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Abstract. It is well documented that in mammals new neurons are generated
in the dentate gyrus (DG) and integrated into hippocampal circuits throughout
their life. However, functions of these newly generated cells are still hotly
debated. One of the important factors that may influence the rate of DG
neurogenesis is serotonin. Apart from being a neurotransmitter and
neuromodulator it plays many other roles in the central nervous system,
including the role of a trophic factor influencing functional state of neurons.
In this review I discuss the changing views on adult hippocampal
neurogenesis then briefly describe the anatomy and function of the
hippocampus, focusing on its serotonergic innervation and receptors. Further,
the possible role of serotonin and the newly generated DG neurons in
hippocampus-dependent memory is discussed. Finally mechanisms by which
serotonin and its receptors influence neurogenesis in the adult DG are
summarized and hypotheses linking the decreased rate of DG neurogenesis
with mechanisms of depression are discussed.
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CHANGING VIEWS ON ADULT
NEUROGENESIS

At the beginning of the 20th century an overwhelm-
ing majority of prominent neuroanatomists and
neurophysiologists hold the opinion that "after birth no
new neurons may be added to the mammalian central
nervous system". That opinion, transformed into a the-
ory (or law), was later uphold for half a century, in spite
of some early evidence questioning it (Hamilton 1901,
Sugita 1918). The main reason for which His (1904),
Ramon y Cajal (1913) and other leading scientists re-
fused to accept the possibility that new neurons may be
generated and incorporated into the brains of adult ver-
tebrates was the lack of methods allowing for tracing the
newly generated brain cells long enough so they would
migrate into their final places (frequently far away from
the place of generation) and differentiate into anatomi-
cally distinguishable neurons or glia.

In 1959 Sidman et al. (1959) invented the method of
labeling dividing cells with tritiated thymidine. When
incorporated into the newly synthesized DNA during
the S phase of cell division, the thymidine may be de-
tected weeks or months later with autoradiography
made on histological sections. Since 1962, Altman used
that method for timing generation of various cellular
populations in the developing brain, from the fetal stage
to adult. His investigations showed that in two struc-
tures of the rodent brain, namely the subventricular zone
of the lateral ventricles (SVZ) and the dentate gyrus of
hippocampus (DG) neurogenesis continues throughout
life (Altman 1962, 1969, Altman and Das 1965). For the
next twenty years these findings of Altman were
largely ignored, as they contradicted the well estab-
lished "law".

The next important breakthrough came from investi-
gations of learning mechanisms in the song birds. These
investigations, conducted in the laboratory of Nottebohm,
showed that newly generated brain cells migrated from
the vicinity of lateral ventricles to several brain nuclei,
especially to the high vocal center that is responsible for
learning the song sequence, and there they differenti-
ated into neurons (Goldman and Nottebohm 1983,
Nottebohm 1985). Generation of these new neurons was
seasonal, coinciding with the time these birds were sing-
ing in their territories, and they were necessary for
learning the song or modifying it. Other investigations
showed that in some other species of birds seasonal for-
mation of new spatial memory traces was accompanied

by increased neurogenesis in their cortical structures
that are equivalent to the mammalian hippocampus, and
in fact depended on that neurogenesis (Li et al. 2000,
Nottebohm 2002).

Although the results of investigations on birds for the
first time ascribed specific functions to the adult
neurogenesis in the DG, they did not draw broader at-
tention either, until Eriksson et al. (1998) showed
neurogenesis in the dentate gyrus of adult humans. That
finally broke the "dogma of no adult neurogenesis"
(Gross 2000). Eriksson used the bromodeoxyuridine
(BrdU), another marker of the dividing cells that was in-
troduced by Gratzner (1982) and used afterwards by
several other investigators to show neurogenesis in the
adult mammalian brain (Alvarez-Buylla and Lois 1995,
Kaplan 1983, Miller and Nowakowski 1988, Skup et al.
1993). In the following years many investigators con-
firmed earlier results and showed that permanent gener-
ation of new neurons in these two brain structures is a
common mammalian feature, present in rodents, pri-
mates, macroscelids, insectivores and carnivores
(Bialoskorska et al. 2001, Gould et al. 1998, for review
see Gage 2000). The life-long presence of proliferation
in the DG was showed in all investigated mammalian
species except of the Sorex shrews (Bialoskorska et al.
2001). The majority of newly generated cells differenti-
ated into the DG granular neurons (Gage 2000, Gould et
al. 1999a, Stanfield and Trice 1988) that integrated into
hippocampal circuitries (Van Praag et al. 2002).

