Evidence for a release of BDNF from the brain during exercise
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Abstract
Brain derived neurotrophic factor (BDNF) has an important role in regulating maintenance, growth
and survival of neurons. However, the main source of circulating BDNF in response to exercise is
unknown. To identify whether the brain is a source of BDNF during exercise, eight volunteers
rowed for 4 hours while simultaneous blood samples were obtained from the radial artery and the
internal jugular vein. To further identify putative cerebral region(s) responsible for BDNF release,
mouse brains were dissected and analyzed for BDNF mRNA expression following treadmill
exercise. In humans, a BDNF release from the brain was observed at rest (P < 0.05) and it increased
2-3 fold during exercise (P < 0.05). Both at rest and during exercise, the brain contributed 70%-80%
of circulating BDNF, while that contribution decreased following 1 hour of recovery. In mice,
exercise induced a 3-5 fold increase in BDNF mRNA expression in the hippocampus and cortex,
peaking 2 hours after the termination of exercise. These results suggest that the brain is a major but
not sole contributor to circulating BDNF. Moreover, the importance of the cortex and hippocampus
as a source for plasma BDNF becomes even more prominent during exercise.
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Introduction
Brain derived neurotrophic factor (BDNF) is a key protein in regulating maintenance,
growth and even survival of neurons (Mattson et al., 2004). BDNF also influences learning and
memory (Tyler et al., 2002) and brain tissue from patients with Alzheimer and clinical depression
exhibit low expression of BDNF (Karege et al., 2002;Connor et al., 1997). BDNF has also been
identified as a key component of the hypothalamic pathway that controls body weight and energy
homeostasis (Wisse & Schwartz, 2003). Obese phenotypes are found in BDNF-heterozygous mice
and are associated with hyperphagia, hyperleptinemia, hyperinsulinemia and hyperglycemia (Lyons
et al., 1999). In addition, BDNF reduces food intake and lowers blood glucose in diabetic mice
(Nakagawa et al., 2000). In humans, similar symptoms are associated with the functional loss of
one copy of the BDNF gene and with a mutation in the BDNF receptor Ntrk2 gene (Gray et al.,
2006;Yeo et al., 2004).
Physically and socially more complex housing leads to increased neurogenesis,
improved learning and less weight gain in rats (Young et al., 1999;Cao et al., 2004) associated with
consistent up-regulation in BDNF expression and a direct role for BDNF has recently been reported
(Cao et al., 2009). A better understanding of therapeutic actions aimed at increasing BDNF levels,
such as exercise (Neeper et al., 1995) is of clinical relevance. It is well-known that BDNF synthesis
is centrally-mediated and activity-dependent (Johnson & Mitchell, 2003) and that exercise enhances
BDNF transcription in the brain (Oliff et al., 1998). In addition, exercise induces brain uptake of
insulin-growth factor 1, which is a prerequisite for the elevation in BDNF mRNA expression (Carro
et al., 2000). However, the regions within the brain responsible for the production of BDNF are not
known. Physical exercise increases circulating BDNF levels in healthy humans (Ferris et al.,
2007;Vega et al., 2006;Gold et al., 2003) although the origin is unclear. We have recently identified
BDNF as being a novel contraction-induced muscle cell derived protein that activates and increases
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fat oxidation in skeletal muscle in an AMPK dependent fashion (Matthews et al., 2009). Although
BDNF was robustly up-regulated in contracting muscle fibres, muscles are not a source of
circulating BDNF. Thus, the main source of circulating BDNF at rest and in response to exercise
has not been defined.
Tang et al. (2008) proposed that platelets can explain that serum BDNF is increased
in response to exercise. However, BDNF is also increased in plasma samples, suggesting that
BDNF might originate from several other cell sources. We previously demonstrated cerebral output
of BDNF in resting healthy humans (Krabbe et al., 2007). Alterations in plasma BDNF levels
could therefore reflect variation in the release of BDNF from the brain (Lommatzsch et al., 2005).
However, the contribution of the brain to the level of BDNF present in the internal jugular vein in
humans during exercise is unknown. While the increase in serum BDNF depends on exercise
intensity (Ferris et al., 2007), it is unclear whether exercise duration influences BDNF levels.
The aim of this study was to evaluate the contribution of the human brain to plasma
BDNF at rest and during prolonged whole body exercise through the measurement of arterial-tointernal jugular venous difference (a-v diff). To further identify the cerebral region(s) responsible
for BDNF release and examine the time pattern of exercise-induced BDNF expression, mice brains
were dissected and analyzed for BDNF mRNA expression following treadmill exercise. We
hypothesized that the release of BDNF from the human brain would progressively increase
throughout the exercise.

