
Brain Plasticity 1 (2015) 149–158
DOI 10.3233/BPL-150012
IOS Press

149

Research Report

Hormetic effects by exercise on hippocampal
neurogenesis with glucocorticoid signaling
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Abstract. Exercise enhances adult hippocampal neurogenesis (AHN), although the exact nature of how this happens remains
controversial. The beneficial effects of exercise vary depending upon the exercise condition, especially intensity. Most animal
studies, however, have used wheel running, which only evaluates running distance (exercise volume) and does not consider
intensity. In our rat model, we have found that exercise-induced neurogenesis varies depending on the intensity of the exercise
and have found that exercise-enhanced neurogenesis is more pronounced with mild exercise than with moderate and/or intense
exercise. This may be due, at least in part, to increased glucocorticoid (CORT) secretion. To test this hypothesis, we used our
special exercise model in mice, with and without a stress response, based on the lactate threshold (LT) in which moderate exercise
above the LT increases lactate and adrenocorticotropic hormone (ACTH) release, while mild exercise does not. Adult male
C57BL/6J mice were subjected to two weeks of exercise training and AHN was measured with a 5-Bromo-2-deoxyuridine (BrdU)
pre-injection and immunohistochemistry. The role of glucocorticoid signaling was examined using intrapertioneal injections of
antagonists for the glucocorticoid receptor (GR), mifepristone, and the mineralocorticoid receptor (MR), spironolactone. We
found that, while mild exercise increased AHN without elevating CORT blood levels, both MR and GR antagonists abolished
mild-exercise-induced AHN, but did not affect AHN under intense exercise. This suggests a facilitative, permissive role of
glucocorticoid and mineralocorticoid receptors in AHN during mild exercise (234/250)
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AHN adult hippocampal neurogenesis
LT lactate threshold
CORT corticosterone
MR mineral corticoid receptor
GR glucocorticoid receptor
BrdU 5-Bromo-2-deoxyuridine
DG dentate gyrus
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1. INTRODUCTION

Within the hippocampus, a region of the brain that
is associated with learning and memory, neurogene-
sis occurs in the dentate gyrus throughout the lifetime
[1]. Exercise-induced adult hippocampal neurogene-
sis (AHN) has been widely reported in adult rodents
that run on a voluntary running wheel or treadmill [2,
3]. However, the exact intensity of voluntary exercise
(wheel running) is uncertain because it only allows
for the evaluation of running distance. In our previous
studies using rats, exercise intensity was defined using
the blood lactate threshold (LT) during graded running
exercises with use of a treadmill [4]. Using this model,
we found that mild exercise enhances AHN, brain-
derived neurotrophic factor (BDNF) and cognitive
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function, while intense exercise has less effect or even
inhibits neurogenesis [5–7]. However, the mechanisms
behind differences in AHN that are dependent on exer-
cise intensity remain to be elucidated.

Exercise intensity influences glucocorticoid secre-
tion. For instance, in humans, strongly elevated
glucocorticoid levels are caused by intense exercise
above the LT, an intensity at which blood lactate accu-
mulation is accelerated, but not by exercise below the
LT [8]. Similarly, in our rat model, mild exercise below
the LT does not increase corticosterone (CORT), while
moderate and intense exercise above the LT does lead
to increased blood CORT levels [6]. Excess glucocorti-
coids are known to decrease the levels of hippocampal
BDNF [9] and suppress neurogenesis [10]. Thus, the
potential positive effects of intense exercise on AHN
might be nullified with high blood CORT levels.

On the other hand, it has been reported that glu-
cocorticoids can facilitate learning and memory in
human subjects. In one study, the suppression of
glucocorticoids with administration of metyrapone, a
potent inhibitor of glucocorticoid synthesis, impaired
cognitive function, but the impairment was reversed
by glucocorticoid replacement [11]. In rats, a bipha-
sic effect of glucocorticoids is reported for object
recognition learning under conditions of emotional
arousal [12]. Furthermore, adrenalectomy increased
dentate gyrus neuronal apoptosis while a low dose
of CORT blocked this effect [13] and a low
dose CORT enhanced BDNF-TrkB signaling in
the hippocampus [14], implying that glucocorti-
coids have biphasic effects on adult hippocampal
neurogenesis.