Cells generated in the SVZ and migrating to the ol-
factory bulb (OB) were also found in all investigated
mammals. In the OB they differentiate into GABA-ergic
and dopaminergic inhibitory interneurons that improve
discrimination between odors (Betarbet et al. 1996,
Gheusi et al. 2000). The main external factor influenc-
ing the rate of proliferation in the SVZ is the activity of
olfactory receptors (Corotto et al. 1994). In humans new
cells do not migrate from SVZ, but are quickly elimi-
nated by apoptosis in the rostral migratory stream
(RMS) (Sanai et al. 2004). Proliferation, survival and
differentiation of the SVZ-generated neurons may be
regulated differently than those generated in the DG and
will not be discussed in this review.

There are also some data showing that in mice new
neurons may be generated in the SVZ of the brain aque-
duct and later migrate to the substantia nigra (Zhao et al.
2003), and that in the macaque monkeys some neurons
generated in the SVZ of the lateral ventricles may mi-
grate to the frontal cortex (Gould et al. 1999b).



DENTATE GYRUS AS A PART OF
THE HIPPOCAMPAL FORMATION

Hippocampal formation is a part of the allocortical
structures. Cytoarchitectonically the formation is di-
vided into four areas: dentate gyrus (DG), hippocampus
(or cornu ammonis, divided into areas CA1, CA2 and
CA3), the subicular complex (subiculum, presubiculum
and parasubiculum) and the entorhinal cortex. All parts
ofthe hippocampal formation are the layered structures.
DG is built of three main layers: molecular, granule cell
and polymorphic cell (or hilar). Granule cells, the main
type of the DG neurons, are located in the second layer
where they are densely packed, without glial cells inter-
calated among them. The cone-shaped dendritic trees of
granule cells are directed towards the molecular layer
that contains also dendrites of the basket and polymor-
phic cells, axonal arbors and small stellate and chande-
lier cells (Claiborne et al. 1990). The majority of the
non-granular types of neurons (the chandelier, basket,
mossy, multipolar and fusiform cells) are GABA-ergic
and therefore inhibitory interneurons.

The majority of hippocampal areas are connected by
unidirectional projections, forming a loop through
which information is processed within the hippocam-
pus. A series of these projections starts with the
perforant path, formed by axons of the entorhinal cortex
neurons that project to DG. This is the main pathway
through which sensory information enters hippocampus
and therefore DG plays a key role in selecting the in-
coming information and forming memory traces (Stew-
ard 1976, Witter 1993). Axons of the DG granule cells,
called mossy fibers (Ramon y Cajal 1911), terminate on
pyramidal cells of the fields CA3 and CA2 (Ribak et al.
1985). Then axons of the CA3 and CA2 pyramidal neu-
rons (called Schaffer collaterals) reach the CAl field,
and axons of the CA1 neurons end in the subiculum.
Starting from the subiculum, further projections are be-
coming bilateral. The entorhinal cortex projects also di-
rectly to CA3, CA2, CA1 and subiculum (for detailed
descriptions of the hippocampal connections cf. Amaral
and Witter 1995). Therefore, the most important infor-
mation reaching hippocampus originates in the neocor-
tex, is sent to the entorhinal cortex and then to DG,
elaborated in the hippocampal circuits and distributed
again to the neocortex, first of all to the cingulate cortex.

