, et al. Electrophysiological
differentiation of new neurons in the olfactory bulb. J Neurosci.
2003;23(32):10411-10418.

von Bohlen und Halbach O. Immunohistological markers for
staging neurogenesis in adult hippocampus. Cell Tissue Res.
2007;329(3):409-420.

Takemura NU. Evidence for neurogenesis within the white matter
beneath the temporal neocortex of the adult rat brain.
Neuroscience. 2005;134(1):121-132.

Gould E, Reeves AJ, Graziano MS, et al. Neurogenesis in the
neocortex of adult primates. Science. 1999;286(5439):548-552.
Pekcec A, Loscher W, Potschka H. Neurogenesis in the adult rat
piriform cortex. Neuroreport. 2006;17(6):571-574.

Rivers LE, Young KM, Rizzi M, et al. Dentate gyrus FRA/NG2 glia
generate myelinating oligodendrocytes and piriform projection
neurons in adult mice. Nat Neurosci. 2008;11(12):1392-1401.
Seri B, Herrera dentate gyrus, Gritti A, et al. Composition and
organization of the SCZ: a large germinal layer containing neural
stem cells in the adult mammalian brain. Cereb Cortex.
2006;16(Suppl 1):i103-i111.

Bernier PJ, Bedard A, Vinet J, et al. Newly generated neurons in
the amygdala and adjoining cortex of adult primates. Proc Natl
Acad Sci U S A. 2002;99(17):11464-11469.

Van Kampen JM, Hagg T, Robertson HA. Induction of
neurogenesis in the adult rat subventricular zone and neostriatum
following dopamine D receptor stimulation. Eur J Neurosci.
2004;19(9):2377-2387.

Bedard A, Gravel C, Parent A. Chemical characterization of newly
generated neurons in the striatum of adult primates. Exp Brain
Res. 2006;170(4):501-512.

Yoshimi K, Ren YR, Seki T, et al. Possibility for neurogenesis in
substantia nigra of parkinsonian brain. Ann

Neurol .2005;58(1):31-40.

Zhao M, Momma S, Delfani K, et al. Evidence for neurogenesis in
the adult mammalian substantia nigra. Proc Natl Acad Sci U S A.
2003;100(13):7925-7930.

Squire LR, Zola SM. Structure and function of declarative and
nondeclarative memory systems. Proc Natl Acad Sci U S A.
1996;93:13515-13522.

Hasselmo ME, McClelland JL. Neural models of memory. Curr
Opin Neurobiol. 1999;9(2):184-188.

Naber PA, Witter MP, Lopes Silva FH. Networks of the
hippocampal memory system of the rat. The pivotal role of the
subiculum. Ann N 'Y Acad Sci. 2000;911:392-403.

van Groen T, Wyss JM. Extrinsic projections from area CA1 of the
rat hippocampus: olfactory, cortical, subcortical, and bilateral
hippocampal formation projections. J Comp Neurol.
1990;302(3):515-528.

Ming GL, Song H. Adult neurogenesis in the mammalian central
nervous system. Annu Rev Neurosci. 2005;28:223-250.
Kempermann G, Jessberger S, Steiner B, et al. Milestones of

neuronal development in the adult hippocampus. Trends Neurosci.

2004;27(8):447-452.

Filippov V, Kronenberg G, Pivneva T, et al. Subpopulation of
nestin-expressing progenitor cells in the adult murine
hippocampus shows electrophysiological and morphological
characteristics of astrocytes. Mol Cell Neurosci.
2003;23(3):373-382.

Fukuda S, Kato F, Tozuka Y, et al. Two distinct subpopulations of
nestin-positive cells in adult mouse dentate gyrus. J Neurosci.
2003;23(28):9357-9366.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Seri B, Garcia-Verdugo JM, McEwen BS, et al. Astrocytes give
rise to new neurons in the adult mammalian hippocampus. J
Neurosci. 2001;21(18):7153-7160.

