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Exercise, a behavior that is inherently associated with
energy metabolism, impacts the molecular systems im-
portant for synaptic plasticity and learning and memory.
This implies that a close association must exist between
these systems to ensure proper neuronal function. This
review emphasizes the ability of exercise and other life-
style implementations that modulate energy metabolism,
such as diet, to impact brain function. Mechanisms
believed to interface metabolism and cognition seem to
play a critical role with the brain derived neurotrophic factor
(BDNF) system. Behaviors concerned with activity and me-
tabolism may have developed simultaneously and interde-
pendently during evolution to determine the influence of
exercise and diet on cognition. A look into our evolutionary
past indicates that our genome remains unchanged from
the times of our hunter-gatherer ancestors, whose active
lifestyle predominated throughout almost 100% of
humankind’s existence. Consequently, the sedentary life-
style and eating behaviors enabled by the comforts of
technologic progress may be reaping \revenge" on the
health of both our bodies and brains. In the 21st century
we are confronted by the ever-increasing incidence of
metabolic disorders in both the adult and child popula-
tion. The ability of exercise and diet to impact systems
that promote cell survival and plasticity may be applica-
ble for combating the deleterious effects of disease and
ageing on brain health and cognition. VVC 2006 Wiley-Liss, Inc.

Lifestyle, befittingly what our ancestors called ‘modus
vivendi,’ (meaning both a method of living and also an
accommodation between two seemingly disparate entities),
involves our conscious choice to engage in behaviors that
can remarkably influence the fitness level of our body and
brain. No longer dominated by the Decartian argument
for the separation of mind and body, science of the 21st
century recognizes that changes occurring in the body may

well influence and direct the plasticity of the brain. This
review explores the ability of lifestyle implementations to
impact the brain, especially molecular systems sub-serving
cognitive function. Main emphasis is given to exercise,
however extensions into other lifestyle regulatory behav-
iors such as diet are discussed. Specifically, we will explore
how energy metabolism may influence learning and mem-
ory processes. This link is prominently illustrated by the
ability of behaviors, which involve energy consumption
and expenditure, such as exercise and diet, to impact cog-
nitive function. The influence of energy metabolism on
neuronal function involves signaling molecules that control
various neuronal and neuroendocrine pathways involved
in the spectrum of energy metabolism, comprising feeding
behaviors, food breakdown, and energy transformation
(Mattson et al., 2004). Additionally, this area of biomedical
research looks into the regulation of energy metabolism
within neurons themselves that can facilitate specific cellu-
lar processes to impact neuronal plasticity (Horvath et al.,
2003).

The gains reaped by exercise on cognitive func-
tion are documented by studies showing that exercise
improves learning and memory (Suominen-Troyer et al.,
1986; Rogers et al., 1990; van Praag et al., 1999), coun-
teracts the mental decline that comes with age (Kramer
et al., 1999; Laurin et al., 2001), and facilitates functional
recovery from brain injury, disease (Lindvall et al., 1992;
Bohannon et al., 1993; Grealy et al., 1999), and depres-
sion (Siuciak et al., 1996; Shirayama et al., 2002). Equally
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impressive, diet has been shown to influence brain func-
tion. The consumption of a diet high in saturated fats
decreases learning and memory and increases metabolic
distress, whereas a diet supplemented with omega 3 fatty
acids or vitamin E benefits cognitive function (Molteni
et al., 2002; Wu et al., 2003, 2004a). Given that exercise
and diet inherently impact elements of energy expendi-
ture and consumption, a central question is how altera-
tions in energy metabolism interface with mechanisms of
synaptic plasticity integral to cognitive function.

Possible clues into how cellular energy metabolism
influences specific aspects of brain function may be
gained by looking into the nature of certain molecular
systems, which are central to the mechanisms of the two
processes. One such suitable candidate is brain derived
neurotrophic factor (BDNF). In fact, a characteristic
finding for the effects of exercise on brain cognitive func-
tion is an elevation in the levels of BDNF in the hippo-
campus, a critical area for learning and memory processes
(Neeper et al., 1996). BDNF has also been found to be
important in regulating energy homeostasis, especially as
demarcated by the finding that disorders of energy me-
tabolism such as obesity, hyperglycemia, and insulin
insensitivity are associated with diminished BDNF levels
(Lyons et al., 1999; Kernie et al., 2000; Rios et al.,
2001). Moreover, BDNF and its cognate TrkB receptor
have been implicated in regulating eating behavior and
energy balance. Particularly, it has been shown that mice
lacking one copy of the BDNF gene, which encodes for
BDNF, or have a conditional tissue-specific deletion of
the BDNF gene develop in the postnatal brain, increase
their food intake and develop obesity (Rios et al., 2001).

HISTORY OF BDNF: SYNAPTIC PLASTICITY,
LEARNING AND MEMORY, AND BDNF

Brain derived neurotrophic factor is a neurotrophin
whose status as a regulator of the survival, growth, and
differentiation of neurons during development (Barde
et al., 1994; Wang et al., 1995) has matured to include
the adult nervous system. Indeed, it is now known that
BDNF functions to translate activity into synaptic and
cognitive plasticity in the adult animal. BDNF is able to
modulate the efficacy of neurotransmitter release (Kang
and Schuman, 1995; Bolton et al., 2000), stimulate the
synthesis of vesicle-associated proteins (Lu and Chow,
1999; Schinder and Poo, 2000), and regulate transcrip-
tional factors (Finkbeiner et al., 1997; Tully, 1997). In
the hippocampus, BDNF is capable of inducing a rapid
potentiation of glutamate-mediated synaptic transmission
(Lessmann and Heumann, 1998) and a long-lasting
potentiation of perforant path-dentate gyrus connections
in vivo (Messaoudi et al., 1998).

Learning and memory (Falkenberg et al., 1992) and
long-term potentiation (LTP), considered an electrophy-
siologic correlate of learning and memory (Patterson
et al., 1992, 2001), selectively increase BDNF mRNA
levels in the hippocampus. Transgenic animals with
diminished BDNF expression lose their ability to induce

LTP (Patterson et al., 1996) and are impaired in learning a
spatial memory task (Linnarsson et al., 1997). Quenching
endogenous BDNF with function-blocking anti-BDNF
antibodies, has been shown to impair learning and memory
in rats on both the water maze and on an inhibitory avoid-
ance task (Ma et al., 1998; Mu et al., 1999). Similarly,
blocking endogenous BDNF was able to significantly
reduce LTP (Ma et al., 1998). Moreover, replenishing the
depleted hippocampus with exogenous BDNF seems to
ameliorate these deficits. Exogenous BDNF application
(Patterson et al., 1996) or transfection of hippocampal sli-
ces with a BDNF expressing adenovirus (Korte et al.,
1995) has been shown to restore the ability to induce LTP.
BDNF, but not NGF or NT-3, seems to play a role in
consolidating short-term memories into long-term memo-
ries (Johnston and Rose, 2001). Clinical studies support
the importance of BDNF in learning and memory in
humans (Egan et al., 2003; Hariri et al., 2003). A study
conducted by Egan et al. (2003) has found that individuals
expressing a specific polymorphism in the BDNF gene ex-
hibit learning impairments.

