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It is well documented that physical activity can induce a number of various stimuli which are able to enhance the
strength and endurance performance of muscles. Moreoegular physical activity can preserve or delay the
appearance of several metabolic disorders in the humanBlgsical exercise is also known to enhance the mood and
cognitive functions of active people, although the physiological backgrounds of tfexts efmain uncleam recent

years, since the pioneering study in the past showed that physical activity increases the expression of the brain derived
neurothophic factor (BDNF) in the rat brain, a number of studies were undertaken in order to establish the link between
that neurothrophin and post-exercise enhancement of mood and cognitive functions in humans. It was recently
demonstrated that physical exercise can increase plasma and/or serum BDNF concentration in humans. It was also
reported that physical exercise or electrical stimulation can increase the BDNF expression in the skeletal muscles. In the
present revieywve report the current state of research concerning féaet ef a single bout of exercise and training on

the BDNF expression in the brain, in both the working muscles as well as on its concentrations in thebkand:
concluded that there may be potential benefits of the exercise-induced enhancement of the BDNF expression and release
in the brain as well as in the peripheral tissues, resulting in the improvement of the functioning of tladttmatyh

this efect, especially in humans, requires more research.

Key words:brain derived newthophic factarcognitive function, exeise, learning, mood, training

INTRODUCTION the benefits of regular physical activity has been presented in a
series of experiments showing the anti-inflammatory action of
It is well known that physical activity provides a number of physical exercise (for review see (9, 10)). It was demonstrated
various stimuli which are able to enhance both the metabolithat the moderate intensity of physical exercise can be an
and functional status of the human bodhysical training important factor in the prevention as well as in the healing of
within a relatively short period of time (weeks or months) isseveral metabolic disturbances of the human body (1,)8, 1
able to increase the expression of a number of genes involved Physical exercise is also known to enhance the mood and
in any enhancement of a physical capacity (1). Perhaps theognitive functions in humans (12-15), although the
most spectacular discovery concerning the adaptation of thphysiological backgrounds of thosefesfts remain uncleatn
body to physical training was presented by John Holloshp recent years there has been a growing interest in research
has shown that regular physical activity/training can induceconcerning the &ct of physical exercise and training on the
mitochondria biogenesis in skeletal muscles, leading to arfunctioning of the brain, with a special focus on ifeefon the
improvement of physical performance (2-#n increase in  brain derived neurotrophic factor (BDNF). Several of these
muscle mitochondria density enhances the metabolic stabilitgtudies showed that exercise induced an up-regulation of the
of the muscle during exercise and increases muscl8DNF in the hippocampus and might therefore play an
performance (5-7). important role in the enhancement of cognitive functions in
For a long period of time physical training was almosthumans (for review se€l6)).
exclusively associated with athletes and their preparation for top
sports events. Howeveduring the last few decades the amount The BDNFits isoforms and theireceptors
of studies concerning thefeé€t of physical activity/training and
its effects on the health status of healthy yet untrained people as BDNF is most abundant in the growth factor family (17-20).
well as of patients has substantially increased {Bgy were  This protein, to begin with, was purified from the brain of a pig
mainly focused on the fefct of training on the adaptation of the (21). The BDNF is widely expressed in the rodent brain, and is
cardiovasculathormonal and muscle systerife new vision of  especially abundant in the hippocampus, cerebral cortex,
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cerebellum, striatum and the amygdala (22, 23ecent study the efect of the BDNF release on physiological functions, it is
by Zhanget al.(24), showed an intense expression of the BDNFimportant to determine both the amount of proBDNF and the
in various parts of an adult monkey brain including: cerebraimature BDNF release from the neurons. Howgevelatively
cortex (layers 1l and 1V), hipocampus (granular cell layer), little data on the measurements of all the above mentioned
midbrain (substantia nigra), pons (abducent and facial nucleusBDNF isoforms has been reported sa far
medulla oblongata (hypoglossal nucleus, cuneate and gracile
nucleus) and thalamus and hypothalamus nuclei (arcuate) as walhe effect of exeise on the BDNF exgssion in asdents brain
as a moderate and mild expression in several other regions of the
brain (for an overviewseeTable 1in (24)). BDNF expression It was demonstrated that physical activity/training can
was also reported in various parts of the human brain, includingicrease BDNF gene expression in the brain (48-38g
the hippocampus, claustrum, amygdala, bed nucleus of the striaterest in this area of research was initiated by Nephe.
terminalis, septum and the nucleus of the solitary tract (25).  (48), who originally reported a significant positive correlation
It has been demonstrated that the BDNF plays a critical rol®etween the mean distance run on a running wheel and the
in the activity-dependent processes, including synaps@eRNA for BDNF in the hippocampus and caudal neocortex of
development and plasticity (26-28). It was reported that BDNFthe studied ratsThe authors concluded that physical activity
by actingvia the protein tyrosine kinase receptork®) (20, 29)  could increase the availability of BDNF to these cells by up-
regulates a number of processes including neuronal developmerggulating its expression in the hippocampus, and as a result it
