
Pharmacomimetics of exercise: novel approaches for
hippocampally-targeted neuroprotective agents

A. M. Stranahan1, Y. Zhou2, B. Martin3, and S. Maudsley2,*
1 Department of Psychological and Brain Sciences, Johns Hopkins University, Baltimore, MD, USA
2 Receptor Pharmacology Unit, Laboratory of Neurosciences, National Institute on Aging, National
Institutes of Health, Baltimore, MD, USA
3 Metabolism Unit, Laboratory of Clinical Investigation, National Institute on Aging, National
Institutes of Health, Baltimore, MD, USA

Abstract
Coordinated and constructive physical activity is correlated with the maintenance of cognitive
function in humans. Voluntary running also enhances neuroplasticity in adult and aging rodents, but
the molecular pathways underlying these effects are still being elucidated. Considering the
multifactorial nature of the biochemical links between physical activity and neurophysiology it is
likely that there are many pharmacological mechanisms by which the beneficial actions of exercise
can be effectively reproduced using chemical agents. Most studies to date have focused on brain-
derived neurotrophic factor (BDNF) as a signaling target for the enhancement of neuronal function
by exercise. The goal of the current review is to move beyond BDNF by exploring the diversity of
molecular pathways regulated by physical activity in a variety of situations. We will discuss the
availability and mechanism of action for several diverse physical activity pharmacomimetics. As
physical activity enhances both neuroplasticity and cognition, understanding the molecular targets
for these effects may lead to the development of protent new therapeutic interventions for age-related
neurodegenerative conditions such as Alzheimer's disease.
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Introduction
Lifestyle factors such as exercise, diet, and nutrition are increasingly recognized as
determinants of successful aging. Participation in recreational physical activity is correlated
with reduced risk for dementia in elderly humans [1]. These changes occur in parallel with
changes in the volume of brain regions associated with executive function [2] and spatial
memory [3]. These correlations are upheld even after correcting for education and
socioeconomic status – two additional determinants of age-related cognitive decline and
exercise participation. Running also enhances learning and memory in healthy adults [4].

The cellular and molecular mechanisms underlying exercise-induced changes in brain function
are currently being characterized in rodent models. Mice and rats will voluntarily run long
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distances of up to 10km/24hr in a running wheel [5,6], and this activity paradigm has been
used as a model for the effects of exercise in humans. By understanding the cellular and
molecular consequences of wheel running in the rodent brain, it may be possible to develop
novel therapeutic interventions that mimic the positive effects of exercise. In this review we
will discuss the latest data and theories concerning the neurophysiological actions of exercise
and how these are then chemically translated to improve cognitive function and synaptic
activity. Our increased understanding of the multiple molecular events that are engendered by
physical activity and how we can mimic them pharmacologically may help to facilitate the
pharmacomimetic translation of other lifestyle alterations that have beneficial
neurophysiological actions such as caloric restriction [7,8]. To this date the most well-
recognized chemical translator of the beneficial neurophysiological effects of exercise is brain-
derived neurotrophic factor (BDNF). BDNF is a potent neuroprotective growth factor that
enhances synaptic plasticity and memory through its actions on the TrkB receptor [9-11].
Physical exercise increases serum BDNF in humans [12] and central BDNF in rodents [6,13].
Changes in BDNF are apparently necessary for the effects of exercise on cognition in rodents,
as blocking BDNF signaling also prevents the enhancement of cognitive function following
physical training [14]. The effects of exercise on synaptic plasticity are qualitatively similar to
those of BDNF application [15], suggesting parallel actions in behavioral and synaptic
function.