THE RUNNING MAN: AN EVOLUTIONARY
PREDISPOSITION FOR EXERCISE

The influence of the body over the workings of
the mind may have its origin in the evolutionary history
of mankind. Ironically, in a world that recognizes the
benefits of exercise, physical inactivity characterizes most
industrialized societies of our modern age. This is likely
due to the benefits reaped by technological advances,
which have obviated many of the necessities for physical
labor. Yet, before the advent of the industrial revolution,
occurring a little more than 100 years ago, the tenants of
society were prodigiously more active than today. Our
early ancestors predominately consisted of hunter-gath-
erer types (Eaton and Konner, 1985), thereby ensuring
that \the running man" dominated the standard for fit-
ness levels, as survival necessitated physical activity in
their hunting and gathering excursions. According to
Darwinian evolution, one can stipulate that the selection
of a phenotype that would support physical activity would
be advantageous for survival. The ability to acquire food
and transform it into an efficient and usable source of
energy was a major force in the evolution of humankind
that likely soldered together cooperative molecular mech-
anisms underlying activity, cognition, and metabolism.
Individuals who could outrun and outplan their peers in
the hunt for food and then utilize gained food resources
more efficiently would survive to advance this \coopera-
tive nervous system" into the genome. Thus, physical
activity may be an evolutionarily programmed necessity
in our genes.

The importance of activity to brain cognitive func-
tions may be rooted in even earlier evolutionary gains.
The brain of early mobile organisms may have developed
in complexity, incorporating perception and prediction
as learning aspects, to maximize motor operations that
increased the chances for obtaining food and therefore
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the probability of survival. The need to generate physical
movements to gain and compete for energy resources
for survival, or what is referred to as \motricity," may
have provided the impetus for mental activity: \That
which we call thinking is the evolutionary internalization
of movement," (Llinás, 2001). An example of this prin-
ciple in \motion" is that hippocampal discharge frequen-
cies of pyramidal neurons and interneurons are correlated
with the locomotion of a rat running on a wheel, such
that the discharge frequencies of these cells are found to
intensify with increases in running velocity (Czurko
et al., 1999). Thus, the hippocampus, a structure that has
a fundamental role in memory processing has a func-
tional dependence on physical activity.

In the 21st century, we cannot escape the fact that
we are still the progeny of a human genome our ances-
tors acquired when they adapted an active lifestyle through
out almost 100% of humankind’s existence (Astrand,
1986; Cordain et al., 1998). Shockingly, the amount of
physical activity we get in today’s day and age has been
surmised to be way below the level of physical exer-
tion that we are genetically predispositioned to sustain
(Cordain et al., 1998). Given that most of our current
genome remains unchanged from the times of our
hunter–gatherer ancestors (Cordain et al., 1998), the
prevalence of inactivity in United States society is abnor-
mal for a body whose genome adheres to the laws of
\the running man." It has been estimated that at least
70% of the United States population gets <30 min of
moderate-intensity physical activity a day (United States
Department of Health and Human Services, 1996).
However much the comforts of technology unburden
us from taxing our bodies with unnecessary physical
exertion, the consequences of a sedentary existence are
evident by the ever-increasing incidence of metabolic
disorders in both the adult and child population (Pinhas-
Hamiel et al., 1996; Flegal et al., 1998; Libman and
Arslanian, 1999; Sothern et al., 1999; Center for Disease
Control and Prevention, 2001; Mokdad et al., 2001;
Ogden et al., 2002). The lack of physical activity and
our genetics may therefore contribute to the prevalence
of obesity in modern industrialized societies (Wendorf
and Goldfine, 1991; United States Department of Health
and Human Services, 1996; Booth et al., 2002) and
derived metabolic dysfunctions such as Type II diabetes,
hypertension, and cardiovascular disease (American Dia-
betes Association, 1996; Jung, 1997; American Heart
Association, 1999; Must et al., 1999; Booth et al., 2002).
A sedentary lifestyle, or the lack of physical activity,
seems to be the primary causal factor responsible for
about one-third of deaths due to coronary heart disease,
colon, cancer, and Type II diabetes (Powell and Blair,
1994; Allison et al., 1999). Thus, as our genes have been
molded by an active lifestyle in our evolutionary past,
ironically, in the modern world, the comforts of a sed-
entary lifestyle may be reaping \revenge" on the health
of our bodies and brains.

Given that our genome is essentially that of our
active ancestors, it is important to consider the losses

\gained" by our present sedentary culture and the con-
tribution of exercise to regulate systems that are critical
for synaptic and cognitive plasticity. Particularly, exercise
seems to employ systems that have an intrinsic depend-
ence on activity regulation, principally impacting the
neurotrophin BDNF, a recognized arbitrator of meta-
bolic efficiency, eating behavior, synaptic plasticity, and
learning and memory.

CONSEQUENCES OF A SEDENTARY
LIFESTYLE ON THE BRAIN

The damage imposed by diseases of metabolic func-
tion characteristic of today’s industrialized societies may
have, in addition to their impact on the body, detrimental
effects on the brain. The characteristic example is BDNF,
which as it is both intimately connected with cognitive
function and energy homeostasis, has the capacity to be
modulated by behaviors impacting energy metabolism. In
fact, it has been found that a high fat diet, whose composi-
tion was formulated to closely parallel \the all American
diet," decreases BDNF levels in the hippocampus and
impairs learning and memory (Molteni et al., 2002).

EXERCISE ENHANCES LEARNING
AND MEMORY

In the last two decades, the benefits of exercise on
cognitive function have been commended by many stud-
ies conducted on both humans and animals. These stud-
ies have shown that exercise has the capacity to enhance
learning and memory (Suominen-Troyer et al., 1986;
Rogers et al., 1990; van Praag et al., 1999) under a vari-
ety of conditions, from counteracting the mental decline
that comes with age (Kramer et al., 1999; Laurin et al.,
2001) to facilitating functional recovery after brain injury
and disease (Lindvall et al., 1992; Bohannon et al., 1993;
Grealy et al., 1999). A metaanalysis of the human litera-
ture conducted by Colcombe and Kramer (2003) has
provided reproducible findings that exercise has a posi-
tive effect on cognitive function in humans. An analysis
of 18 longitudinal fitness-training studies showed that
cardiovascular fitness training improved overall cognitive
function regardless of task type. Additionally, the effects
that exercise seems to have on ameliorating the cognitive
decline in ageing animals also extends to human senes-
cence (Kramer et al., 1999; Colcombe and Kramer,
2003; Colcombe et al., 2004).

