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gest that the relationship between exercise and metabolic capac-
ity is less clear beyond motor regions. For example, Molteni et al. 
(2002) found that 7 days of exercise produced marginal increases 
in gene expression for cytochrome oxidase subunits IV, V, VI, VIII, 
4 of the 13 protein subunits necessary for a functional enzyme. Yet, 
Tong et al. (2001) found that subunits I, II, and III (3 of 13) were 
decreased in expression in male rats that exercised for 3 weeks. 
Although there is evidence that the regulation of gene expression 
for the 13 subunits is coordinated when there is dramatic increase 
or reduction in afferent input (Liang et al., 2006), it seems pos-
sible that exercise may produce a less dramatic increase in neural 
activity in the hippocampus, and therefore may be less capable of 
initiating the coordinated up-regulation necessary for a functional 
enzyme. Exercise has also been shown to influence anti-oxidants 
(Radak et al., 2001, 2008a,b), which should protect mitochondrial 
DNA, and in turn maintain the capacity to produce functional 
cytochrome oxidase enzyme. The demonstration that exercise can 
affect cellular metabolic capacity, at least in motor regions, is a key 
demonstration that any restoration in cardiovascular support can 
be utilized by cells.

Exercise protection against metabolic challenges
Neuron loss may not always occur in healthy aging (Rapp and 
Gallagher, 1996; Yates et al., 2008), but neurons are at risk from the 
rising probability of an imbalance between metabolic capacity and 
energy demands as age increases. Age is associated with an increased 
risk for epilepsy (Hauser, 1992) and stroke. During ischemia, the 
energy demand of basal neural activity exceeds the diminished 
metabolic support, whereas during seizures, neural activity is high 
and produces metabolic demand that exceeds available supply. In 
both, the energy demands of neural activity exceed supply leading, 
in turn, to excess depolarization and potential cell death. Animal 
models of ischemia and seizures provide the opportunity to test 
for neuroprotective effects of exercise.

Exercise protects against cell loss from ischemia
If exercise increases capillary density and the cellular metabolic 
capacity, then exercise should protect cells when they face meta-
bolic challenges that increase in frequency with age. The risk for 
ischemia increases with age, but exercise pre-conditioning protects 
some cell populations from ischemia (Stummer et al., 1994, 1995; 
Sim et  al.,  2005). Exercise pre-conditioning reduced mortality 
from a 20-min occlusion of the carotid artery (Stummer et al., 
1994). Gerbils that ran for 2 weeks in a running wheel prior to 
a 15-min occlusion of the carotid artery had only 50% cell loss 
in the limb representations of the striatum relative to 90% cell 
loss in control gerbils. Similarly, treadmill training for 30 min a 
day over 1–3 weeks in rats prior to middle cerebral artery occlu-
sion reduced inflammatory injury in the striatum and reduced 
infarct volume (Ding et al., 2005, 2006a). It is as of yet unclear 
whether the greater metabolic capacity and capillary density pro-
tect against damage from capillary occlusion since these studies 
tested for protection after occlusion of major arteries. After MCAO 
occlusions, the protective effects of exercise are at least partly due 
to a reduction in inflammatory processes during reperfusion 
(Li et al., 2004). Exercise pre-conditioning increased TNF-alpha 

extraction as well as impaired elimination of waste. Furthermore, 
they are predicted to affect elasticity, and therefore the potential 
for a reduction in neurovascular coupling. The increase in base-
ment membrane thickening in rats begins to appear at 20 months, 
but is visible by 30 months (de Jong et al., 1992). The age-related 
changes in humans are accelerated by risk factors such as hyper-
tension (Farkas et al., 2000). Few studies have addressed whether 
exercise affects basement membrane thickness in cerebral capil-
laries. However, in muscle tissue, 9 months of endurance training 
decreased skeletal muscle capillary basement membrane thicken-
ing in older humans (M = 63 years old), producing a return to 
values similar to those seen in young subjects (M = 28 years old) 
(Williamson et al., 1996). It is possible these effects generalize to 
the brain since pathology in peripheral vasculature correlates with 
pathology in central nervous system arteries (Farkas and Luiten, 
2001). If exercise can maintain capillary integrity, it may not only 
protect or slow age-related deficits in cognition, but also provide 
partial protection from vascular dementia and Alzheimer’s disease. 
A stronger relationship between age and capillary density needs to 
be established, but age clearly affects capillary integrity, which in 
turn may underlie some age-related neuropathologies.

