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Endurance factors improve hippocampal neurogenesis

and spatial memory in mice
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Physical activity improves learning and hippocampal neurogenesis. It is unknown whether compounds that increase endur-
ance in muscle also enhance cognition. We investigated the effects of endurance factors, peroxisome proliferator-activated
receptor & agonist GW501516 and AICAR, activator of AMP-activated protein kinase on memory and neurogenesis. Mice
were injected with GW for 7 d or AICAR for 7 or 14 d. Two weeks thereafter mice were tested in the Morris water maze.
AICAR (7 d) and GW improved spatial memory. Moreover, AICAR significantly, and GW modestly, elevated dentate
gyrus neurogenesis. Thus, pharmacological activation of skeletal muscle may mediate cognitive effects.

Physical activity has many benefits for brain function ranging
from memory to mood (Hillman et al. 2008). There is a strong
positive correlation between running and performance in
hippocampus-dependent spatial memory tasks (van Praag 2008).
Research into mechanisms underlying effects of running on the
brain has mainly focused on changes in neurotransmitters, neuro-
trophins, spine density, and hippocampal neurogenesis (Cotman
et al. 2007; Gomez-Pinilla et al. 2008; Hillman et al. 2008; van
Praag 2008). Conversely, the peripheral triggers of the cellular
and molecular cascades in the brain that lead to improved cogni-
tion have remained unclear. It has been suggested that serum
insulin-like growth factor-1 (IGF) may play a role as the peripheral
blockade abolished the running-induced enhancement of hippo-
campal neurogenesis (Trejo et al. 2001). Similar observations were
made following systemic blockade of vascular endothelial growth
factor (VEGF) (Fabel et al. 2003). However, the possibility that
skeletal muscle activation as a result of exercise or pharmacologi-
cal agents underlies cognitive effects of aerobic activity has not
been explored.

Recently, transcriptional factors regulating muscle fiber con-
tractile and metabolic genes have been identified (Wang et al.
2004). The peroxisome proliferator activated receptor & (PPARS)
is a transcription factor that regulates fast-twitch muscle fiber con-
traction and metabolism. Overexpression of this factor increased
oxidative muscle fiber number. In addition, administration of
the selective agonist GW501516 increased exercise stamina
when combined with training (Narkar et al. 2008). PPARS is con-
trolled by the AMP-activated protein kinase (AMPK), a master
metabolic regulator important for glucose homeostasis, appetite,
and exercise physiology (Hardie 2004). Treatment with AMPK
agonist AICAR enhanced running endurance by 45% in sedentary
mice (Narkar et al. 2008). It has not been determined whether the
effects of these compounds extend from the periphery to brain
function, and may influence hippocampal neurogenesis and spa-
tial memory. Here we show that systemic pretreatment with
AICAR, and more modestly, GW501516, 2 wk prior to behavioral
testing enhances spatial learning and hippocampal neurogenesis.

In the present study, female C57BL/6] mice (Jackson Labora-
tory, Bar Harbor, ME) 2-mo-old, were housed under standard con-
ditions, three mice per cage, with food and water ad libitum. Mice
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were injected intraperitoneally (i.p.) with GW501516 (GW, 5 mg/
kg/day; for 7 d; Enzo Life Sciences) dissolved in oil vehicle (Pre-
mium MCT Gold, Ultimate Nutrition Inc.) or an equal volume
of oil; or 5-Aminoimidazole-4-carboxamide-1-B-D-ribofuranoside
(AICAR, Toronto Research Chemicals Inc.) dissolved in saline,
500 mg/kg/day or saline for 7 (ACR7) or 14 d (ACR14) (Table 1).
The mice concurrently received bromodeoxyuridine (BrdU) injec-
tions (50 mg/kg; on days 1-7 [ACR7], days 1, 3, 5, 7, 9, 11, 13
[ACR14], and days 1, 3, 5, 7 [GW] of treatment; Table 1). Mice
were tested in the water maze starting 2 wk after the last drug
injection. After completion of water-maze testing, animals treated
with GW and ACR7 were evaluated in the open field and acceler-
ating rotarod. For histological analysis of ACR7 a separate group of
mice that had not been behaviorally tested was evaluated for BrdU
labeling. These mice were sacrificed either 1 d after the end of the
injections to evaluate new cell proliferation, or 1 mo after to eval-
uate cell survival. All animal procedures were approved by the
National Institute of Health Animal Care and Use Committee,
protocol 396-LNS-2011.