The inverted U-shaped (“hormetic”[15, 16]) func-
tion of glucocorticoids is regulated by two kinds of
receptors, the mineralocorticoid receptor (MR) and
the glucocorticoid receptor (GR) [17]. For cell nuclear
actions, these receptors have different affinities: MRs
have a higher affinity for glucocorticoids than GRs in
the hippocampus. Therefore, MRs are activated at low
doses of CORT and GRs mainly become activated at
high doses of CORT [18]. Yet, stress levels of gluco-
corticoids also activate non-genomic MR at the cell
membrane and stimulate the release of glutamate [19].
Thus, low CORT would mainly activate nuclear MR
and favor the inhibition of neuron apoptosis, while with
a high dose, the activation of both non-genomic MR
and GR occurs and, together with increased glutamate
release, cause inhibition of neurogenesis in the dentate
gyrus [20]. Indeed, some studies reported an inverted
U-shaped effect of exercise as exercise hormesis effect
[21, 22].

To study the role of glucorticoids in the exercise-
hormesis effect, the exercise intensities for mice were
defined as mild (sub-LT) and intense (supra-LT) and
were used to study adult hippocampal neurogene-
sis (AHN). Possible involvement of glucocorticoid
receptors in exercise-induced neurogenesis was inves-
tigated by administrating MR or GR antagonists. The
results provide evidence that glucocorticoid receptor
signaling enhances mild-exercise-enhanced AHN in
the mouse hippocampus.

2. METHODS

2.1. Animals

12-week-old male C57BL/6J mice (weight:
26–29 g; TLAS Co., Ltd., Tokyo, Japan) were main-
tained on a 12-h light/dark schedule (lights on at 7:00
a.m.) and given ad libitum access to food and water.
All the experiments were performed in accordance
to protocols approved by the University of Tsukuba
Animal Experiment Laboratory Animals. Mice were
acclimatized to ambient rearing conditions for seven
days (3–5 mice per cage) and then, except operated
mice, which were individually housed, all mice were
group housed (3–5 mice per cage).

2.2. Exercise test to determine lactate threshold
for mice

The mice (n = 8) were habituated to the treadmill
apparatus (Natsume, Tokyo, Japan) for seven days of
treadmill running at night. Animals ran on the tread-
mill once a day for a total of seven sessions in ten
days. The running duration per session was 30 min,
and treadmill speed was gradually increased from 5 to
30 m/min over the seven sessions. Increases in speed
were implemented after the mice proved able to main-
tain their current exercise intensity. A shock grid at the
rear of the treadmill gave a mild but aversive foot shock
if the pace of the mice slowed below the treadmill rate.
Very few shocks were administered during each train-
ing session. Some animals were excluded when they
refused to run or, in rare cases, received an excessive
foot shocks with immobility on the electric grid.

After running habituation, mice were anesthetized
with pentobarbital sodium. The jugular vein was
exposed with surgery, and a silicone catheter was
inserted 1.3 mm into the vessel (Fig. 1A). The catheter
was fixed in the vessel using silk thread and its dis-
tal end was fixed at the nape of the neck. After
surgery, mice were kept individually in transparent
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Fig. 1. A typical lactate threshold (LT) profile for a mouse during a
gradual increase of running speed protocol (0–35 m/min) (A) To col-
lect blood during treadmill running, a silicone catheter was inserted
through the jugular vein to the right atrium three days before the
graded exercise test. (B) Typical data for LT of one mouse (No.
4) is shown. The LT (around 20 m/min) was determined from the
non-linear increase in blood lactate levels vs running speed using a
modified regression analysis. Inset is average LT for eight mice.

polycarbonate cages for 3 days after surgery, and
then, on the fourth days, the running tests to deter-
mine LT was done. The animals were allowed to rest
on the treadmill for at least 15 min before the test.
The initial treadmill velocity was 5 m/min and was
increased by 2.5 m/min every 3 min until the point of
exhaustion (Average 29.6 m/min). Blood samples were
collected from the catheter 30 seconds before each
speed increase to measure lactate for LT determina-
tion as per previous studies [4, 23]. After determining
LT with the first experiment, we categorized tread-
mill speeds into supra-LT (30 m/min) and sub-LT
(15 m/min).