Only recently have studies begun to unravel the
mechanisms underlying the ability of exercise to enhance
cognition. Exercise seems to activate the neural circuitry
involved in learning and memory, as exemplified by its
action on BDNF. It has been shown that quenching the
action of endogenous BDNF activated during exercise
with TrkB-IgGs can fully block the exercise-induced
enhancement of both learning and memory on the Morris
water maze (MWM) task (Vaynman et al., 2004) (Fig. 1).
Measuring the performance of rats on the MWM task
has enabled us to dissect a strong relationship between
BDNF and learning and memory (Molteni et al., 2002).
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Both learning acquisition (latency to find the platform)
and memory recall (the distance swam in the platform
quadrant after the platform was removed) were corre-
lated with levels of BDNF for individual animals. The
results of this study suggest that hippocampal BDNF lev-
els seem be related to learning efficiency.

ENTRAINING THE PATHWAYS DOWN-
STREAM TO NEUROTROPHIN INDUCTION

Evaluating the pathways activated downstream to
BDNF induction provide further insight into how exer-
cise is capable of orchestrating its stimulatory effects on
brain health. Especially, mechanisms through which exer-
cise affects synaptic plasticity may underlie hippocampal
dependent learning, given the observation that molecules
identified as comprising these pathways downstream to
BDNF action, are important for both synaptic plasticity
and learning and memory (Fig. 2). The use of a novel
microbead injection method for drug-mediated blocking
experiments has elucidated the contribution of different
pathways that may be responsible for mediating the exer-
cise-induced changes in hippocampal synaptic plasticity
(Vaynman et al., 2003). Accordingly, it was determined
that exercise employs several different conduits of signal
transduction, such as mitogen-activated protein kinase

(MAPK), calcium/calmodulin protein kinase II
(CAMKII), and the N-methyl-D-aspartate receptor
(NMDA-R), to mediate its effects on hippocampal synap-
tic plasticity. Importantly, MAPK, CAMKII, and the
NMDA-R were found to impact downstream effectors of
BDNF action on gene expression and synaptic transmis-
sion, i.e., cAMP response element binding protein
(CREB) and synapsin I, respectively (Vaynman et al.,
2003).

CREB is critical for activity-dependent long-term
neuronal plasticity and is believed to be an evolutionarily
conserved molecule requisite for the formation of long-
term memory (LTM) (Dash et al., 1990; Bourtchouladze
et al., 1994; Yin et al., 1995). Specifically, CREB has
been described as a molecular switch for the activation
of transcription necessary for LTM (Yin et al., 1995).
Disrupting CREB function with a dominant negative
CREB protein impairs odor memory in Drosophila (Yin
et al., 1994). Similarly, a targeted disruption of CREB
isoforms results in LTM deficiency in mice (Bourtchou-
ladze et al., 1994). Particularly, CREB seems to be an
important piece in the BDNF-mediated machinery res-
ponsible for the potentiating effects of exercise on learn-
ing and memory. Blocking BDNF action during exercise
was sufficient to abrogate the exercise-induced enhance-

Fig. 1. Effect of exercise and blocking BDNF action during the
exercise period on learning and memory as illustrated by the per-
formance of animals on the MWM task. A: Exercise improved learn-
ing ability, as depicted by the enhanced aptitude of exercised animals
to locate the platform in a significantly shorter time frame (shorter
escape latencies in the exc/cytC group). Blocking BDNF action dur-
ing exercise abolished the exercise-induced enhancement in learning
ability. Exercised animals given the BDNF blocker had escape laten-
cies comparable to sedentary control animals (exc/TrkB-IgG vs. sed
/cytC). Data are expressed as mean 6 SEM (ANOVA, Fischer test,
Scheffe F-test, *P < 0.05, **,{{P < 0.01; * represents comparison
between groups, {{ represents comparison within groups). B: Exer-
cise increased the memory retention on the MWM task as indicated

by the performance of exercised animals who spent significantly more
time in quadrant P than sedentary controls (exc/cytC vs. sed/cytC).
Blocking BDNF action during exercise abolished this exercise-
induced preference for the P quadrant (exc/TrkB-IgG vs. exc/cytC)
to sedentary control levels (exc/TrkB-IgG vs. sed/cytC), but did not
have an effect on the preference of sedentary animals for the P quad-
rant (sed/TrkB-IgG vs. sed/cytC). Representative samples of trials
traveled during the probe test (B, begin, E, end, P, quadrant that
previously housed the platform) illustrate the marked preference of
the exc/ctyC group for the P quadrant as compared to all other
groups. Each value represents the mean 6 SEM (ANOVA, Fischer
test, *P < 0.05). [Figure can be viewed in color online via www.
interscience.wiley.com].
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ment in learning and memory and prevent the exercise-
induced increase in CREB mRNA levels and the active
form of CREB (p-CREB) (Vaynman et al., 2004). With
exercise, BDNF and CREB mRNA levels were signifi-
cantly and positively associated with each other as well
as with performance on the probe trial, illustrating that
animals with the highest BDNF expression also had the
highest CREB expression and the best memory recall.
CREB may provide a self-perpetuating loop for BDNF
action, since it has been found to regulate BDNF tran-
scription (Tao et al., 1998) and is in turn itself regulated
by BDNF (Finkbeiner et al., 1997; Tully, 1997).

Exercise has been found to employ both MAPK and
CAMKII to regulate CREB expression (Vaynman et al.,
2003). Both MAPK and CAMK have been repeatedly
described as conserved signaling pathways that lead to
CREB mediated gene transcription (Finkbeiner et al.,
1997; Ying et al., 2002). The MAP kinase cascade integra-
tes multiple intracellular signals (Sweatt, 2001). BDNF has
been shown to activate CAMKII (Blanquet and Lamour,
1997), which subsequently converges on the MAP kinase
cascade (Blanquet et al., 2003). MAPK targets synaptic
potentiation (English and Sweatt, 1996), nuclear signaling
(Adams et al., 2000), LTP (English and Sweatt, 1996,
1997), and seems to be especially necessary for learning

and memory (Atkins et al., 1998; Blum et al., 1999; Impey
et al., 1999; Sweat, 2001). It has been suggested that the
adeptness of MAPK to induce synaptic-plasticity is attrib-
uted to its ability to regulate (Finkbeiner et al., 1997), and
prolong the transcriptionally active state of CREB (Hard-
ingham et al., 2001). Like MAPK, CAMKII is believed to
be important for mechanisms underlying learning and
memory (Yin and Tully, 1996). Mice with gene deletions
of aCAMKII isoforms show an impaired performance on
spatial learning tasks (Silva et al., 1992).

An additional player determined to promote the
effects of exercise on hippocampal synaptic plasticity is
the NMDA-R. BDNF can potentiate synaptic transmis-
sion through the NMDA-R (Song et al., 1998), provid-
ing an alternative path to CAMKII and MAPK mediated
changes. NMDA-R activation (Ghosh et al., 1994) can
initiate CAMKII (Platenik et al., 2000) to converge on
the MAPK cascade (Bading and Greenberg, 1991) (Fig. 2).
Like the forerunners described before it, the NMDA-R is
critical for modulating LTP (Bliss and Collingridge, 1993)
and mediating learning and memory processes (Cammarota
et al., 2000).

