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Potential Therapeutic Effects of Exercise to the Brain
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Abstract: Exercise is a well-recognized facet of modem living; however, the threat of sedentary lifestyle is ever increasing with the arri-
val of the technological period. Although the beneficial effects of exercise to the health and function of the brain have been accepted by
the scientific and medical community, much remains to be achieved to understand its mechanisms of action. With the advent of modern
investigative tools, several more key molecular and cellular players have been implicated in the above process. Such include the family of
neurotrophins (e.g. NGF and BDNF) and their receptors, some pro-inflammatory cytokines (L-1f, IL-6, TNF-a, IFN-y), microglia and
astrocytes, and the cholinergic neuronal cells in the forebrain. While experiments based on the voluntary exercise paradigm has been the
preferred approach to studying the brain, less is known about the forced paradigm. We will discuss in this review how molecular players
may feature differently in the context of exercise and more importantly how their actions converged to impact the structure, and function

(learning and memory) of the CNS.
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INTRODUCTION
Historical Perspective

As early as the 19th century, Franz Joseph Gall and Johann
Gaspar Spurzheim proposed that the structure of the nervous system
was amenable and further suggested that increased usage of the
brain would increase its size. By the turn of the 20th century, this
idea was further substantiated when Ramon y Cajal proposed that
increased usage of the brain would also improve the connectivity of
the nervous system. Subsequently, Wolfgang Kohler theorized that
increased stimulation of the nervous system would affect its chemi-
cal composition.

With the benefit of hindsight and the advent of experimental
technology, it is now generally accepted that the brain is capable of
changes in response to both intrinsic and extrinsic influences. It was
suggested that a complex living environment could somewhat in-
duce changes in the brain weight and metabolism [1]. Specifically,
environmental enrichment could up-regulate neurotrophins (NT), its
receptors, and therefore possibly influence cognition [2,3]. More
importantly to this review, exercise in the form of voluntary run-
ning is known to facilitate neuroplasticity or to improve neurogene-
sis in mice [4,5]. Further, it was characterized that running ex-
ceeded enriched environment in influencing neurogenesis and
learning. However, the molecular bases for how exercise affects the
structure and function of the brain are largely unknown.

Exercise and the Brain

Mechanistically, exercise was reported to have profound effects
on the brain’s neurochemistry and plasticity. Via molecular tech-
niques, it was systematically shown that exercise could up-regulate
NT such as nerve growth factor (NGF) and brain derived nerve
factor (BDNF) endogenously [6,7]. Such NT had been reported to
facilitate recovery from brain injury such as stroke [8]. The role of
pre-conditioning exercise in reducing mortality and brain damage
was also proposed [9]. It therefore appears that exercise could be
useful in preventing neuronal demise, behavioral impairment and
neurodegeneration. In light of this, sedentarism should therefore be
avoided, and regular exercise advocated as a form of neuroprotec-
tion. In a recent study using an animal model for Parkinsonism, it
was documented that forced exercise could protect the brain via the
up-regulation and activation of certain trophic factors and signaling
cascade such as extracellularly regulated kinases [10]. In another
study using brain-imaging technology, it was shown that skill
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training while enhancing brain function could also result in ana-
tomical changes [11]. In addition, there are now known psychologi-
cal benefits associated with running, and such include positive
mood changes and decreased levels of anxiety [12]. To date, the
mechanisms for the above observations are still unclear, but as re-
viewed earlier, there are good reasons to implicate neurotrophic
factors such as NGF and BDNF.

Voluntary Exercise Versus Forced Exercise

Interestingly, most of the studies reporting a beneficial action of
exercise on the brain have been based on the voluntary paradigm
[4,5,7,13,14]. The advantage of these studies is that their results can
apply to human condition in which the individual chooses how
much to run. Because of the same reasoning, the effects of volun-
tary exercise would not be easily translated to interpret the effects
of treadmill exercise that is currently used on rehabilitative thera-
pies in individual whose voluntary locomotion is impaired. In gen-
eral terms, treadmill exercise is a type of forced exercise and may
involve a different level of involvement of suprasegmental centers
(telencephalic and diencephalic) and muscle work as compared to
voluntary exercise. Forced exercise has the advantage to be applied
to human conditions of impaired locomotion such as those associ-
ated with spinal cord injury. Studies in animals indicate that the
forced exercise regime is advantageous in terms of outcome meas-
urement, such as manipulation of exercise speed, frequency, dura-
tion and intensity. However, it was reported that voluntary exercise
was more beneficial than treadmill exercise in enhancing survival
and reducing bodily fat of aging rats compared to sedentary con-
trols [15]. It is possible that declining stamina in association with
age would no longer favor the rats in the treadmill group to reap the
benefits of exercise (lacking the will to exercise).