There are also several subcortical projections to DG.
Among them are those from the septal nuclei, hypotha-
lamic supramammillary region, anterior and central
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thalamic nuclei, amygdala, locus coeruleus and raphe
nuclei. The majority of septal axons that heavily
innervate DG terminate in the polymorphic and molecu-
lar layers. This input is cholinergic and GABA-ergic
(Amaral and Kurz 1985, Freund and Antal 1988). Axons
of large neurons of the supramammillary nucleus termi-
nate densely in the upper part of the granule cell layer and
scarcely in the polymorphic and molecular layers
(Haglund et al. 1984). Afferents from amygdala, midline
thalamic nuclei and hypothalamus end in the area CA1
(Amaral and Witter 1995) and form the link between emo-
tions-related structures and hippocampal circuits. Only the
polymorphic cell layer gets noradrenergic innervation
from the locus coeruleus (Haring and Davis 1983, 1985).
Serotonergic innervation of the hippocampal formation is
dense and highly organized (Moore and Halaris 1975,
Tork 1985).

SEROTONERGIC INNERVATION
AND SEROTONERGIC RECEPTORS
OF THE DENTATE GYRUS

Serotonin is an evolutionary ancient signaling mole-
cule that plays many roles in various animal species and
various tissues (Turlejski 1996, Whitaker-Azmitia
1991). In the central nervous system it is a modulatory
neurotransmitter participating in regulation of many im-
portant brain functions like thermoregulation (Feldberg
and Myers 1964), sleep (Jouvet 1967), aggression
(Sheard 1969), feeding (Lucki 1992). Disturbed
serotonergic signaling is an important mechanism of
such psychopathological states as anxiety (Chopin and
Briley 1987), depression (Pinder and Wieringa 1993),
eating disorders (Leibowitz and Shor-Posner 1986).

In the brain of mammals serotonin is produced by
neurons located mainly in the brainstem raphe nuclei.
Fibers from these nuclei extend to the brain through the
medial forebrain bundle (mfb) (Azmitia and Segal
1978, Parent et al. 1981) and then join all main fiber
bundles in the forebrain. They terminate in virtually all
brain structures, but the structures with the densest
serotonergic innervation are: olfactory bulb, hypothala-
mus, septum, striatum, thalamus, caudoputamen, hippo-
campus and cerebral cortex (Jacobs and Azmitia 1992,
Leger et al. 2001).

Serotonergic innervation of the hippocampal areas is
variable (Bjarkam et al. 2003, Moore and Halaris 1975,
Vertes et al. 1999). DG has a very dense plexus of
serotonergic fibers in the molecular and hilar layers, and
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especially in the subgranular zone, where it synapses
preferentially on interneurons (Halasy and Somogyi
1993, Tork 1985). There are two different morphologi-
cal types of the serotonergic fibers: fine and beaded ax-
ons (Kosofsky and Molliver 1987, Tork 1985). Fine
axons (less than 1 pm in diameter) with small fusiform
or granular varicosities originate from the dorsal raphe
nucleus (DR), enter DG through the entorhinal cortex
and project mainly to the molecular layer. The beaded
axons, having large spherical varicosities, originate
from the median raphe nucleus (MR), extend through
the cingulum bundle and fornix and project to the hilar
layer (Azmitia and Segal 1978). The serotonergic pro-
jection from MR is denser than the DR projection.
Haring (1991) showed that after the MR lesion
serotonergic fibers from DR may sprout to the hilar
layer, where they may change their morphology from
fine to beaded axons.

