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Abstract

Emerging findings suggest that brain-derived neurotrophic factor (BDNF) serves widespread roles
in regulating energy homeostasis by controlling patterns of feeding and physical activity, and by
modulating glucose metabolism in peripheral tissues. BDNF mediates beneficial effects of
energetic challenges such as vigorous exercise and fasting on cognition, mood, cardiovascular
function and peripheral metabolism. By stimulating glucose transport and mitochondrial
biogenesis BDNF bolsters cellular bioenergetics and protects neurons against injury and disease.
By acting in the brain and periphery, BDNF increases insulin sensitivity and parasympathetic tone.
Genetic factors, a ‘couch potato’ lifestyle and chronic stress impair BDNF signaling, which may
contribute to the pathogenesis of metabolic syndrome. Novel BDNF-focused interventions are
being developed for obesity, diabetes and neurological disorders.
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BDNF is a central regulator of energy homeostasis

Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family of proteins,
plays crucial roles in the development, maintenance and plasticity of the central and
peripheral nervous systems [1]. BDNF promotes the differentiation of neurons from stem
cells, enhances neurite outgrowth and synaptogenesis, and can prevent programmed cell
death/apoptosis. BDNF is expressed in neurons throughout the developing and adult
mammalian nervous system, wherein it is produced in relatively low amounts but is highly
potent, eliciting biological responses at picomolar concentrations. Neurons in energy
homeostasis centers within the hypothalamus also produce BDNF, as do neurons in other
appetite-regulating areas including the dorsal vagal complex, hindbrain and ventral
tegmental area of the midbrain [2]. But the expression of BDNF and its high affinity
receptor TrkB are now known to be much broader, being present in neurons throughout the
CNS and periphery, as well as in skeletal muscle, cardiac, liver and adipose cells. Thus, the
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anorexogenic action of BDNF in hypothalamic regulatory centers provided the first clue to
what has recently been found to be a widespread role for BDNF as a mediator of adaptive
responses of the brain and body to fluctuations in energy intake and expenditure. Here we
highlight recent evidence suggesting key roles for BDNF in the effects of exercise and food
intake on neuroplasticity, and the vulnerability of the brain and peripheral organs to
metabolic morbidity and obesity. Moreover, emerging findings suggest that BDNF is a
master regulator of energy homeostasis with sites and mechanisms of action that extend well
beyond those hormones such as insulin and leptin.

BDNF synthesis, processing and signaling

BDNF is synthesized as a pre-pro neurotrophin that is cleaved into pro-BDNFand further
processed to mature mBDNF (Figure 1). Pro-BDNF is converted to biologically active
mBDNF by furin and proconvertases within secretory vesicles before release [1]. Neurons
also release pro-BDNF, which is converted by the tissue plasminogen activator tPA/plasmin
system to mBDNF [1]. The expression and release of BDNF are stimulated by excitatory
synaptic activity, and certain neuropeptides and hormones [75]. Glutamate released from
excitatory synapses binds to receptors on the synaptic membrane resulting in the influx of
Na+ and Ca2 via α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors, N-methyl-D-aspartate (NMDA) receptors and voltage-dependent Ca2+ channels
(Figure 2). Ca2+ activates Ca2+-calmodulin-dependent protein kinases (CaMK), protein
kinase C (PKC) and mitogen-activated protein kinases (MAPKs) which, in turn, activate the
transcription factors cyclic AMP response element-binding protein (CREB) and nuclear
factor κB (NF-κB) to induce Bdnf gene transcription [76]. BDNF is concentrated in vesicles
that are transported into axons/presynaptic terminals and dendrites from which it is released
in response to glutamate receptor activation [77]. BDNF mRNA is also located in dendrites
where protein translation can be stimulated by synaptic activity. Local BDNF production
and release activates its high-affinity receptor tropomyosin-related kinase B (TrkB) or the
low affinity p75 neurotrophin receptor, on synaptic partner neurons and other cells in the
immediate vicinity. TrkB is a receptor tyrosine kinase that upon activation engages
phospholipase C gamma (PLC-y), phosphatidylinositol-3 kinase (PI3-K) and MAPK
intracellular signaling pathways leading to activation of transcription factors that regulate
expression of proteins involved in neuronal survival, plasticity, cellular energy balance and
mitochondrial biogenesis [1, 26]. BDNF can prevent neuronal apoptosis by inducing
expression of anti-apoptotic Bcl-2 family members and caspase inhibitors, and by inhibiting
pro-apoptotic proteins such as Bax and Bad. BDNF also up-regulates antioxidant enzymes
and enhances repair of damaged DNA in neurons [1, 78]. BDNF stimulates neurite
outgrowth and synaptogenesis in the brain and periphery by mechanisms involving
activation of p21 ras, enhancement of cytoskeletal dynamics, modulation of cell adhesion,
and stimulation of mitochondrial biogenesis. By promoting neuronal survival, neurite
outgrowth and synaptogenesis, BDNF plays critical roles in the formation of neuronal
circuits throughout the brain including those that regulate energy homeostasis [79] and is
also involved in the control of multiple aspects of circadian patterns of behaviors and
neuroendocrine processes related to energy homeostasis (Box 1).