Methods
Human study
Eight males aged 22-40 years participated in the study (height 1.88 ± 0.08 m, body
mass 84 ± 9 kg and maximal oxygen uptake (4.8 ± 0.5 l min-1, mean ± SD). The subjects provided
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informed consent to the study as approved by the Ethics Committee of Copenhagen and
Frederiksberg according to the principles established in the Declaration of Helsinki. Each
participant visited the laboratory on two occasions. On day 1, the subjects performed incremental
exercise to exhaustion on a wind braked rowing ergometer (Concept II, Morrisville, VT, USA) to
determine the workload associated with the lactate threshold, defined as the first inflection in the
relation between blood lactate and exercise intensity. The subjects were instructed to eat a regular
breakfast on the day of the main study. On day two, following 30 min of supine rest, subjects
performed a 4-hour bout of ergometer rowing corresponding to a workload 10-15% below the
lactate threshold (Hart et al., 2006) to evaluate the influence of exercise duration on BDNF
concentration. We did not consider the exercise mode of importance as we did not have any a priori
indications that exercise modality would impact BDNF response as long as the subjects are familiar
with the activity. Subjects were encouraged to row as far as possible while maintaining a steady
pace.
On the day of the main study, a catheter was, under local anesthesia (2%, lidocain),
placed retrograde with Seldinger technique in the right internal jugular vein (1.6 mm, 14 gauge; ES04706, Arrow International, PA) guided by an ultrasound image and advanced to the bulb of the
vein. Arterial blood was drawn from a catheter in the radial artery (1.1 mm, 20 gauge) of the nondominant arm. Blood was sampled after 30 min of rest prior to the exercise bout and after 2 and 4
hours of rowing as well as after 1 hour of recovery in the supine position.
Blood was analysed for oxygen, carbon dioxide, glucose and lactate content (ABL
725, Radiometer, Denmark) and heart rate (HR) was recorded on a wrist band monitor (Polar
Electro OY, Kempele, Finland). For determination of plasma BDNF, blood samples were drawn
into glass tubes containing EDTA, which were immediately spun at 2,600 g for 15 min at 4° C.
Plasma was isolated, re-spun at 10,000 g for 10 min at 4° C, re-isolated for complete platelet
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removal, and stored at −80°C until analysed. We used ELISA (R&D Systems, Minneapolis, MN,
USA) to measure plasma concentrations of BDNF. The ELISA was specific for BDNF. Samples
were analysed in duplicate and mean concentrations were calculated. Two measurements with
arterial BNDF values >200 pg ml-1 at rest was excluded from the analysis as the values lay well
outside the mean and 3 SD range compared to the remaining subjects of the group. The cerebral
fractional release (fBDNF) of BDNF was calculated as v-a diff/venous concentration.
Animal study
Forty mice were divided into five groups of 8 mice each. All animals were
acclimatized to the treadmill by 10 min of running on three separate days with the last session being
held 48 hours before the experiment. One group of mice (pre) did not run acutely and served as
controls. The other mice exercised for two hours on a treadmill (18 m/min, 10% slope) until
exhaustion and were sacrificed by cervical dislocation either immediately after exercise (0 hour), or
after 2 hours, 6 hours or 24 hours of recovery. The brains were dissected immediately and
cerebellum, hippocampus and the remaining parts of the brain were separated and quickly frozen in
liquid nitrogen for mRNA analysis. One mouse in the 24 hours group had to be taken out of the
experiment and accordingly, 7 mice were available for analysis in that group.
All mice were kept at a 12 hours:12 hours light-dark cycle and received standard
rodent chow (Altromin nr. 1324, Chr. Pedersen, Ringsted, Denmark). Experiments were approved
by the Danish Animal Experimental Inspectorate and complied with the European convention for
the protection of vertebrate animals used for experiments and other scientific purposes (council of
Europe, No 123, Strasbourg, France, 1985).