Mice were trained in the Morris water maze (Morris et al.
1982) to find a platform hidden 5 mm below the surface of a
pool (1.40-m diameter) filled with water made opaque with white
nontoxic paint. Starting points were changed daily for each trial.
A trial lasted either until the mouse had found the platform or for
a maximum of 60 sec. Mice rested on the platform for 10 sec after
each trial. ACR7 mice were trained with two trials per day over 11
d and, subsequently, to a new platform location with four trials
per day over 5 d. ACR14 and GW mice were trained with four trials
per day over 7 and 8 d, respectively. Upon completion of training,
the platform was removed for 60-sec probe trials. Platform latency
was recorded (Anymaze, Stoelting Co.).

In the open field test, mice were placed in the center of
the open field arena and allowed to move freely for 30 min while
being tracked by an automated tracking system (Activity Monitor
Version 4, MED Associates). Mice were also tested on an accelerat-
ing rotarod (Med-Associates), 2.5-25 RPM in 300 sec. The latency
to the first fall was recorded three consecutive times.

For histological analysis, animals were deeply anesthetized
with isofluorane and perfused transcardially with 0.9% NaCl sol-
ution, followed by 4% (wt/vol) paraformaldehyde (PFA) in 0.1
M phosphate buffer (pH 7.4). Brains were postfixed in 4% PFA
for 3 d, followed by equilibration in 30% (wt/vol) sucrose.
Tissue was sectioned coronally (40 wm) on a freezing microtome
(Thermo- Fisher) and stored at —20°C in cryoprotectant solution.
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Table 1. Compound treatment and neurogenesis

BrdU BrdU* Percent

Group N injections cell NR BrdU/NeuN
SAL7 7 7, daily 1879 £126 80.37 + 2.88%
ACR7 10 7, daily 2595 £121*  89.62 £ 1.88%*
SAL14 8 7, every other day 1350 + 87 n.d
ACR14 7 7, every other day 1272 +82 n.d.

VEH 10 4, every other day 562+ 70 85% * 2.5%
GW 8 4, every other day 746 + 72" 90% £ 2.2%

Female C57BI/6 mice were injected with saline (SAL) or AICAR (500 mg/kg)
daily for 7 (ACR7) or 14 d (ACR14), and with GW501516 (5 mg/kg) or
vehicle (VEH) daily for 7 d. BrdU (50 mg/kg) was injected concurrently. One
month after the last injection, BrdU™ cell number and differentiation (BrdU/
NeuN) were quantified. New cell survival (**P < 0.0012) and neurogenesis
(*P < 0.018) were significantly increased in ACR7 as compared with SAL7
controls. In the GW-treated mice a trend toward increased cell survival (*P =
0.08) as compared with VEH was observed.

For the GW experiment a 1:6 series of sections was used for
immunostaining, using double-cortin (DCX) anti-goat, 1:500
(Santa Cruz Biotechnology) in combination with the secondary
antibody donkey anti-goat IgG (Jackson) conjugated with CY5
(1:250), or the secondary antibody donkey anti-goat biotin
(1:250, Jackson), followed by ABC reagent (Vector laboratories)
and peroxidase detection for 5min using diaminobenzedine
(DAB) as chromogen (0.25 mg/mL DAB, 0.01% H,0O,). DCX-
DAB-labeled cells were counted in the dentate gyrus in four equi-
distant sections (240 wm apart), from rostral to caudal, through a
40x objective (Olympus BX51).