Linking Energy Availability and Physical Activity to Cognitive Function

BDNF signaling may have evolved to play a role in cognition-enhancing effects of running,
and intermittent food deprivation [3]. Indeed, rodent and human studies show that cognitive
function is enhanced by running and intermittent fasting, and BDNF may play a role in this
[4]. Rats and mice will voluntarily run as much as 10-15 kilometers in a 24 hour period on a
running wheel, and compared to more sedentary rodents, runners exhibit improved
performance in tests of spatial learning and memory [5, 6]. BDNF signaling-mediated
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synaptogenesis and neurogenesis contribute to such cognition-enhancing effects of exercise
[7-9]. Running and other types of aerobic exercise can also enhance cognitive performance
[10] and increase serum BDNF levels [11] in human subjects. Running also lessens anxiety
and depression in animal models by BDNF-mediated mechanisms, consistent with a role for
BDNF in alleviating anxiety and depression in humans [12-14]. Dietary energy restriction
can also exert anxiolytic effects, which may involve BDNF and ketone bodies [15-17].

The cellular and molecular mechanisms by which running and fasting up-regulate BDNF
signaling, resulting in enhanced cognitive function, are emerging. Running induces BDNF
expression in neurons by stimulating CREB via a Ca2+ influx- and CaMK-mediated
mechanism [18]. In addition, an exercise-induced muscle protein called FNDC5 is induced
by exercise in neurons where it mediates up-regulation of BDNF [19]. Interestingly, FNDC5
in muscle and liver cells is cleaved and a protein fragment called irisin is released into the
blood and may enter the brain and induce BDNF expression in neurons [19]. Thus, the
effects of exercise on neuroplasticity are mediated, in part, by BDNF induced by local
changes in the brain and by signals from peripheral tissues including muscle and liver.
Fasting/food deprivation can also induce BDNF expression in neuronal circuits involved in
cognition by increasing their activity, and by shifting cellular energy substrate utilization
from glucose to ketones. From an evolutionary standpoint, this activity-dependent
production of BDNF likely contributed to optimization of brain function during fasting and
running [3]. Activation of TrkB by BDNF enhances synaptic plasticity, and learning and
memory, by multiple transcriptional and post-transcriptional mechanisms that involve the
PI3-kinase – Akt pathway and extracellular signal regulate kinases (ERKs 1 and 2). Two
weeks of running wheel exercise results in activation of the PI3-kinase and Akt in the
hippocampus of rats [20]. Shorter bouts of exercise that enhance spatial learning and
memory also increase hippocampal Akt and CREB activities [21]. Genes up-regulated by
BDNF that likely contribute to the beneficial effects of running and fasting on neuronal
plasticity and cognition include those encoding proteins involved in cytoskeletal and
synaptic plasticity, cell survival, cellular energy metabolism and mitochondrial biogenesis
[22]. BDNF signaling increases the levels of the NMDA glutamate receptor subunits NR1
by a CREB and early growth response factor 3 (Egr3)-mediated mechanism [23]. Enhanced
NMDA receptor function would be expected to bolster cognition because Ca2+ influx
through the NMDA receptor channel is fundamental to the long-lasting changes at synapses
that are critical for learning and memory.