RNA isolation. RT and PCR
RNA isolation was performed on cerebellum, hippocampus and remaining brain
(mainly cortex) using a guanidinium thiocyanate-phenol-choloroform method modified from
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Chomczynski & Sacchi (Chomczynski & Sacchi, 2006) as described previously (Pilegaard et al.,
2000). Reverse transcription (RT) was performed using the superscript II RNase H-system
(Invitrogen, Carlsbad,CA, USA) as previously described (Pilegaard et al., 2000). The amount of
single-stranded DNA (ssDNA) was determined in the RT samples using the OliGreen reagent
(Molecular Probes, The Netherlands) as previously described (Lundby et al., 2005). The BDNF
mRNA content was determined by fluorescence-based real-time PCR (ABI PRISM 7900 Sequence
Detection System, Applied Biosystems, CA, USA). Forward (FP) and reverse (RP) primers and
TaqMan probe were designed from mouse specific sequence data (Ensembl, Sanger Institute) using
computer software (Primer Express, Applied Biosystems). The oligo sequences used to amplify a
fragment of the BDNF mRNA were forward primer: 5’ GGACAGCAAAGCCACAATGTTC 3’ ;
reverse primer: 5’ TCCGTGGACGTTTACTTCTTTCAT 3’ and TaqMan probe: 5’
CGGTTGCATGAAGGCGGCG 3’. The probe was 5’ 6-carboxyfluorescein (FAM) and 3’ 6carboxy-N,N,N',N'-tetramethylrhodamine (TAMRA) labelled. Prior optimization was conducted
determining optimal primer concentrations, probe concentration and verifying the efficiency of the
amplification. PCR amplification was performed (in triplicates) in a total reaction volume of 10 µl
and the Ct values were converted to a relative amount using the standard curve (Lundby et al.,
2005). The BDNF mRNA content was normalised to the total single-stranded DNA (ssDNA)
content in each sample and this BDNF mRNA /ssDNA ratio is presented.

Statistical analysis
The effect of time was evaluated by using a one-way ANOVA with repeated measures
in the human experiment and a one-way ANOVA in the mouse study (proc mixed, SAS 9.1, SAS
Institute Inc., Cary, NC). Following a significant F-test, Student Neuman Keuls post hoc test was
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used for multiple comparisons and statistical significance was accepted at P < 0.05. Values are
expressed as mean ± standard deviation, except in the figures where error bars indicate SEM.