Other ways that exercise may benefit brain func-
tion is by modulating the transmission properties at the
synapse. Studies have shown that BDNF regulates synap-
sin I, a phospho-protein localized to the pre-synaptic
membrane, and synaptophysin, a major integral protein
on synaptic vesicles (Vaynman et al., 2006a). An impor-
tant function provided by synapsin I is to modulate
vesicular release by tethering synaptic vesicles to the
actin cytoskeleton of the cell (Greengard et al., 1993). In
fact, inhibiting synapsin I reduces both the synaptic vesi-
cle reserve pool and neurotransmitter release (Hilfiker
et al., 1999). BDNF gene deletion in mice results in a
reduction in synaptic proteins, sparsely docked vesicles,
impaired neurotransmitter release, synaptic fatigue, and
decreases synapsin I levels (Pozzo-Miller et al., 1999).
Synaptophysin may be a key protein in the biogenesis of
synaptic vesicles from cholesterol, whose ability to pro-
mote membrane curvature may act to facilitate vesicular
budding and membrane retrieval (Thiele et al., 2000).
Studies of the giant squid axon have connected synapto-
physin with a role in rapid clathrin-independent vesicle
endocytosis at the active zone (Daly et al., 2000). The
ability to retrieve synaptic vesicle proteins through endo-
cytosis is essential for generating fusion competent
vesicles. The ability of behaviors such as exercise to
impact vesicular proteins involved in synaptic release
recycling, such as synapsin I and synaptophysin, respec-
tively, may provide for rapid neurotransmission.

Findings show that presynaptic neurotransmitter
release is coupled with BDNF-mediated synapsin I phos-
phorylation by way of MAPK induction (Jovanovic et al.,
2000). During exercise, CAMKII has been shown to con-
tribute to the BDNF regulation of synapsin I expression
(Vaynman et al., 2003). This is illustrated in Figure 2,
which shows that exercise induces BDNF to activate
CAMKII through phospho-lipase C (PLC) anchored to
its TrkB receptor (Blanquet and Lamour, 1997) to regu-

Fig. 2. Potential mechanism through which elements central to
energy metabolism at the cellular level, such as mitochondria and
UCP2, may interact with the substrates for synaptic plasticity in the
hippocampus under the action of exercise. BDNF activates signal
transduction cascades (MAP kinase and CAMKII) that in turn acti-
vate CREB and synapsin I mediated plasticity. UCP2, the uncou-
pling protein prominent in the brain and situated within the mito-
chondria, contributes to calcium homeostasis, ATP production, and
oxidative stress (OS) balance. The mitochondria and UCP2 may
comprise one of possible mechanisms that can interact with these sig-
nal transduction cascades, especially CAMKII, to modulate the
capacity of BDNF to regulate CREB and synapsin I during exercise.
The mitochondria is placed both near synaptic vesicles on the presyn-
aptic membrane and near the NMDA-R on the postsynaptic mem-
brane where it can serve as a calcium buffer during high calcium
influxes. The presence of UCP2 at the edge of pre- and post-synaptic
membranes may allow neuronal mitochondria to limit OS, increase
ATP production, and modulate calcium levels, subsequently influenc-
ing vesicular release, by acting on vesicular release proteins such as
synapsin I, and transcription, by impacting signal transduction cascades
to activate transcriptional regulators such as CREB.
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late synapsin I levels. BDNF-mediated regulation of syn-
apsin I may exert synaptic plasticity in additional alternate
ways; besides modulating transmitter release (Jovanovic
et al., 2000), synapsin I is involved in the formation and
maintenance of the presynaptic structure (Melloni et al.,
1994; Takei et al., 1995) and in axonal elongation (Akagi
et al., 1996). An adequate vesicular release pool and
adequate and sustainable transmitter release provided by
functional levels of synapsin I may afford the level of syn-
aptic communication necessary for learning. A recent clin-
ical study of familial epilepsy showed that a genetic muta-
tion in the synapsin I gene might be associated with learn-
ing difficulties (Garcia et al., 2004).

Evaluation of an array of genes activated by exercise
has corroborated the involvement of these molecules in
exercise-induced synaptic plasticity. In addition, it showed
that although exercise affects the expression of other neu-
rotrophic factors, BDNF is the only neurotrophic factor
consistently elevated after a few weeks of continuous exer-
cise (Molteni et al., 2002). In fact, exercise may augment
the effects of BDNF on synaptic-plasticity, by employing
a positive feedback loop in which it concurrently increases
the mRNA levels of both itself and its tyrosine kinase B
(TrkB) receptor (Vaynman et al., 2003).

ENERGY EXPENDITURE, METABOLISM,
AND BDNF

Reminiscent of the alliance between physical activ-
ity and changes in energy balance (Hill et al., 1983; Nybo
et al., 2002; Levin and Dunn-Meynell, 2004), BDNF
is intimately connected with energy metabolism. Mice
that either lack one copy of the BDNF gene or have a
conditioned deletion of BDNF in the postnatal brain are
hyperphagic and develop obesity (Rios et al., 2001).
Moreover, mice with reduced BDNF levels are both
obese and hyperglycemic (Lyons et al., 1999; Kernie
et al., 2000). Peripheral or central infusion of BDNF has
been found to reduce body weight, normalize glucose
levels (Tonra et al., 1999), ameliorate lipid metabolism in
diabetic rodents (Tsuchida et al., 2002), and increase in-
sulin sensitivity (Pelleymounter et al., 1995; Nakagawa
et al., 2000). Hypoglycemia and intermittent fasting both
increase BDNF levels whereas hyperphagia and high oxi-
dative stress (OS) levels, the harmful by-products of en-
ergy metabolism, decrease BDNF levels (Lindvall et al.,
1992; Lee et al., 2002; Wu et al., 2004a). It is also nota-
ble that, in the mature CNS, the BDNF protein is most
abundant in brain areas foremost associated with cogni-
tive and neuroendocrine regulation, the hippocampus
and hypothalamus, respectively (Nawa et al., 1995). TrB
mediated signaling is coupled with the melanocortin-4
receptor (MC4R), a critical receptor involved in energy
balance, such that MC4R has been shown to regulate the
expression of BDNF in the ventral medial hypothalamus
(Xu et al., 2003). Recent evidence from our own lab
showed that during exercise, cellular energy metabolism
can modulate BDNF-mediated synaptic plasticity in the
hippocampus. By infusing 1, 25-dihydroxyvitamin D3

(D3), a modulator of energy metabolism that acts on
the mitochondria, directly into the hippocampus during
3 days of voluntary wheel running, we found that
BDNF, synapsin I, and CREB where significantly re-
duced (Vaynman et al., 2006b). Moreover, disrupting energy
metabolism in the hippocampus reduced the expression
p-CAMKII, the signal transduction cascade downstream
to BDNF action. Other findings from the study showed
that exercise increases the expression of the uncoupl-
ing protein 2 (UCP2), a mitochondrial protein, which
uncouples substrate oxidation from ATP synthesis (Bouil-
laud et al., 1985; Boss et al., 1997; Vidal-Puig et al.,
1997; Sanchis et al., 1998; Mao et al., 1999). It has been
suggested that the ability of UCP2 to decrease OS, gener-
ate ATP, and buffer calcium may contribute to the ability
of the mitochondria to modulate synaptic release and gene
expression. Figure 2 illustrates a potential mechanism by
which cellular energy metabolism may interface with
BDNF-mediated synaptic plasticity in the hippocampus
during exercise.