Cellular Bioenergetics and Neuroplasticity

The activation of synapses and ‘firing’ of action potentials to propagate signals along axons
are fundamental mechanisms by which neurons perform their functions; the amount of
energy required to support this ongoing activity of neurons is considerably greater than other
cell types [24]. The major energy substrates utilized by neurons to generate the ATP and
NAD+ required to support their diverse biochemical processes, are glucose and ketones.
BDNF can enhance neuronal ATP production in several ways (Figure 3). BDNF increases
150 glucose transport by inducing the expression of GLUT3, and also increases Na+-
dependent amino acid transport and protein synthesis [25]. BDNF also up-regulates the
master regulator of mitochondrial biogenesis peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α), and the increased number of mitochondria sustains
cellular energy substrates (ATP and NAD+) and the formation and maintenance of synapses
[26]. BDNF enhances the respiratory coupling efficiency of synaptic mitochondria by a
mechanism involving MEK and Bcl-2 [27]. BDNF signaling via the forkhead transcription
factor FOXO3a can further enhance mitochondrial health by up-regulating the expression of
manganese superoxide dismutase [28],and by enhancing utilization of ketones by neurons by
up-regulating MCT2 [29]. Whether BDNF mediates the effects of exercise and fasting on
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bioenergetic pathways involving mammalian target of rapamycin (mTOR) and AMP kinase
(AMPK) remains to be determined. However, in cultured neurons, hippocampal slices and
isolated synaptosomes BDNF increases mTOR activity and dendritic protein synthesis [30,
3190, 91]. In addition, the mTOR inhibitor rapamycin can prevent late-phase synaptic long-
term potentiation (LTP) in the hippocampus and can block the ability of BDNF to enhance
LTP [32]. On the other hand, while energy restriction can enhance neurogenesis, it typically
reduces mTOR and suppresses overall cellular protein synthesis, while preserving synthesis
of proteins critical for the ongoing function and survival of the cells. It will therefore be
important to understand the molecular mechanisms by which BDNF regulates adaptive
responses of neurons to activity-dependent changes in neuronal energy metabolism and
protein synthesis.

The abilities of exercise and energy restriction to enhance synaptic plasticity and stimulate
neurogenesis [4, 33] may depend, at least in part, on BDNF-mediated enhancement of
neuronal bioenergetics (Figure 3). Selective knockdown of PGC-1α abolishes the ability of
BDNF to enhance synaptogenesis in cultured hippocampal neurons, and reduces synapse
numbers in dentate granule neurons in adult mice, suggesting that mitochondrial biogenesis
is necessary for BDNF to stimulate the formation of new synapses and to maintain existing
synapses [26]. BDNF also plays a key role in the process of hippocampal neurogenesis
induced by intermittent fasting and exercise, by promoting the differentiation of neurons
from stem cells, and the survival and synaptic integration of newly generated neurons [33].
Adult hippocampal neurogenesis is associated with some forms of hippocampal-dependent
learning including spatial pattern separation [33]. BDNF induces robust mitochondrial
biogenesis in newly generated neurons [26], and regulates the expression of the glutamate
receptor GluR1 to enhance synaptic plasticity and memory by a transient receptor potential
channel (TRPC)- Ca2+- and mTOR-mediated mechanism [34, 35].

BDNF Signaling Regulates Energy Metabolism

While mice lacking BDNF die shortly after birth with severe abnormalities in their nervous
system, BDNF haploinsufficient mice are hyperphagic, obese and diabetic [36], and mice
lacking BDNF in hippocampal and forebrain neurons develop obesity and an anxiety
disorder [37]. Similarly, targeted deletion of BDNF in the dorso- and ventro-medial
hypothalamus results in increased food intake and obesity, in mice [38]. On the other hand,
fasting induces BDNF expression in the brain [39] and BDNF haploinsufficient mice
maintained on an intermittent fasting diet exhibit improvement in their behavioral
abnormalities, as well as reduced insulin resistance and obesity [40]. Infusion of BDNF into
the lateral ventricle of rats during a 2 week period results in reduction in body weight,
increases levels of corticotropin-releasing hormone (CRH) and vasopressin in the
paraventricular, supraoptic and suprachiasmatic nuclei, and increases locomotor activity and
body temperature [41]. Intracerebroventricular (ICV) infusion of BDNF in rats induces
dose-dependent appetite suppression and weight loss [42], and conditional deletion of Bdnf
gene in mice causes hyperphagia and obesity associated with elevated serum levels of leptin,
insulin, glucose and cholesterol [43].