2.3. Verification of sub-LT and supra-LT exercise
intensity

To verify the exercise intensity, at least 2 days after
the treadmill habituation period, the mice were divided
into four groups, pre-exercise, control, sub-LT and

supra-LT (n = 7, per group), and the mice were sub-
jected to an exercise test (Fig. 2A). This test consisted
of running at 30 or 15 m/min for 30 min. The control
animals were placed on the treadmill without running
for 30 min. After completion of the exercise test, the
animals were immediately decapitated using a guillo-
tine, and trunk blood was collected for blood lactate,
glucose and plasma CORT measurements using an
automated glucose-lactate analyzer (2300 Stat Plus,
YSI, OH, USA) and radioimmunoassay.

2.4. Exercise training protocol for neurogenesis
experiment

The exercise test revealed that the lactate thresh-
old of mice, an index of exercise intensity, appeared
at a running speed of approximately 20 m/min in the
same way as it does for rats [24]. Thus, the running
speeds in the exercise training protocol were classified
as control (0 m/min), sub-LT (15 m/min) and supra-LT
(30 m/min)(n = 8 per group). The mice were habituated
to the treadmill apparatus for 5 min (KN-73, Natsume,
Japan) before each training and then they were sub-
jected to 30 min of treadmill exercise nearly daily (5
sessions/week for 2 weeks). The training of exercised
mice included a gradual adaptation to the running. For
instance, the sub-LT group ran at a speed of 10 m/min
for the first 5 min and 15 m/min for the remaining
25 min, and the supra-LT group ran at a speed of
15 m/min for the first 2 min, 25 m/min for the next
3 min and 30 m/min for the remaining 25 min. Seden-
tary mice remained on the treadmill without running
for the same amount of time (Fig. 3A).

2.5. Drug administration (glucocorticoid receptor
antagonist and BrdU injection)

To block glucocorticoid receptors, mice received a
subcutaneous injection of a selective GR antagonist,
mifepristone (20 mg/kg/day, Sigma) [25], MR antago-
nist, spironolactone (12 mg/kg/day, Sigma), or Vehicle
(polyethylene glycol, 5 ml/kg/day) (n = 6-7 per group)
1 hr prior to each treadmill training session. It has been
reported that high doses of spironolactone decrease
blood pressure. The dose that we administered for the
present experiments would have no effect on blood
pressure according to the previous reports [26]. To fur-
ther assess neurogenesis, the mice were administrated
intra-peritoneal injections of 5-Bromo-2-deoxyuridine
(BrdU, 50 mg/kg/day, i.p.) 1 hr before each of the last
five exercise sessions.
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Fig. 2. Determination of blood lactate, glucose, and plasma corticosterone after different intensities of exercise (A) Protocols for different
intensities of exercise, (B) blood lactate levels (F(3,24) = 23.47, p < 0.0001), (C) plasma corticosterone levels (F(3,24) = 6.31, p = 0.0026), and (D)
blood glucose levels (F(3,24) = 1.17, p = 0.34). Data represent the mean ± SEM (n = 7 mice per group). ∗∗, p < 0.01, ∗∗∗, p < 0.001 in comparison
with control and ###, p < 0.001 in comparison to sub-LT (one-way ANOVA Tukey post hoc tests).

