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Brief Communications

Serotonin Is Required for Exercise-Induced Adult

Hippocampal Neurogenesis

Friederike Klempin,'* Daniel Beis,"* Valentina Mosienko,' Gerd Kempermann,>> Michael Bader,' and Natalia Alenina!
'Max-Delbruck-Center for Molecular Medicine, 13125 Berlin, Germany, 2Center for Regenerative Therapies Dresden, 01307 Dresden, Germany, and

3German Center for Neurodegenerative Diseases Dresden, 01307 Dresden, Germany

Voluntary wheel running has long been known to induce precursor cell proliferation in adult hippocampal neurogenesis in
rodents. However, mechanisms that couple activity with the promitotic effect are not yet fully understood. Using tryptophan
hydroxylase (TPH) 2 deficient (Tph2-deficient) mice that lack brain serotonin, we explored the relationship between serotonin
signaling and exercise-induced neurogenesis. Surprisingly, Tph2-deficient mice exhibit normal baseline hippocampal neurogen-
esis but impaired activity-induced proliferation. Our data demonstrate that the proproliferative effect of running requires the
release of central serotonin in young-adult and aged mice. Lack of brain serotonin further results in alterations at the stage of
Sox2-positive precursor cells, suggesting physiological adaptations to changes in serotonin supply to maintain homeostasis in the
neurogenic niche. We conclude that serotonin plays a direct and acute regulatory role in activity-dependent hippocampal neuro-
genesis. The understanding of exercise-induced neurogenesis might offer preventive but also therapeutic opportunities in depres-

sion and age-related cognitive decline.

Introduction
Continuous generation of new neurons within the adult den-
tate gyrus contributes to hippocampus-dependent learning
and synaptic plasticity, and directly impacts brain function in
health and disease. “Acute” running has been shown to ro-
bustly increase the proliferative phase of adult hippocampal
neurogenesis (van Praag et al., 1999a,b; Kronenberg et al.,
2003). However, no known mechanisms directly link physical
activity with precursor cell proliferation. Candidate factors
include serotonin (Meeusen et al., 1996; Gomez-Merino et al.,
2001; Klempin et al., 2010), IGF-1 (Carro et al., 2000; Trejo et
al., 2001), VEGF (Jin et al., 2002; Fabel et al., 2003), BDNF
(Johnson et al., 2003; Adlard et al., 2005; Moon et al., 2012),
and endocannabinoids (Hill et al., 2010; Wolf et al., 2010),
which participate in the modulation of adult neurogenesis and
are upregulated following running.

Serotonin (5-HT, 5-hydroxytryptamine) has attracted much
attention in the context of theories linking major depression to
failing adult neurogenesis (Russo-Neustadt et al., 1999; Malberg
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et al., 2000; Santarelli et al., 2003). The dentate gyrus is highly
enriched with serotonergic fibers, and the beneficial effects of
antidepressant drugs that primarily target the central serotonin
system have been shown to require the generation of new granule
neurons (Brezun and Daszuta, 2000; Klempin et al., 2010). In-
triguingly, both serotonin and physical activity have proneuro-
genic and antidepressant effects, but whether the effect of
running is dependent on central serotonin has not yet been
explored until now. We have previously discovered that tryp-
tophan hydroxylase (TPH) 2 mediates 5-HT synthesis in the
brainstem raphe nuclei (Walther et al., 2003) and developed
the Tph2-deficient (Tph2_/_) mouse (Alenina et al., 2009),
which is selectively depleted in brain-derived serotonin. Here
we took advantage of this new mouse model to directly test the
action of serotonin and its role in activity-dependent regula-
tion of adult neurogenesis.

In presence or absence of exercise, we have conducted in
vivo experiments to determine proliferation of dentate gyrus
precursor cells in Tph2 ~/~ mice. Our results demonstrate that
serotonin is an essential positive modulator of neurogenesis
that specifically functions in response to an acute running
stimulus. This important observation will add to our under-
standing of the mechanisms by which exercise modulates
mood and memory.

