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Increasingly, exercise is recognized as an
important means to enhance cognition,
improve mood, and reduce the probability of neurodegenerative diseases (Hillman
et al., 2008). The beneficial effects of exercise are considered to be mediated at least
in part by increased neurogenesis, elevated
trophic factors, and vascularization in the
hippocampus (Cotman and Berchtold,
2002; Hillman et al., 2008; van Praag, 2008).
In addition, exercise has been suggested to
increase the brain’s resistance to oxidative
stress (Radak et al., 2001).
However, high intensity exercise may
have damaging central and peripheral
effects. In mice, this type of exercise
may result in increased brain lipid peroxidation (Rosa et al., 2007; see however
Ozkaya et al., 2002; Acikgoz et al., 2006)
and impaired performance in spatial
learning and memory tasks (Rosa et al.,
2007; Aguiar et al., 2010). In humans, high
intensity exercise and overtraining (OTS)
can have detrimental effects on mood. It
was proposed that OTS and major depression have similar etiologies (Armstrong
and VanHeest, 2002). Staleness, characterized by reduction in athletic performance
and mood disturbance (O’Connor, 2007)
could possibly be caused by overtraining
and may be induced by changes in brain
circuits involved in depression. Marathons
and other forms of heavy exertion exercise may increase susceptibility to inflammatory processes during the period of
training. During 1- to 2-weeks afterward
muscle fatigue and stress responses are
observed. Indeed, exercise concurrent
with inadequate recovery, can cause performance decrements and chronic maladaptations (Appell et al., 1992; Akerström
and Pedersen, 2007), such as distur-
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bance of the contractile apparatus of the
gastrocnemius muscle. The mitochondria
in skeletal muscle fibers can show focal
swelling and crystalline inclusions. Cell
necrosis is evident 7 days after the race
(Appell et al., 1992). Furthermore, as
little as 10 days of increased training may
result in over-reaching (Armstrong and
VanHeest, 2002).
What are the mechanisms underlying
effects of overtraining on CNS? We propose
that there is a strong link between factors
mediating muscle endurance and brain
function that may help explain the consequences of muscle fatigue on cognition.
We recently demonstrated that peripheral
endurance related factors lead to improved
spatial memory in sedentary mice, suggesting that skeletal muscle activation by exercise or pharmacological agents underlies
cognitive effects of aerobic activity (Kobilo
et al., 2011; Figure 1). Our work was based
on the findings that peroxisome proliferator activated receptor δ (PPARδ) regulates
muscle fiber contraction and metabolism
(Wang et al., 2004; Narkar et al., 2008).
PPARδ is regulated by AMP-activated protein kinase (AMPK), a master metabolic
regulator important for exercise physiology
(Hardie, 2004). Treatment with AMPK agonist 5-Aminoimidazole-4-carboxamide-1β-d-ribofuranoside (AICAR) enhanced
endurance in sedentary mice (Narkar et al.,
2008). We showed that the effects of activation of AMPK and PPARδ extend from
the periphery to brain. AICAR had robust
effects on memory, cell proliferation, and
hippocampal neurogenesis, consistent
with its endurance phenotype (Figure 1).
The PPARδ agonist GW501516 was less
effective than AICAR reflecting its modest
“exercise” phenotype (Kobilo et al., 2011).
Narkar et al. (2008) showed that GW treatment increased running endurance only
when it was paired with training.
Interestingly, the effects of AICAR were
dependent on the duration of administration, as 7 days of treatment enhanced adult
neurogenesis and memory function, but

14 days had no beneficial effects (Figure 1),
and may have caused muscle fatigue. In
fact, the control group showed a trend
toward better performance, suggesting that
long-term injection of AICAR may have
bi-directional effects on cognition, similar
to exercise (Akerström and Pedersen, 2007).
These results are supported by finding that
short-term AICAR treatment promoted sirtuin 1 protein expression in skeletal muscle,
whereas 14 days did not (Suwa et al., 2011).
Given the fact that intracerebral infusion of
AICAR impaired memory function (Dash
et al., 2006) and that AICAR has a very
low ability to cross the blood brain barrier
(BBB), estimated at <1% (Marangos et al.,
1990), it is likely that the beneficial effects
of AICAR on the brain are indirect. Indeed,
when administered peripherally, AICAR
and GW may lead to release of factors from
muscle into circulation that can cross the
BBB and enhance cell genesis. Thus, similar
to differential effects of moderate and high
intensity exercise, AICAR improved memory and neurogenesis in a dose dependent
way. Prolonged administration of AICAR
may result in harmful neural responses,
similar to overtraining.
We hypothesize that mechanisms contributing to muscle damage after strenuous
exercise may be the same as those that could
be caused by high doses of AICAR. Free
oxygen radicals are generated during exercise as a side product of oxidative metabolism. In particular, increased production
of nitric oxide (NO) derivates is a desired
consequence of exercise for proper muscle
function but higher levels of NO can cause
contractile dysfunction, resulting in muscle
fatigue. Strenuous exercise can accelerate
the generation of NO to levels that result
in oxidative stress (Nikolaidis et al., 2008),
sustained for days after exercise (Appell
et al., 1992). NO induces mitochondria
biogenesis in skeletal muscle via upregulation of PGC1α, and interacts with AMPK.
Pharmacological activation of AMPK with
AICAR and the subsequent induction of
GLU4 are blunted by inhibition of NO
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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 days
(ACR14). Mice were trained to find the hidden
platform in the Morris water maze over 1 week of
daily training trials. The ACR7 mice performed
better than SAL7 mice in probe trials. (A)
Significant retention of platform location in ACR7
mice was observed 4 h (*P < 0.006) after the last
training session. (B) ACR14 mice showed no

roduction. AMPK phosphorylates and
p
activates eNOS and nNOS, and is necessary
for NO-dependent increase in the expression of PGC1α, mitochondrial gene expression, and respiration in skeletal muscle
cells. It was proposed that NO and AMPK
interact through a positive feedback loop in
skeletal muscle (Lira et al., 2010). Moreover,
in neurons NO production is elicited by
AMPK, and in turn, increases AMPK activity (Murphy et al., 2009). Altogether, high
doses of AICAR may be harmful for body
and brain.
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retention of spatial memory in the 4-h probe trial. In
fact, the control group showed a trend toward
better performance then ACR14 mice. In parallel,
ACR7 significantly enhanced new cell survival (C),
while there was no effect of ACR14 on BrdU+ cell
number (D). Photomicrographs of BrdU+ cells
surviving 4 week after the last of a series of 7 BrdU
(50 mg/kg) and AICAR injections in SAL7 (E), ACR7
(G) mice, and SAL14 (F), ACR14 (H) mice. Scale
bar, 50 μm.
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