and its functions (19, 30-32). BDNF is involved in memory was proposed that exercise induced the up-regulation of BDNF
formation, including learning and behavisynaptic plasticity = and could help to increase the brairésistance to damage and
synaptic dicacy and neuronal connectivjtglus it promotes the degeneration through BDN§'support of neuronal growth,
development of immature neurons and enhances the survival &iinction and survival (48). SubsequentMepper (49) have
adult neurons (19, 33, 34)ccording to Monteggiat al. (31) reported that the 2-7 nights of running resulted in a significant
the role of BDNF in the adult brain may befeient from that in ~ increase of mRNAor BDNF in the rat hippocampu3hese
the developing brain. It was demonstrated that the loss of BDNBriginal findings by Neppheet al. (48, 49) were confirmed by
selectively in the brain of adult mice resulted in impairedothers, who showed that, indeed, physical activity/training is
hippocampal function, whereas the loss of BDNF during theable to up-regulate the BDNF expression in animal brains. For
early stages of development contributed to hyperactivity as wekxample, Olif et al. (54) have found that the brain mRNA
as to the more severe impairments in hippocampal-dependeekpression in rats correlates with the distance run during
learning (31). voluntary activity Furthermore, the authors have reported that as
BDNF, similar to other neurothropins, is initially little as 6 hours of voluntary wheel running resulted in a
synthesized as a precursor (pro-BDNF with M#32 kDa),  significant up-regulation of the hippocampal BDNF mRNA
which is subsequently cleaved to generate the mature BDNExpression in rats, which remained elevated after 12 hours of
(mBDNF with MW of 14 kDa) (see, (35, 36Additionally, a voluntary running OIif et al. (54). RecentlyRassmusseet al.
third BDNF isoform with MWof 28 kDa was recognized as well (55) reported that a single bout of exercise resulted in the
(seeFig. 1in (35)). This BDNF isoform, known as truncated significant up-regulation of BDNF mRN#A the hippocampus
BDNF, is not further cleaved (37). It is well documented that theand cortex of a mouse, with a peak occurring at about 2 hours
mBDNF and the pro-BDNF are biologically active, whereas theafter finishing the treadmill exercise bout.
function of the truncated BDNF is still unknown. An interesting observation concerning the dynamics of the
BDNF exerts its biological &cts in the neural systewia changes in the BDNF protein levels in rats during the time
two types of receptor: the tyrosine kinase receptok)(B course of training and detraining was published by Bercletold
receptor and the pan-neurotropin receptor p75Ni¥y §for an al. (52). The authors reported that a daily exercise training
overview see (38)). It was demonstrated that pro-BDNF(voluntary running exercise performed on a running wheel)
preferentially interacts with the p¥v%, whereas mBDNF resulted in a significant increase in the BDNF protein level after
selectively binds and activates tfiekB (39, 40). In this way 14 days of training, which continued to rise until the end of the
various BDNF isoforms generate sometimes opposfextst training period ite. up to 90 days). Moreoveit remained
For example, it has been reported that the activation dffp75 significantly elevated (above the level found in the sedentary
by an endogenous pro-BDNF results in long term depressiomats) up to thet7day after finishing the daily training (s€&g.
(LTD) in the hippocampus (41, 42) and induces apoptosis if2A and3Ain (52)). The authors have also studied thfeef of
peripheral neurons (43), whereas activation of Tr&B the same kind of training performed on alternating days. It was
receptors by mBDNF is essential for long term potentiationfound that this training can also significantly increase the BDNF
(LTP) (44, 45) and regulates the neuronal development and ifotein level in the hippocampus of the rats, although this
functions (31). Moreoverit has been recently demonstrated increase is slower and it decays much faster when compared to
that the exogenous pro-BDNF suppresses synaptithe daily exercise training (sefeig. 2B and3B in Berchtoldet
transmission and structurally causes axonal retraction bwl. (52)). This data suggests that physical training can up-
activation presynaptic p™5 (46). These authors also showed regulate the BDNF protein level in the brain, but the most
that muscle stimulation induces a secretion of pro-BDNF beneficial seems to be when the daily training is performed for
which elicits either synaptic potentiation or depression,at least several months.
depending on whether it is proteolitically cleaved (46). For an  An interesting observation concerning the various types of
overview of the major intracellular signaling pathway activatedexercise: treadmill runnings. voluntary wheel running on
throughoutTrkB and p78™ receptors se€ig. 2in (38). It is cognitive functions was recently reported by ldt al. (53).
of interest how the two receptors communicates with eaciThese authors have demonstrated that although both moderate
other in order to provide optimal cell functioninbhis issue  treadmill running and wheel running up-regulated the BDNF-
has been recently reviewed by Reichardt (38) showing that th&rkB pathway in the hippocampus, both forms of the training
signaling pathways initiated thougfiirk receptors act at protocols exerted variedfetts in the diierent regions of the
several steps to suppress the major pro-apoptotic-signalinigrain and on its function3he authors concluded that féifent
pathway stimulated by pP®, to maintain a proper cell forms of exercise induced changes of the neuroplasticity in
functioning (see also (47)). For this reason, in order to evaluatdifferent brain regions and also exerted diversecef on
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various forms of learning and memofhhis efect should be polymorphism in the BDNF gene may be one factor that
taken into consideration when interpreting tfecetfof exercise  influences the natural response of the brain to injury and disease.