Results
Human experiment
All volunteers completed 4 hours ergometer rowing, however, one subject had to
reduce pace after 3 hours and 15 min of rowing to be able to complete the bout. Mean work rate and
HR were 160 ± 38 W min-1 and 143 ± 8 beats min-1, respectively, and the subjects rowed 51.1 ± 8.3
km. No changes were observed in arterial hemoglobin oxygen saturation (SaO2; Table 1). Rowing
exercise caused a marked impact on cerebral hemodynamics. Internal jugular venous hemoglobin
oxygen saturation (SjvO2) decreased after 4 hours of exercise compared with rest and the decrease
became statistically significant (P < 0.05). Similarly, arterial carbon dioxide tension (PaCO2)
decreased throughout rowing to 4.5 ± 0.5 kPa after 4 hours but the resting PaCO2 (5.0 ± 0.3 kPa)
was restored after 1 hour of recovery. During the experiment arterial glucose was relatively stable
ranging from 6.3 ± 0.9 mmol l-1 at rest to 5.3 ± 0.9 mmol l-1 after 1 hour of recovery. No changes in
arterial lactate concentration were observed.
Arterial BDNF increased during rowing (P < 0.05; Fig. 1). The internal jugular venous
BDNF concentration increased from 442 ± 272 pg ml-1 at rest to 1172 ± 968 pg ml-1 after 4 hours of
exercise (P < 0.05) and returned to the resting level after 1 hour of recovery (P < 0.05). At rest,
there was BDNF release from the brain with the a-v diff being -347 ± 316 pg ml-1 and this release
increased with exercise (-902 ± 876 pg ml-1, P < 0.05). After 1 hour of recovery, the release of
BDNF from the brain returned to resting levels. The fBDNF was 72 ± 32% at rest and 84 ± 8% during
exercise, without reaching statistical significance. In the recovery period, the fBDNF decreased to 35
± 44% (P < 0.05 vs. rest).
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Mouse experiment
At rest, the level of BDNF mRNA was 2 fold higher (P<0.05) in cortex than in the
hippocampus and approximately 3 fold higher (P<0.05) in hippocampus than in cerebellum. In
response to 2 hours of treadmill exercise, the expression of BDNF mRNA was increased in
hippocampus and cortex, but not the cerebellum (Fig. 2). The BDNF mRNA expression peaked
both in hippocampus and cortex at 2 hours of recovery from exercise with levels 3-5 fold higher
(P<0.05) than in control mice.