Unfortunately BDNF itself, due to its chemical composition, has posed significant
pharmacokinetic problems. The plasma half life of intravenous or subcutaneous BDNF
administration (only 1 minute in rats [16]) has been cited as the main reason for its failure
during neurological clinical trials [17]. In addition it has been noted that peripherally
administered BDNF does not efficiently cross the blood-brain barrier [18]. To counteract these
problems with bioavailability several approaches have been taken, for example several small
peptide mimetics have been derived to pharmacologically activate or inhibit the TrkB receptor
[19,20]. Many of these structures developed possess small cyclic pentapeptide compositions
that still facilitate activation of the TrkB receptor and engender neuroprotective activity. These
cyclic pentapeptides, compared to native BDNF, possess a tremendous increase in plasma
stability, similar potency and an ability to cross model biological membranes (Fig. 1). Although
peripherally injected BDNF does not cross the blood-brain barrier, synthetic full length native
BDNF protein can be enabled to cross the blood-brain barrier when it is fused with a human
insulin receptor monoclonal antibody [18]. The activity and clearance rate of the BDNF fusion
protein appears to be similar to that of the endogenous protein. In this manner, it may be possible
to recapitulate the effects of exercise on the brain using BDNF fusion proteins. However, no
studies to date have applied blood-brain barrier permeable, BDNF fusion proteins to investigate
whether they function similarly to the endogenous protein in promoting neurogenesis and
synaptic plasticity. The use of blood-brain barrier permeable neurotrophin fusion proteins has
potential for the treatment of neurodegeneration and mood disorders.

Rather than employing direct ligand activation of the TrkB receptors to mimic the beneficial
effects of physical activity, indirect pharmacological mechanisms have been shown to also be
practical and efficacious. For example, antidepressants promote increased BDNF levels. This
effect is not specific to BDNF, as multiple neurotrophic factors are enhanced following
antidepressant treatment [21,22]. The widespread effects of exercise on expression of a variety
of neurotrophic factors parallels the widespread effects of antidepressant treatment on
neurotrophins, leading to speculation that exercise may have antidepressant effects.
Pharmacologically, antidepressant effects are typically assessed in rodents using a number of
behavioral tasks, including the open field and elevated plus maze. In the open field, exploration
of a novel environment is quantified using photobeam breaks, with increased or decreased
activity indicative of a change in anxiety-like behavior. In the elevated plus maze, the amount
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of exploration in the open arms, relative to the closed arms of the apparatus, measures anxiety-
like behavior.

Interestingly the effects of running parallel those of pharmacological antidepressant treatment
on these tasks. Voluntary running alters open field activity in some studies [23,24], but not all
[6,25]. These differences may be attributable to differences in the amount of running, species,
and strain used in the studies. The effects of running on open field behavior are similar but not
identical to those of antidepressant treatment; while treatment with the antidepressant drug
fluoxetine (Prozac) reliably reduces open field exploration [26], voluntary running has been
shown to reduce [23,24] or have no effect on open field behavior [6,25]. Based on the reliable
results of antidepressants on open field behavior, and the somewhat equivocal results of running
on open field activity, voluntary running may be considered a weaker anxiolytic stimulus.

Running increases the amount of time spent in the open arms of the elevated plus maze, which
is suggestive of reduced anxiety [23]. This effect is consistent with the effects of chronic
treatment with the antidepressant fluoxetine [27]. Because the effects of running and
antidepressant treatment are similar on two different tests of anxiety-like behavior in rodents,
the neural substrates for running and pharmacological antidepressant treatment may also be
similar. Voluntary running also appears to mimic antidepressant treatment in another respect
– both running and antidepressant treatment enhance adult neurogenesis. The hippocampal
dentate gyrus continues to generate new neurons throughout the lifespan, and the rate at which
this occurs can be influenced by a number of factors. Specific inhibition of adult neurogenesis
disrupts the behavioral response to antidepressants [28]; similarly, disrupting exercise-induced
neurogenesis prevents changes in learning with physical activity [29]. The study by Santarelli
and colleagues [28] evaluated the role of adult neurogenesis in changes in anxiety-like behavior
in mice, while the study by Clark et al [29] characterized the role of adult neurogenesis in
changes in learning behavior following running. Although these two studies have different
behavioral endpoints, the outcome is similar in that adult-generated neurons contribute to the
behavioral phenotype following running and antidepressant treatment. A recent report suggests
that the anxiolytic effects of exercise and antidepressants are both dependent on adult
neurogenesis [30]. In detail, this study employed a specific knockdown of the TrkB BDNF
receptor in neural progenitor cells of the adult hippocampus. This manipulation abrogated the
effects of exercise and antidepressants on adult neurogenesis, and also prevented the behavioral
improvement on tests of anxiety and depression. This study strongly supports the concept of
a common neurogenic mechanism for the behavioral consequences of exercise and
antidepressants.