To date, some investigators have started using the forced para-
digm to elucidate the effects of exercise in the brain [16,17,18],
however, specific mechanisms explaining adaptations associated
with voluntary versus forced exercise are not yet known. It is likely
that metabolic and neurochemical pathways among skeletal muscle,
the spinal cord, and the brain offer plausible, testable mechanisms
to account for the effects of physical activity on the central nervous
system [19].

In the following Table 1, a summary is provided for a list of ex-
periments done to elucidate the effects of exercise to the brain, and
profiling the key players involved, and type of paradigm employed.

THE MOLECULAR AND CELLULAR PLAYERS
Neurotrophins (NT)

NGF was the first described member of the NT family discov-
ered by Rita Levi-Montacini five decade ago. NGF was originally
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Table 1. Review of Selected Literature from a PubMed Search Using the Following Key Words — “Exercise” & “Brain” Over the Last 10 Years
Authors & Year Type of work Implicated biochemicals Exercise paradigm
Pham et al. [2,3] Animal BDNF, NGF Voluntary
Smith & Zigmond [10] Animal GDNF Forced
Shen et al. [20] Animal CREB, MAPK Voluntary
Ang et al. [16] Animal Neurotrophins, p75 N™ Forced
Radak et al. [21] Animal DT-diaphorase [anti-tumor agent] Forced
Berchtold et al. [22] Animal BDNF Voluntary
Colbert et al. [23] Animal TNF-alpha, IL-1 beta, IL-6 Forced
Ehninger et al. [24] Animal Microglia Voluntary
O’callaghan et al. [25] Animal BDNF Forced
Ding et al. [26] Animal TNF-alpha receptor Forced
Nybo et al. [27] Human IL-6 Voluntary
Winter et al. [28] Human BDNF, catecholamines Voluntary
Jolitha et al. [29] Animal Vitamin E, Hydrogen peroxide, Supe- Forced
roxide dismutase

discovered in the adult mouse submandibular salivary gland, and in
1983, the human homolog, beta-NGF, was fully sequenced [30].
Since then, at least another five members have been characterized;
they are BDNF, NT-3, NT-4, NT-5 and NT-6 [31]. In essence, they
functioned to support the growth, survival and differentiation of
certain neuronal cells in the nervous system. While NT is known to
be chemical communicators between these cells, much less is
known about their roles as effectors molecules. For this review,
emphasis would be on NGF and BDNF since considerably less data
is available for the other members in the family.

NGF and BDNF

Four decades after NGF discovery, its analogous BDNF was
painstakingly isolated from the pig’s brain by Yves-Alain Barde
and Hans Thoenen. NGF and BDNF are known to share some
structurally and biochemical similarities, and such include a pre-
dicted molecular mass of approximately 13 kDa, a high isoelectric
point (pI > 9), a 50% amino acid sequence homology, and the for-
mation of disulfide bridges between the 6 cysteine residues [32]. In
terms of function, it has been suggested that BDNF could increase
the rate of turnover for neurotransmitters such as acetylcholine and
dopamine in-vitro [33-35]. More recently, it is known to play a role
in synaptic plasticity [36]. On the other hand, the role of NGF was
thought to be restricted to the PNS [37], and this coupled with the
fact that it was first isolated in the salivary gland, could give an
impression of lesser importance for brain function. As a matter of
fact, the use of exogenous NGF has been reported to prevent neu-
ronal death after brain injury [38]. There is also evidence to suggest
that NGF while serving its neurotrophic functions also acts as an
immuno-regulatory cytokine [39]. It was reported that NGF could
provide neuroprotection, by guarding neurons against hypoglyce-
mia and excitotoxicity via stabilizing intracellular calcium [40,41].
NGF has also been reported to help reverse spatial memory losses
associated with aging [42,43]. NGF and BDNF are capable of re-
versing spatial memory loss associated with aging. BDNF has been
shown to facilitate long-term potentiation (LTP) [44], an electro-
physiological correlate of learning and memory. NGF increased
hippocampal choline uptake in aged rats with [45]. Further, NGF
and BDNF can increase the activities of free-radical scavengers
[46], and hence protect the neurons against free-radical damages.
This was further substantiated by in-vivo studies showing the rescu-
ing effects of such NT on the cholinergic neuronal population [47].
It has been shown that the level of such endogenous NT