Discussion
The present results suggest that the brain has a significant BDNF production both at
rest and during prolonged exercise, and that it may be a major source for increased plasma BDNF
during exercise in healthy subjects. These observations are supported by BDNF mRNA present in
all three examined brain parts in the mouse and an exercise-induced increase in BDNF mRNA
expression in mouse hippocampus and cortex in response to a single exercise bout. The peak in
mRNA expression extended into recovery suggesting that exercise-induced BDNF gene regulation
within the brain occurs into the recovery phase.
At rest, BDNF is released into the internal jugular vein suggesting that the brain
delivers BDNF to the circulation (Krabbe et al., 2007). The present findings confirm the presence of
a cerebral output of BDNF at rest in trained subjects. Because BDNF can cross the blood-brain
barrier in both directions (Pan et al., 1998;Poduslo & Curran, 1996), it is of interest to discern the
contribution of the brain to the internal jugular venous concentration of BDNF at rest and during
exercise. The finding that almost 3/4 of the BDNF present in the venous circulation originated from
brain structures suggests that brain tissue is the main contributor to the circulating BDNF. However,
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other possible explanations for the release exist. BDNF is released from the cerebral vascular
endothelium following hypoxic stress (Guo et al., 2008;Wang et al., 2006). While such stress may
not be present at rest, exercise could result in cerebral hypoxic stress since cerebral oxygen tension
decreases during strenuous exercise (Nybo & Rasmussen, 2007). It remains to be determined from
which cells the mRNA induction originates. Cerebral blood volume is reported to be less than 5%
(Ito et al., 2005). Thus, the bulk of the cells in the central nervous system are not vascular
endothelium cells. It is therefore most likely that the mRNA increase occurs in tissues outside the
vascular endothelium. BDNF may also be released from activated platelets in the cerebral
circulation as suggested in conditions such as sleep apnea treatment (Staats et al., 2005). BDNF
platelet content represents the vast majority of BDNF in circulating blood and the increase in a-v
diff across the brain for BDNF during exercise could originate from activation of platelets
transitioning through the cerebral vasculature. Conversely, the increase in brain BDNF mRNA
expression is in accordance with findings by Neeper et al. (1995) and that BDNF found in the
internal jugular vein originates from brain structures such as the hippocampus or the cortex.
Contribution from other sources, however, cannot be excluded.
There was a dramatic reduction of BDNF concentration from the jugular vein to the
radial artery. The fate, however, of the BDNF in the periphery remains unclear. BDNF enhances
lipid oxidation in the muscles (Matthews et al., 2009) and it could thus be speculated that the
muscles take BDNF up. However, clearance of BDNF by the liver as well as simple dilution cannot
be ruled out.
In response to prolonged exercise, the contribution from the human brain to BDNF in
the circulation was larger than at rest. The transient increase in BDNF plasma concentration in
response to prolonged exercise confirms that a single exercise bout changes plasma BDNF
concentrations (Vega et al., 2006;Gold et al., 2003). The internal jugular venous BDNF
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concentration increased by 2-3 folds after 4 hours of exercise. The brain did not increase its BDNF
release after 2 hours but only after 4 hours of exercise, suggesting that, at this specific exercise
intensity, more than 2 hours is needed to increase the cerebral BDNF release. This observation
emphasizes the importance of the prolonged nature of this specific exercise stimulus. Accordingly,
exercise duration seems to influence circulating BDNF in addition to exercise intensity (Ferris et
al., 2007). We speculate that the volume of exercise could be the trigger to increase BDNF release
or that BDNF is released as exercise becomes strenuous and several of the subjects reported high
perceived exertion towards the end of the rowing bout. The reduction in f BDNF during recovery
might reflect that while the brain transiently increases the release of BDNF in response to exercise,
plasma BDNF levels return to resting concentration during recovery through a reduction of BDNF
release by the brain. While hyperglycemia attenuates BDNF release (Krabbe et al., 2007), the
release of BDNF by the brain in the present study was not an effect of exercise-induced
hypoglycemia but exercise per se as the release of BDNF returned to baseline after 1 hour of
recovery where blood glucose was the lowest.
The levels of BDNF mRNA in the various brain parts and the transient up-regulation
of BDNF mRNA expression in mouse hippocampus and cortex, but not cerebellum, in response to
exercise emphasises the likely importance of specific parts of the brain as a source of BDNF at rest
as well as during and after exercise. Surprisingly, as the cerebellum is involved in motor tasks,
BDNF mRNA was not up-regulated in the cerebellum following exercise. Complex motor learning
and moderate exercise produce different effects on the expression of BDNF (Klintsova et al., 2004).
It may be that the synthesis of BDNF is part of the adaptation to a new stimulus, such as exercising
to exhaustion or coping with a new or stressful environment e.g. the exercise laboratory. Since both
running and rowing are relatively simple motor tasks once they have been learned, the cerebellum
may not have been heavily activated. The cerebellum may thus not have been activated to the same
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level as the hippocampus and cortex and that a threshold needs to be passed before exhibiting an
increase in BDNF mRNA. Given the involvement of the hippocampus and cortex in memory and
cognition, sensation of exertion may be part of the signal for BDNF mRNA increase rather than the
motor task itself. We may hypothesize a link between the metabolic challenges imposed by
strenuous exercise on the brain (Nybo & Rasmussen, 2007;Dalsgaard, 2006) and BDNF production.
Unfortunately, we did not systematically evaluate perceived exertion. Further studies should
evaluate if a relation exists between perceived exertion and BDNF release from the brain.
Moreover, the observation that the mRNA expression in the mouse brain peaked 2 hours after the
end of exercise, whereas the release of BDNF from the human brain peaked during the exercise
period may indicate that exercise elicits multiple roles of BDNF exerted at different times, although
species differences may exist. We suggest that the increase in circulating BDNF in humans engaged
in prolonged, strenuous exercise originates from the brain. Our results from exercising mice to
exhaustion support cerebral contribution to circulating BDNF. We do, however, acknowledge that
comparison of the exercise intensity and duration may be troublesome between humans and mice
and this may explain the different time courses by the two responses. We can, though, state that
both protocols introduced a significant BDNF response. The findings in mouse brain, however,
suggest that a likely increased protective role of BDNF within the brain in response to exercise
mainly occurs in the recovery phase. Rather, repeated bouts of exercise may well be needed for
detectable BDNF protein changes to be evident. Thus, training-induced elevated BDNF mRNA
levels are suggested to derive from cumulative effects of transient increases after each exercise bout
eventually leading to elevated protein levels. Still, it is likely that the increased BDNF levels
detected in the internal jugular vein from the human subjects after exercise comes from a release of
BDNF by the brain and not by other blood-borne sources. In this context, up-regulation of BDNF
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mRNA in the recovery may serve as a super-compensatory adaptation to the increased demand for
BDNF release by the brain during and after exercise.

