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Increase in serotonin (5-HT) transmission has profound antidepressant effects and has been associated with an increase in adult

neurogenesis. The present study was aimed at screening the 5-HT receptor subtypes involved in the regulation of cell proliferation in the

subgranular layer (SGL) of the dentate gyrus (DG) and the subventricular zone (SVZ) and to determine the long-term changes in adult

neurogenesis. The 5-HT1A, 5-HT1B, and 5-HT2 receptor subtypes were chosen for their implication in depression and their location in/

or next to these regions. Using systemic administration of various agonists and antagonists, we show that the activation of 5-HT1A

heteroreceptors produces similar increases in the number of bromodeoxyuridine-labeled cells in the SGL and the SVZ (about 50% over

control), whereas 5-HT2A and 5-HT2C receptor subtypes are selectively involved in the regulation of cell proliferation in each of these

regions. The activation of 5-HT2C receptors, largely expressed by the choroid plexus, produces a 56% increase in the SVZ, while

blockade of 5-HT2A receptors produces a 63% decrease in the number of proliferating cells in the SGL. In addition to the influence of 5-

HT1B autoreceptors on 5-HT terminals in the hippocampus and ventricles, 5-HT1B heteroreceptors also regulate cell proliferation in the

SGL. These data indicate that multiple receptor subtypes mediate the potent, partly selective of each neurogenic zone, stimulatory action

of 5-HT on adult brain cell proliferation. Furthermore, both acute and chronic administration of selective 5-HT1A and 5-HT2C receptor

agonists produce consistent increases in the number of newly formed neurons in the DG and/or olfactory bulb, underscoring the

beneficial effects of 5-HT on adult neurogenesis.
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INTRODUCTION

Accumulating evidence indicates that in the adult brain,
neurogenesis from neural stem cells and progenitor cells
continues in two regions: the subventricular zone (SVZ),
which lines the lateral ventricles and gives rise to new
interneurons that reach the olfactory bulb (OB) via the
rostral migratory stream (RMS), and the subgranular layer
(SGL) of the dentate gyrus (DG), which generate new
granule cells (Taupin and Gage, 2002). Extensive studies
demonstrate that neurogenesis in the DG is modulated by
both physiological stimuli (Kempermann et al, 1997; Gould

et al, 1999) and pathophysiological conditions (Parent,
2002; Kokaia and Lindvall, 2003). In the normal mature
brain, a large number of factors including exercise,
environmental enrichment, aging, steroids, and neurotrans-
mitters can regulate neurogenesis in the DG (Gage, 2000;
Fuchs and Gould, 2000; Duman et al, 2001). Compared to
the DG, much less studies are devoted to the SVZ, but recent
data also demonstrate that selective environmental factors
increase neurogenesis in the OB (Rochefort et al, 2002).
Furthermore, hormonal, prolactin-stimulated neurogenesis
during pregnancy contributes to olfactory discrimination
(Shingo et al, 2003). These data indicate that defining the
factors regulating adult neurogenesis helps to understand
the functional role of newly formed cells. It can also be
critical in the clinical perspective of brain repair.

Among molecular factors, only some trophic factors and
serotonin (5-HT) can increase cell proliferation and
neurogenesis both in the SVZ and SGL. We have previously
demonstrated that changes in 5-HT transmission are
associated with changes in adult cell proliferation, since
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significant decreases in the number of newborn cells in
the SVZ and SGL are observed following either acute or
chronic 5-HT depletion (Brezun and Daszuta, 1999,
2000a). Conversely, sprouting of serotonergic neurons
in the DG reverses the lesion-induced changes, and
overnormal levels of 5-HT produced by fetal raphe
neurons grafted to the previously denervated hippo-
campus increase cell proliferation (Brezun and Daszuta,
2000a, b). From a more functional point of view, we
also demonstrated that 5-HT mediates the estrogen-
stimulating effect on cell proliferation in the DG (Banasr
et al, 2001). These data indicate that 5-HT can be viewed
as an endogenous and local factor of stimulation of
adult neurogenesis in the DG. However, its mechanism
of action can be mediated by different receptor
subtypes expressed near the proliferating cells by
neuronal and glial populations (Barnes and Sharp,
1999). The aim of the present study was to determine
which 5-HT receptor subtypes, among 5-HT1A, 5-HT1B,
5-HT2A, and 5-HT2C, are involved in the positive
regulation of adult neurogenesis in the DG and SVZ of
adult rats.

This study is also in line with recent hypotheses
suggesting that upregulation of neurogenesis would oppose
the action of stress or/and depression, raising the possibility
that increased neurogenesis could contribute to the actions
of antidepressants (Jacobs et al, 2000; Kempermann, 2002;
Benninghoff et al, 2002b). Impaired serotonergic (5-HT)
transmission has long been implicated in the pathogenesis
of depression and use of selective 5-HT reuptake inhibitors
(SSRI) has proved to be an effective treatment for
depression (Middlemiss et al, 2002). For instance, fluoxetine
(‘prozac’), at increasing 5-HT concentrations, is classically
used as an antidepressant drug and recent data show that
the chronic administration of fluoxetine increases neuro-

genesis in the adult rat hippocampus (Malberg et al, 2000;
Manev et al, 2001b; Lee et al, 2001). A preliminary report
suggests that increases in adult neurogenesis after fluox-
etine administration require the activation of 5-HT1A
receptors (Santarelli et al, 2003), which is consistent with
a previous study showing that 5-HT1A receptor antagonists
significantly decrease cell proliferation in the DG (Radley
and Jacobs, 2002). Besides the implication of postsynaptic
and presynaptic (autoreceptors) 5-HT1A receptors in
depression, 5-HT2 receptors have also been involved in
the effects of antidepressants (Middlemiss et al, 2002), as
well as 5-HT1B receptors (Moret and Briley, 2000). There-
fore, the present study was aimed at comparing the
consequences of acute vs chronic administration of selective
agonists inducing increases in cell proliferation, on the
phenotype of newly formed cells and the production of new
neurons.