Exercise and Central Monoamines
Voluntary running activity also influences serotonin levels. Specifically, voluntary running
increases expression of tryptophan hydroxylase, the rate-limiting enzyme for serotonin
synthesis, in the raphe nuclei [31]. Involuntary treadmill training increases extracellular
serotonin in the hippocampus [32]. Voluntary running also enhanced levels of the serotonin
metabolite, 5-hydroxyindole acetic acid, in the hippocampus of animals subjected to footshock
[33]. Taken together, these data suggest that the effects of exercise on resistance to
psychological stress may be mediated, in part, by changes in serotonergic neurotransmission.
In addition to modulation of serotonin, coordinated physical exercise also exerts potent effects
upon levels of noradrenaline. Rats selected across generations for high levels of wheel-running
exhibit elevated levels of extracellular noradrenaline in the hippocampus [34]. While
serotonergic lesions [35] or transient blockade of serotonin receptors [36] had no effect on the
exercise-induced upregulation of hippocampal BDNF, noradrenergic lesions or blockade of
noradrenergic receptors prevented the effects of exercise on BDNF [35,36]. If we assume that
the enhancement of synaptic plasticity following exercise is dependent on the actions of BDNF,
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then it becomes tempting to speculate that changes in noradrenergic signaling may act upstream
of BDNF to modulate synaptic plasticity and memory.

Exercise Pharmacomimetic Effects on Monoamines
The pharmacological agents that most effectively mimic the effects of exercise on central
monoamines so far are the selective serotonin reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs). SSRIs include citalopram (Celexa), escitalopram
(Lexapro), fluoxetine (Prozac), fluvoxamine (Luvox), paroxetine (Paxil) and sertraline
(Zoloft). SNRIs include venlafaxine (Effexor) and duloxetine (Cymbalta), among others (Fig.
2). The mechanism of action for SSRIs and SNRIs involves inhibition of neurotransmitter
reuptake, thereby prolonging the actions of the neurotransmitter at the synapse.

Of specific interest and importance for the design of future exercise pharmacomimetics is the
fact that the effects of exercise and SSRIs are quite distinct at the synaptic level. Exercise
increases hippocampal serotonin concentrations [32], while SSRIs prolong the actions of
serotonin by blocking its reuptake. However, both exercise and SSRI treatment are associated
with a net increase in serotonergic signaling on postsynaptic cells. Questions remain as to
whether exercise-induced regulation of serotonin levels and SSRI-induced alterations in
serotonergic neurotransmission will have similar effects on pre-synaptic autoreceptor
sensitivity and postsynaptic serotonin receptor expression. Most postsynaptic serotonin
receptors are coupled to G-proteins, and it also remains to be determined whether G-protein
receptor coupling to intracellular second messenger cascades are similar following exercise
and SSRI treatment. There is now considerable evidence to suggest that distinctions not only
in G protein coupling of the receptor but alterations in the intracellular protein milieu, with
specific regards to proteins that interact with the G protein-coupled receptors, can have
dramatic effects upon ligand selectivity and signaling output [37-39]. An in-depth appreciation
of the subtle proteinacious changes that occur pre- or post-synaptically during coordinated
physical exercise may therefore facilitate the creation of more specific exercise
pharmacomimetics. As the effects of exercise and SNRI treatment converge on hippocampal
BDNF production (as noradrenergic neurotransmission is necessary for exercise-induced
upregulation of hippocampal BDNF concentrations [35,36] and SNRI treatment has also been
shown to increase hippocampal BDNF [40]), it appears likely that BDNF serves as a signaling
nexus for the effects of SSRIs, SNRIs, and exercise.

Exercise Pharmacomimetics and Insulin-Like Growth Factors
Insulin-like growth factor-1 (IGF-1) is a potent peripheral and centrally acting growth factor
and neurotrophic agent. Coordinated physical activity increases IGF-1 concentrations in
humans [41] and rodents [42,43]. IGF-1 is synthesized and released both locally in the central
nervous system and in multiple peripheral organs including the liver. IGF-1 agonistically
stimulates its cognate tyrosine kinase IGF-1 receptor (IGF-1R) as well as the structurally-
related insulin receptor. IGF-1 mediated activation of IGF-1 receptors activates multiple
molecular cascades including the phosphoinositide-3 kinase/protein kinase B pathway and the
c-Src non-receptor tyrosine kinase [44], thereby modulating cell proliferation and cellular
metabolism. IGF-1 receptor activity also appears to be closely linked to the actions of BDNF
in translating physical activity to neurological benefits. For example, IGF-1 signaling via the
IGF-1 receptor is necessary for the exercise-induced upregulation of BDNF [45]. Increased
IGF-1 production following exercise training may interact with BDNF to modulate synaptic
plasticity, but the area of overlap between the exercise-induced regulation of BDNF and IGF-1
is still being characterized [11]. Administration of IGF-1 blocking antibodies prevented the
exercise-induced upregulation of BDNF [45,46]. On the other hand, blocking BDNF signaling
prevented the exercise-induced upregulation of IGF-1 in the hippocampus [47]. Based on these
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results, it is unclear whether exercise increases BDNF through IGF-1, or vice versa. However,
in spite of this unresolved interaction, it is likely that IGF-1 and BDNF interact to regulate
changes in hippocampus-dependent learning following exercise [47].