Cellular metabolic capacity declines with age, and 
is up-regulated by exercise
Age-related decline in metabolism is apparent at the cellular level. 
At autopsy, there is a relationship between age and cytochrome 
c oxidase activity in the frontal cortex, temporal cortex, superior 
temporal gyrus, cerebellum and putamen (Ojaimi et  al., 1999). 
Similarly, 26-month-old rats had a decrease in cytochrome oxidase 
subunits in the cerebral cortex (Nicoletti et al., 1995). Cytochrome 
oxidase increases after exercise in motor areas of the rat brain. Six 
months of voluntary wheel running in rats increases cytochrome 
oxidase reactivity in limb representations of the striatum and 
motor cortex, but not the hippocampus (McCloskey et al., 2001, 
see Figure 1). The lack of an effect in the hippocampus may sug-

Figure 1 | Exercise increases metabolic capacity in motor regions. 
Voluntary wheel running for 6 months increased the cytochrome oxidase 
reactivity in the dorsolateral striatum and limb representation areas of the 
motor cortex relative to inactive controls.
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dose was below 10 mg/kg, but reduced seizure severity when kainate 
was given at a dose above 10 mg/kg (Reiss et al., 2009). These stud-
ies suggest that exercise moderates seizure progression when kainic 
acid is administered systemically.

Consistent with previous studies, exercise raised the threshold 
for kindling induced seizures (Arida et al., 1998), although this 
effect was restricted to exercise in adulthood; exercise during devel-
opment did not protect adult animals (Arida et al., 2007). After 
21  days of voluntary wheel running, seizure ratings were lower 
after ventricular infusion of low, but not moderate doses of kainic 
acid (Reiss et al., 2009). We found that injections of 0.55 μg kainic 
acid into the lateral ventricles at a site most anterior to the tip 
of the hippocampus yielded no difference in the proportion of 
animals progressing to SE, despite using 6 rather than 3 weeks of 
exercise. Only 21% of the animals entered SE, which is consistent 
with the low dose. 

Several investigators have also addressed the possibility that 
exercise protects from seizure-induced cell death. Following 
systemic injections of domoic acid, mice trained to run on a 
treadmill for 1 km/day had less cell loss in the hilus of the hip-
pocampus (Carro et al., 2001). In contrast, when kainic acid was 
infused directly into the hippocampus, wheel running in female 
rats exacerbated, rather than protected against cell loss in the 
CA3 region (Ramsden et al., 2003). It is important to note that 
Ramsden infused kainic acid in animals anesthetized with a drug 
used to control seizures. We carried out a series of experiments 
to further test the effects of exercise on cell loss. Like Ramsden 
et al. (2003), we used kainic acid infusion into the lateral ven-
tricles, but in contrast to their methods, we infused kainic acid 
into awake male rats. When we restrict our analysis to cell loss 
in animals that did not progress to SE, we find, like Ramsden 
et al. (2003), that exercise exacerbates damage. Together, these 
latter studies leave us to conclude that exercise does not protect 
CA3 cells from moderate seizures, but instead increases neuron 
vulnerability. The discrepancy in exercise effects on cell vulner-
ability in the hippocampus may not be surprising given that there 
is little evidence for exercise-related up-regulation of cellular 
metabolic capacity or capillary density in this region. The two 

expression, which reduced NFκB expression. Reperfusion injury, 
mediated by TNF-alpha binding to NFκB, was reduced because 
of the exercise-related reduction in NFκB. Consequently, reper-
fusion injury, mediated by inflammatory processes, was reduced 
in exercising animals (Ding et al., 2006c), but angiogenesis also 
plays a role (Ding et al., 2004). Exercise was not protective when 
MCAO occlusion was permanent. Together, the data suggest that 
exercise protects striatal cells from metabolic challenge, in part 
through an increase in metabolic support.

Exercise also protects against ischemia in the hippocampus. Fifty 
percent of neurons in the CA3 subregion of the hippocampus of 
exercising gerbils survived after a 15-min occlusion of the carotid 
artery, whereas only 10% of neurons survived in the control ger-
bils (Stummer et al., 1994). However, protection was restricted to 
CA3, and was not seen in CA1, a subregion of the hippocampus 
particularly vulnerable to ischemia. Treadmill training (30 min/day 
for 10 days) in gerbils decreased apoptosis and caspase-3 expression 
in the dentate gyrus after 5 min occlusion of both carotid arteries 
(Sim et al., 2004). One month of treadmill training (30 min/day for 
four consecutive weeks) attenuated functional deficits (Sim et al., 
2004, 2005). Altogether, there is substantial evidence that exercise 
can spare neurons from death following ischemia. However, there 
is less evidence that exercise can enhance metabolic support in 
the hippocampus, so it remains unclear whether metabolic factors 
account for the protective effects of exercise in the hippocampus 
or enhanced expression of growth factors.