MATERIALS AND METHODS

Animals

Adult 8-week-old male Wistar rats (280–300 g; Iffa Credo,
France) were group-housed (3 per cage) in a temperature-
controlled room (211C) and maintained on a 12 h light/dark
cycle with free access to food and water. This study was
carried out in accordance with the French Agriculture
and Forestry Ministry (decree 87848, license 01498).
About 150 rats were used, and statistical analyses were
performed on experimental groups each comprising five to
seven rats.

Acute Treatments and Cell Proliferation

Acute treatments with agonists or antagonists of the
different 5-HT receptor subtypes were followed by a single
injection of 50-bromodeoxyuridine (BrdU, Sigma, France,
200 mg/kg, i.p.) 2 h before killing to examine the effect of
these drugs specifically on cell proliferation.

Experiment 1. To determine whether 5-HT1A autoreceptors
and/or heteroreceptors were involved in the serotonergic
regulation of cell proliferation in the DG, rats were
pretreated with an inhibitor of 5-HT synthesis para-
chlorophenylalanine (PCPA, Sigma, France; 300 and
100 mg/kg, i.p. 48 and 24 h before the day of killing,
respectively) and with the 5-HT1A agonist 8-hydroxy-2-(di-
N-propylamino) tetralin (8-OH-DPAT) (1 mg/kg, i.p., Sig-
ma, France) 2 h 30 min before killing. The respective control
groups received either saline, PCPA, or 8-OH-DPAT alone
following their respective timing. The implication of
5-HT1A receptors was also tested by injecting 8-OH-DPAT
4 h before killing in untreated rats.

Experiment 2. As for 5-HT1A receptors, we examined the
consequences of sumatriptan, a 5-HT1B receptor agonist
(1 mg/kg, i.p., GR 43175, kindly donated by Glaxo
SmithKline, France) in PCPA-pretreated rats. Effects of
sumatriptan alone were compared to those induced by
GR 127935, a 5-HT1B/1D antagonist (3 mg/kg, i.p., Glaxo
SmithKline, France). All groups were injected with agonist,
antagonist, or saline (controls) 4 h before killing.

Table 1 Effects of 5-HT Receptors Agonists and Antagonists on
Cell Proliferation in the Two Neurogenic Zones of the Adult Brain

Treatment SGL SVZ

5-HT 1A

8-OH-DPAT (agonist)

PCPA+8-OH-DPAT Reversal/PCPA ND

5-HT 1B

Sumatriptan (agonist) F

GR 127935 (antagonist) F

PCPA+Sumatriptan Reversal/PCPA No reversal/PCPA

5-HT 2A/2C

DOI (antagonist) F

Ketansenin (antagonist) F

5-HT/2C

RO 600175 (agonist) F

SB 206553 (antagonist) F F

SGL: subgranular layer in the dentate gyrus; SVZ: subventricular zone; ND: not
determined; F: no change.
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Experiment 3. To determine the possible implication of 5-
HT2 receptors in the regulation of cell proliferation, we first
used 2,5-dimethoxy-4-iodophenyl-2-aminopropane (DOI)
(1 mg/kg, i.p., Sigma-RBI, France) and ketanserin (1 mg/
kg, i.p., Sigma-RBI, France) as 5-HT2A/2C agonist and
antagonist, respectively. In order to discriminate between
the two receptor subtypes, injections with either the
selective 5-HT2C agonist RO 600175 (2.5 mg/kg, i.p.,
Hoffmann La Roche, Suisse) or antagonist SB 206553
(1 mg/kg, i.p., Sigma-RBI, France) were used. Again, rats
were injected with saline, agonist, or antagonist 4 h before
killing.

The doses of the serotonergic drugs used were determined
based on the appropriate literature reports, specifically:
8-OH-DPAT, Owens et al (1990); sumatriptan, Mitsikostas
et al (1996); GR 127935, Skingle et al (1996); DOI, Vaidya
et al (1997); ketanserin, Semont et al (2000); RO 600175,
Dekeyne et al (1999); SB 206553, Kennett et al (1996).

Biochemistry

The selectivity of the PCPA treatment was assessed on
monoamine levels, since norepinephrine as 5-HT can
regulate hippocampal cell proliferation (Kulkarni et al,
2002). Rats were killed by decapitation and the brains were
quickly dissected out and kept on ice. The hippocampi were
excised and determinations of 5-HT and norepinephrine
tissue contents were performed using high-performance
liquid chromatography along with an electrochemical
detection method, as previously described (Compan et al,
1996). Changes in 5-HT levels were also measured in the
striatum of treated and corresponding control rats (n¼ 5
per group). Such a PCPA treatment induces a large decrease
in hippocampal and striatal 5-HT levels (hippocampus:
0.0370.01 vs 0.2870.05 in controls; means7SEM mg/g w/
w; striatum, 0.0770.02 vs 0.4770.03 in controls) without
affecting hippocampal norepinephrine levels (0.3470.05 vs
0.3870.08 in controls; means7SEM mg/g w/w).