was altered under varying pathological states [48-50]. In view of
the above, investigators have started using exogenous NGF and
BDNF on animal models in an attempt to find solutions to symp-
toms associated with diseases such as Alzheimer and stroke [51,52].

It is proposed that these NT together with some anti-
inflammatory cytokines could mediate potential immunological
effects of physical exercise on the brain. Indeed, it was suggested
that the interaction of NT with their low affinity receptor p75 N'™®
could serve to inhibit major histocompatibility complex (MHC)
class II expression in microglia and acts as co-stimulatory molecule
implicated in antigen presentation [53,54]. All these highlighted the
potential that NT (endogenous and exogenous) may one day be
useful in ameliorating the effects of neurodegenerative diseases and
to facilitate neuroplasticity.

Activity-Dependent Regulation of Neurotrophins

Initial discoveries regarding the role of neurotrophins motivated
the perception that they acted as primary factors in the regulation of
neuronal survival and differentiation in the developmental organism
[55]. In the last decade, however, their role has greatly expanded
with findings that neurotrophins can mediate activity-dependent
functional and structural plasticity in both the embryonic and ma-
ture CNS [56,57,58,59]. The function of BDNF provides insight
into how activity-dependent regulation of neurotrophic factors and
related factors can alter neuronal connectivity and modulate the
functional complexity of neuronal circuits in the hippocampus.
Indeed, abundant evidence indicates that BDNF participates in the
regulation of axonal and dendritic branching and remodeling [60-
63], augments the efficacy of synaptic transmission [64-67], and
participates to modulate the functional maturation of excitatory and
inhibitory synapses [68-70].

Activity-dependent regulation is a fundamental property of neu-
rotrophins such as BDNF. Neuronal activity enhances the expres-
sion, secretion, and/or actions of BDNF at the synapse to result in
the modification of synaptic transmission and connectivity. The
literature shows that multiple experimental paradigms, structured
around the concept of increasing neuronal activity, effectively aug-
ment neurotrophin expression. Early studies demonstrated that sei-
zures dramatically increase the expression of BDNF mRNA [71,72]
as well as the mRNA expression of another member of the neu-
rotrophin family, NGF, in the hippocampus [73]. In a similar line of
thought, it was discovered that sensory stimulation regulates BDNF
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with visual input in the visual cortex [74], and whisker stimulation
in the barrel cortex [75]. Additionally, physiological activity such
as exercise [7,76], learning [77] and sleep and circadian rhythm
[78,79] increase BDNF. There is evidence to suggest that BDNF
may be more sensitive to regulation by activity than other members
of its family. A particular study demonstrated that when the
mRNAs for the precursor proteins pro-BDNF and pro-NGF were
over-expressed in cultured hippocampal neurons, that secretion by
activity was specifically a property of BDNF and not NGF, i.e., the
application off a depolarizing stimulus was selective to triggering
BDNF release [80].