Immunohistochemistry for BrdU and immunofluorescent
double-labeling for BrdU and the Neuronal marker NeuN were
performed on a one-in-six series of equidistant (240 um between
sections) free-floating 40-pm coronal sections. The antibodies
used were rat anti-BrdU (1:100, Accurate; Harlan Sera-Lab) and
mouse anti-NeuN (1:100, Millipore). The fluorescent secondary
antibodies used were donkey anti-mouse Cy3 (Jackson Immuno
Research) and donkey anti-rat Alexa-Fluor 488 (Invitrogen) at a
concentration of 4 ug/mL. To determine the number of surviving
BrdU-labeled cells in the GW, ACR7, and ACR14 experiments,
staining for BrdU with the peroxidase method was used as
described (Creer et al. 2010) and the total number of BrdU-
positive cells was counted in a 1:6 series of equidistant (240 pm
apart) rostral-caudal sections. For cell proliferation, BrdU-labeled
cells were quantified using the fractionator software; the area of
the dentate gyrus was traced, and a counting frame (0.35 x 0.35
pm) was used to estimate the number of new cells using a 20X
objective (Stereolnvestigator system, MicroBrightfield Inc, VT;
Olympus BX51).

Sections from GW and ACR7-treated animals surviving 4 wk
after the last injection of BrdU were double-labeled for BrdU and
NeuN as described above, analyzed by confocal microscopy
(Olympus IX81 spinning disk confocal), and were quantified
using imaging software (Slidebook; Intelligent Imaging
Innovations, Inc.). Fifty BrdU-positive cells per animal were
analyzed for coexpression of BrdU and NeuN for neuronal pheno-
type. Ratios of BrdU-positive cells colabeling with NeuN were
determined.

ANOVA (with repeated measures over days) was applied to
the water-maze training data and open-field distance traveled,
and ANOVA (factorial) was used for the probe trial analysis.
Histological data was analyzed using Student’s -tests.

As illustrated in Figure 1, memory function was enhanced
following administration of AMPK agonist AICAR (500 mg/kg)
for 1 wk (ACR7), but not 2 wk (ACR14). The ACR7 mice (saline,
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n=12; drug, n=11) were trained in the Morris water maze
(Morris et al. 1982) with two trials per day over 11 d, a challenging
training paradigm used previously in exercise and learning studies
(van Praag et al. 1999). Latency did not differ between the groups
(F1,21) = 0.60, P > 0.45; Fig. 1A). However, ACR7 mice performed
significantly better than saline-treated mice (SAL7) in the probe
trials. Four hours after testing on day 8, ACR 7 mice spent more
time in the target quadrant than SAL7 mice (f1,=2.17, P<
0.05; Fig. 1B). Moreover, at 4 h after the last training trial on day
11, ACR7 mice spent more time in the target quadrant as com-
pared with all other quadrants, (F3 40) = 4.22, P < 0.01; one-way
ANOVA over quadrants), whereas SAL7 mice did not, P > 0.05
(Fig. 1C). To further assess enhancement of memory function,
the same groups of mice were trained with four trials per day
over 5 d to a new platform location. Latency did not differ
between groups (F(1,21) = 1.18, P> 0.32) but task retention was
enhanced, as evidenced by significantly more time spent in the
target quadrant as compared with all other quadrants in only
the ACR7 mice at 4 h (P <0.006) and 24 h (P < 0.04) after the
last acquisition session on day 5 (Fig. 1D,E). Since the retention
of the task was more apparent upon training the mice with four
trials per day, we continued using this paradigm in the next
experiments (ACR14 and GW). Open-field total distance (SAL7,
3541 £ 199 cm; ACR7, 3010 + 762 cm; [F(1,15 = 2.61, P> 0.13])
and the average latency to first fall from the rotarod (SAL7,
175.5 £35.7 sec; ACR7, 220.3 +23.2 sec; [F1,15=1.15, P>
0.30]) were unchanged.