Acute vs Chronic Treatments and Neurogenesis

To determine the effects of acute activation of 5-HT1A or
5-HT2C receptor subtypes on the production of new
neurons, animals received a single injection of 8-OH-DPAT
or RO 600175 at the same doses as previously mentioned
and BrdU (75 mg/kg, i.p.) was injected twice, 2 h and 3 h
later. Rats were killed 4 weeks later. The chronic activation
of these receptor subtypes was obtained by daily injection of
8-OH-DPAT or RO 600175 for 15 consecutive days. During
the last 8 days of drug administration, BrdU (75 mg/kg, i.p.)
was injected twice daily 2 and 3 h after drugs. Animals were
killed 4 weeks after the end of treatment. The respective
control animals received the same protocol of saline and
BrdU administrations.

Tissue Preparation

As previously described (Brezun and Daszuta, 2000a, b), the
rats were deeply anesthetized with chloral hydrate (400 mg/
kg, i.p.) and transcardially perfused with 500 ml of cold 4%
paraformaldehyde in 0.1 M phosphate buffer saline (PBS,
pH 7.4). The brains were postfixed overnight at 41C in the

same solution, and soaked for 2 days in PBS containing 30%
sucrose for cryoprotection. For cell proliferation studies,
frontal sections (40 mm thick) were obtained using a
cryostat-microtome from the dorsal hippocampus and the
SVZ was taken at the level of the medial striatum, and
collected free-floating in PBS before peroxidase immuno-
staining. In neurogenesis studies, 40 mm-thick frontal
sections from the entire hippocampus (dorsal and ventral)
were collected in PBS and sagittal sections (20 mm thick) of
OB on polylysined slides. The quantifications in the DG,
SVZ, and OB were performed after peroxidase immuno-
staining, while the phenotype was determined using
confocal analyses on DG and OB.

Peroxidase Immunostaining

For BrdU immunostaining, the sections were first rinsed in
0.1 M PBS, and incubated for 15 min in 1% H2O2 and 10%
fetal calf serum for 2 h as the blocking buffer. Then, the
sections were incubated in 2 M HCl and 0.5% Triton X-100
in PBS (30 min, 371C) for DNA hydrolysis. The sections
were rinsed in 0.1 M sodium tetraborate buffer, pH 8.5,
before overnightþ 24 h incubation with the primary anti-
body (monoclonal mouse IgG, 1 : 200, Dako, France) at 41C,
followed by incubation with the secondary antibody
(polyclonal goat IgG, 1 : 200, Dako, France) for 2 h at room
temperature, and revelation using ABC staining system
(AbCys, France). Peroxidase activity was revealed by
incubating sections with 0.025% 3,30-diaminobenzidine
(DAB) and 0.025% of H2O2 in 0.5 M Tris buffered saline,
pH 7.6. After several rinses, sections were dehydrated,
mounted, and coverslipped in DEPEX medium.

Immunofluorescence

For confocal observations of 5-HT and BrdU labeling, the
sections were first pretreated with 0.1 M lysine and 1%
H2O2, incubated for 30 min in 10% normal goat serum
(NGS, Dako, France) in PBS containing 0.6% Triton X-100,
and then with rabbit polyclonal primary antisera against
5-HT (1 : 200, Immunotech, France) for 72 h at 41C, followed
by incubation with TRITC-conjugated goat secondary
antisera (1 : 200, Beckman Coulter, France) for 2 h. After
several rinses, the sections were pretreated and treated for
fluorescence BrdU immunolabeling with the same primary
and secondary antisera as mentioned above (1 : 100),
followed by incubation with Oregon green-conjugated
avidin for 2 h (1 : 1000, Interchim, France).

For BrdU/NeuN/GFAP labeling, the sections were pre-
treated with lysine, H2O2, and NGS, then incubated with
mouse anti-NeuN (1 : 1000, Chemicon, France) and rabbit
anti-GFAP (1 : 500, Dako, France) for 24 h at 41C. After
rinses, the sections were exposed for 2 h to secondary
fluorescent antibodies (Alexa 633-conjugated goat anti-
mouse, Molecular Probe and FITC-conjugated goat anti-
rabbit, Sigma, France) at room temperature. The sections
were then treated as already mentioned and incubated with
rat anti-BrdU for 24 h at 41C (1 : 100, AbCys, France)
followed by incubation with the secondary antibody
(TRITC-conjugated donkey anti-rat antibody, 1 : 100, Jack-
son, France) for 2 h at room temperature. The sections were
coverslipped in Mowiol mounting medium.
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Stereological Counting Procedure

A systemic random counting procedure, similar to the
optical dissector (Gundersen et al, 1988), was used to
determine the corresponding sample volume of the granule
cell layer (GCL) of DG and OB, analyzed by tracing
respective areas using a computer image analysis system
(Biocom, France) connected by a camera to a Nikon
Optiphot microscope. The areas were determined on cresyl
violet sections adjacent to those taken for immunostaining.
The section thickness (40 or 20 mm) was used for volume
estimation. All the results were expressed as BrdU-
immunoreactive nuclei per mm3, as previously described
by Aberg et al (2000) and Rochefort et al (2002). An
investigator blind to treatment history performed quantifi-
cations.