Several experiments paradigms have demonstrated that, at least
in the hippocampus, BDNF is sorted into the activity-regulated
pathway whereas other neurotrophins are mainly sorted into the
constitutive pathway [80, 81]. The use of BDNF-GFP (green fluo-
rescent protein) fusion constructs has enabled the actual visualiza-
tion of BDNF in hippocampal and cortical neurons. Accordingly,
these studies have revealed that BDNF is packaged in secretory
vesicles [82,83]. Co-localization of BDNF with specific markers,
the presynaptic secretory protein synapsin I, and the postsynaptic
scaffolding protein PSD95, revealed that the BDNF-GFP fluores-
cence was found to be concentrated at synaptic junctions [82,83].
The BDNF-GFP fluorescence spots were found to quickly disap-
pear when depolarization or high frequency stimulation was ap-
plied, hence suggesting that BDNF was secreted from these synap-
tically localized secretory vesicles [84,83]. Thus BDNF, coupled
with its prominence in the hippocampus, seems to exhibit a prop-
erty that makes its particularly capable of mediating the behavioral
implications of exercise and diet on neuronal and cognitive plastic-
ity.

An interesting finding regarding the role of activity-dependent
BDNF gene regulation comes from a study conducted by Chen and
colleagues in 2003 [85]. Using a chromatin immunoprecipitation
technique, they found that the transcriptional repressor Mecp2 is
bound to the rat BDNF promoter III [homologous to mouse BDNF
IV promoter] in cortical neurons. However, upon the application of
activity, i.e., membrane depolarization and subsequent calcium
influx, BDNF transcription occurs concurrent with the dissociation
of Mecp2 repression from the BDNF promoter. In conclusion, the
fact that the expression, release, and function of BDNF are regu-
lated by activity [86,87], provide strong basis for a major role of
BDNF mediating the beneficial effects of exercise and other aspects
of lifestyle on cognitive function.

Studies involving rats and mice reported better cognitive per-
formance as a result of increased physical activity [13,14,18]. With
human subjects, it was reported that physically fit individuals have
better cognitive and memory performance when benchmarked
against sedentary peers [88-90]. To reiterate, the regulation of neu-
rotrophins by activity could be accountable for the enhanced cogni-
tive function as a result of exercise [91,21,92,93].

NT Receptors — The Role of the p75 NTR

NT exercise their influences through two classes of receptors.
These are the high affinity tyrosine kinase (Trk) receptors and the
low affinity p75 "™® respectively [31]. While the p75 V™® binds all
members of the NT family, the Trk family of receptors composed
by Trk A, Trk B and Trk C are highly specific in their binding. Trk
A receptor has special binding affinity for NGF and NT-3, while
Trk B and Trk C have larger affinity for BDNF/NT-3 and NT-4/5,
respectively [94]. It has been suggested that p75 N™® helps modulate
neurotrophic response by facilitating the activation of the Trk A
receptor [95]. Further, the p75 NTR s also constitutively expressed
on cholinergic neurons, which are implicated in the pathophysiol-
ogy of Alzheimer’s disease (AD) [96].

While there is a substantial evidence indicating that p7
may be associated with neuronal death [97] as it contains a cyto-
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plasmic “death domain” involved in apoptosis, the issue is still
contentious [98]. Indeed, there may be a principal neuroprotective
role for p75 Y™ as pointed out by several other authors [99-101], or
it may have a dual role for both neuronal death and survival de-
pending on the circumstances [102]. Other interesting roles that the
p75 ™ may have include its interaction with the NOGO receptor in
controlling axonal elongation [103].

In the context of exercise, we have shown that p75 N'® was up

regulated after forced exercise [16]. Assuming that p75 N™® could
be neuroprotective suggested that exercise could benefit the brain.

Neuronal Cytokines

In the brain, there are low levels of constitutively expressed
pro-inflammatory and anti-inflammatory cytokines [104]. Briefly,
cytokines are low molecular-weight glycoprotein that act as inter-
cellular messengers, such include pro-inflammatory interleukins
(IL) such as IL-1pB, IL-6, interferon gamma (IFN-y), and TNF-a,
which are known to be produced by activated endothelial, micro-
glial or astrocytic cells in the brain [105]. These cytokines on bind-
ing to their receptors would then further activate yet to be identified
second messengers system and subsequently, protein kinases and
phosphatases. These proteins would ultimately affect gene regula-
tion through the activity of transcription factors [106]. It is also
apparent that cytokines levels in the circulatory system are con-
stantly changing in response to exercise [107,108]. Additionally, it
was also reported that tissue level cytokine expression might not
necessarily correlate with plasma cytokine [23]. It is therefore im-
perative that any such quantification should be done on the CNS
tissue proper to avoid any possible confounding effects. It is also
clear that given the complexity of cellular and cytokine interactions
within the brain, it is not inconceivable that no single cytokine
could work in isolation but probably more in concert with others.