Serotonin activates fifteen different receptors that are
classified into seven groups and almost all of these re-
ceptors are expressed in the DG (Clemett et al. 2000,
Djavadian et al. 1999, El Mestikawy et al. 1989, Kinsey
et al. 2001, Tecott et al. 1993, Vilaro et al. 1996). The
5-HT; receptors (with subtypes 5-HTia, 5-HTis,
5-HTp, 5-HT g and 5-HT ) are coupled to the G; pro-
tein. Their activation decreases the activity of adenylyl
cyclase and therefore decreases the rate of formation of
cAMP. One of the indirect results of activation of these
receptors is the increased conductance of cell membrane
for the K ions. Activation of the 5-HT4, 5-HT¢ and
5-HTj receptors that are coupled to the G; proteins has
the opposite effect: they increase the rate of cAMP for-
mation and decrease the K conductance (Raymond et
al. 2001, Thomas et al. 2000). The 5-HT, receptors
(with subtypes 5-HT24, 5-HT25 and 5-HT»c) coupled to
the Gy proteins activate phospholipase C (PLC), in-
creasing the rate of formation of inositol triphosphate
(IPs;). The 5-HT; receptors (subtypes 5-HTsa and
5-HT3g) are ligand-gated Na' ion channels and their ac-
tivation results in depolarization of neurons (Barnes and
Sharp 1999). The intracellular transduction pathway of
the 5-HT's receptor group (subtypes 5-HTsx and 5-HT'sp)
is not clear yet.

Depending on what subset of the serotonergic recep-
tors has been activated, neurons of the DG may be either
depolarized by serotonin and therefore increasing their
excitability or hyperpolarized and inhibited. However,
one of the main results of activation of all those
serotonergic receptors that are coupled to the G proteins

(like the SHT, group) is the change in the intracellular
signaling that changes the metabolic state of the cell and
expression of various genes. Results of serotonergic ac-
tivation may also depend on the type of cell, and in the
progenitor cells of the central nervous system
serotonergic activation may induce mitosis (Malberg et
al. 2000). Therefore, induction of cells’ divisions and
increase of the rate of proliferation are within the broad
scope of possible actions of serotonin.

SEROTONIN AND NEUROGENESIS
IN THE DENTATE GYRUS

In adult mammals cells generated in the subgranular
layer of DG migrate to the granule cell layer of that
gyrus and are incorporated there (Gage 2000, Jacobs
2002, Stanfield and Trice 1988). These new cells ma-
ture, grow dendrites into the molecular layer of DG and
send axons into the mossy fibers tract, establishing syn-
aptic contacts with pyramidal neurons of the area CA3,
that are typical for the DG granule cells. In mice and rats
numbers of the newly generated DG neurons vary from
1,000 to 3,000 per day. As there are between 1 and 2 mil-
lions of the DG neurons in these species and the num-
bers of these neurons do not increase with age, therefore
every day about one in a thousand of the DG neurons is
replaced, which means that a substantial proportion of
the DG granule cells (10-20%) are exchanged during the
lifespan of an animal (Jacobs 2002).

Several factors may decrease the rate of generation of
these new cells in the adult DG. Some of the better
known factors are glucocorticoids (Cameron et al.
1993) and activation of the glutamate NMDA receptors
(Cameron et al. 1995). Cholinergic deafferentation of
the hippocampal formation by transection of the
fimbria-fornix resulted in the increased rate of prolifera-
tions in the DG, which shows that acetylcholine is also
decreasing the rate of neurogenesis. Treatment of the
lesioned animals with neurotrophic factors (NGF) or
basic fibroblast growth factor (bFGF) after that lesion
did not change the rate of proliferation (Skup et al.
1993). The epidermal growth factor (EGF) (Reynolds
and Weiss 1992), basic fibroblast growth factor (bFGF)
(Tao et al. 1996) and voluntary exercise in the running
wheel that is increasing the level of neurotrophins (Van
Praag et al. 1999) all increase the rate of proliferation in
the DG.