Exercise protects against seizures
Epilepsy and acute unprovoked seizures are predominant in patients 
older than 65 years and younger than 12 months of age (Hauser and 
Beghi, 2008). Although the onset of seizures is often the result of 
an antecedent event, 50% of new epilepsy cases in the elderly have 
no known antecedent event (Hauser, 1992; Hauser et al., 1993; Li 
et al., 1997; Leppik, 2006). Late onset epilepsy is correlated with 
a decline in vascular factors, suggesting that age-related declines 
increase vulnerability to epilepsy (Li et al., 1997). Seizures are events 
in which energy demand is high, and at times exceed the cell’s meta-
bolic capacity. Since exercise can up-regulate cellular bioenergetic 
capacity and oxygen and glucose availability, it may modulate the 
progression of seizures and cell loss. However, exercise regulation of 
cell energy metabolism has not been reported in the hippocampus, 
which is the focus of models of temporal lobe epilepsy. In our own 
studies, 4–7 weeks of wheel running reduced the proportion of rats 
progressing to continuous generalized seizures (status epilepticus, 
SE) after systemic injections of kainic acid (10 mg/kg, see Figure 2). 
When rats ran for only 1 month, the protection from status epi-
lepticus was restricted to rats that ran over the median number of 
wheel rotations (unpublished observations). High runners (above 
the median split) had a significant protection from SE relative to the 
combined group of control and low runners (Yates χ2 (1) = 9.235, 
p < 0.05). SE causes a dramatic loss of CA3 pyramidal cells, whereas 
moderate seizures cause cell loss in only small patches, if at all. 
As a consequence, exercise, by protecting rats from progressing to 
continuous generalized seizures, provides significant protection 
against cell death. In another study, voluntary wheel running had 
no effect on seizure severity (based on the Racine scale) when the 

Figure 2 | Exercise protected animals from status epilepticus. The 
number of animals that did not progress to continuous generalized seizures 
(SE−) was greater in the exercise group than in the control group. Conversely, 
the number that progressed to continuous generalized seizures (SE+) was 
greater after standard housing (control) than after 4–7 weeks of voluntary 
wheel running (Exercise). χ2 (1) = 5.96, p < 0.05.
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ning for 1 h a day for 5–7 days a week, while rats are sedentary 
for the remaining 23  h a day. This may be analogous to gym 
workouts by individuals with desk jobs. Therefore the two types 
of exercise used in animal studies serve as models for very dif-
ferent physical activity patterns in humans. Nevertheless, both 
wheel running and treadmill training increase capillary density 
in motor regions. Wheel running has been shown to increase cel-
lular metabolic capacity in these regions, and treadmill training 
has not been tested.

Here, we propose that the functional deficits that occur with 
age are at least partially related to the decline in cellular func-
tion resulting from a decline in metabolism. This decline involves 
cardiovascular function at the level of the organism and brain, in 
cerebral blood flow, in cytochrome oxidase activity, and possibil-
ity capillary density. There is substantial evidence that exercise 
can influence metabolic support at a number of levels, including 
cardiovascular function, regional capillary density, and cellular 
bioenergetic capacity. We hypothesize that exercise can coun-
ter the age-related decline in metabolic support (see Figure 3). 
Unfortunately, there is little evidence to support this hypothesis, 
because evidence that exercise can influence vasculature and cel-
lular metabolism is primarily limited to adult and middle-aged 
animals. If exercise can induce similar effects in aging animals, 
then it may be a powerful intervention through its influence on 
the multiple levels of support necessary for cellular metabolism. 
It is important to note that most of the studies demonstrating 
exercise effects on human cognition have studied aging rather 
than young or adult samples. Accordingly, the evidence that exer-
cise improves cognition in elderly humans provides incentive for 
understanding the neurobiological mechanisms, and supports the 

reports that exercise protects the striatum from ischemic damage 
parallel exercise-related enhancement of metabolic support in 
that region. Whereas these studies support a beneficial effect of 
exercise in the aging striatum, future studies need to directly test 
that hypothesis in aging animals..

Conclusions
It is important to note that the majority of evidence for the ability 
of exercise to influence regional vasculature and cellular metabolic 
machinery come from motor systems like the striatum and motor 
cortex. Exercise also affects the hippocampus, but those effects 
may be through growth factor expression rather than through an 
increase in capillary density or metabolic capacity (Kesslak et al., 
1998; Gomez-Pinilla, 2008). For example, VEGF, which is increased 
in the hippocampus by exercise, can decrease seizure-like activity 
there (McCloskey et al., 2005), and protect hippocampal neurons 
from seizures (Nicoletti et al., 2008), independent of its ability to 
increase vasculature. This may explain why the evidence for cell 
protection is mixed in the hippocampus.

Many of the studies reviewed here utilized animal models, 
which allow greater control over exercise conditions as well as 
the application of methods that can directly test the biological 
mechanisms of aging and exercise. Exercise manipulations vary 
in these animal studies. The use of voluntary exercise is common 
because activity levels can be increased without inducing stress. 
When voluntary exercise is used, animals can run in wheels any 
time over the 24-h day, although running has a circadian rhythm. 
Voluntary exercise in rats may be analogous to humans with 
physically active lives, and jobs with manual labor. In contrast, 
forced exercise on a treadmill usually constitutes forced run-

Figure 3 | Exercise has potential as a powerful intervention in brain 
aging because it can enhance cellular metabolic capacity, while 
simultaneously enhancing cardiovascular support at the level of 
the organism and individual brain region. If these beneficial effects 

of exercise extend to aging, then exercise could be used as a multi-level 
strategy for maintaining or reversing the age-related reductions in 
cardiovascular support, cellular metabolic capacity, and possibly  
capillary density.
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