Hippocampus. In cell proliferation studies, BrdU cells were
counted on adjacent sections in one-in-three series of every
animal at the level of the dorsal hippocampus (2.8–4.0 mm
from interaural line, Pellegrino, 1979). A series of 10
sections per brain taken at 80 mm intervals was used to
count BrdU-labeled cells in the inner rim of GCL, SGL,
defined as a two-cell bodies-wide zone of the hilus along the
base of the GCL. For neurogenesis studies, the number of
BrdU-labeled cells in the SGL and GCL were quantified on a
series of every 10th section at 400 mm intervals (10 sections
by brain) spanning the entire hippocampus. As BrdU-
labeled cells are rare in the DG, no counting frame was used
and their number was then reported to the volume (mm3 of
GCL). To assess possible cell death after long-term
treatments, pyknotic cells were counted on cresyl violet
sections in the SGL and GCL.

Subventricular zone. Every third section from the
junction of the corpus callosum to the lateral extension
of the commissural anterior was used for analysis. BdrU-
labeled cells were counted in the walls of the lateral
ventricles on six sections of SVZ (120 mm intervals)
per brain taken between 7.8 and 8.8 mm from the intera-
ural line (Pellegrino, 1979). The total number of BrdU-
labeled cells was counted and expressed per SVZ and per
section.

Olfactory bulb. We quantified the number of BrdU cells in
the GCL on a series of every third sagittal section (40 mm
intervals) of the right OB, resulting in five to six sections per
animal. A counting frame of 325� 325 mm2 was used to
count BrdU-labeled cells under exclusion of cells intersected
in the uppermost focal plane and the lateral boundaries of
the frame. The number of BrdU-positive cells was expressed
per mm3 of GCL.

Cell differentiation. To determine the percentage of
neuronal or glial differentiation of newborn cells for
each neurogenic region, 50 BrdU-positive cells were
randomly selected and each one was analyzed in its entire
z-axis with 0.5 mm steps in order to exclude false double
labeling. The quantifications were performed using a
confocal microscope (Olympus confocal laser scanning
microscope, Olympus, France) equipped with a � 40 oil
objective.

Statistical Analysis

The data are expressed as mean number of cells per
mm37SEM, except for SVZ analyses. All statistical analyses
were performed with the Stat view-computer package. A
t-test was performed when comparing two groups and one-
way analysis of variance (ANOVA) was used for comparing
multiple groups. Post hoc comparisons were made with a
Newman–Keul’s test. Significance was set at po0.05 or 0.01.

RESULTS

Cell Proliferation

The proliferation of progenitor cells was determined by
immunohistochemical detection of BrdU within the nuclei
of dividing cells. Acute-treated and corresponding control
rats were killed 2 h after a single BrdU injection.

Dentate gyrus. Immunostaining for 5-HT fibers is
detected in the hilus and the molecular layer of the DG,
mainly avoiding the granular layer, and 5-HT fibers
are also frequently observed lining the SGL next to the
BrdU-labeled cells (Figure 1a). In this region, the BrdU-
labeled cells that are located in the subgranular zone at the
border between the GCL and the hilus have irregularly
shaped nuclei and diffuse patterns of BrdU staining
(Figure 3a).

5-HT1A receptors: As shown in Figure 2a, the activation
of 5-HT1A receptors for 4 h with 8-OH-DPAT induces a
significant increase (51% over control) in the number of
BrdU-positive cells (8-OH-DPAT: 12427152 vs control:
822795 as mean number of BrdU-positive cells/mm3 of
GCL7SEM) that frequently form clusters (Figure 3b). A
shorter duration of activation of 5-HT1A receptors (2 h
30 min) produces no change in the level of cell proliferation
in control rats, but abolishes the decrease in the number of
BrdU-positive cells induced by inhibiting 5-HT synthesis
using PCPA treatment (PCPAþ 8-OH-DPAT: 799787 vs
PCPA: 3277142).

5-HT1B receptors: As regards the 5-HT1B receptors
(Figure 2b), neither the agonist, sumatriptan, nor antago-
nist, GR 127935, produces significant changes in the
number of BrdU-positive cells in the SGL of DG
(control: 937725; sumatriptan: 845737; GR 127935:
9207132). However, the administration of sumatriptan in
PCPA-pretreated rats restores a normal level of cell
proliferation (PCPAþ sumatriptan: 9957155 vs PCPA:
417790).

5-HT2 receptors: No significant change in cell prolifera-
tion in the SGL is observed following DOI administration,
the 5-HT2A/2C agonist (Figure 2c), but ketanserine, a 5-
HT2A/2C antagonist, produces a large decrease (63%) in the
number of BrdU-labeled cells (control: 1222772; DOI:
12907127; ketanserin: 4577180) (Figure 2c). Furthermore,
selective activation or inhibition of the 5-HT2C receptors by
RO 600175 and SB 206553, respectively, has no effect on cell
proliferation in this region (control: 972770; RO 600175:
1145770; SB 206553: 10227155).
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Subventricular zone. A dense plexus of 5-HT immuno-
reactive fibers is observed in the walls of the lateral
ventricles intermingled with BrdU-labeled cells (Figure 1b).