on brain plasticity and its functioning. Moreover it was reported that théalfsMet polymorphism may
play a key role in the genetic predisposition to anxiety and
Exercise-induced BDNF and learning benefits depressive disorders (Chenal (78)).These observations were

further developed by Solimaat al. (79), who demonstrated that

It was postulated by Figuroet al. (45) that BDNF may variant BDNF alleles may play a role in anxiety disorders,
regulate TP in the developing hippocampus as well as the adulshowing an impaired learning of the cues that signal safety
hippocampus by enhancing synaptic responses to tetaniersus threat and in thefiehcy of treatments that rely on the
stimulation.The authors demonstrated that BDNF promoted theextinction mechanism, such as exposure therapgording to
induction of ITP by tetanic stimulation in young hippocampal Ninanet al.(80) the BDNFValt*Met polymorphism has a direct
slices, which with their absence of BDNF showed only short-effect on NMDAreceptor transmission, which may account for
term potentiation (STP) (45)he LTPis considered to be a form the changes in the synaptic plasticity in the hippocampus.
of synaptic plasticity involved in long-term memory formation These studies clearly demonstrate that the disturbances in
(56, 57).The importance of BDNF inTP was also reported by the BDNF structure, such as tel*®Met polymorphism, décts
others (see.g.(32, 58-61)) Additional evidence for the role of memory and learning and that it might also be involved in the
BDNF in the cognitive function of the brain comes from the studyorigin of several neurological and psychiatric conditions (77).
by Alonso et al. (62), which shows that an intrahippocampal
administration of recombinant human BDNF facilitated long- Plasma and/or seim BDNF level in healthy humans
term memory (ICM) formation in the rat brain (62), whereas
bilateral infusion of the function-blocking anti-BDNF antibody in It was originally demonstrated by Rosenfetdal. (81), that
to the CA1 region of the dorsal hippocampus impair@¥1L the BDNF can be detected in both the human serum and in the
retention scores in rats. Lex al. (63) have shown that the plasma, besides its concentration in the serum is more than 200-
process of memory consolidation in rats is strictly dependentold higher than in the plasma. Currentyased on a lger
upon the presence of BDNF in the hypothalamus. It was alseample of subjects, it is well established that the serum BDNF
recently postulated that plasma BDNF concentration can beoncentration [BDNF]Jin healthy humans is higher by about
considered as a biomarker of memory and general cognitivé00-fold than in plasma [BDNF{82, 83). Most of the BDNF
function in women (64). circulating with the blood is stored in the platelets (84, 85).