IL-1p

IL-1B, a 17.5 kilo Dalton (kDa) protein, shares the same func-
tion with its isoform, IL-1a, although they share only 30% sequence
homology [106]. It has been reported that plasma IL-1p remains
relatively unchanged after exercise or exhibits relatively small,
delayed increments [108]. However, it has been shown that IL-18
was down-regulated with forced exercise [109]. While less is
known about the role of IL-1a in brain pathologies, there is consid-
erable data to show that the up-regulation of IL-1p played a harmful
role in spontaneous hypertensive rats following cerebral ischemia
[110,111]. By blocking the mechanism of IL-1 via a receptor an-
tagonist, one could derive neuroprotective effects in the rats by
reducing brain edema, the number of neutrophils in ischemic areas,
and neutrophils-endothelial cells interaction [112-114]. Other dele-
terious roles of IL-1 include the up-regulation of endothelial cell
adhesion molecules, the promotion of neutrophils tissue infiltration
[106], and the eventual cortical cell death or acute degeneration
[115,116].

IL-6

This pleiotropic cytokine of molecular weight of approximately
21 to 28 kDa, also known as 26 KD protein and hepatocyte-
stimulating factor, is implicated in acute and chronic inflammatory
activities [117,118]. However, it is not entirely clear at this stage
whether it exerts anti-inflammatory or pro-inflammatory effects or
both [117]. Further, its anti-inflammatory effect depends on the
inhibition of IL-1 and TNF-a production, and stimulation of the
production of their circulating antagonists [119]. More importantly,
it was reported that plasma IL-6 could be elevated by as much as a
100 times after a marathon race [120], however, the opposite oc-
curred in the CNS [109,27].
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TNF-a

Tumor necrosis factor (TNF)-a has a molecular weight of ap-
proximately 17 kDa. Different cell types including activated astro-
cytes and microglia are capable of producing TNF-a in the brain
[121,122]. The actions of TNF-a are mediated by two specific re-
ceptors, known as p75 (TNF-R2) and p55 (TNF-R1) [123]. The
downstream events following the binding of the cytokine to the
receptor include the activation protein kinase C, tyrosine kinase,
mitogen-activated protein kinase, phospholipase A2, and
phosphatidylcholine-specific phospholipase C [124]. This is
followed by the activation of transcription factors such as nuclear
factor-kB (NF-kB) which would translocates into the nucleus,
where it activates the promoter of the genes for adhesion molecules
and other cytokines [125]. Interestingly, there is down regulation of
TNF-a after exercise but with no known biological significance.
However, in the context of stroke, the inhibition of TNF-a is known
to have a neuroprotective function [126-128].

IFN-y

Interferon (IFN)-y, a cytokine known for its antiviral activity is
produced by activated CD4+, CD8+ T cells and, natural killer (NK)
cells. In terms of its activity, there is often direct or indirect down
regulation of IFN-y by other cytokines such as IL-1 [129]. Since the
CNS is considered an immunological privileged site [130], it is
widely believed the resident cells are unable to produce IFN-y
[131,132]. More importantly, the detrimental effects of IFN-y is
well demonstrated its role in the pathogenesis of demyelinating
disorders such as multiple sclerosis [133]. There are also controver-
sial reports that suggest that glial cells such as astrocytes, and the
microvessels in the CNS are capable of producing IFN-y and its
receptors [134-136]. IFN-y is also known to induce the expression
of various cytokines by stimulating p38 kinase [137] and of MHC
class II expression. Other biochemical actions of IFN-y include
inducing the expression of various genes and the production of
polypeptides responsible for anti-viral, anti-tumor, and anti-
microbial activities. More importantly, it is capable of modulating
the B and T lymphocytes, and the NK cells [129]. In response to
exercise, plasma IFN-y level is not known to change [108] while in
the brain, this was found to be down-regulated [109].