Materials and Methods

Animals. The generation of Tph2 '~ mice has been described in detail
previously (Alenina et al., 2009). Tph2 '~ mice were established on a
C57BL/6N background (F10 generation backcross; Charles River)
(Mosienko et al., 2012). Young-adult [6 weeks of age, postnatal day (P)
42], adult (3 months of age, P80), and 1-year-old female Tph2 '~ mice,
their Tph2™/" littermates, or C57BL/6N mice (as control for P42) were



Klempin, Beis et al. ® Serotonin in Exercise-Induced Adult Neurogenesis

J. Neurosci., May 8, 2013 - 33(19):8270—8275 + 8271

Running distance in K
A /"\':; unning aistance in Km C 6000 B E Wr
RUN P42 ## Tph2-/-
Baseli sac | . \WT RUN
T sdays | tday | " o ok @ Tph2-/- RUN
it ’«."Ehrs !('Shrs 4«./1 2hrs 1year ;\T“;rr\rﬁ 5000 -
¢ ¢ ¢
#
2 4500
B P42 P80 . E] *f*
: e i i _ o 4000
o L inisesaza % ( s
s W et 2 3500
g ,',.‘" 7S './;‘,/w - o Q'.
O 48 o ., 2 3000+
et 5 ” 15 g *
2 7y .
: i w 2500 7
. ¥ e 5 ks |
2 T mmndnd RO : = 7
T { g D Wi 8 2000 % //g 3 $
5 e e i Y e I i E % %
[ : : - 1000- % % #
SEO W | / 7 ok
\:(/-" o < = v-w""""' o 500- % % $ $ i $
o e G . ¥ 5 N 5 // -
e w NE | & 7 —7 R
’ - P42 P80 1 year
Figure1. Lackof TPH2 prevents the proproliferative effect of running. A, The number of proliferating cells in running animals (RUN) and sedentary controls (Baseline) was quantified at day 7, 24 h

after the first of three intraperitoneal injections of BrdU. Running distances revealed no differences between genotypes with 1-year-old mice running significant less. B, DAB-staining of BrdU-

positive cells in the SGZ for different ages, genotypes, and conditions. GCL, granule cell layer. €,

At baseline, the absolute number of proliferating cells is similar between WT and Tph2 /™~ mice at

P42and P80, and is slightly enhanced in 1-year-old Tph2 ~/~ mice. Notably, while running robustly increased proliferation in WT animals for all age groups, no effect was seen in P42 and 1-year-old

Tph2 ~'~ mice with a slight increase at P80. *p << 0.05, **p << 0.01, ***p < 0.001 indicate s

tatistical significance relatively to sedentary controls of the same genotype, “p << 0.05, #p < 0.01

between WT and Tph2 ~/~ for same condition, and $p << 0.05 to previous age (SEM). Scale bar, 120 wm.

used to investigate the role of serotonin on proliferation and increased
hippocampal neurogenesis following physical activity. Sixty animals
were divided into two groups for “baseline” conditions (standard cage,
3—6 mice per cage), and “RUN” conditions (single housed in a standard
cage plus running wheel), and held for 6 d with a 12 h light/dark cycle and
ad libitum access to food and water. Mice in RUN conditions had unlim-
ited access to the running wheel for 6 d, and running distance was mon-
itored. To analyze proliferation, animals received three intraperitoneal
injections of bromodeoxyuridine (BrdU; 50 mg/kg body weight dis-
solved in 0.9% NaCl; Sigma-Aldrich) 6 h apart on day 6 and were killed
24 h after the first injection. All experiments were performed according
to national and institutional guidelines and were approved by the rele-
vant authority [Landesamt fiir Gesundheit und Soziales (LaGeSo), Ber-
lin, Germany].

Immunohistochemistry. Mice were deeply anesthetized with isoflu-
rane and perfused transcardially with 0.9% sodium chloride followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Brains
were removed from the skulls, postfixed in 4% PFA at 4°C overnight,
and transferred into 30% sucrose. Sequential 40 wm coronal sections
were cut on a microtome (Leica Bensheim) and cryoprotected. For
BrdU staining, DNA was denatured in 2N HCI for 20 min at 37°C.
Sections were then rinsed in 0.1 M borate buffer and washed in Tris-
buffered saline (TBS). Sections were stained free-floating with all
antibodies diluted in TBS containing 3% donkey serum and 0.1%
Triton X-100.