One of the most important factors regulating prolifer-
ation in the DG is serotonin. Brezun and Daszuta (1999)



found, that depletion of serotonin in the brains of adult
rats decreased the numbers of the BrdU-labeled (newly
generated) neurons in both SVZ and DG. These authors
were injecting a serotonergic neurotoxin, 5,7-dihydro-
xytryptamine (5,7-DHT), into the raphe nuclei causing
amassive destruction of the serotonergic axons and loss
of'some of the raphe neurons. Five to seven days after this
serotonergic lesion, numbers of the BrdU-labeled nuclei in
the DG decreased. Full depletion of the serotonergic
innervation of DG lasted for one month and during that
time the rate of generation was reduced by about 60%.
During the second month DG was gradually reinnervated
by sprouting serotonergic axons and starting from the third
month there was no difference between the control and
5,7-DHT injected animals in both serotonergic innervation
ofthe DG and the numbers of newly generated cells in that
structure (Brezun and Daszuta 2000). Injections of another
neurotoxin, parachlorophenylalanine (PCPA) that inhibits
5-HT synthesis without destroying the serotonergic neu-
rons or axons again suppressed the DG neurogenesis,
proving that the main factor that slowed down the rate of
neurogenesis was the reduced level of serotonin, and not
other variables introduced by destruction of the
serotonergic axons (Brezun and Daszuta 1999). Predict-
ably, increased level of serotonin resulted in the increased
rate of proliferation in the DG (Malberg et al. 2000, see be-
low for broader description). Therefore, in spite of the
large number of serotonergic receptors expressed in the
DG and their possibly contradictory actions, influence of
serotonin on neurogenesis in the hippocampus is very con-
sistent: its depletion reduces, whereas its increased level
increases the rate of neurogenesis in the DG.

Out of the numerous serotonergic receptors, the
5-HTa receptor is the one most likely involved in regula-
tion of neurogenesis in the DG. Direct involvement of
these receptors in cells’ proliferation has been shown in
the in vitro experiments. When fibroblasts transfected
with the 5-HTia receptors were cultured in a medium
containing the 5-HT 4 agonist (§-OH-DPAT), the rate of
their divisions increased (Varrault et al. 1992). Akbari et
al. (1994) investigated the influence of signaling through
that receptor on the developmental neurogenesis. They
found that reduction of the level of serotonin in the rat fe-
tuses induced by treatment of the pregnant dams with co-
caine resulted in microencephaly in the newborn pups
and that the thickness of their cerebral cortex was signifi-
cantly reduced. Five days of postnatal treatment of these
pups with a 5-HTa agonist, ipsapirone, increased the
thickness of their cortex. Authors postulate, that
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ipsapirone stimulated generation and migration of
astrocytes expressing the S-1003 trophic factor and its re-
lease stimulated growth of dendrites, allowing for recov-
ery of the cortical thickness. However, it is not clear if in
these pups the numbers of cortical neurons were reduced
due to the fetal serotonergic deprivation. In the adult rats
three different antagonists of the 5-HT o postsynaptic re-
ceptors: NAN-190, p-MPPI and WAY-100635 reduced
the numbers of newly generated DG cells by about 30%
(Radley and Jacobs 2002). Injections of the 5-HTa
agonists had the opposite effect: the numbers of the BrdU
labeled cells in the rat DG increased (Santarelli et al.
2003). Activation of the 5-HT,a and 5-HT,c receptors
also increased neurogenesis in the DG, while agonists of
the 5-HT g receptors increased the neurogenesis only af-
ter serotonergic depletion (Banasr et al. 2004).

Other types of serotoninergic receptors that may be
involved in mediating the effects of serotonin on prolif-
eration in the DG are the 5-HT4, 5-HTs and 5-HT; recep-
tors. All of them, when activated, trigger the cAMP
cascade. One of the results of increased signaling in that
pathway is triggering expression of the cAMP response
element binding protein (CREB). The cAMP-CREB
cascade may then increase expression of BDNF. BDNF
does not directly change the rate of neurogenesis in the
DG, but it may increase the release of serotonin (Siuciak
et al. 1996) and that in turn may stimulate neurogenesis
through increased activation of the 5-HTa receptors
(Duman et al. 2001).