Pharmacological Mimetics of the Effects of Exercise on IGF-1
Full-length IGF-1 protein can be administered peripherally, and crosses the blood-brain barrier.
Therefore, administration of exogenous IGF-1 could be considered an exercise
pharmacomimetic. IGF-1 has indeed been employed as an injectable drug for multiple human
disorders [48]. Despite possessing clinical efficacy, the size and complexity of the hormone
presents multiple issues concerning cost of production, bioavailability and selectivity. As with
most endogenous growth factor-like molecules the creation of small molecule IGF-1 mimetics
has proved to be complicated [49]. This is partly due to the large size of the native IGF-1
molecule and also the fact that it also must undergo a three-dimensional alteration in structure
to productively engage and fully activate the IGF-1R [50,51]. In addition to these structural
nuances, the circulatory bioavailability of IGF-1 molecules is also controlled by a family of
plasma-borne IGF binding proteins (IGFBPs) [52,53]. Six distinct types of IGFBPs have been
identified in mammals and binding of IGF-1 to some of these proteins effectively blocks their
interaction with the IGF-1R [54]. Therefore one mechanism of modulating IGF-1 for
therapeutic actions can involve the creation of molecular mimetics of IGF-1 that specifically
bind the inhibitory IGFBPs and therefore potentiate the activity of circulatory IGF-1 [55].

One of the other primary challenges to the widespread use of IGF-1 is the fact that
administration of exogenous IGF-1 induces hypoglycemia, which has important and
detrimental consequences for hippocampal function [11]. Moreover, IGF-1 exerts trophic
effects not only on neurons, but also in multiple peripheral cell lineages including tumor cells.
Despite this setback, mechanistic windows that may facilitate the creation of cell-type-specific
receptor activation have been recently elucidated for transmembrane receptors that control
complex intracellular signaling cascades [56]. The ability of cell-type specific receptor-
interacting proteins to alter both ligand sensitivity and functionality has been demonstrated for
multiple forms of transmembrane receptor [37] and therefore are highly likely to be applicable
to the IGF-1R.

Although the direct treatment of IGF-1 may be fraught with complications, there are a number
of other pharmacological treatments that can increase endogenous production of IGF-1. It has
been demonstrated that SSRIs increase IGF-1 receptor expression in the frontal cortex of rats
[57]. Therefore it seems that many of the physiological pathways that connect physical activity
to the promotion of neurological benefit are closely intertwined.

Glucocorticoid Receptor Signaling and Physical Activity
Glucocorticoid hormones are produced in the adrenal glands and act on the liver to stimulate
gluconeogenesis. Steroid hormones such as cortisol in humans and corticosterone in rodents
form an essential part of the homeostatic stress response. Perceived stress induces the synthesis
and release of corticotrophin-releasing factor (CRF) from the hypothalamic paraventricular
nucleus. Elevated levels of CRF then signal to the anterior pituitary to produce
adrenocorticotrophic hormone (ACTH). Release of ACTH into the bloodstream then acts on
the adrenal gland to synthesize and release glucocorticoids. At each level of the hypothalamic-
pituitary-adrenal axis (HPA axis), glucocorticoid receptors mediate negative feedback,
allowing for a rapid ‘fight or flight’ response that terminates upon cessation of stress. The
glucocorticoid receptor (GR) activation process is initiated after the steroid enters a cell binding
to and forming a stable complex with the GR. The ligand-bound GR then translocates to the
cellular nucleus where it can either indirectly modulate transcription factor activity or directly
bind specific DNA sequences to modulate mRNA synthesis. The primary transcription factor
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targets for the liganded GR tend to be involved in inflammatory processes, e.g. NF-κB and
AP-1 that have been implicated in neuropathological activities [56]. With respect to
glucocorticoid actions, the liganded GR after binding to these factors effectively inhibits their
activity, thus depressing the production of inflammatory mediators such as TNF-α and IL-6.
This inhibitory activity of the ligand-GR complex is termed ‘transrepression’. The direct DNA-
binding activity of the liganded GR complex (often termed ‘transactivation’) is often
considered to mediate the deleterious side effects of glucocorticoids [58].