2.6. Sample collection

Two days after the last training session, the mice
were deeply anesthetized with pentobarbital, and tran-
scardially perfused with 0.9% saline. Brains were
carefully removed and the hemispheres were sepa-
rated. The right hemisphere was fixed overnight at 4◦C
with 4% paraformaldehyde in 0.1 M phosphate buffer
and equilibrated in 30% sucrose. Sequential coronal
sections (50 �m thick) of the entire hippocampus were
collected individually in 96-multiwell culture plates.
One in eight random serial sections was collected for
immunohistochemistry, and the brain slices were pre-
incubated in PB with 1.0% Triton X-100 and 1.0%
bovine serum albumin. To measure CORT levels, car-
diac blood was collected before the heart was perfused
with saline.

2.7. Immunohistochemical analysis

Triple immunofluorescence staining for BrdU,
DCX, and NeuN was performed on one series of sec-
tions selected at random, as described previously [27].
Briefly, one-in-eight series of sections (50 �m thick)
were used for cell counting (7-8 sections per mouse).

One series was randomly selected, and the sample
was pretreated with 2 N HCl at 37◦C for 30 min to
denature the DNA. Then the free floating slices were
incubated for 2 days at 4◦C with the primary anti-
bodies diluted with 0.1 M PB containing 1% bovine
serum albumin (BSA) and 1% Triton X-100. Rat
monoclonal anti-BrdU antibody (AbD Serotec, UK,
1:500), goat polyclonal anti-DCX (Santa Cruz, USA;
1:250), and mouse monoclonal anti-NeuN (Chemicon,
USA; 1:500) were used as the primary antibodies. The
slices were then incubated for 24 h at 4◦C with an
appropriate secondary antibody: Cy3 donkey anti-rat
(JACKSON, USA; 1:500), Alexa Fluor 488 donkey
anti-goat (Invitrogen, USA; 1:500), or AMCA don-
key anti-mouse (JACSON, USA; 1:250). The sections
were mounted on gelatin-covered slides and analyzed
with a Leica DMRB optical microscope (Leica, Ben-
sheim, Germany). To estimate the total number of
target cells in whole hippocampus, first, the immuno-
labeled cells in the subgranular zone (SGZ) and the
granule cell layer (GCL) of the DG were counted by
the hand. Based on this number, the cell density in each
section was calculated by multiplication of the DG
area by the cell number in the section. The DG area
was made visible with Nissl staining, and quantified
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Fig. 3. Effects of different exercise intensities on adult neurogenesis of male mice (A) Timeline of experiment, (B) A representative confocal
micrograph of triple labeling of BrdU (red), the immature neuron marker DCX (green), and the mature neuron marker NeuN (blue) in the
hippocampal dentate area. Scale bars, 50 �m. (C) Total number of BrdU+ cells (F(2,21) = 3.65, p = 0.044). (D) Number of BrdU+/DCX+ cells
(F(2,21) = 10.69, p = 0.0006). (E) Number of BrdU+/NeuN+ cells in the dentate gyrus (F(2,21) = 4.69, p = 0.02). Data represent the mean ± SEM
(n = 8 mice per group). ∗, p < 0.05, ∗∗∗, p < 0.001 in comparison to control mice and ##, p < 0.01 in comparison with supra-LT (one-way ANOVA
Tukey post hoc tests).

using the image analysis software Image J ver. 1.44
(NIH, http://rsb.info.nih.gov/ij). Finally, the total num-
ber of labelled cells was calculated by multiplication
of the mean cell density in all sections by the total
DG volume.

2.8. Measurement of plasma corticosterone

Plasma CORT levels were measured with radioim-
munoassay using competitive binding as described
previously [28]. Briefly, we utilized [3H]-CORT
(Tokyo Chemical Industry) and anti-CORT antibody
(Cosmo Bio). After 16 hours, anti-CORT bound CORT
was separated from unbound CORT by adding 500 �l
of Dextran-coated charcoal. The samples were cen-
trifuged at 4◦C (3,000 rpm, 10 min) and immediately
transferred to scintillation vials filled with 4 ml of a liq-
uid scintillation cocktail (Clear-sol II; Nacalai Tesque).
The vials were shaken followed by a count of the
CORT concentration with a LS6000 Beckman scintil-
lation counter (Beckman Coulter). The detection limit
of the CORT assay was 0.2 ng/dl. Final plasma CORT

concentration was determined by the average of its
duplicate concentrations.