Ehninger D, Kempermann G. Neurogenesis in the adult
hippocampus. Cell Tissue Res. 2008;331(1):243-250.
Jessberger S, Romer B, Babu H, et al. Seizures induce
proliferation and dispersion of doublecortin-positive hippocampal
progenitor cells. Exp Neurol. 2005;196(2):342-351.

von Bohlen und Halbach O. Immunohistological markers for
proliferative events, gliogenesis, and neurogenesis within the
adult hippocampus. Cell Tissue Res. 2011;345(1):1-19.
Kempermann G. Seven principles in the regulation of adult
neurogenesis. Eur J Neurosci. 2011;33(6):1018-1024.

Gratzner HG. Monoclonal antibody to 5-bromo- and
5-iododeoxyuridine: A new reagent for detection of DNA
replication. Science. 1982;218(4571):474-475.

Dolbeare F. Bromodeoxyuridine: a diagnostic tool in biology and
medicine, Part |: Historical perspectives, histochemical methods
and cell kinetics. Histochem J. 1995;27(5):339-369.

Miller MW, Nowakowski RS. Use of bromodeoxyuridine-
immunohistochemistry to examine the proliferation, migration and
time of origin of cells in the central nervous system. Brain Res.
1988;457(1):44-52.

Prickaerts J, Koopmans G, Blokland A, et al. Learning and adult
neurogenesis: survival with or without proliferation? Neurobiol
Learn Mem. 2004;81(1):1-11.

Gerdes J, Schwab U, Lemke H, et al. Production of a mouse
monoclonal antibody reactive with a human nuclear antigen
associated with cell proliferation. Int J Cancer. 1983;31(1):13-20.
Zacchetti A, van Garderen E, Teske E, et al. Validation of the use
of proliferation markers in canine neoplastic and non-neoplastic
tissues: comparison of KI-67 and proliferating cell nuclear antigen
(PCNA) expression versus in vivo bromodeoxyuridine labelling by
immunohistochemistry. APMIS. 2003;111(3):430-438.

Hendzel MJ, Wei Y, Mancini MA, et al. Mitosis-specific
phosphorylation of histone H3 initiates primarily within
pericentromeric heterochromatin during G2 and spreads in an
ordered fashion coincident with mitotic chromosome
condensation. Chromosoma. 1997;106(6):348-360.

Taupin P. BrdU immunohistochemistry for studying adult
neurogenesis: paradigms, pitfalls, limitations, and validation. Brain
Res Rev. 2007;53(1):198-214.

Hans F, Dimitrov S. Histone H3 phosphorylation and cell division.
Oncogene. 2001;20(24):3021-3027.

Lee JE, Hollenberg SM, Snider L, et al. Conversion of Xenopus
ectoderm into neurons by NeuroD, a basic helix-loop-helix protein.
Science. 1995;268(5212):836-844.

Kawai T, Takagi N, Miyake-Takagi K, et al. Characterization of
BrdU-positive neurons induced by transient global ischemia in
adult hippocampus. J Cereb Blood Flow Metab. 2004;24(5):
548-555.

Seki T. Expression patterns of immature neuronal markers
PSA-NCAM, CRMP-4 and NeuroD in the hippocampus of young
adult and aged rodents. J Neurosci Res. 2002;70(3):327-334.
Hevner RF, Hodge RD, Daza RA, et al. Transcription factors in
glutamatergic neurogenesis: conserved programs in neocortex,
cerebellum, and adult hippocampus. Neurosci Res. 2006;55(3):
223-233.

Seki T. Hippocampal adult neurogenesis occurs in a
microenvironment provided by PSA-NCAM-expressing immature
neurons. J Neurosci Res. 2002;69(6):772-783.

Seki T, Arai Y. The persistent expression of a highly polysialylated
NCAM in the dentate gyrus of the adult rat. Neurosci Res. 1991;
12(4):503-513.

Gascon E, Vutskits L, Kiss JZ. The role of PSA-NCAM in adult
neurogenesis. Adv Exp Med Biol. 2010;663:127-136.

Gleeson JG, Lin PT, Flanagan LA, et al. Doublecortin is a
microtubule-associated protein and is expressed widely by
migrating neurons. Neuron. 1999;23(2):257-271.

557



Dokter M, et al. / Neural Regeneration Research. 2012;7(7):552-559.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

558

Francis F, Koulakoff A, Boucher D, et al. Doublecortin is a
developmentally regulated, microtubule-associated protein
expressed in migrating and differentiating neurons. Neuron.
1999;23(2):247-256.

