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The benefits of regular exercise to promote general health and reduce the riskAbstract
of hypokinetic diseases associated with sedentary lifestyles are well recognized.
Recent studies suggest that exercise may enhance neurobiological processes that
promote brain health in aging and disease. A current frontier in the neurodegen-
erative disorder multiple sclerosis (MS) concerns the role of physical activity for
promoting brain health through protective, regenerative and adaptive neural
processes. Research on neuromodulation, raises the possibility that regular physi-
cal activity may mediate favourable changes in disease factors and symptoms
associated with MS, in part through changes in neuroactive proteins. Insulin-like
growth factor-I appears to act as a neuroprotective agent and studies indicate that
exercise could promote this factor in MS. Neurotrophins, brain-derived neurotro-
phic factor (BDNF) and nerve growth factor likely play roles in neuronal survival
and activity-dependent plasticity. Physical activity has also been shown to up-
regulate hippocampal BDNF, which may play a role in mood states, learning and
memory to lessen the decline in cognitive function associated with MS. In
addition, exercise may promote anti-oxidant defences and neurotrophic support
that could attenuate CNS vulnerability to neuronal degeneration. Exercise expo-
sure (preconditioning) may serve as a mechanism to enhance stress resistance and
thereby may support neuronal survival under heightened stress conditions. Con-
sidering that axonal loss and cerebral atrophy occur early in the disease, exercise
prescription in the acute stage could promote neuroprotection, neuroregeneration
and neuroplasticity and reduce long-term disability. This review concludes with a
proposed conceptual model to connect these promising links between exercise and
brain health.

Common symptoms of multiple sclerosis (MS), pression are associated with CNS neurodegenerative
muscle weakness, spasticity, excess fatigue and de- processes and often result in a vicious cycle of
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reduced mobility and decreased physical activity. A Regular physical activity may have value in MS
treatment partly through exercise-mediated expres-review of the exercise literature indicates that select-
sion of brain growth factors.[17-22] Neurotrophic fac-ed MS patients can improve their aerobic fitness,
tors and neurotransmitters via cell signalling path-muscle strength, muscle endurance and mobility
ways mediate synaptic neuronal plasticity and cellthrough individualised exercise training[1] and con-
survival in the brain throughout life.[23] These nervesequently may also lower their secondary disease
growth polypeptides act on neuronal cells at specificrisk related to inactivity.[2] Physical activity may
receptors. Some of the more well characterized neu-promote brain health by impacting neuronal plastici-
rotrophic factors include brain-derived neurotrophicty.[3] Preliminary evidence for exercise-related
factor (BDNF), nerve growth factor (NGF) and neu-neuroplasticity comes from clinical research[4,5] and
rotrophin (NT) 3, 4 and 5.[24-26] Other factors,[27,28] inanimal studies.[6-8]

particular, insulin-like growth factor (IGF), mayTo date, the concept of exercise neuromodulation
influence neuroprotection, regeneration and func-in neurological disorders has received limited atten-
tional plasticity in the adult brain.tion. However, some evidence suggests that physi-

cal activity may confer neuroprotective benefits in
1. Insulin-Like Growth Factor (IGF)animal models of Parkinson’s disease,[9] ischaemic

stroke[10] and Alzheimer’s disease.[11] In rheumatoid IGF-I is important for normal brain develop-
arthritis patients, progressive exercise training re- ment[29] with demonstrated effects on many stages
sulted in decreased disease activity and fewer swol- of brain cell proliferation, differentiation and survi-
len joints.[12] Using an animal model of MS, experi- val.[29] IGF-I may have similar effects on neural
mental autoimmune encephalomyelitis (EAE), Le progenitor cells in the adult CNS as it does in the
Page and colleagues[13,14] observed that exercise did developing system.[30] In the adult brain, IGF-I is a
not exacerbate clinical signs of the disease. In chron- pleiotropic peptide involved in numerous processes
ic-relapsing EAE, clinical symptom onset and dura- to maintain brain homeostasis,[31-33] acting at the
tion to recovery were delayed,[13] providing some cellular/molecular and systemic levels. In develop-
preliminary evidence of a possible link between ment, IGF-I has modulatory actions on cell survi-
exercise and disease status. In this article, we pre- val,[34] brain growth and CNS myelination.[35-37] Evi-
sent an overview of studies that lend support for the dence suggests that IGF-I may interface with other
potential therapeutic role of exercise in MS. Further proteins to influence synaptic and cognitive plastici-
research to verify the influence of exercise on brain ty.[38] IGF-I was shown to be involved with restora-
health in MS is needed. tion of motor coordination in an animal model of