Activation of the NMDA receptors is another possi-
ble cause of the decrease of neurogenesis in DG after
serotonergic depletion. Normally, serotonin hyperpo-
larizes granule cells and possibly also the progenitor
cells placed nearby. Therefore, depletion of serotonin
may result in their depolarization and hyperexcitability
that activates the NMDA receptors (Cameron et al.
1995). Increased activation of these receptors causes
calcium influx into the cell that influences many
intracellular processes. Such activation is also known to
decrease the rate of proliferation in the DG (Krugers et
al. 1993, Moghaddam et al. 1994).

HYPOTHESES CONCERNING THE
ROLE OF DG NEUROGENESIS IN
LEARNING AND MEMORY

The main function of the hippocampus is its partici-
pation in formation, retrieval and reworking of the de-
clarative memory (Scoville and Milner 1957). One of
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the possible mechanisms of learning or relearning tasks
demanding the use of spatial memory is the exchange of
neurons in the DG (Nottebohm 2002), and therefore it is
not surprising that many studies have been devoted to
link the learning and memory functions to neurogenesis
in the hippocampal DG (for review cf. Suzuki and Clay-
ton 2000). However, experiments investigating rela-
tions of the hippocampus-dependent learning in the
Morris water maze task and proliferation in the DG
brought contradictory results.

An early paper of Van Praag et al. (1999) did not find
any coincidence of the process of hippocampus-depend-
ent learning with the numbers of BrdU labeled (i.e.,
newly generated) cells. Contrary to that result, Lemaire et
al. (2000) found an increase in the rate of proliferation in
DG in the same task. This inconsistence could be as-
cribed to different timing of the BrdU injections and un-
derestimation of the rate of proliferation by Van Praag
and colleagues (1999). If increased numbers of newly
generated cells improve learning, then downregulation of
neurogenesis should impair it. Life-long reduction of the
DG neurogenesis in rats due to prenatal stress produced
learning deficits (Lemaire et al. 2000). Shors et al. (2001)
showed that downregulation of neurogenesis impaired
hippocampal-dependent trace conditioning while it did not
affect hippocampal-independent memory. Neurogenesis de-
creases with age (Gould et al. 1999c, Kuhn et al. 1996)
and this decrease could be the cause of memory impair-
ment and cognitive decline in the old age (Bizon and
Gallagher 2003). However, recently the correlation of
spatial learning abilities and neurogenesis in the aged rats
was questioned (Merrill et al. 2003).

Learning and behavior are complex phenomena
where various factors may interact with each other. In
the Morris water task there is learning of the position of
the platform, stress induced by swimming in lukewarm
water and physical activity necessary for swimming. It
is not clear to what extent these factors interact and not
always possible to separate them. Stress is known to re-
duce proliferation in the DG (Gould et al. 1998), while
voluntary physical activity in the running wheel
increased not only proliferation but also survival of these
new cells (Van Praag et al. 1999). Different subpopulations
of the DG progenitors may respond differently to the
same stimuli (Kronenberg et al. 2003). Running is cor-
related with the hippocampal theta rhythm (Czurko et
al. 1999) and long-lasting locomotor activity may
change serotonergic transmission, among others via the
5-HTj; receptor (Staubli and Xu 1995). This in turn al-

ters the theta-rthythm frequency, enhancing long-term
potentiation and improving memory. In the same time
increased level of serotonin upregulates proliferation in
the DG directly. Therefore, the debate about relation of
the hippocampus-dependent learning to the adult
neurogenesis in DG continues, but there are many prob-
lems and doubts about such causal relation (Gould and
Gross 2002, Rakic 2002).