Although suppression of appetite is one mechanism by which CNS BDNF signaling
influences energy metabolism throughout the body, recent findings suggest additional and
more direct energy-regulating actions of BDNF on neuroendocrine pathways and organs
involved in energy metabolism. Independent of an effect on food intake, CNS administration
of BDNF lowers blood glucose levels and increases energy expenditure in leptin receptor
mutant (db/db) mice [44]. The mechanisms by which CNS BDNF improves glucose
metabolism in the periphery include regulation of the insulin signaling pathway because
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ICV BDNF treatment enhances the tyrosine phosphorylation of the insulin receptor
accompanied by increased PI3K signaling in the liver of diabetic mice [45].

BDNF influences multiple cell types in the body that are involved in glucose metabolism
including pancreatic β-cells (increased insulin production), hepatocytes (decreased glucose
production) and skeletal muscle (increased insulin sensitivity). In db/db mice, BDNF
administration significantly lowers blood glucose levels compared to pair-fed vehicle-treated
mice, and this effect of BDNF is associated with increased numbers and total area of
pancreatic islets, and increased secretory granules in β-cells [46]. Infusion of BDNF into the
brain of rats results in a decrease in levels of glucagon in the portal vein, an effect
eliminated by denervation of pancreatic efferent nerves [47]. The latter study further showed
that intraportal administration of GLP-1 increases BDNF levels in the pancreas and reduces
glucagon secretion. GLP-1 receptors are expressed in pancreatic cells, muscle and liver
cells, and in neurons throughout the brain. Activation of GLP-1 receptors results in cyclic
AMP production and activation of CREB which is known to induce BDNF expression.
Similar to GLP-1, BDNF signaling increases glucose uptake by liver, skeletal and cardiac
muscle cells [48]. Both BDNF and trkB are expressed in skeletal muscle cells, and exercise
can induce the expression of BDNF in muscles. Ex vivo and in vivo studies showed that
BDNF treatment increases phosphorylation of AMPK and its downstream target acetyl-CoA
carboxylase (ACCβ) resulting in enhanced fat oxidation in the skeletal muscle [49].

Some of the metabolic effects of BDNF are mediated via changes in energy expenditure of
peripheral tissues. A major site for regulation of body temperature in rodents is brown
adipose tissue (BAT) where energy is dissipated as heat through uncoupling fatty acid
oxidation from ATP generation by uncoupling protein 1 (UCP-1). Hypothalamic injection of
BDNF up-regulates UCP-1 expression and increases energy expenditure by enhancing
metabolic rate and thermogenesis in BAT [50]. Moreover, hypothalamic overexpression of
BDNF can induce the switching of white adipose tissue (WAT) to the BAT phenotype
through sympathetic neuron activation, and endogenous BDNF is critical for the WAT to
BAT transformation in response to environmental (sensory, cognitive, motor and social)
stimuli [51]. In addition to its effects on the activity of peripheral neurons, BDNF may
regulate peripheral energy metabolism by direct actions on non-neuronal cells. Thus,
selective knockout of BDNF in liver cells in mice results in a reduction in hyperglycemia
and hyperinsulinemia caused by a high fat diet [52].

In line with the observations in animals, inherited BDNF deficiency causes severe obesity in
humans [53], and a recent genome-wide association study revealed a link between a
polymorphism of BDNF and obesity [54]. One poignant example is the case of an 8 year-old
girl with a spontaneous chromosomal inversion with the breakpoint affecting the BDNF
gene resulting in BDNF haploinsufficiency that presented with prominent hyperphagia,
obesity and cognitive impairment [55]. More subtle reductions in BDNF have also been
associated with impaired glucose metabolism. In a study of 233 subjects, plasma BDNF
levels were inversely associated with fasting plasma glucose levels and, interestingly,
measurements of brain ‘BDNF output’ suggest that elevated glucose levels reduce the
amount of BDNF produced and released from the brain into the blood [56]. Compromised
BDNF signaling may also contribute to the suboptimal/impaired ANS function associated
with obesity and the metabolic syndrome [57].