Since physical activity is able to up-regulate the BDNF Therefore, a close correlation exists between the count of the
expression in the rat hippocampus (48-50), it was postulated thatatelets and the serum BDNF concentration in humans (82).
this increase may play an important role in the cognitiveThe circulating BDNF is produced by a number of peripheral
functions, including learning and memory (65). Indeed, thenon-neuronal tissues, including vascular human endothelial cells
exercise-induced up-regulation of BDNF in the hypothalamug86-89),T cells, B cells and monocytes (98Hdditionally, it was
was related to an improvement of cognitive function, includingshown that BDNF mRNARN the skeletal muscles of rodents
memory in rodents (51, 66, 67), whereas the inhibition or down-increases in response to contraction (65, Pi¢.recent study by
regulation of BDNF ofTrkB impaired memory formation (67- Matthews et al. (92), confirmed the previous observations
70). This data suggests that, indeed, regular physical activitghowing that skeletal muscles can indeed produce BDNF
might potentiate the cognitive functiovisi the exercise-induced although in the light of their study the muscle-produced BDNF
up-regulation of the hippocampus BDNF (32, 53, 71). It wasis not released into the circulation and cannot therefore account
also recently reported that the training-induced BDNFfor its changes in serum or plasma.
expression in the peripheral cortex of exercising rats was According to Fujimuraet al. (85), the platelets can bind,
strongly correlated with object recognition memory (72jis is store and release BDNF upon activation at the site of traumatic
the first evidence whereby the changes in the BDNF level arejury in order to facilitate the repair of peripheral nerves or
associated with the voluntary exercise-induced improvement imther tissues that contaifrkB. Moreover these authors (85)
non-spatial memorywhich is itself mediated by structures question the role of platelets produced by the circulating BDNF

outside the hippocampus (72). Rojas Vegaet al. (93), and have recently postulated that the
elevated serum BDNF concentrations might be beneficial for
BDNF polimorphism improving recovery after spinal cord injurjHowever the

contribution of varied sites where BDNF is periphally produced

Additional evidence for the importance of BDNF in learning is not established yeAccording to Nakahastgt al. (87) the
and cognitive functions in humans is provided by recent studieendothelial cells may significantly contribiute to circulating
(73), initiated by Egaret al. (74), who have found that the BDNF. It was demonstrated that BDNF can cross the blood-
presence of th&al®Met BDNF polymorphism in humans (a brain barrier (94, 95) in both directions. from the brain to the
methionine (Met) substitution for valine g at codon 66), periphery and from the periphery to the brain (9%,the high
found in one or in both alleles in approximately 30% of peoplecapacity saturable transporter system (95). Furthermore, it was
(73), was associated with poorer episodic memory and abnormaéported that the BDNF level in the brain correlates with the
hippocampal activation. Further studies by this group (75)serum BDNF concentration (96), therefore it has been suggested
provided additional evidence for the importance of the BDNFthat the blood level of the BDNF may reflect the brain level and
ValtéMet polymorphism in memory performance. Subsequgentlyvice-versaAccording to Lommatzclet al. (82), the changes in
Kleim et al. (76) reported that the subjects lacking the BDNF [BDNF], are reflecting its changes in the braih.should be
Val®Met polymorphism showed an expansion of the motor mapmentioned, howevethat some authors (42, 97) challenged the
with training, whereas subjects with the BDNRl**Met finding of Poduslao and Curran (94) and of Baal.(95) where
polymorphism in one or both alleles showed only a little of suchthe exchange of BDNF between the brain tissue and blood is
plasticity Cheeraret al.(77) recently found that the response of concerned. It was recently reported that during physical exercise
healthy subjects to three fdifent plasticity-inducing protocols the increase in the [BDNfg¢oncentration in humans was due to
in the motor cortex is associated with the polymorphism of thean enhanced release of BDNF from the brain (B5¢se authors
BDNF gene that they carriccording to Cheeraet al.(77), the  have shown that in humans, both at rest and during exercise, the
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brain contributed to 70-80% of the circulating BON¥ile the  correlated with the worst ANSS negative and positive
other contribution decreased following 1 hour of recavery symptoms and with the poorer neurocognitive performance (see
According to Rasmusseat al (55), the brain is a major but not Carlinoet al. (115)).