Microglia and Astrocytes (Non-Neuronal Cells)

Glial cells such as microglia and astrocytes were once thought
to serve only as supporting entities to the neurons in the CNS. It is
now widely believed that both microglia and astrocytes have impor-
tant protective roles in the nervous system against various patholo-
gies. More importantly, both microglia and astrocytes are also
known to maintain important immune function in the CNS via the
release of cytokines [138,139]. In addition, NT signaling through
the p75 V™® reportedly regulates their activities with involvement
from some anti-inflammatory cytokines [53,54]. These non-
neuronal cells react very quickly to challenges to preserve optimum
working environment for the neurons [140,141]. However, overre-
action of these glial cells and the accompanying release of cytoki-
nes have also been known to harm the surrounding neurons [142].

Specifically, the microglia appears to be having a double role,
that of neurotoxic and neuroprotective effects. Activated microglia
may exert a cytotoxic effect by releasing proteinases, cytokines
(e.g. IL-1), reactive oxygen intermediates, and reactive nitrogen
intermediates [143]. Activated microglia also served as phagocytes
and is capable of destroying invading microorganisms, and remov-
ing potentially deleterious debris [144]. In up-regulating the expres-
sion of major histocompatibility complex class I and II antigens,
and complement receptor, these non-neuronal cells have also been
proposed to play the roles of inflammatory, antigen presenting, and
immunoregulatory cells. Taken together, it appears that microglial
cells play an important role in the area of neuroimmunology [145].
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Astrocytes typically serve to maintain and support the normal
function of the CNS. Like microglia, activated astrocytes have both
beneficial and detrimental effects on the surrounding cells. It might
participate in the healing process by actively monitoring and con-
trolling the molecular and ionic contents of the extracellular space
[146]. On the other hand, it would at times inhibit the regeneration
response of the neurons [147]. The functional roles of astrocytes are
further complicated by the latest literature that suggests that these
cells may play a role in neurogenesis [148] and synaptogenesis
[149].

Exercise has long been known to affect the immune system
[150] and regulate the levels of endogenous cytokines [151,24].
Since cytokine is one of the key activating factors for microglia
[142], it can therefore be argued that exercise may have an effect on
microglia, although the latter produces cytokines on its own. While
there was report that indicated that voluntary running could increase
the number of 5-bromo -2'-deoxyuridine (BrdU) labeled microglial
cells in several cortical regions [24], the opposite was found to be
the case for these microglial cells in the horizontal diagonal band of
Broca (HDB) after forced exercise [109]. Both reactive astrocytes
and exercise are known to affect the level of endogenous cytokines
[152]. Further, it was suggested that voluntary running could in-
crease the number of BrdU labeled astrocytes in the hippocampus
[153] while forced exercise resulted in reduced number of astro-
cytes in the HDB [109].

Cholinergic Neuronal System

The characterization and distribution of these cholinergic neu-
rons in the basal forebrain have previously been studied and re-
viewed [154]. Importantly, these neurons are nourished by retro-
gradely transported NGF from the hippocampus [155]. It was also
reported that NGF could reverse some of the experimentally in-
duced cholinergic neurodegenerations in primate brains. [156]. The
link between NGF, cholinergic neurons and spatial memory was
further consolidated when aged rats with impairments in learning
and memory, showed improvement after treatment using exogenous
NGF [158-160]. In another study, it was reported that NGF from ex
vivo transduced immortalized neural progenitor cells to the septum
can prevent the development of age-associated neuronal atrophy
and behavioral impairments in rats [161]. Taken together, there is
now extensive evidence to support the view that the cholinergic
neuronal system is intricately linked to learning and memory [162].
Cholinergic neurons are also implicated in Alzheimer-type demen-
tia in man [157]. Indeed, impairments in spatial memory are closely
correlated to decline in forebrain cholinergic neurotransmission
[163].

Interestingly, it was reported that running could induce hippo-
campal release of acetylcholine in rats [164]. Furthermore, daily
treadmill running could improve hippocampal protein kinase C
activity, thereby enhancing spatial learning performance in mice
[165]. We have also shown that forced exercise could increase the
number of cholinergic neurons in the HDB [16]. Therefore, these
results suggest a positive relationship between cholinergic function
and physical training.