Limitations
Healthy trained males were considered and the generalisation of the present results
might be limited to this population. However, the aim of this study was to identify whether the brain
is a source of BDNF during exercise in humans. Estrogen is known to regulate the expression of
BDNF (Sohrabji & Lewis, 2006) but plasma BDNF levels has been shown to be similar between
sexes in healthy adults (Lommatzsch et al., 2005). However, women displayed significantly lower
platelet BDNF levels than men in that study. Accordingly, a difference in BDNF release from the
brain between sexes cannot be ruled out and limit the generalization of this study. Thus, to avoid
potential sex hormonal effects on BDNF expression and/or release, we chose only to include male
subjects in the present study. There was also some inter-individual variance in BDNF a-v diff. Two
subgroups may be differentiated maybe because the superior sagital sinus drains into the right
internal jugular vein in only approximately 50% of individuals (Ferrier et al., 1993;Lambert et al.,
2000;Lambert et al., 1991) and whether BDNF overflow is markedly different between cortical and
subcortical brain regions is not known. Given that BDNF mRNA expression increased in cortex, it
may be that for some subjects the a-v diff. for BDNF could have been even larger than observed
had the contra-lateral jugular vein been catheterized. Also, no significant elevation in arterial BDNF
was present after 4 h of exercise. However, when the two subjects with outlying resting BDNF
levels were excluded from analysis, the increase in arterial BDNF became significant. As the
exercise-induced increase in systemic BDNF depends of its resting levels and that BDNF
concentration is influenced by acute exercise (Ferris et al., 2007), it may be speculated that some of
the variability in the resting BDNF levels may be due to subjects having performed some physical
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activity before reporting to the laboratory, e.g. commuting by cycling. We did not evaluate the
general activity level performed by the subjects. We included active rowers and they must be
assumed to be above average physically active subjects. Accordingly, fitness level may have
influenced our results but the main goal was to verify whether the brain is a source of BDNF during
exercise, rather than evaluating the impact of fitness level on BDNF response to exercise. We did
not measure cerebral blood flow and it could be speculated that the changes in the BDNF a-v diff
was related to changes in cerebral blood flow. However, the changes in CBF were moderate when
gauged from SjvO2 or PaCO2 (Table 1) and are unlikely to account for the 2-5 folds increase in the
BDNF a-v diff. Furthermore, when measuring a-v diff, it is not possible to discriminate whether the
neurons, glia cells or the cerebrovascular endothelium produce BDNF. However, exercise is
associated with an elevation of BDNF mRNA in the hippocampus and cerebral cortex in mice.
Therefore, the brain is the likely main source of systemic BDNF during prolonged exercise. Since
we did not measure the contribution of platelets or other peripheral sources of BDNF, the
importance of the brain as a source of BDNF might be overestimated relative to peripheral sources
in the blood circulation draining the brain. The platelets were spun down and thus removed from the
surfactant and thereby the analysis. The fBDNF does not take recirculation of BDNF into account and
the brain could thus contribute to a larger proportion of BDNF than illustrated by fBDNF.
In conclusion, the human and mice data suggest that BDNF mRNA expression peaks
in recovery after exercise, while an increased release occurs during exercise. We suggest that BDNF
gene regulation during recovery from exercise serves as the basis for cumulative effects of repeated
exercise bouts eventually leading to detectable increases in BDNF protein content and
concomitantly increased potential for BDNF release and neuroprotection in specific brain parts.