sole contributor to the circulation of BDNF both at rest and

during exerciseThis is an important new observation, although BDNF and type 2 diabetes mellitus

the magnitude of the contribution of the brain to peripheral

BDNF concentration, as reported by Rasmusseml. (55), It was shown that serum BDNF concentrations in type 2
should be considered with caution, since the contribution fromdiabetes mellitus (T2DM) patients are significantly lower than in
other peripheral sources of BDNF release during exercise, suaton-diabetic controls (B, 117). Opposite results were reported
as the platelets, vascular endothelial cells, smooth muscle cellsy Suwaet al. (118), showing that serum BDNF levels in newly

and other cells, requires more research. diagnosed female patients witl2DM were significantly higher
than those in the control subjectecording to Hristoweet al.
Plasma and/or serm BDNF level in mental disters (119), elevated plasma and/or serum BDNF concentration may be

an early marker of pathological metabolic changes in the kody

Since BDNF plays a critical role in the functioning of the the other hand, it was recently reported that 6 weeks of endurance
brain (19, 28, 31), some studies have attempted to relate theining has induced an improvement in the physical capacity of
BDNF with major mental disorders: depression (98, 99) anchumans, involving an increase in maximal oxygen uptake
schizophrenia (100)A number of studies were undertaken to (VO,ns), an increase in the power generating capability at the
assess the levels of BDNF in plasma [BDN#d/or in serum VO, a decrease in lipid peroxidation, and that a slight decrease
[BDNFIin patients with depression or schizophrenia. Moreoverin insulin resistance was accompanied by a significant increase in
Komulainenet al.(64) have recently reported that plasma BDNF basal as well as the exercise induced plasma BDNF concentrations
is a biomarker of impaired memory and general cognitivein young healthy men (120). Furthermore, it was reported that the

function in ageing women. administration of BDNF to diabetic mice improved glucose (121-
123) and lipid metabolism (124)hese recent findings suggest
Depression that an elevated serum and/or plasma BDNF concentration in

healthy individuals may have opposite meaning than in patients

It was reported that the basal [BDN#] untreated patients with metabolic disorders (seel@®, 120, 125, 126Additionally,
suffering from major depressive disorders is significantly lowerthe systematic study of the changes in serum BDNF in patients at
than in control subjects (101-105Additionally, low plasma various stages of tf2DM are needed in order to establish its role
BDNF was reported to be associated with suicidal behavior irn the origin of this metabolic disorder
depressed patients (Kirat al. (104)). Interestingly it was
reported that 8-12 weeks of treatment with antidepressant drughe effect of a single bout of physical eis and training on
resulted in a significant increase in serum BDNF concentrationhe plasma or seim BDNF concentrations in humans
in the studied patients (102, 103, 105). It was also recently

shown that the basal [BDNFh patients sdéring from post- It was reported that a single bout of physical exercise can
traumatic stress disorder was significantly lower than in thancrease the plasma or serum BDNF concentrations in healthy
healthy subjects (106). humans. It was originally demonstrated by Getl@l.(127) that

a single session of prolonged exercise (30 minutes cycling at
Schizopenia 60% VO,max), resulted in a significant increase in the serum