Interestingly, longer administration of the compound for
2wk (ACR14) prior to testing did not benefit learning (SAL14,
n=38; ACR14, n=7). Indeed, even though the total number of
training trials (28 trials) for ACR14 was greater than in the initial
ACR?7 experiment (22 trials), the mice did not learn the task at all.
There was no difference in latency between the ACR14 and SAL14
mice following training with four trials per day over 7 d (F(1,13) =
0.65, P > 0.68; Fig. 1G) and no retention of platform location in
the 4-h probe trial on day 7 (Fig. 1H), suggesting that duration
of drug treatment is important.

In both ACR7 and ACR14 experiments, BrdU labeling was
examined (Table 1; Fig. 1F,I-M). In the ACR7 group that was not
behaviorally tested, cell proliferation (1 d after the last of seven
BrdU injections, n = 6 per group) was increased (SAL7, 11,750
512; ACR7, 13,612+ 561 BrdU" cells; [tn0) = 2.24, P < 0.05];
Fig. 1J,K). In addition, new cell survival at 4 wk after the last BrdU
injection (SAL7, n=7; ACR7, n = 10) was enhanced (t(5) = 3.99,
P <0.0012; Table 1; Fig. 1L,M). Furthermore, the percentage of
double-labeled BrdU/NeuN cells was higher (f;5=2.69, P <
0.018; Fig. 1N,0). ACR14, however, had no neurogenic effect
(tasy=1.36, P >0.19; SAL14, n=8; ACR14, n=7), correlating
with the absence of spatial memory enhancement (Table 1; Fig. 11).

Memory function was also enhanced following administra-
tion of the PPARS agonist, GW501516 (5 mg/kg/day for 7 d,
vehicle, n=10; GW, n=8). Two weeks after the last injection
mice were trained to find a hidden platform in the Morris water
maze (Morris et al. 1982) over 8 d, with four trials per day.
ANOVA with repeated measures (Days) revealed a significant
interaction for latency (F(7,16) = 2.65, P < 0.02), albeit no main
effect (Fq,16)=0.12, P> 0.73; Fig. 2A). The probe trial 4 h after
the last training trial on day 8 showed that only compound-
treated mice spent significantly more time in the platform quad-
rant than in all of the other quadrants (P < 0.024; Fig. 2B),
whereas the vehicle group did not show a preference. At 48 h after
training, a trend toward a preference for the target quadrant was
observed in GW-treated mice (Fig. 2C). Motor behavior and
body weight (F(1,16)=0.73, P> 0.41) were not altered. In the
open-field distance traveled over 30 min (vehicle, 3260 *
208.1 cm; GW, 2625 +298.15 cm; F(1,16)= 2.87, P> 0.11) and
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Figure 1. Water maze performance and neurogenesis in mice treated with saline (SAL) or AICAR,
(500 mg/kg) for 7 (ACR7) or 14 d (ACR14). (A) ACR7 mice were trained for 11 d with two trials per
day in the Morris water maze, 2 wk after injections. Latency to the platform did not differ between
the groups. (B,C) However, the ACR7 mice performed better than SAL7 mice in probe trials performed
4 h after the last training session on days 8 and 11. (B) In the day 8 probe ACR7 mice showed a signifi-
cant preference for the target area as compared with SAL7 mice (*P < 0.05). (C) In the day 11 probe
only the ACR7 mice preferred the platform quadrant in comparison to the other quadrants (*P <
0.02). (D,E) Upon training to a new platform location with four trials per day over 5 d, significant reten-
tion of platform location was observed (D) 4 h (*P < 0.006) and (E) 24 h (*P < 0.04) after the last train-
ing session in ACR7 mice. (G,H) Longer treatment with AICAR over 14 d had no effect on water-maze
performance. ACR14 mice were trained with four trials per day for 7 d. (G) There was no difference in
acquisition between the groups. (H) ACR14 mice showed no retention of spatial memory in the 4-h
probe trial. (/) In addition, there was no effect of ACR14 on BrdU" cell number, whereas (F) ACR7
significantly enhanced new cell survival. (J-O) Photomicrographs of BrdU™ cells 1 d (J,K) and 4 wk
(L,M) after the last of a daily series of seven BrdU (50 mg/kg) and AICAR (500 mg/kg) injections in
SAL7 (J,L) and ACR7 mice (K,M). Scale bar, 50 um. (N,O) Confocal images of BrdU-positive cells in
SAL7 (N) and ACR7 mice (O) 4 wk after the last injection. Sections were immunofluorescent double-
labeled for BrdU (green) and NeuN, indicating neuronal phenotype (red). Scale bar, 20 um. Error
bars, SEM.
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average latency on the accelerating
rotarod to the first fall (vehicle,
176.51 £ 20.85 sec; GW, 177.28 £19.5
sec; F1,16) = 0.76, P > 0.39) did not differ
between the groups. To assess hippo-
campal cell genesis, double-cortin (DCX)
and BrdU labeling were examined. A
marginal increase in DCX labeling was
observed (vehicle, 2180+ 102 DCX™"
cells; GW, 2690+208 DCX* cells;
[ts) =2.20, P=0.06]; Fig. 2D-F). Fur-
thermore, trends were observed in
GW-treated mice toward increased BrdU-
positive cell survival (t;s5)=1.82, P=
0.08) and differentiation (ts = 1.89,
P =0.07; Table 1; Fig. 2D,G,H).