2.9. Statistical analysis

Data are expressed as mean ± S.E.M. The results
were analyzed with modified regression analysis or
one-way ANOVA followed by Tukey’s post hoc tests
or two-way ANOVA followed by Bonferroni post hoc
tests whenever appropriate. Significance was estab-
lished at p < 0.05. Sample sizes are indicated by n.

3. RESULTS

3.1. LT determination for mice during the exercise
test

The experimental model for determining the lac-
tate threshold (LT) in mice during the exercise test is
shown in Fig. 1. Lactate concentrations in the blood
taken through the jugular catheter were measured every
3 min while increasing the treadmill speed. The LT was

http://rsb.info.nih.gov/ij
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found at speeds of 17.5∼20 m/min (Fig. 1B), which is
equal to that for male rats.

3.2. Blood lactate, glucose, and plasma
corticosterone concentration after different
intensities of exercise

To evaluate changes in the physiological index
after different intensities of exercise, we conducted
a test that consisted of running at 15 (sub-LT) or
30 (supra-LT) m/min on a level treadmill for 30 min
(Fig. 2A). Blood lactate levels were significantly ele-
vated in the supra-LT group compared to the sub-LT
and control groups (F(3,24) = 23.47, p < 0.0001; con-
trol vs supra-LT, sub-LT vs supra-LT, p < 0.0001)
(Fig. 2B). Plasma CORT concentrations were signif-
icantly elevated in the supra-LT mice compared to
the control mice (F(3,24) = 6.31, p = 0.0026; control vs
supra-LT, p < 0.01) (Fig. 2C). There were no signifi-
cant changes in the blood glucose levels among these
groups (Fig. 2D). These results reveal that exercise
in the supra-LT (30 m/min) group was quite stressful,
while that in the sub-LT (15 m/min) group was stress
free.

3.3. Effect of treadmill running at different
intensities on adult hippocampal
neurogenesis

The total numbers of BrdU+ cells in the control, sub-
LT, and supra-LT groups were 2764 ± 200, 3404 ± 161
and 2883 ± 272, respectively. BrdU+ cells were sig-
nificantly increased in the sub-LT group while the
supra-LT group showed no significant difference com-
pared to the control group (F(2,21) = 3.65, p = 0.044;
control vs sub-LT, p < 0.05) (Fig. 3C). The numbers of
BrdU+/DCX+ double-labeled cells in the control, sub-
LT, and supra-LT groups were 1290 ± 109, 1969 ± 104
and 1417 ± 118, respectively. BrdU+/DCX+ labeled
cells of the sub-LT exercise groups were signifi-
cantly increased compared to those of the control and
supra-LT groups (F(2,21) = 10.69, p = 0.0006; control
vs sub-LT, p < 0.001, sub-LT vs supra-LT, p < 0.01)
(Fig. 3D). In addition, sub-LT exercise significantly
enhanced BrdU+/NeuN+ labeled cells (F(2,21) = 4.69,
p = 0.02; control vs sub-LT, p < 0.05). The numbers of
BrdU+/NeuN+ double-labeled cells in the control, sub-
LT, and supra-LT groups were 120 ± 20, 219 ± 25 and
154 ± 25, respectively (Fig. 3E). These results suggest
that mild exercise (sub-LT), but not intensive exer-
cise (supra-LT), may enhance adult neurogenesis in
the mouse dentate gyrus.