5-HT1A receptors: As shown in Figure 4a, cell prolifera-
tion in the SVZ is largely increased (53% over control) 4 h
after administration of 8-OH-DPAT (control: 31075 vs 8-
OH-DPAT: 475717 as mean number of BrdU-labeled cells/
section7SEM).

5-HT1B receptors: The activation of 5-HT1B receptors by
sumatriptan produces a 26% decrease in the number of
BrdU-labeled cells in the SVZ (Figure 4b), while GR 127935
has the opposite effect (control: 300715; sumatriptan:
221718; GR 127935: 36778). Rats treated with PCPA
exhibit 36% decreases in the number of BrdU-positive cells
and such a pretreatment combined with sumatriptan
produces similar effect as PCPA alone (PCPA: 194711;
PCPAþ sumatriptan: 19678).

5-HT2 receptors: DOI administration produces a 24%
increase in cell proliferation (Figure 4c), while ketanserin
has no effect on the mean number of BrdU-positive cells in
the SVZ (control: 340717; DOI: 42074; ketanserin:
335739; Figure 3d and e). The increase in cell proliferation

is further augmented (þ 56%) after RO 600175 administra-
tion (Figure 3f), and no change is observed following SB
206553 (control: 320724; RO 600175: 501731; SB 206553:
286722).

Results are summarized in Table 1.

Neurogenesis

To determine the consequences of increases in cell
proliferation induced by injections of 8-OH-DPAT or RO
600175, the survival and fate of new cells in the GCL and OB
were examined 4 weeks after either acute or chronic (15
days) treatments with 5-HT receptor agonists. In these long-
term experiments, BrdU-positive cells were quantified and
their phenotype were determined by using the neuronal
marker, NeuN (Figure 1d and h), and the astroglial marker,
GFAP (Figure 1e). Furthermore, multiple injections of BrdU
were used: two for acute or more for chronic treatments
with 5-HT receptor agonists.

Dentate gyrus.
5-HT1A receptors: In the DG (Figure 5a and b), the

number of BrdU cells is significantly increased after either
acute or chronic 8-OH-DPAT treatments (þ 25, þ 29%
respectively), compared with corresponding controls (acute

Figure 1 Illustrations in the DG of double immunostaining for 5-HT and BrdU (a), triple immunostaining for BrdU, NeuN, and GFAP (c–f) and of similar
double (b) and triple immunostaining in the subventricular zone (b) and OB (g–j) obtained by using confocal microscopy. A dense 5-HT axonal plexus (red)
is detected in the molecular layer of the DG and in the hilus near the SGL containing BrdU-labeled cells (green), while very few serotonergic axons ramify
into the GCL (a). At the striatal level, 5-HT-containing axons are observed in the walls of the lateral ventricles intermingled with BrdU-labeled nuclei (b).
Simultaneous detection in the DG of immunofluorescent labels for BrdU (red, c), neuron-specific marker NeuN (blue, d), and glial cells with GFAP (green,
e), and a merge of these signals (f) showing newly generated cells having incorporated BrdU and labeled with NeuN (purple, arrow head) or with GFAP
(yellow, arrow). Similar illustrations for the OB show on the same focal plane, BrdU (g) and NeuN (h) coexpressed in (i). The specificity of BrdU-NeuN
coexpression in three dimensions is demonstrated in (j) on a higher magnification of the arrow-pointed cell in (i).
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8-OH-DPAT: 32337255 vs control 2576774 as the mean
number of BrdU-positive cells/mm3 of GCL7SEM; chronic
8-OH-DPAT: 184197981 vs control 142447732). As illu-
strated in Figure 1c–f, the majority of BrdU-positive cells
are neurons (about 70%) and not astrocytes (about 10%),
and no significant differences are detected when comparing
control and treated rats (Figure 5a and b). No change is
observed in the total volume of GCL after such a treatment,
as in the number of pyknotic cells (control: 21.174.9,

8-OH-DPAT: 30.174.1 as the mean number of pyknotic
cells/mm3 of GCL7SEM), which are characterized by a lack
of nuclear membrane, condensed, darkly stained, spherical
chromatin, and pale cytoplasm (not illustrated).

5-HT2C receptors: Although no change in cell prolifera-
tion is observed after a single injection of the 5-HT2C
receptor agonist, RO 600175, we examined the hypothesis
that some modification could occur following chronic
administration of the drug. As previously described for cell
proliferation, no effect on cell neurogenesis in the DG is
observed after chronic RO 600175 treatment (control:
142447732 vs RO 600175: 1254371142, as the mean
number of BrdU-positive cells/mm3 of GCL7SEM).

Olfactory bulb. Very few BrdU-positive cells were seen in
the RMS 4 weeks after multiple BrdU injections, but a large
number of BrdU-labeled cells were found scattered
throughout the GCL in OB (Figure 1g–i).

5-HT1A receptors: A significant increase (48%) in the
number of BrdU-positive cells is observed several weeks
after a single injection of 8-OH-DPAT (Figure 5c) compared
with corresponding controls (8-OH-DPAT: 25527110,
control: 17227300 as the mean number of BrdU-positive
cells/mm3 of GCL of OB7SEM). A similar increase is
detected following chronic treatment (Figure 5d) with this
5-HT receptor agonist (8-OH-DPAT: 2119871510, control:
1482472010).