In the present study we show that
the PPAR3® agonist GWS501516, and
more profoundly so, the AMPK activator
AICAR, enhance neurogenesis and spa-
tial memory function in sedentary
mice. GW enhanced retention of spatial
memory, but to a lesser extent than
AICAR, concurrent with a marginal
increase in dentate gyrus neurogenesis.
In previous work, GW treatment did
not increase running endurance unless
it was paired with training (Narkar et al.
2008). Our GW results appear to reflect
its modest “exercise” phenotype. The
AMPK agonist AICAR had more robust
effects on spatial memory function, cell
proliferation, and neurogenesis, consis-
tent with its endurance phenotype.
AMPK is activated by running in rodents
(Winder and Hardie 1996; Steinberg and
Kemp 2009) and humans (Wojtaszewski
et al. 2000), and may interact with addi-
tional transcriptional regulators such as
PGCla (Bronner et al. 2004; Jager et al.
2007) to mediate endurance (Narkar
et al. 2008). However, while the effects
of both compounds were similar to vol-
untary exercise, overall, the results are
more modest than those observed with
running. Running improves learning
and memory, and causes a two to four-
fold increase in dentate gyrus neurogen-
esis (van Praag 2008). It remains to be
determined whether combined admin-
istration of GW and AICAR would result
in further cognitive and neurogenic
improvements.

In initial research, demonstrating
effects on exercise stamina compound
administration was 4 wk, at the same
dose as used here (Narkar et al. 2008),
which activates AMPK-a2 receptors in
muscle (Pold et al. 2005). However, 10 d
of AICAR treatment mimicked the effect
of 10 d of training on skeletal muscle
AMPK activation (McConell et al. 2008).
In addition, 6 d of GW501516 or AICAR
treatment significantly changed muscle
metabolic gene expression (Narkar et al.
2008). In our study, the PPARS agonist
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Figure 2. The PPAR3 agonist GW enhances Morris water-maze perfor-
mance and new cell genesis. Mice were treated with vehicle (VEH) or
GW (5 mg/kg) for 7 d. Two weeks after treatment, mice were trained
for 8 d with four trials per day to find the hidden platform. (A) A significant
interaction for latency over days was observed between the groups (P <
0.02). Probe trials were carried out 4 h (B) and 48 h (C) after the last train-
ing trial. (B) At 4 h, only GW-injected mice showed a significant prefer-
ence for the target zone as compared with all other quadrants of the
pool (P < 0.024). (C) At 48 h, GW mice showed a trend toward a prefer-
ence for the target area. (D) A trend toward enhanced new cell genesis
was observed in GW mice based on both DCX (P=0.06) and BrdU
(P =0.08) labeling. (EF) Images of DCX-positive cells in (E) vehicle and
(F) GW mice. (G,H) Photomicrographs of BrdU-positive cells 4 wk after
the last injection in (G) vehicle and (H) GW mice. Scale bar, 20 pm.
Error bars, SEM.