Recently, a study by Yeo et al. (2004) documented
a case that may provide clues to evaluate the role of
BDNF in metabolism and cognition in human subjects.
A human patient with a de novo mutation affecting TrKB,
the consort receptor to BDNF, exhibited both hyperpha-
gia and obesity and also suffered developmental delays
and other defects in higher order neurologic functions.
Thus, metabolism and cognitive function seem to have
common signaling pathways.

WHOLE BODY METABOLISM AND
COGNITIVE FUNCTION

To better understand the interaction of synaptic plas-
ticity and learning and memory processes with energy sta-
tus, it is critical to note that mechanisms intrinsic to food
metabolism interface with neuronal plasticity (Fig. 3). For
example, the signaling pathways activated by insulin and
BDNF regulate food intake, glucose metabolism, and
learning and memory (Mattson et al., 2002). An impair-
ment in insulin signaling in humans is an essential me-
chanism responsible for producing the state referred to as
the \metabolic syndrome," a condition characterized by
insulin resistance, hypertension, dyslipidemia, and distur-
bances in energy metabolism and autonomic function
(Mattson et al., 2004). Developing a \metabolic syn-
drome" puts one in a major risk status for suffering cardio-
vascular disease, diabetes, and premature death (Reaven,
2004). The impaired action of insulin in peripheral tissues
may not be solely responsible for the metabolic syndrome.
For example, it has been found that intra-cerebroventicu-
larly infusing insulin in sheep results in decreased plasma
insulin levels and increased insulin sensitivity, and reduced
food intake and body weight (Foster et al., 1991). The
hypothalamus is a key site in the brain where insulin binds
to its insulin receptor to regulate whole body energy me-
tabolism and food intake. This is best illustrated by the
finding that rats with decreased insulin receptors in their
hypothalamus are both insulin resistant and hyperphagic
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(Obici et al., 2002). However, it is important to recognize
that the effect of insulin in the brain extends to structures
exigent for learning and memory. Insulin receptors are
expressed in high concentrations in areas involved in
learning and memory and synaptic plasticity (Zhao et al.,
2004). Insulin modulates neurogenesis in developmental
and exercise-related paradigms (Anderson et al., 2002).
Moreover, insulin resistance seems to be an important fac-
tor contributing to age-related diseases (Weindruch and
Sohal, 1997) and it is linked with cognitive impairment
and an increased risk for Alzheimer’s disease (Arvanitakis
et al., 2004).

Insulin is not the only factor of energy metabolism
that impacts the brain, and in particular structures impor-
tant for learning and memory. A study by During et al.
(2003) found that the glucagon-like peptide 1 (GLP-1), a
37 amino acid peptide recognized as a regulator of energy
metabolism, is also involved in learning and memory.
Proglucagon produced by intestinal cells is proteolytically
cleaved to become GLP-1, which is then released into
the blood in response to food ingestion. GLP-1 lies
upstream to insulin as it stimulates insulin secretion from
pancreatic b-cells (Perry and Grieg, 2003). GLP-1 and its
GLP-1 receptor are expressed in other regions of the
brain such as the hippocampus (Jin et al., 1988; Alvarez

et al., 1996; Merchenthaler et al., 1999), suggesting that
GLP-1 acts more than just on the hypothalamus to sup-
press food intake (Christophe, 1998). According to the
During et al. (2003) study, the intracerebroventrical infu-
sion of GLP-1 or the conserved nine-amino acid N-ter-
minal domain of the protein, Ser(2)exendin (1-9) or the
intranasal infusion of Ser(2)exedin (1-9), enhanced associa-
tive and spatial memory. These effects were blocked by a
GLP receptor antagonist. Additionally, hippocampal gene
transfer by the overexpression of the GLP-1 receptor
using an adeno-associated virus vector improved learning
and memory in rats. Moreover, GLP-1 receptor deficient
mice exhibit a learning deficit that is relieved after hippo-
campal Glp1r gene transfer (During et al., 2003). Another
interesting finding of the study was that ser(2)exendin (1-
9) increased the activity of mitogen activated kinase
(MAP) kinase, whereas a MAP kinase inhibitor blocked
the memory enhancing effects of intranasal ser(2)exendin
(1-9). As discussed previously in detail, the MAP kinase
cascade has a documented role in learning and memory
(Atkins et al., 1998; Blum et al., 1999; Impey et al.,
1999; Patterson et al., 2001; Sweatt, 2001) and seems to
mediate the effects of exercise on hippocampal synaptic
plasticity through its interactions with BDNF (Vaynman
et al., 2003). Moreover, in pancreatic b-cells, activation
of the GLP-1 receptor through its coupling to G-binding
protein induces cAMP response element binding protein
(CREB) activation leading to insulin secretion (Skoglund
et al., 2000; Yamada et al., 2002). CREB is an evolution-
ary conserved molecule believed to be requisite for learn-
ing and memory (Dash et al., 1990; Bourtchouladze
et al., 1994; Yin et al., 1995) and has been found to
interact with BDNF on synaptic plasticity and learning
and memory during exercise (Vaynman et al., 2004).
Thus, it is conceivable that GLP-1 may have an effect on
brain plasticity and cognitive function by interacting with
molecular mechanisms associated with the action of
BDNF, such as MAP kinase and CREB.

Another example of a metabolic constituent that
has an action on learning and memory is the plasma in-
sulin-like growth factor I (IGF-I). IGF-1 plays a major
role in different aspects of general body metabolism such
as regulating plasma lipid concentration (Zenobi et al.,
1993) and insulin action (Cusi and DeFronso, 2000).
Transgenic mice with reduced IGF-1 signaling are hy-
perglycemic and insulin resistant (Murphy, 2000). Infu-
sion of insulin IGF-1 into the brain results in decreased
plasma insulin levels and increased insulin sensitivity
(Foster et al., 1991). IGF-1 also seems to be involved in
synaptic plasticity (Torres-Aleman, 1999), especially as
the IGF-1 receptor is expressed in the hippocampus
(Islam et al., 1998). IGF-1 function has also been found
to support nerve growth and differentiation, neurotrans-
mitter synthesis and release (Anlar et al., 1999), and may
contribute to sustaining cognitive function during brain
trauma (Saatman et al., 1997; Carro et al., 2001), diabe-
tes (Lupien et al., 2003), and old age (Markowska et al.,
1998; Sonntag et al., 2000). A decrease of IGF-1 may
substantially contribute to neurodegenerative diseases.