DISCUSSION AND PERSPECTIVE
NGF and BDNF

It is now reasonably clear that exercise, whether voluntary or
forced is capable of altering the level of endogenous neurotrophins
and their receptor mRNA in the brain [6,7,166,16]. Further, the uses
of exogenous NGF and BDNF to help reverse various pathologies
in different animal models have also been systemically explored
[42,43,156,167] thus highlighting the possibility that NGF and
BDNF may one day, be of therapeutic use in the clinics. However,
more studies on mechanisms, doses, time of application, and toxi-
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cology should be conducted before such a conclusion can be drawn.
It seems that exercise has some advantages to exogenous supply of
neurotrophins, as exercise, in addition to elevating specific NT, it
has an action on the pharmacology that is intrinsic to the system.
This implies that exercise may have an action on signaling mecha-
nisms associated with the action of neurotrophins or other molecu-
lar systems. Indeed, it has been reported that exercise could im-
prove neurogenesis, synaptogenesis, cognition, and functional re-
covery after CNS injury [3.,4,168]. By performing blocking studies,
there is evidence that exercise uses specific neurotrophins to affect
select brain functions such as cognitive abilities [169].

In a pathological scenario like stroke, we have been able to
demonstrate that exercise induced NGF and its p75 N'® was capable
of reducing the infarct size in the middle cerebral artery occlusion
rodent model [16]. This implied that exercise alone could mimic the
effects of an exogenous source in providing neuroprotection
[52,170,171]. This has immediate significance since recombinant
neurotrophins often could not cross the BBB [172] without artificial
conjugation.

Since forced exercise could in fact alter the number of choliner-
gic neurons in the HDB [16], we propose that this may be how
exercise could indirectly enhance cognitive and memory functions
by ameliorating cholinergic neuron atrophy via support from neu-
rotrophins [173].

Cytokines and Glial Cells

It is now known that an over-expression of pro-inflammatory
cytokines in the brain results in the pathogenesis of neuro-toxic and
neurodegenerative disorders [104] and therefore impact the normal
functioning brain [174]. In particular, IL-1p bears a deleterious
consequence on cognitive processes [175]. In that context, if exer-
cise could reduce the levels of these cytokines in the brain, this
would reduce the likelihood of neuro-toxication or neuro-
degeneration. We have shown that by up-regulating NGF/p75 N%,
the levels of endogenous cytokines are reduced, and we believed
that this might be how exercise could indirectly improve learning
and memory. However, the roles of the cytokines in relation to the
inflammatory process are complex and should not be considered in
isolation, but instead regarded as part of a network of interacting
mediators.

To date, the effects of exercise on glial cell such as microglia
and astrocytes are still controversial. We have shown that their
activities and numbers are reduced after exercise [109] while others
have reported otherwise. There is no simple explanation for this
observation and hence need further research. However, at this junc-
ture, we would like to suggest that exercise induced up-regulation
of NGF, and the concomitant suppression of endogenous pro-
inflammatory cytokines such as TNF-o and IL-1B could be the rea-
son for the reduction of glial cell activities and numbers.

Exercise, Learning and Memory

Studies in humans [176,177] and in rodents [4,18] have demon-
strated the beneficial effects of exercise on cognitive function.
These studies have shown that exercise has the capacity to enhance
learning and memory [4,177,178] under a variety of conditions,
from counteracting the mental decline associated with aging [176]
to facilitating functional recovery in patients suffering from brain
injury or disease [179,180]. An analysis of 18 longitudinal fitness-
training studies revealed that cardiovascular fitness training im-
proves overall cognitive function regardless of task type [181]. The
finding that voluntary exercise increases BDNF levels in the hippo-
campus, an area vital for learning and memory formation, has pro-
vided insight about the molecular mechanisms responsible for the
effects of exercise on cognition [7,76,182]. Blocking BDNF action
using specific immuno adhesive chimeres abolished the ability of
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exercise to augment learning and memory in the rat [169], in con-
junction with abolishing the capacity of exercise to elevate BDNF-
mediated synaptic plasticity.