5-HT2C receptors: Single administration of the 5-HT2C
receptor agonist, RO 600175, also produces a significant and
persistent increase in the number of BrdU-positive cells/
mm3 of GCL of OB (2557730 vs control: 17227300,
mean7SEM; Figure 5c). Similar changes are observed
following chronic treatment (RO 600175: 2195372730 vs
control: 1482472010; Figure 5d).

Neither the duration of treatment nor the receptor
subtype affects the ratio of BrdUþ /NeuNþ and BrdUþ /
GFAPþ vs total BrdUþ cells. Most of the BrdU-labeled
cells are NeuN positive (490%) and very few, 1–2%, GFAP
positive (Figure 1j).

DISCUSSION

The present findings show that 5-HT stimulates cell
proliferation in the SGL and SVZ throughout several
serotonergic receptor subtypes. The activation of 5-HT1A
heteroreceptors produces similar increases in both regions,
but 5-HT2A and 5-HT2C receptors are selectively involved
in the regulation of cell proliferation in the SGL of DG and
SVZ, respectively. Whereas 5-HT1B autoreceptors regulate
5-HT action in the SVZ and DG, 5-HT1B heteroreceptors
are involved in the regulation of cell proliferation in the
SGL. Finally, both acute and chronic administrations of
5-HT1A and 5-HT2C receptor agonists can produce
significant increases in the number of newly formed
neurons in the DG and/or OB, without affecting the
differentiation into a neuronal vs glial phenotype.
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Figure 2 Histograms showing the effects of serotonergic agonists and
antagonists on the numbers of BrdU-labeled cells in the SGL of the DG. (a)
A prolonged activation of 5-HT1A receptors (4 vs 2 h 30 min) by 8-OH-
DPAT is necessary to stimulate cell proliferation in untreated rats.
Furthermore, 8-OH-DPAT reverses the decrease in the number of
BrdU-labeled cells observed in serotonergic-depleted rats (PCPA). (b)
Treatments with the 5-HT1B/1D receptor agonist, sumatriptan (SUMA), or
antagonist GR 127935 (GR) do not affect cell proliferation, but sumatriptan
administration reverses the decrease induced by PCPA. (c) Administration
of DOI, the 5-HT2A/2C receptor agonist, produces no change in cell
proliferation, whereas the antagonist, ketanserin (KET), induces a large
decrease in the number of BrdU-labeled cells. Selective activation or
blockade of 5-HT2C receptors by RO 600175 (RO) and SB 206553 (SB),
respectively, has no effect on cell proliferation in the SGL. Data are
presented as numbers of BrdU-labeled cells per mm3 of GCL (mean-
s7SEM) from five or six rats per group. *po0.05, **po0.01 compared to
controls (Ctr); $po0.05, $$po0.01 compared to PCPA-treated rats.
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Regulation of Cell Proliferation and Neurogenesis in the
DG

The prolonged activation of 5-HT1A receptors by
8-OHDPAT produces a significant increase in cell prolifera-
tion in the DG. These results are consistent with the
decreases in cell proliferation observed in the SGL following
acute administration of various types of 5-HT1A receptor
antagonists (Radley and Jacobs, 2002). The balance between
the activation of 5-HT1A autoreceptors and heteroreceptors
might have been an explanation for the primary lack of
effect of 8-OH-DPAT when injected 30 min before BrdU, but
the activation of 5-HT1A receptors in PCPA-pretreated rats
reverses the PCPA-induced decrease in the number of BrdU
nuclei, indicating that 5-HT1A heteroreceptors are impli-
cated in the serotonergic regulation of cell proliferation, in
the DG. Although it is not known whether such increases in
the number of BrdU nuclei reflect changes in the size of the
population of proliferating cells and/or changes in the rate
of progression through the cell cycle, the second hypothesis
may be supported by the presence of clusters observed in
8-OH-DPAT-treated rats.

Our previous data showing the potent stimulation of cell
proliferation in the DG following intrahippocampal raphe
grafts indicate that the action of 5-HT should be local
(Brezun and Daszuta, 2000b). Indeed, 5-HT1A and not 5-
HT7 receptors, which are both activated by 8-OH-DPAT,
might be expressed by neural stem cells, as recently
described on neurospheres derived from adult hippocam-
pus (Benninghoff et al, 2002a). Additionally, the activation
of 5-HT1A receptors expressed by astrocytes (Whitaker-
Azmitia et al, 1993), some of them behaving as transient
precursors (Alvarez-Buylla et al, 2002), may lead to a potent
augmentation of newly formed cells in the DG. The 5-HT1A

receptors on astrocytes can also help to control the
secretion of neurotrophic factors implicated in the regula-
tion of cell proliferation, such as IGF-I (Aberg et al, 2000) or
S100b (Manev et al, 2001a). Furthermore, 5-HT1A ex-
pressed by the mature granule cells (Riad et al, 2000) can
participate in the regulation of cell proliferation in this
region. Indeed, there is a negative correlation between the
rate of neurogenesis and the level of activity of dentate
mature granule cells (Cameron et al, 1995). It has been well
demonstrated that the glutamatergic transmission inhibits
cell proliferation in the DG via NMDA receptors (Cameron
et al, 1995; Gould et al, 1997; Nacher et al, 2001), which are
expressed by granule cells, as 5-HT1A receptors. Hyperpo-
larization of these cells following activation of postsynaptic
5-HT1A receptors (Piguet and Galvan, 1994) would counter-
balance this negative control. Finally, long-term analyses
of neurogenesis following acute or chronic activation of
5-HT1A receptors indicate that the increases in cell
proliferation are not transient and are followed by a
significant augmentation in the number of newly formed
neurons in DG.