Protracted exposure to elevated glucocorticoid hormones has negative consequences for
hippocampal plasticity. Specifically, elevated corticosterone levels impair synaptic plasticity
[59], induce neuronal atrophy [60], and reduce adult neurogenesis [61]. Interestingly, not all
manipulations that elevate glucocorticoids have a negative impact on hippocampal structure
and function. Voluntary exercise increases circulating glucocorticoids in humans [62] and in
rodent models [5,63,64]. Despite increases in circulating glucocorticoids, the effects of exercise
on hippocampal structure and function are generally positive. Voluntary running has also been
demonstrated to improve blood flow to the hippocampus in humans [65], and increases adult
neurogenesis and dendritic spine density in the hippocampus of rodents [5,66-69]. It is possible
therefore that the temporal nature of hormone release (pulsatility or duration of release) may
allow glucocorticoids to exert these distinct (beneficial or detrimental) pharmacological effects
[56].

If the stress of running is biologically different from other kinds of stress, how is it different?
Voluntary running elicits elevations in corticosterone-binding globulin (CBG), which inhibits
the biological actions of glucocorticoid hormones [63]. Therefore, CBG is one potential target
for the development of exercise mimetics. Voluntary running has been reported to have
anxiolytic effects [24], although this has not been the case in all experiments [6]. If voluntary
running has antidepressant and anxiolytic effects, then one potential mechanism for these
effects involves increased CBG. It is conceivable that exercise-induced elevations in CBG
could protect against different types of stressors. On the other hand, it is also conceivable that
exercise-induced elevations in corticosterone could sensitize individuals to other forms of
stress. Clearly, the modulation of HPA axis functioning by exercise is still being elucidated.

Glucocorticoid-Based Exercise Pharmacomimetic Strategies
As the effects of exercise on glucocorticoid signaling are still being characterized, it is
challenging to conceive of pharmacomimetics for the effects of exercise on glucocorticoid
levels. However, by examining the effects of exercise at the level of glucocorticoid receptor
function, it may be possible to speculate on drug interventions that mimic the effects of exercise.
Corticosterone in rodents, and cortisol in humans, binds to two classes of receptors that differ
in their expression and affinity. The type I glucocorticoid receptor or mineralocorticoid
receptor (MR), binds corticosteroids with high affinity and is tonically occupied. The type II
glucocorticoid receptor (GR) has a lower affinity for corticosteroids and is occupied during
stress and at the high points of the circadian cycle. As chronic effects of glucocorticoids can
often be detrimental, the ability to control the plasma half-life is an important consideration
for GR-based pharmacotherapeutics. In addition, due to the wide range of activities that
steroidal molecules possess due to binding to other steroid receptors, it would desirable to
create non-steroidal GR ligands. With the careful design of these agents it may be feasible that
the avoidance of the unwanted effects of GR activation could be avoided. Several routes for
the creation of non-steroidal mimetics have been pursued, e.g. quinol-4-ones [70] and aryl
pyrazoles [71] (Fig. 3). These non-steroidal derivatives are thought to potentially possess less
side effects compared to actual steroidal agents. An additional mechanism to reduce the
‘transactivation’ phenomena for better pharmacological profiles is the creation of so-called
selective glucocorticoid receptor agonists (SEGRA) agents (Fig. 3). These SEGRAs are non-
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steroidal glucocorticoid mimetics that possess a selective activity at the GR and a signalling
bias towards ‘transrepression’ and away from ‘transactivation’ [72,73].