Fig. 3. Potential mechanism through which IGF-1 may interface
with BDNF-mediated synaptic plasticity in the hippocampus during
exercise. Exercise can induce IGF-1 production in the hippocampus.
IGF-1 and BDNF are shown to have similar downstream signaling
mechanisms, incorporating both p-CAMKII and p-MAPKII signaling
cascades. In turn, these affect the state of vesicular release and gene
expression by modulating synapsin I and CREB, respectively. IGF-1
may modulate BDNF possibly at the pro-BDNF level. The regula-
tion of IGF-I and BDNF mRNA expression, BDNF, and pro-
BDNF protein is illustrated on the postsynaptic membrane for con-
cise purposes, although this type of regulation likely occurs on the
pre-synaptic neuron as well. [Figure can be viewed in color online
via www.interscience.wiley.com].
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Reduced IGF-1 levels exacerbate age-related increases in
Ab accumulations (Carro et al., 2002), especially as reuced
levels of IGF-1 mRNA are found in the hippocampus of
aged rats (Lai et al., 2000). This is consistent with the
finding that IGF-1 can protect nervous tissue from ische-
mic, oxidative, and amyloid b-peptide insults (Cheng and
Mattson, 1992; Carro et al., 2002; Guan et al., 2003).

The relationship between cognitive function and
general body metabolism is best illustrated by the finding
by Paolisso et al. (1997). Accordingly, healthy centen-
arians were found to exhibit plasma IGF-1/IGF-binding
protein 3(IGFBP-3) molar concentrations higher than
aged subjects that approximated healthy younger adults.
Importantly, the IGF-1/IGFBP-3 molar ratio reflects the
availability of the biologically active unbound IGF-1 that
can go to the brain (Juul et al., 1995). The outstanding

finding from this study was that the IGF-1/IGFBP-3 pa-
rameter in centenarians was not only positively associated
with measures of general body metabolism such as a
lowered body fat, reduced plasma triglycerides, free fatty
acid, and low density lipoprotein, but also with the state
of cognitive function (Paolisso et al., 1997). Thus, it is
not surprising that IGF-1 has been shown to entrain
similar downstream pathways to BDNF action (Rouda-
bush et al., 2000). Moreover, other conditions that in-
trinsically deal with energy expenditure, such as exer-
cise, stimulate the uptake of blood born IGF-1 into the
brain, especially into the hippocampus (Trejo et al.,
2001). Recent evidence from our own lab showed that
IGF-1 is important for hippocampal dependent learning
and memory and that it may interact with BDNF by
modulating the precursor to BDNF during exercise

Fig. 4. This illustration summarizes the main idea of the manuscript of
how the body and brain work together to influence neuronal and cog-
nitive health. Factors produced in the periphery from the gut such as
IGF-1, insulin, and GLP-1, are shown to impact BDNF and cellular
energy metabolism in the hippocampus. The addition of whole body
metabolism to synaptic plasticity factors and cellular metabolism con-

tributes to induce changes in the brain such as genomic regulation,
structural alterations, and neurogenesis, which ultimately promote neu-
ronal health and cognitive function. Symbols for BDNF and the mito-
chondria are color coded to correspond to the detailed mechanism
depicted in Figure 2.
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(Ding et al., 2006). Figure 3 illustrates how IGF-1 may
impact BDNF-mediated synaptic plasticity. Figure 4
gives a more comprehensive view by illustrating how
factors from the periphery (gut) such as IGF-1 can
impact both cellular energy metabolism and synaptic
plasticity related factors in the hippocampus to enhance
neuronal health and cognitive function.

MODULATING ENERGY STATUS THROUGH
DIET: WAYS TO ENHANCE COGNITIVE

FUNCTION

We have reviewed several elements of general
body metabolism that reinforce our understanding that
energy status influences our cognitive state. In this sec-
tion we will look into how certain changes in diet can
modulate cognitive function.

Excessive energy intake is associated with an en-
hanced risk for Alzheimer’s and Parkinson’s disease. A
cohort study showed that people who ate a low-calorie
or low-fat diet had a significantly lower risk for acquir-
ing these neurodegenerative diseases than those who
maintained a high-caloric intake. It is interesting to note
that this increased risk factor was more strongly corre-
lated with caloric intake than with weight or body mass
index (Logroscino et al., 1996; Luchsinger et al., 2002).
This study is representative of the current interest in ca-
loric restriction.

TO EAT OR NOT TO EAT

Dietary restriction is not a novel concept in human
dietary guidelines. Back in the 12th century, Moses Mal-
monides, Jewish philosopher and a physician to the Per-
sian Emperor Salahadin, stressed the importance of
restricting food intake for maintaining body and brain
health and particularly cautioned against the hazards to
health derived from overeating, \One should not eat until
one’s stomach is full, but one should [only] eat until one’s
stomach is three-quarters full" (O’levy, 1993). Moreover,
dietary restriction customs are maintained today in differ-
ent religions. A prominent example is the practice of
Ramadan in the Muslim faith, where for the entirety of a
month, one fasts during the day to eat only after sun fall.
Although possibly considered mystical in earlier times, the
benefits of such dietary restriction was found to increase
several factors indicative of health and disease risk such as
increasing high density lipoprotein and decreasing low-
density lipoprotein, cholesterol, and platelet aggregation
when measured during and after the period of Ramadan
(Aybak et al., 1996).

Digging further back into our evolutionary history
we come to realize that just as in the case of physical activ-
ity, our ancestors had significantly different consummatory
practices from the ones we have today. As hunters and
gatherers, our ancestors consumed food less frequently,
since meal acquisition heavily relied on the success of a
hunting or gathering expedition. As food procurement
and exercise were inextricably linked (Neel, 1999), early
man frequently missed meals and often went for several

days without eating (Rollo et al., 2002; Zimmet et al.,
2003). Given that prehistoric life was cycled by times of
feast and famine, those individuals that could convert
more of their caloric intake into fat during times of feast-
ing would be more adept to survive the times of famine
(Neel, 1962; Booth et al., 2002). It is argued that 95% of
human biology existent to day is believed to have been
naturally selected in the time when our ancestors were
hunters and gatherers (Trevathen et al., 1999). Thus, the
lifestyles we live today in civilized countries are ones that
may be maladaptive to those directed by our evolutionary
makeup. Particularly, a sedentary lifestyle and a change in
dietary habits seem to be prominent contributing factors
to many diseases of the body and mind.