Primary antibodies were applied in the following concentrations: anti-
BrdU (rat, 1:500; Biozol), anti-doublecortin (anti-DCX) (goat, 1:250;
Santa Cruz Biotechnology), anti-GFAP (rabbit, 1:2000; Acris Antibod-
ies), anti-GFAP (mouse, 1:1000; Sigma-Aldrich), anti-Sox2 (goat,
1:1000; Santa Cruz Biotechnology), anti-iba-1 (goat, 1:500; Abcam),
anti-caspase 3 (rabbit, 1:500; Cell Signaling Technology).

For immunofluorescence, Alexa488-conjugated, Cy3-conjugated,
Cy5-conjugated, or Alexa647-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories) were used at a concentration of
1:250. Fluorescent sections were coverslipped in polyvinyl alcohol
with diazabicyclooctane (PVA-DABCO; kind gift from Dr. Golo Kro-

nenberg) as antifading agent; or Vector shield (Vector Laboratories).
Immunohistochemistry followed the peroxidase method with
biotinylated secondary antibodies (1:500; Jackson ImmunoResearch
Laboratories), ABC Elite reagent (Vector Laboratories), and di-
aminobenzidine (DAB; Vector Laboratories) as chromogen.

Quantification. For BrdU labeling, one-in-six series of sections of each
brain were stained for light microscopy (peroxidase method), and im-
munoreactive cells were counted throughout the rostrocaudal extent of
the dentate gyrus. Results were multiplied by six to obtain the total num-
ber of BrdU-positive cells per dentate gyrus. One-in-twelve series of
sections were either stained for Sox2 following the peroxidase method
(and multiplied by 12 to obtain absolute numbers), or labeled for
multiple-immunofluorescence staining as described above for pheno-
typic analysis. Fifty to 100 randomly selected cells per animal were eval-
uated for three-dimensional colocalization by examining orthogonal
views from a series of confocal microscope focal planes using a Leica TCS
SP5 (Leica) confocal microscope.

Statistical analysis. Statistical differences between group means were
evaluated by ANOVA analysis followed by Tukey’s post hoc tests, in cases
where a significant F statistic was obtained (GraphPad PRISM 5.01 soft-
ware). For individual comparisons, a Student’s ¢ test was used. All values
are expressed as mean *+ SE. P values of =0.05 were considered statisti-
cally significant.

Results

Permanent depletion of brain serotonin does not change
baseline proliferation

First, we quantified baseline proliferation of dentate gyrus
precursor cells in young-adult (P42), adult (P80), and 1-year-
old animals that lack brain serotonin (Fig. 1A). The number of
proliferating cells in Tph2 ™'~ mice 24 h after the first BrdU
injections did not differ compared with wild-type (WT) mice
at P42 (2321 * 148 vs 2078 = 89, respectively; p = 0.2165,n =
6) and P80 (1551 * 204 vs 1503 = 128, respectively; p = 0.849,
n = 4), and was slightly increased at 1 year of age (264 * 20 vs
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159 = 18, respectively; p = 0.012, n = 4; A2000— P42
Fig. 1 B, C). These data showed that, sur- o wr
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running = significantly less than the Figure 2.

younger mice of same genotype (Fig. 1A).
One week of exercise robustly increased
the number of BrdU-positive cells in the
subgranular zone (SGZ) of control ani-
mals in all age groups compared with sed-
entary controls (P42, n = 5, p < 0.001;
P80, p < 0.001, n = 5; 1 year, p = 0.0051,
n = 6; Fig. 1 B,C). In contrast, Tph2 ~/~ mice had no increase in
proliferation (P42, n = 5, p = 0.2533; 1-year-old, p = 0.900, n =
5), or a markedly attenuated (P80, p = 0.0168, n = 6) increase in
proliferation (Fig. 1C). Our data also confirmed that neurogen-
esis declined with aging in both running and sedentary controls
(p < 0.05, p < 0.001, and p < 0.0001, respectively; Fig. 1C)
(Kronenberg et al., 2006).