Gleeson JG, Allen KM, Fox JW, et al. Doublecortin, a
brain-specific gene mutated in human X-linked lissencephaly and
double cortex syndrome, encodes a putative signaling protein.
Cell. 1998;92(1):63-72.

Gleeson JG, Minnerath SR, Fox JW, et al. Characterization of
mutations in the gene doublecortin in patients with double cortex
syndrome. Ann Neurol. 1999;45(2):146-153.

Knoth R, Singec |, Ditter M, et al. Murine features of neurogenesis
in the human hippocampus across the lifespan from 0 to 100
years. PL0oS One. 2010;5(1):e8809.

Brown JP, Couillard-Despres S, Cooper-Kuhn CM, et al. Transient
expression of doublecortin during adult neurogenesis. J Comp
Neurol. 2003;467(1):1-10.

Couillard-Despres S, Winner B, Karl C, et al. Targeted transgene
expression in neuronal precursors: watching young neurons in the
old brain. Eur J Neurosci. 2006;24(6):1535-1545.

Young D, Lawlor PA, Leone P, et al. Environmental enrichment
inhibits spontaneous apoptosis, prevents seizures and is
neuroprotective. Nat Med. 1999;5(4):448-453.

Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons
in adult mice living in an enriched environment. Nature.
1997;386(6624):493-495.

Uda M, Ishido M, Kami K, et al. Effects of chronic treadmill running
on neurogenesis in the dentate gyrus of the hippocampus of adult
rat. Brain Res. 2006;1104(1):64-72.

Ra SM, Kim H, Jang MH, et al. Treadmill running and swimming

increase cell proliferation in the hippocampal dentate gyrus of rats.

Neurosci Lett. 2002;333(2):123-126.

Kim SH, Kim HB, Jang MH, et al. Treadmill exercise increases cell
proliferation without altering of apoptosis in dentate gyrus of
Sprague-Dawley rats. Life Sci. 2002;71(11):1331-1340.

von Bohlen und Halbach O. Involvement of BDNF in
age-dependent alterations in the hippocampus. Front Aging
Neurosci. 2010;2(36):1-11.

Zechel S, Werner S, Unsicker K, et al. Expression and functions
of fibroblast growth factor 2 (FGF-2) in hippocampal formation.
Neuroscientist. 2010;16(4):357-373.

von Bohlen und Halbach O. Structure and function of dendritic
spines within the hippocampus. Ann Anat. 2009;191(6):518-531.
Drapeau E, Mayo W, Aurousseau C, et al. Spatial memory
performances of aged rats in the water maze predict levels of
hippocampal neurogenesis. Proc Natl Acad Sci U S A.
2003;100(24):14385-14390.

Snyder JS, Hong NS, McDonald RJ, et al. Arole for adult
neurogenesis in spatial long-term memory. Neuroscience.
2005;130(4):843-852.

Bruel-Jungerman E, Davis S, Rampon C, et al. Long-term
potentiation enhances neurogenesis in the adult dentate gyrus. J
Neurosci. 2006;26(22):5888-5893.

Lee E, Son H. Adult hippocampal neurogenesis and related
neurotrophic factors. BMB Rep. 2009;42(5):239-244.

Amrein |, Isler K, Lipp HP. Comparing adult hippocampal
neurogenesis in mammalian species and orders: influence of
chronological age and life history stage. Eur J Neurosci.
2011;34(6):978-987.

Klempin F, Kempermann G. Adult hippocampal neurogenesis and
aging. Eur Arch Psychiatry Clin Neurosci. 2007;257(5):271-280.
Niewiadomska G, Baksalerska-Pazera M, Riedel G. The
septo-hippocampal system, learning and recovery of function.
Prog Neuropsychopharmacol Biol Psychiatry. 2009;33(5):
791-805.

Gilad GM, Rabey JM, Tizabi Y, et al. Age-dependent loss and
compensatory changes of septohippocampal cholinergic neurons
in two rat strains differing in longevity and response to stress.
Brain Res. 1987;436(2):311-322.