Recently we have shown that forced running like voluntary
running, could also significantly improve spatial learning and
memory [173]. Evidently, superior escape latencies, more time
spent in the correct zone, and reduced swim distance by the runners
over the nonrunners confirmed this hypothesis. However, this im-
provement is inconsistent with data shown by another group exer-
cising aged F-344 rats over a 10 weeks period [183]. Apart from the
length of training, such differing outcome might be accounted for
by strains differences and age of the animals used since these are all
known to affect the results [184]. In addition, the different behav-
ioral tests administered to the rats could also play a role. The circu-
lar platform spatial memory task used in the Barnes ef al. study
[183] is technically different from the MWM test employed in this
study.

It should be appreciated that the forced exercise paradigm is
stressful to the animals [185]. While acute stress has been reported
to enhance the memory of events that are potentially threatening to
the animals. Chronic stress, on the other hand, results in adaptive
plasticity in the brain, in which local neurotransmitters as well as
systemic hormones interact to produce structural as well as func-
tional changes [186]. This includes the suppression of ongoing
neurogenesis in the dentate gyrus [186-188]. There is a recent re-
port suggesting that spatial learning functions independently of
neurogenesis [189].

It is widely known that emotionally arousing experiences
(stress) often facilitate the formation of memory readily. Such ob-
servations could be attributed to the release of adrenal stress hor-
mones, epinephrine and cortisol (corticosterone in the rat), as a
result of emotional arousal [188,190]. The elevated stress hormones
associated with forced running could be the underlying reason why
there is an increase in memory and learning abilities. It would
therefore be important to study hormonal changes in the circulatory
system. Accordingly, psychosocial stress level can be determined
by screening the saliva for cortisol or alpha-amylase [191].

While voluntary exercise is known to benefit spatial learning
and memory, the effects of forced exercise are still highly contro-
versial. It is therefore necessary to conduct further research into the
molecular and cellular-mechanisms of how exercise may indeed
influence the CNS and its circuitry. While it was shown that exer-
cise could promote LTP [4] and this could be due to the result of
increased endogenous neurotrophic factors. The previous use of
exogenous neurotrophic factors to help improve spatial reference
and recent memory [158,160] lends weight to this possibility. More
significantly, LTP has been reported to induce dendritic spine for-
mation [192]. Further, it appears that the reduced production of pro-
inflammatory cytokines such as TNF-a and IL-1B by the glial cells
in the HDB of the septum could also somewhat contribute to the
improved spatial memory and learning in the runners. TNF-a and
IL-1P are known to inhibit LTP [193,194]. Collectively taken, there
are strong reasons to believe that exercise may indeed help to im-
prove spatial learning and memory probably via endogenous neu-
rotrophic factors and some cytokines.

Having stated that exercise may help learning and memory, one
should also be aware of the pitfall of overexerting as it is well
known that overtraining can also lead to symptoms such as fatigue
and mood disturbances [195,196]. Moreover, runners deprived of
running experienced withdrawal symptoms such as depression and
anxiety [197,198].

Future Work with Animal Models

With the availability of suitable animal models for the various
neurological conditions (Alzheimer’s and Parkinson’s disease), it
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Mechanistic pathways

Exercise
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Fig. (1). Mechanistic path on how forced exercise, cholinergic neurons, glial cells, endogenous NGF/ p75 "™ and cytokines could interplay to help enhance

the process of learning/ memory and neuroprotection in rats.

would be interesting to see if the key players listed in this review
would be affected by exercise. More importantly, understanding
how these biomarkers interplay in these animal models will cer-
tainly bring us one step closer to preventing the loss of valuable
cognitive abilities associated with these diseases.

CONCLUDING REMARKS

In summary, the effects of voluntary exercises are clearly bene-
ficial to the brain in normal and pathological conditions. This was
the direct consequence of the interplay by elevated endogenous
NGF and its p75 N™®, in an altered microenvironment that was not
conducive for glial associated pro-inflammatory cytokines to act.
Further, the increase in proliferation and numbers of the cholinergic
neurons in the HDB may have contributed to the observed im-
provement in spatial memory (see Fig. 1). However, the readers
should be aware that the benefits arising from exercise extend be-
yond what is accounted for in this review.
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kDa = Kilodalton

LTP = Long term potentiation
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