Voluntary running reduces MR binding capacity and expression in the hippocampus of mice
[63,74]. It is uncertain whether this is a positive adaptation that mediates the enhancement of
cognitive function by exercise, or a negative adaptation that would exert deleterious effects if
compensatory mechanisms were not present. As running reduces binding and expression of
the MR, it may be possible to mimic the effects of running using MR antagonists, e.g.
spironolactone or eplenerone (Fig. 3). It has been experimentally demonstrated that
spironolactone potentiates the running-induced enhancement of adult neurogenesis [74]. One
possible mechanism for this effect involves reduced glucocorticoid exposure, as blockade of
MR would lead to greater occupancy of GR, thereby facilitating negative feedback on the
hypothalamic-pituitary-adrenal axis. Another hypothesis would suggest that MR blockade
directly facilitates the differentiation, maturation, and/or survival of newly generated neurons.
These two hypotheses are not mutually exclusive, but require further exploration to determine
the feasibility of targeting glucocorticoid receptors as physical activity mimetics.

Physical Activity Modulates Mitochondrial Function
Mitochondria play a critical role in health and disease. As the source of energy for the cell,
they stand at the intersection of plasticity and homeostasis. Based on their function, it is clear
that they would be responsive to exercise – a manipulation that places a greater demand on
energy metabolism. In rodents, voluntary running increases the expression of ubiquitous
mitochondrial creatine kinase (uMtCK) and mitochondrial uncoupling protein 2 (UCP2) [47].
Indeed, the effects of running on synaptic structure are dependent on the presence of UCP2
[75]. In a microarray study, several mitochondrial genes were altered by lifelong running in
the hippocampus of aged mice, including mitochondrial ribosomal protein S6 (Mrps6, Entrez
Gene ID: 121022) mitochondrial ribosomal protein L22 (Mrpl22, Entrez Gene ID: 216767),
and electron transferring flavoprotein (Etfa, Entrez Gene ID: 110842) [76]. These studies point
to the mitochondria as targets for the effects of running in the adult and aging brain.

Pharmacological Activators of Mitochondrial Stress Proteins
Potassium influx through adenosine-triphosphate sensitive potassium channels (KATP
channels) activates the mitochondrial stress response. Diazoxide is a potent activator of
mitochondrial KATP channels. Similar to running activity, treatment with diazoxide attenuates
damage following stroke [77,78] (Fig. 4). It has not yet been determined whether the protective
effects of running and diazoxide converge on mitochondrial stress proteins.

The presence of mitochondrial UCP2 is necessary for exercise-induced synaptogenesis [75].
Just as running activity protects against damage following stroke [77], treatment with
resveratrol induces a preconditioning mechanism that is neuroprotective following ischemia
[79]. The protective effects of resveratrol and the synaptogenic effects of exercise both
converge on mitochondrial UCP2 [75,79] (Fig. 4). However, it remains to be seen whether
changes in UCP2 are necessary for the protective effects of exercise and resveratrol against
ischemic damage. Moreover, the possibility of an additive neuroprotective effect of exercise
and resveratrol treatment remains to be addressed.

Physical Activity Stimulates the Wnt Pathway
The Wnt pathway is involved in brain development and synaptic plasticity [80]. New data
suggest that this pathway is also responsive to physical activity. Specifically, genes in the Wnt
pathway were differentially modulated in the brains of mice exposed to lifelong running [76].
These genes include Cacybp (calcyclin binding protein, Entrez Gene ID: 12301), Nlk (nemo-
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like kinase, Entrez Gene ID: 18099), Camk2a (calcium-calmodulin dependent protein kinase
alpha, Entrez Gene ID: 12322), Prkcc (protein kinase C gamma, Entrez Gene ID: 18752), and
Ppp3ca (protein phosphatase 3, catalytic subunit, alpha isoform, Entrez Gene ID: 19055).
Calcyclin binding protein ubiquitinates β-catenin, a critical component of the Wnt pathway
[81]. This leads to proteasomal degradation of β-catenin, thereby modulating Wnt signaling.
Nemo-like kinase inhibits the actions of lymphoid enhancer binding factor 1 (TCF/LEF),
downstream of β-catenin in the Wnt signaling pathway [82]. Wnt5 signals via frizzled to
activate calcium-calmodulin dependent protein kinase alpha in the presence of elevated
calcium [83]. Alterations in the expression of calcium-calmodulin dependent protein kinase
alpha has implications for synaptic plasticity, as Camk2a signaling is essential for long-term
potentiation [84]. Protein kinase C-γ is also involved in synaptic plasticity and long-term
potentiation. Mutant mice lacking protein kinase C-γ display impaired long-term potentiation
with intact long-term depression [85], in support of a possible role in learning and memory
[86]. Protein kinase C is also implicated in the Wnt signaling pathway [87]. Expression of
protein phosphatase 3 is also enhanced in aged runners, and this gene is involved in Wnt
signaling [88]. Our study [76] is the first study that reports an interaction between voluntary
running and Wnt signaling. Based on the many interactions between Wnt signaling, synaptic
plasticity, and cognition, it is possible that running-induced enhancement of cognitive function
may involve changes in Wnt signaling.