[69]

[70]

(71

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

[82]

(83]

[84]

[85]

(86]

(87]

(88]

(89]

[90]

(o1

[92]

Ypsilanti AR, Girao da Cruz MT, Burgess A, et al. The length of
hippocampal cholinergic fibers is reduced in the aging brain.
Neurobiol Aging. 2008;29(11):1666-1679.

von Bohlen und Halbach O, Unsicker K. Age-related decline in the
tyrosine hydroxylase-immunoreactive innervation of the amygdala
and dentate gyrus in mice. Cell Tissue Res. 2003;311(2):139-143.
Rapp PR, Gallagher M. Preserved neuron number in the
hippocampus of aged rats with spatial learning deficits. Proc Natl
Acad Sci U S A. 1996;93(18):9926-9930.

von Bohlen und Halbach O, Unsicker K. Morphological alterations
in the amygdala and hippocampus of mice during aging. Eur J
Neurosci. 2002;16:2434-2440.

Rasmussen T, Schliemann T, Sorensen JC, et al. Memory
impaired aged rats: no loss of principal hippocampal and subicular
neurons. Neurobiol Aging. 1996;17(1):143-147.

Nilsson M, Perfilieva E, Johansson U, et al. Enriched environment
increases neurogenesis in the adult rat dentate gyrus and
improves spatial memory. J Neurobiol. 1999;39(4):569-578.
Kobilo T, Liu QR, Gandhi K, et al. Running is the neurogenic and
neurotrophic stimulus in environmental enrichment. Learn Mem.
2011;18(9):605-609.

Bruel-Jungerman E, Laroche S, Rampon C. New neurons in the
dentate gyrus are involved in the expression of enhanced
long-term memory following environmental enrichment. Eur J
Neurosci. 2005;21(2):513-521.

Lu L, Bao G, Chen H, et al. Modification of hippocampal
neurogenesis and neuroplasticity by social environments. Exp
Neurol. 2003;183(2):600-609.

Kozorovitskiy Y, Gould E. Dominance hierarchy influences adult
neurogenesis in the dentate gyrus. J Neurosci. 2004;24(30):
6755-6759.

van Praag H, Kempermann G, Gage FH. Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus.
Nat Neurosci. 1999;2(3):266-270.

Lee J, Seroogy KB, Mattson MP. Dietary restriction enhances
neurotrophin expression and neurogenesis in the hippocampus of
adult mice. J Neurochem. 2002;80(3):539-547.

Sibille E, Hen R. Combining genetic and genomic approaches to
study mood disorders. Eur Neuropsychopharmacol. 2001;11(6):
413-421.

Campbell S, Macqueen G. The role of the hippocampus in the
pathophysiology of major depression. J Psychiatry Neurosci.
2004;29(6):417-426.

Eker C, Gonul AS. Volumetric MRI studies of the hippocampus in
major depressive disorder: Meanings of inconsistency and
directions for future research. World J Biol Psychiatry. 2010;
11(1):19-35.

Schmidt HD, Duman RS. The role of neurotrophic factors in adult
hippocampal neurogenesis, antidepressant treatments and
animal models of depressive-like behavior. Behav Pharmacol.
2007;18(5-6):391-418.

Blugeot A, Rivat C, Bouvier E, et al. Vulnerability to depression:
from brain neuroplasticity to identification of biomarkers. J
Neurosci. 2011;31(36):12889-12899.

Chen H, Pandey GN, Dwivedi Y. Hippocampal cell proliferation
regulation by repeated stress and antidepressants. NeuroReport.
2006;17(9):863-867.

Malberg JE, Eisch AJ, Nestler EJ, et al. Chronic antidepressant
treatment increases neurogenesis in adult rat hippocampus. J
Neurosci. 2000;20(24):9104-9110.

Sahay A, Hen R. Adult hippocampal neurogenesis in depression.
Nat Neurosci. 2007;10(9):1110-1115.

Warner-Schmidt JL, Duman RS. Hippocampal neurogenesis:
opposing effects of stress and antidepressant treatment.
Hippocampus. 2006;16(3):239-249.

Castren E. Neurotrophic effects of antidepressant drugs. Curr
Opin Pharmacol. 2004;4(1):58-64.