Potential role for BDNF signaling in the regulation of heart rate

Heart rate regulation is often linked strongly to metabolic status, such that exercise and
energy restriction reduce resting heart rate and blood pressure by increasing parasympathetic
tone, whereas obesity promotes elevated heart rate and blood pressure by increasing
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sympathetic tone. BDNF has emerged as a factor playing a role in the adaptive plasticity of
the heart and regulation of heart rate, via the autonomic nervous system (ANS). Yang et al.
[85] reported that when ANS neurons are cultured with cardiac myocytes, the neurons form
synapses on the myocytes and bath application of BDNF increases the release of
acetylcholine from ANS neurons and lowers cardiac myocyte beat frequency. BDNF
haploinsufficiency in mice results in elevated resting heart rate, and infusion of BDNF into
the cerebral ventricles reduces heart rate [86]. BDNF signaling in brainstem cholinergic
neurons enhances production and release of acetylcholine resulting in reduced resting heart
rate and increased heart rate variability (Figure 4). In addition, mice expressing a mutant
form of the huntingtin protein that causes Huntington’s disease that results in reduced levels
of BDNF in their brainstem, have an elevated resting heart rate, and infusion of BDNF into
the cerebral ventricles reduced resting heart rate to a normal level [87]. Both dietary energy
restriction and running, which induce BDNF expression in multiple brain regions, lower
resting heart rate and increase heart rate variability by a mechanism involving increased
parasympathetic tone [3, 88]. Rats on calorie restricted or intermittent fasting diets have
lower resting heart rate, blood pressure and improved cardiovascular adaptation to stress,
compared with rats fed ad libitum [88]. In humans, an energy-restricted diet ameliorates age-
associated changes in ANS function, and markedly improves the heart rate variability
profile, compared to individuals eating a standard Western diet [89]. Roles for BDNF in
ANS responses to energy intake and exercise in humans remain to be established.

Implications for the Prevention and Treatment of Metabolic Syndrome and

Associated Diseases

The findings from studies of animal models and human subjects described above suggest
roles for BDNF in some of the beneficial effects of exercise and energy restriction on brain
and body. Interventions that target BDNF signaling are therefore being developed for a
range of metabolic and neurological disorders (Table 1). BDNF or TrkB agonists can be
administered peripherally, but this approach risks many adverse side effects because of the
widespread pattern of TrkB expression. One example of such adverse effects is lowered
sensory thresholds and increased pain [58]. BDNF can be infused directly into brain regions
of interest, expressed from viral vectors delivered into brain cells, or produced by
genetically engineered cells transplanted into the brain. These approaches have all been
validated in animal models of metabolic and/or neurodegenerative disorders (Box 2), and
clinical trials using some of these approaches are in progress in human patients with obesity,
depression, AD and PD [59, 60]. Up-regulation of endogenous BDNF by targeted
stimulation of specific brain areas is another emerging therapeutic strategy for the treatment
of obesity and diabetes [60]. In a recent proof-of-principal study, 3 obese patients were
implanted with an electrode to stimulate the lateral hypothalamus, and this treatment
reduced their food intake and resulted in weight loss [61]. Vagus nerve stimulation tested in
rats showed potential for treating metabolic disorders.; during a 4-week period vagus nerve
stimulation resulted in significant reductions in body weight and adipose tissue in rats, and
these effects were accompanied by increased expression of BDNF in the hypothalamus [62].
However, this has not been tested in humans. Deep brain stimulation of the thalamus and
subthalamic nucleus is increasingly used to treat PD, with dramatic relief of motor
symptoms in many patients; BDNF is believed to play a role in the therapeutic effects of
such deep brain stimulation [63]. While promising, clearly, the invasive nature of BDNF
infusion, gene therapy and electrical stimulation, render these approaches not ideal for
widespread application.

Antidepressants that act by inhibiting serotonin and/or norepinephrine reuptake induce the
expression of BDNF in animal models, and data from clinical studies support a BDNF-
mediated mechanism of action of antidepressants in humans [64]. Some antidepressants may
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even activate TrkB independent of any effect on BDNF levels [65]. However, the impact of
long-term antidepressant use on the risk for, and treatment of, metabolic and
neurodegenerative disorders remains to be determined.

Several anti-diabetic drugs that are based on targets involved in glucose regulation may act,
in part, by inducing BDNF expression. The GLP-1 analogs exenatide and liraglutide
suppress appetite, and improve neuroplasticity and cognitive function, by activating
receptors coupled to The GLP-1 analogs are highly effective in improving glucose
regulation in diabetes patients, and because of their effectiveness in animal models [66-68],
are currently being evaluated for PD and AD (clinicaltrials.gov NCT01255163,
NCT01469351, and NCT01843075) with promising initial results in PD patients [69].