Pharmacological Manipulations that Activate the Wnt Pathway
Novel small molecules that regulate cellular function have been identified using cell-based
screens of natural products and existing drugs. Using this technique, several small molecules
that regulate Wnt/β-catenin signaling have been identified. These molecules include the
agonists 6-bromoindirubin-3′-oxime (BIO) [89], lithium chloride [90], deoxycholic acid [91],
and the antagonist quercetin [92] (Fig. 4). BIO is a glycogen synthase kinase-3 [GSK-3]
inhibitor that activates Wnt/β-catenin signaling. Lithium chloride is a neuropsychiatric drug
used to treat bipolar disorder; this drug also activates the Wnt/β-catenin pathway. Deoxycholic
acid activates Wnt/β-catenin, and exacerbates cancer cell growth [91]. In contrast, quercetin
reduces activation of Wnt/β-catenin and arrests the growth of cancer cells [92]. It remains to
be determined whether the actions of running on hippocampal neuroplasticity could be
recapitulated following local administration of Wnt/β-catenin activators in the hippocampus.
Moreover, the possibility that the effects of running on hippocampal structure and function
could be blocked following local application of inhibitors of Wnt signaling remains to be
addressed.

Physical Activity and Nitric Oxide Signaling
Nitric oxide (NO) is a gaseous second messenger that mediates retrograde signaling at
synapses. It is involved in synaptic plasticity [93], learning [94] and adult neurogenesis [95].
Nitric oxide signaling also regulates BDNF [96] and the effects of exercise on hippocampal
BDNF can be prevented by inhibition of nitric oxide [97]. Similarly, the enhancement of adult
neurogenesis by exercise can be abrogated following pretreatment with a nitric oxide inhibitor
[98]. In a microarray study [76], exercise was reported to regulate levels of dimethylarginine
dimethylaminohydrolase 1 [Ddah1; Entrez Gene ID: 64157], the enzyme that metabolizes
dimethylarginine, a component of the nitric oxide synthesis pathway. Based on these data, it
is apparent that nitric oxide signaling contributes to the regulation of BDNF levels and adult
neurogenesis by exercise.

Pharmacological Manipulation of the Nitric Oxide System
As little is known regarding the effects of exercise on specific components of the nitric oxide
(NO) synthesis pathway, it is challenging to identify potential pharmacological mimetics for
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the effects of exercise on nitric oxide signaling. Indeed, because the studies mentioned above
employed global inhibitors of NO signaling [97,98], it remains to be determined whether these
effects are centrally mediated. The classical series of compounds that have been clinically
employed to control the NO system include: NO precursors such as L-arginine [99]; NO donors
such as nitroglycerin [100] and phosphodiesterase 5 inhibitors [101]. However, based on our
observation of changes in enzymes that metabolize demethylarginine following running in
aged mice [76], it is apparent that at least some components of the NO signaling pathway are
altered in the hippocampus. Before exercise mimetics targeted to NO signaling can be
identified, it will be necessary to determine whether exercise-induced regulation of NO
signaling is centrally mediated.

Advantages and Limitations to Exercise Pharmacomimetics Targeted to the
Hippocampus

There are several advantages and limitations to the use of pharmacological mimetics for the
effects of exercise on the brain. The obvious advantage involves the low adherence rate for
voluntary exercise programs as compliance would likely be far higher for an exercise
pharmacomimetic. Other benefits of pharmacomimetics include the potential for widespread
use among individuals who are physically unable to engage in vigorous physical activity. The
drawback of pharmacological interventions that mimic the effects of exercise involves the
generation of potentially multiple side-effects. This is likely due to the multifactorial nature of
the processes chemically translating coordinated physical movement to improved
neurophysiological activity. SSRIs and SNRIs, although they effectively reproduce some of
the behavioral and neurochemical effects of exercise in rodents, also induce a variety of side
effects, including unintended weight gain. Changes in body weight with antidepressant
treatment may abrogate any potential benefit of antidepressants as an exercise mimetic.
Similarly, interfering with glucocorticoid signaling has consequences for a variety of
physiological functions, including the immune response [102]. This could obscure any benefit
following anti-glucocorticoid treatment. Administration of IGF-1, while initially having a
positive impact on central function and peripheral metabolism, may over the long term
contribute to tumorigenesis [103]. And while less is known about the potential side effects of
mitochondrial stress protein activators and Wnt signaling upregulators, it is likely that any
drug-based mimetic for the effects of exercise will have unintended consequences.