BDNF concentration both in healthy individuals as well as in

A large body of data concerning the serum [BDNKs multiple sclerosis patients. Subsequernitlythe study byRojas
collected from schizophrenic patients, although the gimgr Vegaet al. (128), it was shown that a single bout of maximal
picture is not cleawWhile most of the studies showed a lower incremental exercise resulted in a significant increase in the
[BDNF], or [BDNF]s concentrations in patients with serum BDNF in recreational athletes, whereas 10 minutes of
schizophrenia, when compared to healthy controls (10J;1 moderate aerobic cycling was not faiént to increase the
but some research 11, 112) reported similar [BDNF]or serum BDNF concentration above the pre-exercise |@es
[BDNF]s concentrations in both groups. Occasionallyen  finding is in accordance with the study by Feetsal. (129),
higher than normal levels of [BDNFvhere observed in which shows that the magnitude of the increase in the serum
schizophrenic patien(d13, 114). Some of the dérences in the BDNF concentration during exercise is dependent on the
[BDNF]; levels in schizophrenic patients found in felient intensity of the exerciséA significant increase in the serum
studies might be due to the various stages and the level &DNF concentration in young healthy men has also been
severity of the illness besides the treatment methodology reported bywinter et al.(130), after very high intensity running

Some interesting observations concerning the [BRNF]for a small duration (2 runs until exhaustion, lasting 3 minutes
levels in schizophrenic patients were recently reported byach, with 2 minutes break). Similarlanget al.(131) reported
Carlino et al. (115). These authors measured both the totala significant increase in the serum BDNF concentration in young
BDNF levels (as in most of the above mentioned studies) as wedind healthy men after short term high intensity of 15 minutes
as three BDNF isoforms (pro-BDIN&uncated BDNF and mat- step-exercise. No &fct of a single bout of maximal incremental
BDNF) levels in serumThe total BDNF concentration in the cycling exercise - (up t¥Ounay lasting about 30 minutes), on
studied schizophrenic patients was slightly lower than in thehe plasma BDNF concentration was found in young healthy
control group, although the most interesting findings of thismen (120). Recently it was reported that a prolonged - 4 hours
study were the clear di#rences in the pro-BDNRruncated rowing exercise resulted in a significant increase in the plasma
BDNF and the mat-BDNF isoforms in patiems. the control ~ BDNF concentration in humans (58dditionally, Yarrowet al
group. Namely the serum pro-BDNF and mat-BDNF (132) have reported that a single session of resistance exercise
concentrations were significantly higher in schizophrenicresulted in a significant increase in the serum BDNF
patients, whereas the level of the truncated BDNF isoform wasoncentration in young and healthy men.
significantly lower in the schizophrenic patients. Morepties Regarding the &ct of physical training on the basal and
reduced levels of the serum truncated BDNF / total BDNF raticexercise-induced changes of plasma or serum BDNF
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concentrations, the picture is more complex. Both tfexsfof  pharmacological treatment with antidepressant drugs, is able to
the endurance as well as the strength training program in a varimhhance the level of plasma and/or serum BDNF
groups of subjects on the basal and exercise induced plasmaancentrations in humans. Howeyethe physiological
serum BDNF concentrations were evaluated. Firstly consideringmportance of the training-induced changes in plasma and/or
the efects of endurance training on the basal and the exercisserum BDNF concentrations in humans remains to be
induced plasma or serum BDNF concentrations, Scaulal. established. Further studies are required to determinefédw ef
(133), who studied the fetct of 8-week aerobic bicycle training of a single bout of exercise and training on the three BDNF
on the serum BDNF concentration in patients with multipleisoforms (pro-BDNFtruncated BDNF and mat-BDNF) levels
sclerosis, found no fefct of the training on the basal as well asin serum, especially in relation to the mental state and
the exercise-induced serum BDNF concentration. Simijlarly cognitive performances in humans.
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