Some studies suggest that physical activity may cerebellar ataxia.[39] Several reports indicate that
enhance cognitive function in rats and aging IGF-I is a potent neuroprotective agent.[40-44] Addi-
humans.[4,6] In rodents, exercise has been shown to tionally, IGF-I has been shown to mediate effects on
impede age-related neuronal loss,[15] increase cell learning, memory[45,46] and behaviour.[47]

proliferation and neurogenesis[7] and attenuate Although controversial, several lines of evidence
neurological impairments in different neurodegen- suggest that IGF-I may be beneficial in treating
erative processes.[15,16] Such exercise-related MS.[48-52] In EAE, intravenous IGF-I twice daily
changes in the CNS have implications for impacting over 8 days was found to reduce clinical deficit
neurological disease, although the mechanisms in- scores[50] and improve walking, stride length and
volved require further elucidation. climbing performance compared with control
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rats.[50] IGF-I treatment in EAE also significantly 2. Brain-Derived Neurotrophic
Factor (BDNF)reduced the number and area of demyelinating le-

sions in the spinal cord. In addition, the lesions
The nerve growth polypeptide BDNF has beencontained axons surrounded by regenerating myelin

shown to play a role in CNS neurogenesis,[60] neuro-segments instead of demyelinated axons as observed
protection[61] and may also mediate exercise benefitsin the controls.[49] In addition, relative messenger
in brain disease,[62] neuroregeneration,[63,64] learningRNA (mRNA) levels for myelin basic protein,
and memory[65-67] and cell survival.[68,69] BDNF isproteolipid protein, and 2′,3′-cyclic nucleotide 3′-
also thought to play a role in synaptic plasticity[70-72]

phosphodiesterase in lesions of IGF-I-treated rats
through diverse roles that include regulation of ax-

were significantly higher than in controls.[49] Subcu-
onal and dendritic branching and modelling,[73,74]

taneous IGF-I injection produced similar effects as
synaptogenesis in arborizing axon terminals[75] and

the same dose administered intravenously.[48] Last-
synaptic transmission efficiency.[76,77]

ly, tumour necrosis factor-α (TNFα) has been impli-
cated in demyelinating injury[53,54] and IGF-I has

2.1 Exercise and BDNF
been shown to protect myelin and oligodendrocytes
from TNFα-induced damage.[55]

Findings from animal studies support the notion
that exercise may induce BDNF-mediated mechan-
isms that promote neuroplasticity.[78,79] For exam-1.1 Exercise and IGF-I
ple, exercise increased BDNF mRNA concentration
in the hippocampus,[80,81] BDNF protein in the hip-Exercise may affect neurodegenerative processes
pocampus following traumatic brain injury[82] andand thus promote neuroprotection in the adult brain
BDNF mRNA in the spinal cord.[78,83,84] Berchtoldby modulating IGF-I.[31-33,56-59] Carro et al. found
et al.[85] found that both regular daily exercise and

that running induced the uptake of IGF-I by specific
intermittent exercise induced hippocampal BDNF

groups of neurons throughout the brain,[56,57] and
protein, which not only remained elevated for sever-

also showed that treadmill running facilitated recov-
al days after exercise cessation, but also could be

ery of behavioural performance in rats with
reinduced to peak levels with a single bout of sub-

neurotoxin damage to the hippocampus or brain- threshold exercise for as long as 14 days. These data
stem.[57] Exercise also blocked neuronal impairment suggest that an exercise programme may contribute
or loss in other types of brain injury.[57] Additional- to BDNF-related neuroprotection and neuronal plas-
ly, subcutaneous administration of a blocking anti- ticity and thus could conceivably play a role in
IGF-I antibody to exercising animals to inhibit exer- attenuating degenerative changes associated with
cise-induced uptake of IGF abolished the neuropro- MS and other degenerative CNS diseases.
tective effects of exercise in various models of Exercise has also been shown to elevate skeletal
neurodegeneration.[57] Trejo and colleagues[58] ob- muscle BDNF in rodents.[78,86] Although the role of
served that blocking circulating IGF to the brain was BDNF in muscle remains unclear, it may enhance
paralleled by a lack of exercise-induced increases in the survival of injured motor neurons.[87,88] Support
the number of new hippocampal neurons after exer- for this idea comes from evidence showing that
cise. These results suggest that exercise supports BDNF is a trophic factor for motor neurons,[89]

brain health through IGF-I-mediated mechan- BDNF mRNA is expressed in skeletal muscle[90] and
isms.[56-58] evidence for retrograde transport of exogenously

© 2008 Adis Data Information BV. All rights reserved. Sports Med 2008; 38 (2)



94 White & Castellano

applied BDNF to motor neuron cell bodies.[89,91] be through BDNF-mediated mechanisms.[110] For
Although muscle BDNF may be a survival factor, its example, habituation to wheel running before forced
role remains controversial.[92,93] swimming prevented downregulation of hippocam-

pal BDNF mRNA and improved behavioural mea-Serum BDNF has been shown to increase im-
sures of stress in rats.[111] Exercise, antidepressantsmediately following a single bout of light aerobic
and their combination have been shown to increaseexercise in individuals with MS and controls.[94]

hippocampal BDNF mRNA in rats.[112] Further-Considering that BDNF expression has been observ-
more, exercise combined with antidepressant ther-ed in immune, endothelial and vascular smooth
apy, has been shown to reduce the time required formuscle cells[95] makes interpretatation of potential
therapeutic efficacy.[111] For a review on the neuro-exercise-mediated changes in circulation challeng-
trophin hypothesis of antidepressant action see Rus-ing at this time. Further study is needed to under-
so-Neustadt and Chen.[113] Depression affectsstand the relationship between physical activity, cir-
upwards of 60% of the MS population,[114] withculating BDNF levels and brain health.
suicidal ideation reported in as many as 25%.[115]