3.4. Effect of glucocorticoid signaling on
exercise-induced neurogenesis

The role of glucocorticoid signaling was evalu-
ated by the daily injection of the MR antagonist
spironolactone, or the GR antagonist, mifepristone.
The adrenal weight and adrenal to body weight ratio
were significantly increased with supra-LT exercise
when mifepristone or spironolactone was applied
(p < 0.05, p < 0.01 in comparison to respective con-
trol mice, Table1). Although the serum CORT levels,
assessed two days after the last training session, did not
change significantly in the antagonist-treated groups,
similarly for the results of adrenal weight (Table 1).
For sub-LT exercise, there was no effect on plasma
CORT (Fig. 2) or body or adrenal weights or adrenal
to body weight ratio (Table 1). Much to our sur-
prise, both MR and GR glucocorticoid antagonists
blocked the enhancing effects of sub-LT exercise on
BrdU+, BrdU+/DCX+ or BrdU+/NeuN+ labeled cells,
while no significant changes between the vehicle con-
trol and the antagonist-treated control groups were
observed (Fig. 4A, B & C). These results suggest that
mild-exercise-induced neurogenesis may normally be
facilitated by CORT acting permissively via MR and
GR.

4. DISCUSSION

To investigate role of adrenal steroids in exercise-
induced AHN, in this study, we defined the exercise
intensity for mice based on the LT, and we verified the
effects of different exercise intensities on AHN and
the involvement of glucocorticoid signaling. We report
that mild exercise (sub-LT), which does not elevate
blood lactate and CORT, enhances adult hippocam-
pal neurogenesis in mice. Surprisingly, glucocorticoid
signaling in this mild-exercise-induced neurogenesis
plays a positive, permissive role and enhances neuro-
genesis via MR and GR.

There are many studies demonstrating that exercise
leads to increase AHN [29], but our report is the first
to demonstrate that adult neurogenesis in the mouse
could be differentially regulated under different exer-
cise intensities as defined by the LT. In work using a
running wheel exercise distance is the only measurable
parameter. In rats, we established an exercise model
using treadmill running to define mild and high inten-
sities of exercise in reference to their LT ( 20 m/min),
a physiologic index of exercise intensity as was pre-
viously reported [4]. Using this model in the rat, we
found that mild exercise below the LT enhances AHN



M. Okamoto et al. / Glucocorticoid involvement in mild exercise-induced neurogenesis 155

Ta
bl

e
1

B
od

y
w

ei
gh

t,
ad

re
na

lw
ei

gh
t,

ad
re

na
l/b

od
y

w
ei

gh
tr

at
io

,c
or

tic
os

te
ro

ne
le

ve
ls

an
d

D
G

vo
lu

m
e

in
m

ic
e

tr
ea

te
d

w
ith

gl
uc

oc
or

tic
oi

d
re

ce
pt

or
an

ta
go

ni
st

s

V
eh

ic
le

M
if

ep
ri

st
on

e
Sp

ir
on

ol
ac

to
ne

C
on

tr
ol

Su
b-

LT
Su

pr
a-

LT
C

on
tr

ol
Su

b-
LT

Su
pr

a-
LT

C
on

tr
ol

Su
b-

LT
Su

pr
a-

LT

B
od

y
w

ei
gh

t(
g)

28
.8

±
0.

65
29

.7
±

0.
80

29
.6

±
0.

43
28

.1
±

0.
63

28
.0

±
0.

38
27

.8
±

0.
17

*
29

.0
±

0.
26

29
.0

±
0.

52
29

.0
±

0.
93

**
A

dr
en

al
w

ei
gh

t(
m

g)
3.

7
±

0.
08

3.
96

±
0.

18
4.

03
±

0.
11

3.
19

±
0.

15
3.

51
±

0.
16

3.
77

±
0.

14
**

3.
42

±
0.

14
3.

62
±

0.
11

4.
16

±
0.

14
**

A
dr

en
al

/b
od

y
w

ei
gh

tr
at

io
0.

13
±

0.
00

4
0.

13
±

0.
06

0.
14

±
0.

00
2

0.
11

±
0.

00
5

0.
13

±
0.

00
5

0.
14

±
0.