Natural products and synthetic drugs that stimulate BDNF production or activate TrkB hold
potential for the prevention and treatment of metabolic and brain disorders. Extracts or
purified phytochemicals from a range of plants have been shown to induce the expression of
BDNF in rat neurons [70, 71]. A general mechanism of action of such phytochemicals is that
they activate adaptive cellular stress response pathways resulting in the up-regulation of
defenses against oxidative stress, energy deficits and inflammation [72]. Another approach
is the development of TrkB agonists. Putative TrkB agonists were reported effective in
reversing obesity and hyperglycemia in mice [73]. Molecular modeling and evaluation of
more than 1 million chemicals, indentified top ‘hits’ with neuroprotective actions in cultured
neurons, and resulted in the identification of several low molecular weight BDNF mimetics
[74].

Concluding remarks and future perspectives

Emerging findings suggest that BDNF is a critical player in adaptive responses of the brain
and body to metabolic challenges such as intermittent fasting and exercise, as well as to
intellectual challenges (see box 3). Produced in a neuronal activity-dependent manner,
BDNF signaling enhances synaptic plasticity and promotes neurogenesis, and may thereby
mediate beneficial effects of intermittent energetic challenges on cognition and mood.
Activation of the BDNF receptor TrkB bolsters neuronal bioenergetics by stimulating
glucose transport and mitochondrial biogenesis, while simultaneously increasing neuronal
resistance to metabolic, oxidative and excitotoxic stress. A chronic positive energy balance
resulting from lack of exercise and overeating can result in reduced BDNF signaling which
may contribute to the development of the metabolic syndrome and obesity, and to
susceptibility to AD and PD, the most common age-related neurodegenerative disorders.

BDNF is not only a prominent mediator of neuronal adaptations to energetic challenges, but
it has far-reaching roles in controlling peripheral energy metabolism via actions in the brain,
peripheral neurons and target organs including the pancreas, liver, skeletal muscle and heart.
Data from studies of animal models and, in some cases human subjects, suggest that BDNF
can protect against metabolic syndrome and obesity by suppressing appetite, increasing
insulin sensitivity, and enhancing parasympathetic cardiovascular tone.

However, it is unlikely that the beneficial effects of exercise and intermittent fasting can be
fully reproduced by artificially delivering BDNF or inducing a global increased in BDNF
production. One reason is that BDNF is normally produced and released from neurons in an
activity-dependent manner at the level of individual synapses, and this cannot be reproduced
by crude stimulation methods or drugs. It is therefore important to continue to pursue novel
approaches for the implementation of public policies and medical practices that incentivize
and facilitate healthy diets and exercise programs. Educating doctors and the general public
concerning why exercise and intermittent fasting are good for the brain and body will be
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fundamental to effecting society-wide changes to prevent and treat metabolic and brain
disorders that involve impaired BDNF signaling.

Box 1

BDNF and Circadian Rhythms

Energy homeostasis is modulated in a circadian rhythm-dependent manner by neural
circuits in the hypothalamus and higher brain centers. Disruptions of circadian control of
energy metabolism are associated with the metabolic syndrome and obesity [80].
Emerging evidence suggests roles for BDNF in regulating circadian rhythms and
implicates impaired BDNF signaling in disturbed circadian control of energy metabolism
in metabolic disorders. BDNF expression oscillates in a circadian manner in rodents, with
expression being greater during the dark phase in the hippocampus and cerebellum and
greater during the light phase in the retina and visual cortex [81]. TrkB expression levels
are also greater in hippocampal neurons during the dark phase in rodents, possibly as a
response to increased physical activity [82].

BDNF signaling plays important roles in the regulation of circadian rhythms. Infusion of
BDNF into the suprachiasmatic nucleus (SCN) of rats results in large phase advances
when the rats are exposed to light during a period (subjective day) when the circadian
609 pacemaker is normally exposed to light during a period (subjective day) when the
circadian pacemaker is normally insensitive to light; in contrast, BDNF+/− mice exhibit
decreased amplitude of light-induced phase-shifts during subjective night [83]. Inhibition
of TrkB signaling abolishes circadian changes in astrocyte interactions with dendrites of
vasoactive intestinal polypeptide (VIP)-expressing neurons in the SCN, indicating that
BDNF-mediated circadian changes of SCN cytoarchitecture are involved in the light
synchronization process [84]. The involvement of BDNF in the control of multiple
aspects of circadian patterns of behaviors and neuroendocrine processes related to energy
homeostasis (e.g., feeding behavior and insulin sensitivity) suggest the possibility that
perturbed circadian control of energy metabolism contributes to the obesity and diabetes
that occurs when BDNF signaling is selectively impaired.