To determine the cell types affected during running, BrdU-
positive cells were costained for stem/progenitor markers of the
neural lineage: the glial fibrillary acidic protein (GFAP), the pre-
cursor marker Sox2 (SRY-related HMG-box gene 2), and the
transient immature neuronal marker DCX. Quantitative assess-
ment revealed no changes in the number of BrdU/GFAP-positive
type-1 cells (morphology-wise radial glia-like stem cells) at P42
(p = 0.236; Fig. 2A) and P80 (p = 0.160; Fig. 2B) following
exercise. A significant reduction in type-1 cell numbers was seen
in Tph2 ™'~ mice at P80 in running conditions (WT, 110 * 40;
Tph2 ', 29 = 15; p = 0.026; Fig. 2B). However, acute running
significantly increased the number of BrdU/Sox2-positive non-
radial type-2a cells (GFAP-negative; P42, p = 0.0073; P80, p <
0.001; Fig. 2A, B), and BrdU/DCX-positive cells (type-2b/3; P42,
p = 0.011; P80, p < 0.001; Fig. 2A, B) in WT animals compared
with baseline, and compared with Tph2 '~ mice. Yet, following
acute running, the population of Sox2-positive proliferating
precursor cells was most affected, and the number increased
threefold. Neither cell population changed under running
conditions in P42 and 1-year-old (data not shown) Tph2 '~
mice, while type-2b/3 cells were slightly increased at P80
(baseline, 554 = 107; RUN, 864 * 86; p = 0.0368; Fig. 2B).
Together, these data demonstrate that running-induced neu-
rogenesis is abolished in mice that lack central serotonin.

condition (SEM).

Sox2-expressing cells reveal physiological adaptation by
increased proliferation and cell death in Tph2™~ mice
Surprisingly, when we looked at baseline levels, Tph2 ~'~ mice
had significantly more proliferating Sox2-positive cells at P42
compared with WT animals (816 = 130 vs 388 = 51, respectively;
p = 0.0428; Fig. 2A). The number of these cells had doubled and
no further increase following running was observed. At P80, too,
the number of BrdU/Sox2-positive cells in Tph2 ™'~ mice was
increased but the difference failed to reach statistical significance

- type-2a
Sox2+/GFAP-
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Running-induced effects on neuronal phenotypes in Tph2 ~/~ and WT mice. A, B, The number of BrdU/GFAP
quiescent type-1stem cells did not change between conditions and genotypes at P42 (A) and was slightly altered between WT and
Tph2 ~'~ after running at P80 (B). Proliferating progenitor cells expressing Sox2 (type 2a) or DCX (type-2b/3) were increased in
WT following exercise, and markedly attenuated in 7ph2 ~/~ mice. Notably, the number of Sox2 type-2a cells was already
significantly enhanced in P42 Tph2 ~/~ mice at baseline (4). *p << 0.05, **p < 0.01, ***p < 0,001 indicate statistical signifi-
cance relatively to sedentary controls of the same genotype, and #p < 0.05, ##p < 0.01 between WT and Tph2 ~/~ for same

(394 = 59 vs 290 = 30; p = 0.081; Fig. 2B). Sox2-positive type-2a
cells represent a certain developmental stage of neuronal and glial
fate decision (Steiner et al., 2006). Sox2 is downregulated as neu-
ral precursor cells commit to a neuronal fate and divide rapidly.
Considering the stable and equal rate of DCX production for
both genotypes at baseline (Fig. 2 A, B; frequency distribution
ranges from 33.7 to 39.9% between all groups), the increase in
BrdU/Sox2 coexpression may indicate a compensatory mech-
anism by which neurogenesis is developmentally regulated in
the absence of serotonin.

We therefore characterized Sox2-positive cells in more
depth and investigated their phenotypes. We specifically mea-
sured coexpression with GFAP at P42 for both conditions and
genotypes, and we counted total numbers of Sox2-expressing
cells that include both BrdU-positive and BrdU-negative
cells. Interestingly, the proportion of Sox2-positive cells in
Tph2 ™'~ mice costained for GFAP was significantly lower at
baseline compared with WT (733 = 57 vs 1565 * 183, respec-
tively; p = 0.012) but doubled following exercise and reached
WT levels (Fig. 3A). Sox2/GFAP-positive cells comprise neu-
ral stem cells and astrocytes but due to the alignment at the
SGZ they are primarily stem cells. These data indicate that the
numbers of putative quiescent stem cells and early progenitor
cells (expressing Sox2) are affected in conditions of lifelong
depletion of central serotonin. This is typified by a relative
decrease in the number of Sox2/GFAP-positive cells combined
with an increase in proliferating type-2a cells. Our data poten-
tially indicate a premature exit from cell cycle or progression
from neural stem cells to transient amplifying cells due to
loss of brain serotonin. Sox2 precursor cells divide more rap-
idly to keep this and the next progenitor status stable (type 2
and type 3).