Both reducing the amount of calories per meal
(CR) and every-other-day-fasting (EODF) have been
shown to affect mental health. Maintaining mice or rats
on a 30–40% CR or EODF has been shown to arrest or
delay deficits in motor and cognitive function associated
with ageing (Ingram et al., 1987; Means et al., 1993).
Both CR and EODF have been shown to protect hippo-
campal and basal cholinergic neurons against excitotoxic-
ity induced death (Bruce-Keller et al., 1999; Contestabile
et al., 2004). Specifically, rats maintained on a EODF
regimen for 2–4 months had hippocampal neurons that
were much more resistant to degeneration induced by
kainic acid, an amnesic excitotoxin, and greater preserved
memory than rats fed ad lib; the degree of neuronal re-
sistance correlated with learning and memory on a water
maze task (Bruce-Keller et al., 1999). It should be em-
phasized that all of the studies so far on CR and EODR
have been carried out in animals and therefore the imple-
mentation of these types of diets into our lifestyles should
await concurrence from clinical trials.

The mechanisms through which DR practices pro-
mote their effects on brain function are likely due to the
upregulation of proteins involved in neuronal survival
and plasticity. It has been suggested that the ability of
cells to activate the stress response is enhanced in animals
maintained on a CR diet (Heydari et al., 1996; de Cabo
et al., 2003). CR and EODF increase the production of
multiple proteins involved in promoting cell survival
such as the stress proteins, heat-shock protein 70 and
glucose-regulated protein 78 (Heydari et al., 1996; Duan
and Mattson, 1999; Yu and Mattson, 1999). It is of
prime interest that BDNF is also increased by the DR
paradigm (Lee et al., 2002; Duan et al., 2003). There is
evidence that BDNF may mediate the effect of DR on
increasing hippocampal neurogenesis (Lee et al., 2002).
In general it seems that CR can reduce the amount of
oxidative stress that cells are exposed to, as it has been
found that it reduces the oxidative damage to cellular
proteins, lipids, and nucleic acids (McCay et al., 1989).

WHAT TO EAT

Changes one can make in his/her dietary habits
include altering the nutritional components of the food
consumed. For instance, it has been shown that a high fat
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diet decreases BDNF levels in the hippocampus and asso-
ciated learning and memory (Molteni et al., 2002) and
increases oxidative stress (Wu et al., 2004a). Conversely,
omega-3 fatty acids, the primary constituents of fish oils,
have been found to increase BDNF and enhance cognitive
function while reducing oxidative stress in the traumatic
injury model (Wu et al., 2004b). This is consistent with
the prospective study in which high fish consumption was
inversely associated with cognitive impairment (Kalmijn
et al., 1997). Certain vitamins such as vitamin E may be
beneficial for brain health. Decreasing serum levels of vita-
min E were found to be associated with poor memory
performance in older people (Perkins et al., 1999). More-
over, a recent study found that vitamin E improves life-
span, mitochondrial function, and tests of neurological
performance in ageing mice (Navarro et al., 2005). Vita-
min E even may have the anti-oxidant capacity to coun-
teract the consumption of a high fat diet, as research shows
that Vitamin E has a powerful effect on limiting the
amount of oxidative stress imposed by a high fat diet (Wu
et al., 2004a). The oxidative capacity of vitamin E has
recently been shown to normalize the levels of the silent
information regulator 2 (Sir2) in the hippocampus and
cerebral cortex after it had been significantly reduced by
the consumption of a high fat diet (Wu et al., 2006). Sir2
increases the ability of cells to repair damaged DNA
(Guarente, 2000; Kirkwood and Austad, 2000). More-
over, the anti-oxidant capacity of Vitamin E may make its
supplementation a particularly accessible dietary means to
modulate molecular mechanisms of synaptic plasticity and
cognitive function, such as BDNF-mediated synaptic plas-
ticity in the hippocampus (Wu et al., 2004a). Supplement-
ing the diet with anti-oxidant rich foods such as blueberries
was recently shown to increase multiple parameters of hip-
pocampal synaptic plasticity, neurogenesis, extracellular re-
ceptor kinase activation, and IGF-1 and IGF-1 receptor
levels. Moreover, all these parameters correlated with
improvements in spatial memory (Casadesus et al., 2004).
Another change one can make is to add a little spice to one’s
diet. Research has shown that curcumin, the yellow curry
spice most associated with Indian food, may be good for
brain health and in particular, neuroprotective. Curcumin
has been found to inhibit the formation of amyloid beta
oligomers and fibrils, bind plaques, and reduce amyloid in
an animal model of Alzheimer’s disease (Yang et al., 2005).

AGEING

To live a cell must obtain energy. The predominant
part of a cell’s energy supply comes from the mitochondria
through the process of oxidative phosphorylation. Un-
fortunately, consequent of this cellular metabolic process,
the cell is exposed to the harmful by-products of oxidative
respiration known as reactive oxidative species (ROS).
Excess ROS production could produce deleterious conse-
quences to cell integrity by oxidative modification of its
proteins, nucleic acids, and membrane phospholipids.

Ageing is a process by which the cell’s integrity gets
weakened over time by the accumulation of ROS, which

wreck havoc on cellular mechanisms and machinery. It
may be surmised that differences in how we age are really
differences in the accumulation of wear and tear experi-
enced by our cells due to the interaction of our genetic
constitution with lifestyle choices. These changes in mo-
lecular structure transmute to the behavioral level, as
ROS accumulation has been implicated in perpetuating
the cognitive decline seen with age (Liu et al., 2002;
Nagai et al., 2003). The accumulation of oxidative modi-
fications in proteins has been reported to be elevated in
older animals as compared to their younger counterparts
(Stadtman, 1992; Sohal and Weindruch, 1996) and has
been associated with age-related losses in cognitive func-
tion and motor skills in mice (Forster et al., 1996). Direct
evidence for the involvement of ROS in ageing comes
from a study conducted by Carney and Floyd (1991); a
2-week administration of N-tert-butyl a-phenylnitrone,
a spin trapping compound that is believed to interfere
with the oxidative events involved in the formation of
oxidized proteins, decreased age-associated increases in
the accumulation of reactive carbonyl derivatives (a
measure of ROS) in the brain of gerbils while simultane-
ously improving their short-term memory. This finding
was reproduced in the rat model, such that chronic anti-
oxidant treatment improved cognitive performance in
aged rats (Socci et al., 1995).

A major finding has been that ageing is accompa-
nied with decreased BDNF levels in the brain. As sug-
gested from studies on monkeys, this trend seems to be
especially conspicuous in hippocampal pyramidal and
dentate granule cells (Hayashi et al., 2001). Moreover,
age-related decreases in hippocampal BDNF levels seem
to translate to the behavioral level, as they correlate with
age-related impairments in learning and memory in rats
(Schaaf et al., 2001).

Exercise, which increases BDNF levels, has been
shown to counteract the mental decline accompanying se-
nescence (Kramer et al., 1999; Laurin et al., 2001). Studies
over the last decade have shown the beneficial effects of
exercise on improving or maintaining cognition, espe-
cially in aged populations. Human studies, involving a
large number of subjects, have shown that the provision of
an exercise program reduces the normal decay in cognitive
function observed during ageing (Kramer et al., 1999).