As for 5-HT1A, interpretations regarding 5-HT1B recep-
tors have to take the part of auto- vs hetero-receptors in the
regulation of cell proliferation. While 5-HT1B autoreceptors
are implicated both in the SVZ and DG, 5-HT1B hetero-
receptors appear to be selectively implicated in the DG.
Following the administration of 5-HT1B receptor agonist,
the increases in cell proliferation observed in the DG of
PCPA-pretreated rats, that is, when 5-HT1B autoreceptors
are not stimulated, indicate that the inhibition of glutamate
release by presynaptic 5-HT1B heteroreceptors (Maura et al,
1998) may contribute to these changes. These data are
consistent with the view previously mentioned that
interactions between the glutamatergic and serotonergic

Figure 3 Photomicrographs of BrdU-labeled cells in the DG and the subventricular zone obtained by using peroxidase immunostaining. As compared
with control (a), an increase in the number of dividing cells is observed in the SGL of rats treated with 5-HT1A receptor agonist, 8-OH-DPAT (b), whereas
administration of the 5-HT2A/2C receptor antagonist, ketanserin, induces a decrease in the number of BrdU-labeled cells (c), compared to control (a). In the
SVZ, the increase in cell proliferation observed following administration of the 5-HT2A/2C receptor agonist DOI (e) is larger in rats treated with the
selective 5-HT2C receptor agonist RO 600175 (f), as compared to control (d).
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transmission may have a key role in regulating adult
neurogenesis in the DG.

Using both selective and nonselective 5-HT2C receptor
agonists, we were unable to detect changes in the number of
BrdU nuclei in the SGL. No changes in neurogenesis were
observed after acute or chronic administration. The lack of
effect of 5-HT2C receptor antagonists strengthens the view
that this receptor subtype is not involved in the regulation
of DG cell proliferation, in contrast with 5-HT2A receptors.

The ketanserin-induced decreases in the number of BrdU-
positive cells can be related to a blockade of 5-HT2A
receptors since this drug has a much higher selectivity for
5-HT2A than 5-HT2C receptor subtypes. Such a decrease
might result from a disinhibition of granule cell activity via
the blockade of 5-HT2A receptor expressed by the
GABAergic inhibitory interneurons (Morilak et al, 1994).
Apparently, these interpretations are in contrast with recent
findings indicating that 5-HT2C receptors are expressed in
neurospheres derived from the adult hippocampus (Ben-
ninghoff et al, 2002a); but the expression of 5-HT2C
receptors at the membrane of progenitors can depend on
in vivo regulations.

Although we have not tested markers of cell proliferation
other than BrdU, changes produced by the drugs we used
are not resulting from changes in bioavailability of BrdU, by
the fact that most often, these compounds give different
results in the DG and the SVZ. Furthermore, changes in cell
proliferation can hardly be related to drug-induced changes
in behavior. Indeed, most of the treated rats do not exhibit
noticeable behavioral changes, except for PCPA-treated rats
showing increases in motor activity and decreases in cell
proliferation, whereas exercise increases hippocampal cell
proliferation.

Regulation of Cell Proliferation and Neurogenesis in the
SVZ and OB

The present study demonstrates for the first time that 5-HT,
throughout 5-HT1A receptors, is a potent factor of
stimulation of cell proliferation in the SVZ and conse-
quently on neurogenesis in OB. This result is in line with
our previous data showing significant decreases in cell
proliferation in SVZ after acute or chronic 5-HT depletion
(Brezun and Daszuta, 1999). Indeed, the profuse network of
5-HT fibers in the walls of the cerebral ventricles has long
been described in the mammalian brain (Lorez and
Richards, 1982) and using paracrine mode of transmission,
5-HT can reach various cell populations in the surround-
ings, notably the neural stem cells or progenitors. As in the
hippocampus, this observation suggests that the site of
5-HT action should be local, and 5-HT1A possibly located
on progenitors and/or astrocytes can participate in this
regulation.

The decreases and increases in the number of BrdU nuclei
observed in the SVZ following the administration of 5-HT1B
agonist and antagonist, respectively, underscore the fact
that regulating extracellular levels of 5-HT throughout
terminal 5-HT1B autoreceptors can modulate cell prolifera-
tion in this region. Indeed, the administration of the
5-HT1B receptors agonist has no effect in PCPA-pretreated
rats.