We also found an increase in Sox2-positive cell apoptosis in
Tph2 '~ mice at baseline (342 *+ 85; WT, 72 = 37, p = 0.044; Fig.
3B, D), which could explain the lower number of Sox2/GFAP-
positive cells shown in Figure 3A (percentage distribution ac-
counts for 10.1 * 2.2% vs 1.8 £ 1.1%, respectively). The increase
in cell death could also signal back to hasten transition of Sox2/
GFAP-positive cells to the next stage to maintain the transient
amplifying population.
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Figure3.  Sox2-expressing cells are highly affected in Tph2 ~/~ mice. A, At P42, the number
of overall Sox2/GFAP-expressing cells in Tph2 ~/~ mice was significantly lower at baseline but
doubled following exercise. B, At baseline, a significantly higher number of Sox2-expressing
apoptotic cells (coexpression of Sox2/Caspase3), and increased microgliosis following running
(€) was found in Tph2 '~ mice. D, Confocal microscopy images of Sox2/Caspase3/GFAP coex-
pression (arrow), and (E) BrdU/iba-1in Tph2 ~/~ mice at P42 baseline levels (BL). F, Increased
microgliosisin Tph2 '~ mice following exercise (arrows indicate coexpression of BrdU/iba-1).
Notably, the number of total iba-1-positive microglia is generally increased following exercise
independently of genotype, and less frequent in sedentary mice. n.d., not detectable. Scale bar,
25 um. **p < 0.01, ***p < 0.001 indicate statistical significance relatively to sedentary
controls of the same genotype, and “p < 0.05, between WT and Tph2 —/~ for same condition
(SEM).

In response to running, Sox2/GFAP-positive cells accumu-
lated, indicating an amplification of the stem-cell population
as a result of exercise (baseline, 733 = 75; RUN, 1999 * 231;
p = 0.006; Fig. 3A). Furthermore, running Tph2 '~ mice
showed significantly more BrdU/ibal coexpression compared
with WT (228 = 23 vs 114 =* 28, respectively; p = 0.023), and
compared with baseline (p < 0.001; Fig. 3C,F) indicating in-
creased microgliosis. Notably, accumulation of microglia was
generally observed following the running stimulus and fewer
microglia were detectable in sedentary mice (Fig. 3C,E). To-
gether, these data suggest that Tph2 '~ mice are deficient in
the transition of Sox2-positive precursor cells toward DCX-
positive progenitor cells with a lower level of quiescent type-1
stem cells and higher cell death rate. Although this is compen-
sated at baseline levels by increased Sox2-positive cell prolif-
eration, cells fail to enhance differentiation into neuroblasts
following running.

Discussion

In our study, we analyzed the role of serotonin in adult hip-
pocampal neurogenesis using Tph2 ~/~ mice, an animal model
that lacks brain serotonin. Surprisingly, permanent depletion
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of serotonin does not affect baseline adult neurogenesis; this
result was unexpected based on previous studies indicating the
serotonin system to be a potent neurogenic modulator. In
contrast, we discovered that serotonin is essential for exercise-
induced neurogenesis. Finally, changes in proliferation and
survival of Sox2-positive cells, and the deficiency in the tran-
sition to DCX-positive progenitor cells, revealed a potential
physiological compensatory mechanism in the absence of se-
rotonin.