14
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

Funding
This work was supported by Centre of Inflammation and Metabolism and the
Copenhagen Muscle Research Centre. This study was further supported by the Danish Medical
Research Council, the Commission of the European Communities (contract no. LSHM-CT-2004005272 EXGENESIS) and the Lundbeck Foundation. Patrice Brassard is the recipient of a
postdoctoral fellowship from the Fonds de la recherche en santé du Québec (FRSQ).

15
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

References

Cao L, Jiao X, Zuzga DS, Liu Y, Fong DM, Young D, & During MJ (2004). VEGF links
hippocampal activity with neurogenesis, learning and memory. Nat Genet 36, 827-835.
Cao L, Lin EJ, Cahill MC, Wang C, Liu X, & During MJ (2009). Molecular therapy of obesity and
diabetes by a physiological autoregulatory approach. Nat Med 15, 447-454.
Carro E, Nunez A, Busiguina S, & Torres-Aleman I (2000). Circulating insulin-like growth factor I
mediates effects of exercise on the brain. J Neurosci 20, 2926-2933.
Chomczynski P & Sacchi N (2006). The single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction: twenty-something years on. Nat Protoc 1, 581-585.
Connor B, Young D, Yan Q, Faull RL, Synek B, & Dragunow M (1997). Brain-derived
neurotrophic factor is reduced in Alzheimer's disease. Brain Res Mol Brain Res 49, 71-81.
Dalsgaard MK (2006). Fuelling cerebral activity in exercising man. J Cereb Blood Flow Metab 26,
731-750.
Ferrier C, Jennings GL, Eisenhofer G, Lambert G, Cox HS, Kalff V, Kelly M, & Esler MD (1993).
Evidence for increased noradrenaline release from subcortical brain regions in essential
hypertension. J Hypertens 11, 1217-1227.
Ferris LT, Williams JS, & Shen CL (2007). The effect of acute exercise on serum brain-derived
neurotrophic factor levels and cognitive function. Med Sci Sports Exerc 39, 728-734.
Gold SM, Schulz KH, Hartmann S, Mladek M, Lang UE, Hellweg R, Reer R, Braumann KM, &
Heesen C (2003). Basal serum levels and reactivity of nerve growth factor and brain-derived
neurotrophic factor to standardized acute exercise in multiple sclerosis and controls. J
Neuroimmunol 138, 99-105.
Gray J, Yeo GS, Cox JJ, Morton J, Adlam AL, Keogh JM, Yanovski JA, El Gharbawy A, Han JC,
Tung YC, Hodges JR, Raymond FL, O'rahilly S, & Farooqi IS (2006). Hyperphagia, severe obesity,
impaired cognitive function, and hyperactivity associated with functional loss of one copy of the
brain-derived neurotrophic factor (BDNF) gene. Diabetes 55, 3366-3371.