The ability of exercise to improve cognitive func-
tion by engaging neurotrophic action may also rely on
an interface with metabolic processes, which alter the
amount of oxidative stress. Studies have shown that a
regular exercise regimen retards the accumulation of cell
damage and physiologic dysfunction characteristic of the
ageing process (Radak et al., 2001; Kirkwood, 2002). A
study that exposed rats to a regular exercise regimen (5
days a week over a 9-week period) found that the exer-
cised animals exhibited improved performance on a
learning and memory task accompanied by reduced brain
levels of membrane lipid peroxidation and oxidative
damage to DNA (Radak et al., 2001). Interestingly, the
ability of exercise to reduce oxidative stress was especially
robust when carried out on older rats (Goto et al., 2004).
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Brain derived neurotrophic factor is capable of promoting
the survival of various cell types throughout the CNS
and PNS both in vitro and in vivo (Nonmura and Hata-
naka, 1992; Koliatsos et al., 1993; Lindholm et al., 1993;
Abiru et al., 1996). Particularly, BDNF can protect CNS
neurons from oxidative stress (Cheng and Mattson, 1994;
Kirschner et al., 1996) and may target the source of free
radical production as BDNF addition has been shown to
impact mitochondrial activity (El Idrissi and Trenker,
1999).

EXERCISE INDUCES NEUROGENESIS AND
POSSIBLY NEW CONDUITS FOR LEARNING

AND MEMORY

A characteristic feature of the developing brain is
the continual production of neuronal precursor cells
(Altman and Bayer, 1990). The proliferative potential of
the adult brain was suggested by Altman in 1962
(Altman, 1962). However, it has only been recently sub-
stantiated that the adult mammalian brain continues to
produce limited pockets of neural stem cells that are ca-
pable of undergoing neurogenesis, i.e., dividing and dif-
ferentiating into neurons. This process of neurogenesis
seems to be circumscribed to the subventricular zone,
lying adjacent to the lateral ventricle, and the subgranu-
lar zone of the hippocampal dentate gyrus (Gage et al.,
1998). These inceptive neurons, constantly arising from
the precursor cells in the subgranular zone of the dentate
gyrus, migrate into the subgranular cell layer and can
incorporate into existing synaptic circuitry (Gould et al.,
2000). In fact, thousands of new granule cells are pro-
duced per day (Cameron and McKay, 2001).

The number of these nascent cells is influenced by
environmental conditions, with exercise being a power-
ful inducer of neurogenesis in the adult dentate gyrus
(van Praag et al., 1999). Because hippocampal neuro-
genesis may play a role in the formation of hippocampal
dependent memories (Shors et al., 2001), this exercise-
induced neurogenesis may contribute to remodeling hip-
pocampal synaptic circuitry and enhancing cognitive
function in the adult brain. Indeed, exercise-induced
hippocampal neurogenesis is accompanied by an enhance-
ment in learning and memory and it’s electrophysiologi-
cal correlate, LTP (van Praag et al., 1999). The proper-
ties of these new neurons, especially their ability to more
readily induce associative LTP, may guide their wiring
into neural circuits and thereby facilitate synaptic plastic-
ity processes possibly important for new memory forma-
tion (Schmidt-Hieber et al., 2004). Brain derived neuro-
trophic factor may mediate the effect of exercise on
hippocampal neurogenesis as BDNF administration into
the dentate gyrus has recently been shown to increase
neurogenesis (Scharfman et al., 2005). Moreover, BDNF
induction may be provisional for the sustenance of newly
formed circuits given its significance to cell survival and
communication. BDNF is important for the growth and
survival of granule cells in primary culture (Holtzman
and Lowenstein, 1995; Patel and McNamara, 1995) and

the morphology of adult granule cells (Danzer et al.,
2002). BDNF has been shown to increase excitatory
transmission, in CA1 (Korte et al., 1995; Figurov et al.,
1996; Patterson et al., 1996; Lu, 2003), CA3 (Scharfman,
1997) and the DG (Messaoudi et al., 1998; Asztely
et al., 2000). The significance of these findings is that it
may be possible to use activators of endogenous BDNF,
such as exercise, to increase neuronal cell number after
the brain has undergone cell loss as in the case of trauma,
disease, and ageing.

CONCLUSIONS

The findings presented in this review stress that life-
style implementations such as exercise, seem to inherently
activate systems concerned with whole body metabolism
and brain plasticity (Fig. 5). The ability of behaviors,
which rely on managing energy status to interface with
molecular mechanisms underlying cognitive function,
may have been selected by the active lifestyle and eating
patterns of our early ancestors. In a modern world where
the ills of the body and brain can be delineated to seden-
tary lifestyle and bad dietary choices, it is ever more so im-
portant to realize the connection that the body holds with
the brain. The literature presented suggests that physical
activity or what one can call \Motricity" is intimately
connected with cognitive function. Behaviors such as
exercise, which are concerned with activity and metabo-
lism, may have developed simultaneously and interde-
pendently during evolution to ultimately determine how

Fig. 5. The influence of lifestyle choices, exercise and diet, on me-
tabolism and neuro-cognitive health. Energy metabolism and aspects
of brain function are shown to interface through common factors,
BDNF, and possibly IGF-1, insulin, and GLP-1. A lack of exercise as
characterized by a sedentary lifestyle, and an unhealthy diet may tip
the scales, leading to accelerated ageing, diseases of the body and
brain, and an overall decline in the quality of life. [Figure can be
viewed in color online via www.interscience.wiley.com].
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lifestyle influences cognitive function. To take the meta-
phor of the sea squirt, we can visualize an extreme exam-
ple of this connection between Motricity and mentality.
The sea squirt is a marine creature that starts life as a motile
larva, equipped with a rudimentary brain-like ganglion of
about 300 neurons. After swimming to find its final habitat
destination it puts its roots down. Once it becomes a ses-
sile organism, it has no further use for a \brain," and so
the cerebral ganglion breaks down. Although not as con-
spicuous as the sea squirt, the persistence of a strong rela-
tionship between activity and brain function in animals
engenders the question whether a sedentary lifestyle can
be harmful for the brain.

Given the ability of exercise to augment BDNF
levels, exercise may be an effective life style implementa-
tion that can abate if not combat the effects of stress-
related lifestyle choices. In particular, it has been found
that exercise can counteract the decrease in hippocampal
BDNF levels due to the consumption of a high fat diet
(Molteni et al., 2004). It should be emphasized that
other complementary lifestyle alterations such as changes
in the nutrient content of one’s diet (Paolisso et al.,
1997; Molteni et al., 2002; Wu et al., 2004a,b) can also
be implemented to increase both body and brain health.
Moreover, these lifestyle implementations, by activating
systems that act on metabolism and plasticity, such as
BDNF, can be used to ameliorate the natural accumula-
tions of oxidative stress our bodies and brains accumulate
over time and thereby contribute to successful ageing,
resistance to disease, and our overall quality of life.
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