3. Nerve Growth Factor Exercise for adjunctive therapy in depression could
enhance positive mood outcomes. Furthermore,

The neurotrophin, NGF and its receptors are ex-
some reports suggest that the relationship between

pressed in many cell types and are implicated in a
depression and neurological disorders may be

spectrum of biological functions[96,97] including neu-
bidirectional.[116,117]

ronal protection, activity dependent plasticity[97-100]

and repair.[97,99,101] NGF may also be important in
5. Exercise and Cognitive FunctionMS because of its positive influence on memo-

ry,[102,103] which can be compromised in MS. Further Participation in regular exercise preserves white
support for augmenting NGF in MS comes from a and grey matter brain volume in aging
study showing that intracerebroventricular injection humans[118,119] and predicts better cognitive function
of NGF prior to EAE reduced cell death, infiltration in both humans and animals.[120-123] BDNF may be
and demyelination in spinal cord specimens and involved with signalling the effects of exercise on
generally reduced progression of EAE.[104] Radak synaptic plasticity and cognitive function.[81,122,124]

et al.[105] found that increased BDNF and NGF pro- Vaynman et al.[122] found that wheel running en-
duction with regular swim training improved memo- hanced learning in rats and that the fastest learners
ry and decreased oxidative stress in the brain of rats. showed the highest expression of hippocampal
These exercise-related effects did not persist after BDNF mRNA. Conversely, blocking BDNF action
the cessation of training.[105] Research that examines diminished exercise-induced learning and memory
whether exercise-mediated changes in NGF alter enhancement and the increases in BDNF
disease activity or symptoms of MS is warranted. mRNA.[122] Others have reported impaired learning

in BDNF knockout mice.[125]

4. Exercise and Mood States
Compromised cognitive function has been shown

Exercise is associated with salutary effects on in 45–84% of MS patients.[126-128] Cognitive deficits
depression and anxiety in health and disease.[106-109] include executive function, information processing
Complex psychophysical mechanisms likely con- speed, memory, visuo-spatial abilities and atten-
tribute to such benefits. One possible link between tion.[126] These deficits coincide with declines in
exercise and amelioration of stressful events could brain structure (reduced white and grey matter vol-
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ume) and function.[128] Neuroimaging studies sug- Neurotrophic factors have been found to protect
gest evidence for the existence of cortical plasticity neurons in cell culture and in vivo against oxidative
in people with MS.[129,130] Prakash et al.[131] recently stress.[136-138] For example, intraventricular adminis-
showed that MS subjects with higher cardiorespira- tration of NGF significantly increases, especially in
tory fitness had faster behavioural performance tests old animals, the activity of key enzymes involved in
and exhibited greater recruitment of a specific area the metabolic degradation of superoxide radicals
of cerebral cortex thought to compensate for cogni- and hydrogen peroxide.[139]

tive deficits in MS. This finding suggests that main- Exercise training has been shown to decrease
taining fitness may counteract cognitive decline in reactive oxygen species and increase production of
MS. Continued research to understand the relation- BDNF and NGF in the brain of rats,[105] which could
ship between exercise and cognitive function is war- help to counteract damages from neuronal degenera-
ranted. tion processes. Exercise also increases antioxidant

enzyme activities in the brain.[140] Inactivity is asso-
ciated with increased vulnerability to oxidative6. Oxidative Stress and Exercise
stress and a potential cascade of events resulting in
neuronal degradation.[140]

Some evidence suggests that reactive oxygen
species are associated with a variety of brain dis- 7. Adaptive Cellular Stress Response
eases,[132] including MS.[133] Multiple factors such as
proteolytic enzymes, reactive nitrogen and reactive The term ‘hormesis’ (preconditioning) refers to
oxygen species may be involved in neurodegenera- the idea that cells exposed to low-dose stressors
tion. Data suggest that antioxidant defences may be become resistant to the harmful effects of a more
reduced in MS.[134] Accumulation of oxidative dam- severe stressor in order to avoid injury or
age in the brain is also associated with impaired death.[141,142] Evidence suggests that exercise may
brain function.[135] Accordingly, strategies that mini- act through hormesis-based mechanisms to improve
mize excessive oxidative stress may help prevent health and retard aging and age-related degenerative
neurodegeneration and cognitive perturbations. diseases.[141] Hormesis is a potentially important
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Fig. 1. A conceptual model highlighting the hypothetical effects of exercise in improving health, mobility and modulating disease activity in
multiple sclerosis.

© 2008 Adis Data Information BV. All rights reserved. Sports Med 2008; 38 (2)



96 White & Castellano

mechanism whereby neurons may be protected and protects tissue at risk in neurodegenerative condi-
resist apoptosis.[141-143] When exposed to stress, a tions such as MS remains speculative at this time.
variety of stress-responsive signalling pathways
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