Noble EE, Billington CJ, Kotz CM, et al. The lighter side of BDNF.
Am J Physiol Regul Integr Comp Physiol. 2011;300(5):
R1053-R1069.

Evans SJ, Choudary PV, Neal CR, et al. Dysregulation of the
fibroblast growth factor system in major depression. Proc Natl
Acad Sci U S A. 2004;101(43):15506-15511.



Dokter M, et al. / Neural Regeneration Research. 2012;7(7):552-559.

[93]

[94]

[95]

Turner CA, Gula EL, Taylor LP, et al. Antidepressant-like effects of

intracerebroventricular FGF2 in rats. Brain Res. 2008;1224:
63-68.

Jarosik J, Legutko B, Werner S, et al. Roles of exogenous and
endogenous FGF-2 in animal models of depression. Restor
Neurol Neurosci. 2011;29(3):153-165.

Werner S, Unsicker K, von Bohlen und Halbach O. Fibroblast
growth factor-2 deficiency causes defects in adult hippocampal
neurogenesis, which are not rescued by exogenous fibroblast
growth factor-2. J Neurosci Res. 2011;89(10):1605-1617.

Brief research background of the authors
and their laboratory

Martin Dokter (left)
Oliver von Bohlen und Halbach (right)

The authors’ group mainly works on mechanisms
related to neuronal plasticity within the limbic
system, by focusing on the hippocampal formation
and the amygdala. They are interested in getting
insight in the roles of growth factors (e.g.
neurotrophins and fibroblast growth factors) in the
adult limbic system under physiological as well as
psychopathological conditions (e.g. depression,
mental retardation). They mainly use animal
models (transgenic rodents) and morphological
(dendritic spines, adult neurogenesis) as well as
electrophysiological correlates (e.g. long-term
potentiation) of neuronal plasticity for analyzing the
effects of growth factors and their receptors upon
neuronal plasticity in adult and aged rodents.

[96]

[97]

Veena J, Srikumar BN, Raju TR, et al. Exposure to enriched
environment restores the survival and differentiation of new born
cells in the hippocampus and ameliorates depressive symptoms
in chronically stressed rats. Neurosci Lett. 2009;455(3):178-182.
llin Y, Richter-Levin G. Enriched environment experience
overcomes learning deficits and depressive-like behavior induced
by juvenile stress. PLoS One. 2009;4(1):e4329.

(Edited by Murdoch B, Clua JM/Zhao LJ/Song LP)

Recent Publications of Oliver von Bohlen und
Halbach

1. Werner S, Unsicker K, von Bohlen und Halbach O.
Fibroblast growth factor-2 deficiency causes defects in adult
hippocampal neurogenesis, which are not rescued by
exogenous fibroblast growth factor-2. J Neurosci Res.
2011;89(10):1605-1617.

2. von Bohlen und Halbach O. Immunohistological markers
for proliferative events, gliogenesis, and neurogenesis within
the adult hippocampus. Cell Tissue Res. 2011;345(1):1-19.
3. Zschenderlein C, Gebhardt C, von Bohlen und Halbach O,
et al. Capsaicin-induced changes in LTP in the lateral
amygdala are mediated by TRPV1. PLoS One.
2011;6(1):16116.

4. Schindowski K, von Bohlen und Halbach O, Strelau J,

et al. Regulation of GDF-15, a distant TGF-8 superfamily
member, in a mouse model of cerebral ischemia. Cell Tissue
Res. 2011;343(2):399-409.

5. von Bohlen Und Halbach O. Dendritic spine abnormalities
in mental retardation. Cell Tissue Res. 2010;342(3):317-323.
6. von Bohlen und Halbach O. Involvement of BDNF in
age-dependent alterations in the hippocampus. Front Aging
Neurosci. 2010;2. pii: 36.

7. Zechel S, Meinhardt A, Unsicker K, von Bohlen und
Halbach O. Expression of leucine-rich-repeat-kinase 2
(LRRK2) during embryonic development. Int J Dev Neurosci.
2010;28(5):391-399.

8. Enkel T, Gholizadeh D, von Bohlen Und Halbach O, et al.
Ambiguous-cue interpretation is biased under stress- and
depression-like states in rats. Neuropsychopharmacology.
2010;35(4):1008-1015.

559