The role of serotonin in adult hippocampal neurogenesis has
been extensively discussed. However, previous studies have relied
on pharmacological manipulation or receptor targeting. This is
the first approach to test serotonin action in a loss-of-function
model in which the availability of brain-derived serotonin is se-
lectively eliminated. Previous results have shown that the gener-
ation of new neurons is positively regulated via different
serotonin receptor subtypes active at sequential steps in the
course of adult neurogenesis (Malberg et al., 2000; Duman et al.,
2001; Malberg and Duman, 2003; Encinas et al., 2006; Klempin et
al., 2010). Our current data based on a genetic model shed a
distinct light on the mechanisms proposed in these studies based
on acute manipulation of 5-HT receptor signaling but also from
data obtained in 5-HT synthesis inhibition or serotonergic lesion
models (by parachlorophenylalanine or 5,7-DHT injections)
(Brezun and Daszuta, 1999; Jha et al., 2006). Potentially, these
treatments might have affected other neurotransmitter pathways
and cotransmitter systems, confounding the interpretation of the
results.

Our current data clearly revealed that lifelong depletion in
Tph2 '~ mice had no measurable change in baseline prolifera-
tion when compared with WT mice at different ages. We propose
that this is potentially due to an enduring change in the balance of
proliferation and cell death rate at the level of type-1 and type-2
precursor cells in the absence of serotonin. The hypothesis is that
serotonin facilitates the transition of quiescent to amplifying pro-
genitor cells. In Tph2 ™'~ mice, we detected that Sox2-positive
cells proliferate more to possibly balance stem-cell loss and to
sustain the progenitor cell pool.

Nevertheless, our data establish that central serotonin is nec-
essary for a fast neurogenic response of the niche to changes in
physical activity. Tph2 ~'~ mice did not show increased prolifer-
ation following exercise (Fig. 1). This indicates that other signal-
ing pathways cannot compensate for the absence of serotonin
during the onset of activity. We hypothesize that increased avail-
ability of tryptophan during exercise increases 5-HT production
and release from its projections in the hippocampus (Meeusen et
al., 1996; Béquet et al., 2002), where it stimulates neurogenesis via
different serotonin receptors active at different cell types in the
niche (Brezun and Daszuta, 2000; Klempin et al., 2010). Sox2-
positive type-2a cells are highly affected following an acute run-
ning stimulus as shown here, and described previously
(Kronenberg et al., 2003; Steiner et al., 2008). Whenever sero-
tonin is absent, these cells either die or fail to transform into
immature neurons, even in running conditions. We found an
increase in apoptosis of Sox2-positive cells, which correlated with
increased microgliosis following exercise. Voluntary running has
been shown to induce the number of new microglia in other brain
regions (Ehninger and Kempermann, 2003). It was generally ob-
served for both genotypes in our study, with a significant higher
proportion in mutant mice as reaction to cell death of precursor
cells.

We cannot completely rule out effects of short-term social
isolation on the outcome of the running experiment, including
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its impact on the stem-cell pool (Song et al., 2012). However, our
data from WT mice are in line with recent studies showing that
isolation does not negatively affect precursor proliferation fol-
lowing exercise (Kannangara et al., 2009; Marlatt et al., 2010). For
Tph2 '~ mice, the putative quiescent stem-cell pool (type-1
cells) that has been lower at baseline regained normal numbers
following exercise (no differences to WT). This might be poten-
tially due to a failure of cells to progress to the progenitor cell
stage or to re-enter cell cycle. We cannot prove either conclusion
based on our approach.

Our study suggests the existence of compensatory mecha-
nisms, which occur in the lifelong absence of serotonin. We can-
not exclude the possibility that other neurotransmitters [e.g.,
noradrenaline (NA)] could partly mediate an effect on adult neu-
rogenesis in Tph27/ ~ mice as we (data not shown) and others
(Gutknechtetal., 2012) revealed a decrease in NA concentrations
in the hippocampus and other brain areas in these mice. How-
ever, our baseline data demonstrate no changes in proliferation in
the Tph2 '~ mouse, indicating that reduced NA concentrations
in these mice do not affect homeostatic maintenance of
neurogenesis.

Our data are the first to place central serotonin specifically
within the modulation of exercise-induced neurogenesis, and
contribute to the understanding of regulatory signals in adult
neurogenesis. Future experiments should examine the direct
coupling of exercise-induced serotonin release and neuronal
plasticity to better define the site of action of this monoamine. A
clear understanding of the pharmacology of serotonin action
could lead to alternative approaches for treatment of depression
or age-related decline in learning and memory.
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