BOX 2

Impaired BDNF Signaling and the Pathogenesis of Neurodegenerative
Disorders

Analysis of postmortem brain tissue samples from patients and control subjects have
shown that BDNF levels are associated with dysfunction and degeneration of neurons in
several major neurological disorders including Alzheimer’s disease (AD), Huntington’s
disease (HD) and major depression [89]. Measurements of BDNF in cerebrospinal fluid
samples from living patients and controls have revealed reductions in BDNF levels in
patients with AD, age-related cognitive decline and PD. Studies of animal models
support the involvement of diminished BDNF signaling in neurodegenerative disorders
and, indeed, interventions that increase BDNF levels or activate TrkB have been shown
to ameliorate clinical symptoms and underlying cellular and molecular neuropathologies
in mouse models of AD, PD, HD, stroke and depression [4, 90]. There are mechanistic
links between perturbed systemic and brain cell energy metabolism, impaired BDNF
signaling, and the pathogenesis of neurodegenerative and psychiatric disorders.
Abnormalities of systemic and brain energy metabolism have been described in studies of
AD, PD and depression, and midlife obesity and diabetes/insulin resistance are risk
factors for these disorders [91] . Altogether, the data suggest that impaired BDNF
signaling may be a consequence of a combination of a chronically perturbed energy
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balance, the aging process, and disease-specific molecular alterations that occur in AD
and PD.

Box 3

Emerging Questions and Trends

Questions

• What are the gene targets that mediate the actions of BDNF on neuronal
bioenergetics and adaptive plasticity?

• What are the specific contributions of BDNF to the beneficial effects of exercise
and energy restriction on the brain and body?

• How does BDNF mediate behavioral responses to fluctuations in energy intake
and expenditure?

• What are the cellular sources and triggers of BDNF production in peripheral
tissues?

• Does impaired BDNF signaling play major roles in chronic diseases promoted
by a ‘couch potato’ lifestyle?

• Can BDNF signaling be targeted for the development of effective therapeutic
interventions for metabolic disorders?

Trends

• Molecular pathways that trigger BDNF production and release are being
discovered.

• Biological actions of BDNF on peripheral tissues such as muscle, liver and
pancreas are being described.

• Genetic variations in genes involved in BDNF signaling are being linked to
neurological and metabolic disorders.

• Methods for targeted delivery of BDNF to specific sites of cellular dysfunction
and pathology are being developed.
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Highlights

Energetic challenges (e.g., exercise and energy restriction) induce BDNF signaling