In contrast to the DG, large increases in cell proliferation
were observed in the SVZ following administration of the
selective 5-HT2C agonist; such changes were reproduced to
a smaller extent by the 5-HT2A/2C agonist. Increases in
neurogenesis in OB were also observed after acute or
chronic stimulation of 5-HT2C receptors. Indeed, diffuse 5-
HT transmission can readily activate 5-HT2C receptors
expressed by the choroid plexus (Clemett et al, 2000) that
can release FGF2 (Cuevas et al, 1994), a factor known to
increase adult neurogenesis (Kuhn et al, 1997; Palmer et al,
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Figure 4 Effects of serotonergic treatments on the number of BrdU-
labeled cells in the subventricular zone. (a) As compared to control, a large
increase in the number of proliferative cells is observed in 8-OH-DPAT-
treated rats (4 h). (b) Increases in the number of BrdU-labeled cells are
observed in GR 127935-treated rats compared to controls and changes are
opposite following sumatriptan administration. Furthermore, sumatriptan
has no effect in PCPA-treated rats. (c) A small but significant increase in cell
proliferation is observed in DOI-treated rats, which is larger after selective
5-HT2C receptor agonist administration RO. Both 5-HT2A/2C and 5-
HT2C receptor antagonists are ineffective in modulating the level of cell
proliferation. Data are presented as numbers of BrdU-labeled cells per
section (means7SEM) from five or six rats per group. *po0.05, **po0.01
compared to controls (Ctr).
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1999). Furthermore, the lack of change observed in 5-HT2C
receptor antagonist-treated rats suggests a phasic seroto-
nergic stimulation of cell proliferation in the SVZ via 5-
HT2C receptors.

5-HT Receptors, Depression, and Neurogenesis

Pharmacological studies in rodent models as well as clinical
trials have indicated that 5-HT1A receptor agonists have
antidepressant effects (De Vry, 1995; Martin et al, 1990).
The present study demonstrates that chronic activation of
5-HT1A receptors produces significant increases in DG and
OB neurogenesis, and even an acute administration of
8-OH-DPAT can stimulate the formation of new neurons in
these regions. Additionally, the increase in cell proliferation
observed in the dorsal hippocampus after the administra-
tion of 8-OH-DPAT, can be extended to the entire

hippocampus as indicated by the present study of
neurogenesis. These results are consistent with preliminary
data showing that anxiolytic properties of chronic activa-
tion of 5-HT1A receptors by 8-OH-DPAT are associated
with significant increases in DG cell proliferation, and that
fluoxetine-induced increases in hippocampal neurogenesis
are dependent on 5-HT1A receptor activation (Santarelli
et al, 2003). In line with these data, we show here that the
activation of 5-HT1A receptors produces significant in-
creases in neurogenesis not only in the DG but also in the
OB, as a consequence of the increases in cell proliferation
observed in the SVZ. Such results might be the support
of the way by which SSRIs contribute, via activation of
5-HT1A, to morphological adaptations in various brain
regions, particularly the hippocampus and the cortex.

The activation of terminal 5-HT1B autoreceptors can
limit the increase in extracellular 5-HT produced by SSRIs
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Figure 5 Effects of acute or chronic (15 days) administrations of 5-HT1A or 5-HT2C receptor agonists on neurogenesis in the DG and OB. Effects of
acute administrations of 5-HT receptor agonists were measured after a double injection of BrdU the same day, while BrdU was injected twice a day for the
last 8 days of chronic treatments with 5-HT drugs. Significant increases in the number of newborn neurons detected 4 weeks following BrdU injections are
observed after either acute or chronic administrations of each compound in both regions examined. The bars show the number of BrdU cells per mm3 of
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in various regions (Malagie et al, 2001, Moret and Briley,
2000) and regulate 5-HT-induced changes in cell prolifera-
tion. However, it has also been indicated that the activation
of 5-HT1B heteroreceptors mediates the antidepressant-like
effects of SSRIs (Gardier et al, 2001). These data can be
related to the positive changes in hippocampal cell
proliferation observed in the present study following
activation of 5-HT1B receptors in PCPA treated rats.

Finally, the 5-HT2 receptors can also play a role in
depression and anxiety (Middlemiss et al, 2002). The
decrease in cell proliferation detected in the hippocampus
following acute 5-HT2A receptor blockade is difficult to
associate with antidepressant effects of 5-HT2A receptor
antagonists, but has to be confirmed by more selective 5-
HT2A pharmacology. In contrast, the increases observed in
cell proliferation in the SVZ, or neurogenesis in the OB,
following administration of selective 5-HT2C receptor
agonist are consistent with the increases in 5-HT2C binding
in choroid plexus induced by fluoxetine (Laakso et al,
1996), and the therapeutic potential of 5-HT2C receptor
agonists (Martin et al, 1998). However, it remains to explain
why fluoxetine has no effect on cell proliferation in the SVZ
(Malberg et al, 2000).

CONCLUSION

The results obtained in the present study demonstrate that
different 5-HT receptor subtypes can be positively involved
in the stimulation of cell proliferation and neurogenesis in
the adult brain induced by activation of 5-HT transmission.
The consistent 5-HT1A-induced stimulation of neurogen-
esis in the two neurogenic zones and the selective
implication of 5-HT2C receptors in the SVZ, and conse-
quently the OB, suggest that various neural circuits
participate in the regulation of adult neurogenesis. Further-
more, long-term effects of chronic administration of 5-
HT1A or 5-HT2C receptor agonists on adult neurogenesis
sustain the hypothesis of a relationship between the
formation of new neurons and depression treatments. In
view of the low level of cell proliferation in the normal
mature brain, exposure to pharmacological compounds
selective of 5-HT receptors and able to increase the
production of new neurons can potentiate the use of neural
precursors for brain repair.
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