was given at a 5 mg/kg dose for 1 wk to prevent hepatic toxicity
(Tanaka et al. 2003). Furthermore, previous research using
AMPK activation typically applied a brief exposure or a single
dose (Higashida et al. 2008). In the present experiments, the
effects of AICAR were clearly dependent on the duration of
administration, as 7 d of treatment enhanced adult neurogenesis
and performance in the water maze, but 14 d did not. It is likely
that AMPK activation may have bidirectional effects on cognition
similar to differential effects of short-term and chronic treatment
in other systems (Fan et al. 2009). The difference between the 7
and 14 d of treatment may be explained by the recent finding
that short-term AICAR treatment promoted sirtuin 1 protein
expression in skeletal muscle, whereas 14 d of treatment did not
(Suwa et al. 2010). Furthermore, exercise itself, when performed
extensively, as in marathon racing and other forms of prolonged,
heavy exertion, may increase susceptibility to inflammatory pro-
cesses. We hypothesize that long-term injection of AICAR may
have similar effects (Akerstrom and Pedersen 2007).

Previous investigations into potential cognitive effects of
these compounds yielded equivocal results. A PPARS agonist ame-
liorated maze learning deficits in a mouse model of diabetes, but
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has not been tested in normal controls (de la Monte et al. 2006).
Systemic activation of AMPK improved maze learning
in calorie-restricted mice (Dagon et al. 2005), but this could be at-
tributed to the dietary regimen (Fontan-Lozano et al. 2007).
Intracerebral infusion of AICAR impaired memory function
(Dash et al. 2006), and in vitro application reduced long-term
potentiation in hippocampal slices (Potter et al. 2010). These
mixed results may reflect the route of drug administration.
Indeed, although AMPK and PPARS are expressed in neural cells
(Hall et al. 2008; Dasgupta and Milbrandt 2009) and agonists are
generally considered neuroprotective when applied in culture
(Culmsee et al. 2001; Ayasolla et al. 2005; Iwashita et al. 2006;
Dasgupta and Milbrandt 2007), the compounds used have a
very low ability to cross the blood brain barrier, estimated at
<1% for AICAR (Marangos et al. 1990). Thus, only when admin-
istered peripherally, AICAR and GW may lead to a release of fac-
tors from muscle into circulation and so enhance hippocampal
synaptic plasticity and cell genesis.

Support for the cognitive effects of the compounds comes
from the modest increase in double-cortin (Brown et al. 2003)
and BrdU labeling following treatment with GW, as well as from
the significant increase in neurogenesis with AICAR. Indeed,
enhancement of adult neurogenesis has been associated with
improved learning and memory (van Praag 2008; Creer et al.
2010). It is likely that these neurogenic effects are also mediated
by indirect activation of peripheral factors that can cross the blood
brain barrier. However, it is of interest to note that PPARs play a
role in neural stem cell proliferation, migration, and differentia-
tion (Cimini and Ceru 2008). In addition, AMPK is considered
important for brain development and the maintenance of neural
stem cells (Lee et al. 2007; Dasgupta and Milbrandt 2009). Mutant
mice lacking the regulatory AMPK 1 subunit show atrophy of the
dentate gyrus (Dasgupta and Milbrandt 2009). Interestingly, sim-
ilar to hippocampal neurogenesis (Kuhn et al. 1996) and synaptic
plasticity (Scheff and Price 2006), AMPK activity declines with
aging in rat skeletal muscle (Reznick et al. 2007), raising the pos-
sibility that muscle AMPK levels may be a biomarker for hippo-
campal plasticity.

In conclusion, we show that muscle endurance enhancing
compounds improve spatial memory in sedentary mice. The
behavioral enhancement may be due at least in part to increased
dentate gyrus neurogenesis (Gobeske et al. 2009; Pieper et al.
2010). These findings may lead to development of therapeutic
agents that confer the benefits of exercise in disease or environ-
mental conditions where activity is compromised.
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