BDNF enhances neuronal bioenergetics and promotes optimal brain health

BDNF signaling improves peripheral energy metabolism and cardiovascular function

Deficits in BDNF may contribute to metabolic morbidity and associated diseases
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Figure 1. Mechanisms for the production and release of BDNF
BDNF mRNA is translated into proBDNF protein in the endoplasmic reticulum. ProBDNF
is transported into the Golgi and processed to the mature form of BDNF (mBDNF) by
extracellular protein convertase 1 (PC1) within the vesicles. The secretory granules are
trafficked to the sites of release in the axonal or dendritic terminals. Neurons secrete both
proBDNF and mBDNF in an activity-dependent manner. The tissue-type plasminogen
activator (tPA) form mBDNF by activating a plasminogen, which then cleaves the precursor
molecule. Alternatively, extracellular metalloproteinases process proBDNF to generate
mBDNF.
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Figure 2. Biological actions of BDNF
When an axon potential reaches the presynaptic terminal of an axon, Na+ influx depolarizes
the plasma membrane, which triggers Ca2+ influx and release of the excitatory
neurotransmitter glutamate into the synaptic cleft. Glutamate binds to AMPA and NMDA
receptors at the postsynaptic membrane. Activation of the AMPA receptors results in
membrane depolarization and Ca2+ influx via NMDA and VDCC. Ca2+ engages CaMKs
that activates CREB and NF-κB which in turn induce the transcription of the Bdnf gene.
mBDNF is released at synpases and activates TrkB receptors resulting in activation of
downstream signaling cascades including PLCγ, PI3K and MAPKs and subsequent
expression of genes critical for the survival and plasticity of neurons. BDNF signaling also
elicits rapid effects on membrane excitability and synaptic transmission via altering the
activation kinetics of NMDA receptors and increasing the number of docked synaptic
vesicles in the presynaptic terminal.
Abbreviations: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 689 acid (AMPA);
N-methyl-D-aspartate (NMDA) receptors; voltage dependent Ca2+ channels (VDCC);
Ca2+/calmodulin-dependent kinases (CaMKs); phospholipase Cγ (PLCγ);
phosphatidylinositol 3-kinase (PI3K); mitogen-activated protein kinases (MAPKs).
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Figure 3. Mechanisms by which BDNF regulates neuronal bioenergetics
Binding of BDNF to trkB results in the activation of phosphatidylinositol-3 kinase (PI3K)
and Akt kinase. Akt can activate the mammalian target of rapamycin (mTOR) to stimulate
the translation of mRNAs encoding the neuronal glucose transporter GLUT3 and the
monocarboxylic acid transporter 2 (MCT2) to enhance cellular uptake of the fuels glucose
and lactate. BDNF can also induce Ca2+ influx through transient receptor potential C
(TRPC) channels. Ca2+ then activates a Ca2+/calmodulin-dependent protein kinase (CaMK)
resulting in the activation of the transcription factor cyclic AMP response element-binding
protein (CREB) which, in turn, induces the expression of peroxisome proliferator receptor γ
coactivator 1α (PGC-1α). PGC-1α is a master regulator of mitochondrial biogenesis that
increases the number of mitochondria in neurons to provide more energy substrates (ATP
and NAD+) to support the function and adaptive plasticity of the neurons. One energy status-
sensitive enzyme that is supported by NAD+ is sirtuin-1 (Sirt1), a deacetylase that can
activate the transcription factor FOXO3a resulting in the production of the mitochondrial
antioxidant enzyme manganese superoxide dismutase (MnSOD). BDNF production is
increased in response to bioenergetic challenges such as exercise, intermittent fasting (IF)
and cognitive stimulation. By enhancing the uptake of energy substrates, mitochondrial
biogenesis and protein synthesis capabilities of neurons, BDNF signaling plays pivotal roles
in the adaptive changes in neuronal circuits including synapse formation/modification and
neurogenesis (see text for further information).
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Figure 4. BDNF is involved in responses of the autonomic nervous system to energy intake and
exercise
By increasing the activity of the parasympathetic outflow from brainstem cholinergic
neurons in the dorsal motor nucleus of the vagus (DMNV), regular exercise and intermittent
fasting (IF) reduce heart rate and blood pressure, increase heart rate variability, and reduce
inflammation in the cardiovascular system. Similarly, activation of the parasympathetic
input to the gut can enhance motility and reduce local inflammation. BDNF signaling can
enhance the activity of brainstem cholinergic neurons, suggesting possible roles for BDNF
in the responses of the cardiovascular and gastrointestinal systems to exercise and IF. On the
other hand, a sedentary gluttonous lifestyle can increase activity of sympathetic neurons
(SN) and reduce BDNF signaling resulting in a relative in reduced parasympathetic tone. As
a consequence heart rate and blood pressure are elevated and gut motility is reduced.
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Table 1

BDNF centric approaches for preventing and treating metabolic and neurological disorders

Intervention Advantages Disadvantages Ref

Peripheral BDNF
administration

non-invasive BBB penetrance; reduced pain
threshold

45, 46,
58

CNS infiision of BDNF on site delivery delivery invasive 44, 47

Transplantation of BDNF-
producing cells

continuous delivery/one surgery possible aberrant growth of implanted
cells
immune reaction; not reversible

92

BDNF-producing iPS cells tailored cell type; no immune
response

requires transplantation; long-term safety? NR

BDNF gene delivery using
AAV

Focal, long-term delivery/one
surgery

possible side effects related to
excessive BDNF

93

Low molecular weight
TrkB agonists

easy administration, reversible potential systemic side effects 94

Antidepressants low cost, relatively safe variable effectiveness 64

GLP-1 analogs dual effects on brain and
periphery

long-term safety profde uncertain 95, 96

Electroconvulsive shock non-invasive, long-lasting
effects

potential CNS side-effects, seizures 97

Deep brain stimulation focal, activity-induced action invasive 60

Exercise safe, activity-dependent BDNF
production

requires motivation and dedication 4, 5, 7

Intermittent fasting safe, activity-dependent BDNF
production; improves overall
health

requires motivation and discipline 4, 98, 99

Intellectual stimulation safe, activity-dependent BDNF
production

requires effort 51, 100
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