Summary and Conclusion
Here we present evidence suggesting that central IGF-1, monoamines, Wnt signaling,
glucocorticoids, mitochondrial stress proteins, and the nitric oxide pathway may be amenable
as targets for the development of physical activity mimetics. In addition to BDNF signaling,
IGF-1 signaling in particular is likely to act throughout the organism to enhance overall somatic
function. The effects of exercise on serotonin and norepinephrine can also be recapitulated
using SSRIs and SNRIs, respectively. Targeting central glucocorticoid signaling is a more
difficult proposition, as glucocorticoids have multiple functions throughout the organism. In
order to specifically regulate central glucocorticoid signaling, intranasal drug delivery could
be employed. A similar mode of delivery to locally modulate nitric oxide in the brain and
regulate Wnt signaling would be ideal, as these pathways also contribute to multiple
physiological functions throughout the body. Understanding the molecular targets for exercise-
induced regulation of neuroplasticity may lead to the development of novel therapeutic
treatments for psychiatric and neurodegenerative disorders.
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Figure 1. BDNF and cyclic pentapeptide analogs
Panel A depicts the amino acid primary sequence of brain-derived neurotrophic factor (BDNF).
Panel B depicts multiple cyclic pentapeptide agonistic analogs of BDNF that can selectively
activate the TrkB tyrosine kinase receptor responsible for the multiple physiological effects of
BDNF. Multiple diverse amino acid substitutions (Xxx) can be introduced to the cyclic
pentapeptide core to modulate both maximal agonistic potency and neuroprotective capacity
[20].(Nle, Norleucine).
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Figure 2. Neurotransmitter re-uptake inhibitor anti-depressants
Panel A indicates the chemical structures of multiple forms of selective serotonin re-uptake
inhibitors (SSRI: citalopram, escitalopram, fluoxetine, fluvoxamine, paroxetine, sertraline).
Panel B depicts two selective norepinephrine re-uptake inhibitor chemical structures (SNRI:
venlafaxine, duloxetine). Both examples of these classes of compound can directly or indirectly
mimic the beneficial effects of coordinated physical activity.
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Figure 3. Chemical modulators of steroid hormone receptor activity
Panel A depicts two base-structure non-steroidal A-ring mimetic glucocorticoid receptor
agonists. Multiple modifications can be made to these base structures to modulate their
pharmacodynamics and receptor efficacy (A-ring mimetic - quinol-4-one [70]: aryl pyrazole
[71]). Panel B depicts the chemical structures of two selective non-steroidal selective
glucocorticoid receptor agonists (SEGRAs: A 276575 [72]; ZK 209614 [73]). Panel C depicts
the chemical structures of two selective mineralocorticoid receptor antagonistic agents.
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Figure 4. Energy-regulatory and developmentally-targeted pharmacomimetics of coordinated
physical activity
Panel A depicts the chemical structures of two agents that possess exercise pharmacomimetic
activity by controlling stress-response pathways. Panel B depicts the diverse chemical
structures of pharmacologically active agents that can effectively modulate the Wnt pathway
in hippocampal tissue.
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Figure 5. Multiple mechanistic routes for current and future hippocampally-targeted
pharmacomimetics of exercise
It is clear that amongst the currently studied neurochemical pathways that translate the
beneficial actions of coordinated physical activity to neuronal health there are significant points
of convergence, e.g. the pharmacological effects of IGF-1 or norepinephrine/serotonin
modulation upon BDNF. With furthere research additional functional connections may also
arise between the other mechanistic pathways delineated in the figure, thus providing us with
additional key loci of exercise pharmacomimesis. It is likely in the future that many more
efficacious and tractable pathways will also emerge to allow additional therapeutic compounds
to be developed that will potentienally better mimic the beneficial effects if coordinated
physical activity.
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