Another hypothesis links DG neurogenesis to the envi-
ronmental enrichment and reactivity to novelty. Investi-
gations of the influence of environmental enrichment on
behavior of animals showed that enrichment improved
learning and memory and in the same time increased
neurogenesis in the DG. Mice living in the enriched cages
were more efficient in finding platform in the Morris wa-
ter maze task than the control mice living in the standard
housing cages (Kempermann et al. 1997). Similarly, rats
living under enriched conditions when tested on a differ-
ent spatial memory task (T-maze) learned better than the
control rats housed in cages with a running wheel
(Bernstein 1973). Animals living in the enriched envi-
ronment showed also increased synaptogenesis (Globus
et al. 1973) and enhanced expression of the 5-HT) 4 re-
ceptor, which could influence the rate of proliferation
(Rasmuson et al. 1998). However, rats that were highly
reactive to novelty had depressed proliferation in the DG,
due to the stress induced by novelty that increased the
level of corticosterone (Lemaire et al. 1999).

DECREASE OF THE DG
NEUROGENESIS AS A POSSIBLE
MECHANISM OF DEPRESSION

Hippocampal inputs from hypothalamus, anterior
and middle thalamic nuclei and the amygdala and the
hippocampal output from subiculum to the cingulate
cortex, form a strong basis for participation of the
hippocampal formation in the emotions-related behav-
ior. Several recent papers postulate a role of the
hippocampal formation in regulation of the affective
states, reaction to unpleasant emotions and Pavlovian
fear memory (Lane et al. 1997, Phillips et al. 2003,
Seidenbecher et al. 2003).

Stress is the most significant environmental factor in
depression. It is also known to suppress neurogenesis in
the DG through several mechanisms (Benninghoff et al.
2002, Cameron et al. 1995, Gould et al. 1992, Jacobs et
al. 2000). There are many pathways on which stress may
negatively influence neurogenesis. Stressful experi-



ences activate the hypothalamic-pituitary-adrenal axis
increasing release of the corticoid hormones. The ste-
roid stress hormones, especially glucocorticoids, reduce
the rate of proliferation in the DG, independent of the
level of serotonin (Cameron et al. 1993). However, the
DG progenitor cells do not express glucocorticoid re-
ceptors and therefore the mechanism of the stress-in-
duced reduction of the rate of neurogenesis must depend
on some indirect influences. First, glucocorticoids are
known to decrease the activity of serotonergic receptors
(Lopez etal. 1998) and this may decrease the rate of pro-
liferation in the DG. What more, stress activates also the
glutamatergic excitatory input to the hippocampus and
the NMDA receptors that are known to inhibit
hippocampal proliferation (Bartanusz et al. 1995,
Krugers etal. 1993, Moghaddam etal. 1994). Buta very
important component of the stress syndrome is the de-
crease of serotonin level (Koprowska et al. 2002) that
may directly decrease the DG neurogenesis.

Jacobs et al. (2000) postulate, that the decrease of
neurogenesis itself may be an important cause of de-
pression. Recent MRI imaging studies of the brains of
depressed patients showed neuroanatomical changes in
their hippocampi. In patients suffering from major de-
pression both the volume of the whole hippocampus and
volume of its gray matter were reduced (Bremner et al.
2000, Sheline 1999). According to the neurogenetic hy-
pothesis, these changes at least partially depend on re-
duction of the rate of proliferation in the DG, and
therefore an increase of the rate of generation of new
DG cells should reverse structural changes in the hippo-
campus and alleviate depression.

This hypothesis was tested on several recently intro-
duced animal models of human depression. Using the
model of psychosocial stress in the adult tree shrews
(Tupaia belangeri), where the presence of the dominant
animal influences the subordinate animal, Czeh et al.
(2001) showed that that stress decreased the hippocampal
volume and reduced proliferation rate in the DG by 33%.
They found, that the decrease of hippocampal volume
depended mainly on the involution of dendritic trees of
the CA3 pyramidal neurons. Measurements of the vol-
ume of granule cell layer showed that reduced
neurogenesis in the DG did not contribute to reduction
of hippocampal volume. In another model of depression
adult rats were exposed to an odor of a predator. As a re-
sult, the rate of proliferation in their DG decreased
(Tanapat et al. 2001). Therefore, in this model relations
of the changes in the DG proliferation rate to the re-
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duced hippocampal volume are dubious. What more,
the rate of DG proliferation does not correlate with the
development of learned helplessness in the rats that is a
model of major depression (Vollmayer et al. 2003).