00
5

0.
12

±
0.

00
5

0.
13

±
0.

00
5

0.
14

±
0.

00
1

C
or

tic
os

te
ro

ne
(n

g/
dl

)
13

2.
7

±
26

.0
18

5.
3

±
31

.8
17

6.
0

±
40

.3
10

6.
2

±
17

.4
13

6.
2

±
26

.6
19

9.
2

±
35

.1
89

.8
±

19
.3

10
1

±
24

.7
17

8
±

14
.7

D
G

vo
lu

m
e

(m
m

3
)

0.
6

±
0.

01
0.

58
±

0.
02

0.
58

±
0.

02
0.

57
±

0.
02

0.
62

±
0.

03
0.

58
±

0.
02

0.
61

±
0.

03
0.

62
±

0.
02

0.
6

±
0.

02

A
dr

en
al

to
bo

dy
w

ei
gh

t
ra

tio
of

m
ic

e
tr

ea
te

d
gl

uc
oc

or
tic

oi
d

re
ce

pt
or

an
ta

go
ni

st
s

(m
if

ep
ri

st
on

e,
sp

ir
on

ol
ac

to
ne

)
w

as
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

w
ith

su
pr

a-
LT

tr
ea

dm
ill

ex
er

ci
se

.T
he

re
w

as
a

si
gn

ifi
ca

nt
m

ai
n

ef
fe

ct
of

gl
uc

oc
or

tic
oi

d
re

ce
pt

or
an

ta
go

ni
st

s
(F

(2
,4

5)
=

2.
7,

p
<

0.
01

),
a

si
gn

ifi
ca

nt
m

ai
n

ef
fe

ct
of

tr
ea

dm
ill

ex
er

ci
se

(F
(2

,4
5)

=
11

.0
3,

p
<

0.
01

),
an

d
a

si
gn

ifi
ca

nt
ef

fe
ct

on
ad

re
na

l
w

ei
gh

t
w

ith
no

gl
uc

oc
or

tic
oi

d
re

ce
pt

or
an

ta
go

ni
st

s×
tr

ea
dm

ill
ex

er
ci

se
in

te
ra

ct
io

n
(F

(4
,4

5)
=

0.
92

,p
=

0.
46

).
D

at
a

ar
e

m
ea

n
±

SE
M

fo
r

5–
7

m
ic

e.
∗ :

p
<

0.
05

,∗
∗ :

p
<

0.
01

in
co

m
pa

ri
so

n
to

re
sp

ec
tiv

e
co

nt
ro

lm
ic

e
(t

w
o-

w
ay

A
N

O
V

A
an

d
B

on
fe

rr
on

ip
os

th
oc

te
st

s)
.



156 M. Okamoto et al. / Glucocorticoid involvement in mild exercise-induced neurogenesis

Fig. 4. Effects of glucocorticoid receptor antagonists on exercise-
induced adult hippocampal neurogenesis The role of glucocorticoid
signaling was evaluated with the injection of the mineralocorticoid
receptor (MR) antagonist spironolactone, and the glucocorticoid
receptor (GR) antagonist mifepristone. (A) Total number of BrdU+
cells. There was a significant main effect of treadmill exercise
(F(2,49) = 4.15, p < 0.05), but not glucocorticoid receptor antagonist
(F(2,49) = 3.07, p = 0.06), and a significant glucocorticoid receptor
antagonist × treadmill exercise interaction (F(4,49) = 4.7, p < 0.01).
(B) Number of BrdU+/DCX+ cells. There was a significant main
effect of treadmill exercise (F(2,49) = 5.59, p < 0.01), but not glu-
cocorticoid receptor antagonist (F(2,49) = 3.72, p = 0.69), and a
significant glucocorticoid receptor antagonist × treadmill exercise
interaction (F(4,49) = 4.86, p < 0.01). (C) Number of BrdU+/NeuN+
cells in the dentate gyrus. There was a significant main effect
of treadmill exercise (F(2,47) = 3.23, p < 0.05), but not glucocorti-
coid receptor antagonist (F(2,47) = 0.61, p = 0.55), and no significant
glucocorticoid receptor antagonist × treadmill exercise interaction
(F(4,47) = 1.87, p = 0.14). Data represent the mean ± SEM (n = 6 -7
mice). ∗, p < 0.05, ∗∗, p < 0.01, ∗∗∗, p < 0.001 in comparison with
respective control mice and #, p < 0.05, ##, p < 0.01 in comparison
with supra-LT (two-way ANOVA and Bonferroni post hoc tests).

and spatial learning memory [5, 7]. Our present study
thus established for mice an LT model for investigative
the physiological and neurobiological effect of exer-
cise intensity as well as duration and extend to mice
our previous finding in rats showing that mild exercise
enhances hippocampal plasticity.

We used both MR and GR antagonists (mifepristone
for GR; spironolactone for MR) to test the possi-
ble role of glucocorticoid signaling in the underlying
mechanisms of exercise-induced neurogenesis. The
positive, apparently permissive, involvement of MR
and GR in mild-exercise-enhanced neurogenesis is a
surprising finding of this study that is consistent with
another report that glucocorticoids are required for
the voluntary-exercise-induced enhancement of learn-
ing and memory [30]. It has been shown that MR is
expressed in newborn neurons in the dentate gyrus [31]
and that MR activation inhibits the apoptosis of hip-
pocampal granule cells [32, 33]. Besides preventing
apoptosis, there are indications that aldosterone, via
MR, can increase neurogenesis in the dentate gyrus of
adrenalectomized rats [34]. This is consistent with our
finding that spironolactone inhibits exercise-induced
neurogenesis. As MR is also expressed in mature gran-
ule cells as well as dividing cells, MR might also
be involved with exercise-induced neurogenesis in the
maintenance of the survival of dentate gyrus granule
neurons [31].

Moderate activation of GR exerts positive effects
on the brain [35]. Furthermore, other mediators such
as oxytocin [36] and BDNF could work synergisti-
cally with glucocorticoids on AHN. For BDNF, several
studies have reported ligand-independent activation by
CORT of the BDNF receptor TrkB (Tropomyosin-
related kinase B), which promotes BDNF-triggered
downstream signaling [37, 38]. Moreover, a down-
regulation of hippocampal BDNF expression and a
reduction of hippocampal neurogenesis have been
reported in GR-heterozygous mutant mice (GR±) with
a 50% GR gene reduction [39]. Therefore, as shown
in our study, it is possible that GR participates in a
positive, permissive way with other mediators in the
enhancement of neurogenesis.

In general, moderate chronic exercise is reputed to
be optimum for maintaining health, while severe exer-
cise can cause negative stress effects on the brain [6].
In this report, because excessive glucocorticoids are
known to decrease ANH via glucocorticoid receptors
[40], we postulated that, in the supra-LT group with
stress, high glucocorticoid levels would inhibit the ben-
eficial exercise effect on AHN. However, our present
results in mice showed that, while intense exercise
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did not increased AHN even after the administrated
of GR or MR antagonists. This was unexpected since
increased levels of glucocorticoids suppress AHN, and
the removal of glucocorticoid by adrenalectomy and
the blockage glucocorticoid receptors by antagonist
reverses this effect [41, 40]. Yet, glucocorticoids are not
necessarily involved in the inhibition of AHN by stress;
for example, Muller et al. [42] reported the inhibitory
effects on AHN by sleep deprivation stress indepen-
dent of glucocorticoids. In an exercise stress model,
other factors, such as IL-6 and TNF-�, which dampen
AHN [43, 44] should be considered.

In conclusion, our results demonstrate that mild
exercise below the LT enhances adult hippocampal
neurogenesis and this effect can be nullified by MR
or GR antagonist administration, suggesting that glu-
cocorticoid signaling may play a permissive facilitative
role, along with other mediators, in mild-exercise-
induced neurogenesis.
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