It is well established that a majority of the antidepres-
sant drugs that are used in the treatment of depressive
illness increase the level of monoamines, most of all the
level of serotonin and noradrenalin. Chronic (i.e., last-
ing 14-28 days) administration of antidepressants, like
tranylcypromine (monoamine oxidase inhibitor),
fluoxetine (selective serotonin reuptake inhibitor) or
reboxetine (selective norepinephrine reuptake inhibi-
tor) in the rats increased the numbers of BrdU-labeled
nuclei in the DG by 20-40% in comparison to control
animals. Phenotype of these BrdU-labeled cells was de-
termined 28 days after the BrdU injection, when the
cells fully differentiated. At that time they were located
in the granule cell layer of the DG and 75% of them were
neurons with the granule cell morphology. In contrast,
acute (1 to 5 days) treatment with antidepressants did
not change the rate of proliferation in the rats’ DG
(Malberg et al. 2000).

It is possible that the long-lasting antidepressant
treatment increases neurogenesis by activation of the
5-HT s receptors (Haddjeri et al. 1998). This hypothesis
was verified on the 5-HT 5 knockout mice (Santarelli et
al. 2003). In the normal (wild-type) mice administration
of the 5-HT 4 agonist (§-OH-DPAT) or fluoxetine for
28 days before performing the novelty-suppressed feed-
ing test simultaneously decreased the latency to start
feeding and increased the numbers of BrdU-positive
cells by 60%, whereas in the knockout mice the same
treatment did not influence either the latency or the rate
of proliferation. However, in the knockout mice
imipramine that activates a different (noradrenergic)
pathway still increased the rate of neurogenesis after
long-lasting treatment (11 or 28 days). The increased
level of serotonin due to the antidepressant treatment
may also increase the release of BDNF, and this may in-
directly stimulate neurogenesis in the DG (Duman et al.
2001). Increasing the level of serotonin, antidepressant
treatment activates all serotonergic receptors. Little is
known about involvement of other serotonergic recep-
tors in both antidepressant and pro-mitotic effects of se-
rotonin, but the 5-HT4, 5-HTs and 5-HT; types may
likely mediate some effects.

Therefore, various antidepressant treatments may
stimulate several independent pathways influencing
neurogenesis in the DG and serotonin level in the brain
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is a prominent, but not exclusive factor in both antide-
pressant treatment and neurogenesis in the DG.

CONCLUSIONS

It is well documented that depletion of serotonin in
the brain results in suppression of neurogenesis in the
adult hippocampal DG, whereas elevation of its level in-
creases the rate of neurogenesis. However, serotonin is
only one of many factors regulating and controlling
neurogenesis.

The majority of the antidepressant drugs increase the
level of serotonin, and therefore one of their effects
could be the increase of the rate of neurogenesis in DG.
Some hypotheses link depression to the deficit of
neurogenesis in DG and postulate that the increase in the
rate of neurogenesis plays an important role in the
mood-stabilization effect of the antidepressant drugs.
However, there are few facts supporting this hypothesis,
except for the parallel dynamics of the antidepressant
action and neurogenesis. Another hypothesis, postulat-
ing crucial role of the DG neurogenesis in formation or
change of the spatial memory in mammals becomes
gradually less and less compatible with the results of the
majority of experiments.

Therefore, as yet we are not able to ascribe a definite
role to the adult neurogenesis in the DG, which means
that in spite of many investigations we are missing a
very important point. The knowledge of the functions
and behavior that depend on neurogenesis in the DG and
the influence of the new neurons on these functions is
crucial for better understanding of the functions of
hippocampal formation. It is also crucial to understand
better the role of serotonin and its various receptors in
hippocampal functions and pathologies. Such knowl-
edge may also open new perspectives for treatment of
human psychopathological diseases.
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