16
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

Guo S, Kim WJ, Lok J, Lee SR, Besancon E, Luo BH, Stins MF, Wang X, Dedhar S, & Lo EH
(2008). Neuroprotection via matrix-trophic coupling between cerebral endothelial cells and neurons.
Proc Natl Acad Sci U S A 105, 7582-7587.
Hart E, Dawson E, Rasmussen P, George K, Secher NH, Whyte G, & Shave R (2006). Betaadrenergic receptor desensitization in man: insight into post-exercise attenuation of cardiac
function. J Physiol 577, 717-725.
Ito H, Ibaraki M, Kanno I, Fukuda H, & Miura S (2005). Changes in the arterial fraction of human
cerebral blood volume during hypercapnia and hypocapnia measured by positron emission
tomography. J Cereb Blood Flow Metab 25, 852-857.
Johnson RA & Mitchell GS (2003). Exercise-induced changes in hippocampal brain-derived
neurotrophic factor and neurotrophin-3: effects of rat strain. Brain Res 983, 108-114.
Karege F, Perret G, Bondolfi G, Schwald M, Bertschy G, & Aubry JM (2002). Decreased serum
brain-derived neurotrophic factor levels in major depressed patients. Psychiatry Res 109, 143-148.
Klintsova AY, Dickson E, Yoshida R, & Greenough WT (2004). Altered expression of BDNF and
its high-affinity receptor TrkB in response to complex motor learning and moderate exercise. Brain
Res 1028, 92-104.
Krabbe KS, Nielsen AR, Krogh-Madsen R, Plomgaard P, Rasmussen P, Erikstrup C, Fischer CP,
Lindegaard B, Petersen AM, Taudorf S, Secher NH, Pilegaard H, Bruunsgaard H, & Pedersen BK
(2007). Brain-derived neurotrophic factor (BDNF) and type 2 diabetes. Diabetologia 50, 431-438.
Lambert G, Johansson M, Agren H, & Friberg P (2000). Reduced brain norepinephrine and
dopamine release in treatment-refractory depressive illness: evidence in support of the
catecholamine hypothesis of mood disorders. Arch Gen Psychiatry 57, 787-793.
Lambert GW, Eisenhofer G, Cox HS, Horne M, Kalff V, Kelly M, Jennings GL, & Esler MD
(1991). Direct determination of homovanillic acid release from the human brain, an indicator of
central dopaminergic activity. Life Sci 49, 1061-1072.
Lommatzsch M, Zingler D, Schuhbaeck K, Schloetcke K, Zingler C, Schuff-Werner P, & Virchow
JC (2005). The impact of age, weight and gender on BDNF levels in human platelets and plasma.
Neurobiol Aging 26, 115-123.
Lundby C, Nordsborg N, Kusuhara K, Kristensen KM, Neufer PD, & Pilegaard H (2005). Gene
expression in human skeletal muscle: alternative normalization method and effect of repeated
biopsies. Eur J Appl Physiol 95, 351-360.

17
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

Lyons WE, Mamounas LA, Ricaurte GA, Coppola V, Reid SW, Bora SH, Wihler C, Koliatsos VE,
& Tessarollo L (1999). Brain-derived neurotrophic factor-deficient mice develop aggressiveness
and hyperphagia in conjunction with brain serotonergic abnormalities. Proc Natl Acad Sci U S A 96,
15239-15244.
Matthews VB, Astrom MB, Chan MH, Bruce CR, Krabbe KS, Prelovsek O, Akerstrom T, Yfanti C,
Broholm C, Mortensen OH, Penkowa M, Hojman P, Zankari A, Watt MJ, Bruunsgaard H, Pedersen
BK, & Febbraio MA (2009). Brain-derived neurotrophic factor is produced by skeletal muscle cells
in response to contraction and enhances fat oxidation via activation of AMP-activated protein
kinase. Diabetologia 52, 1409-1418.
Mattson MP, Maudsley S, & Martin B (2004). BDNF and 5-HT: a dynamic duo in age-related
neuronal plasticity and neurodegenerative disorders. Trends Neurosci 27, 589-594.
Nakagawa T, Tsuchida A, Itakura Y, Nonomura T, Ono M, Hirota F, Inoue T, Nakayama C, Taiji
M, & Noguchi H (2000). Brain-derived neurotrophic factor regulates glucse metabolism by
modulating energy balance in diabetic mice. Diabetes 49, 436-444.
Neeper SA, Gomez-Pinilla F, Choi J, & Cotman C (1995). Exercise and brain neurotrophins.
Nature 373, 109.
Nybo L & Rasmussen P (2007). Inadequate cerebral oxygen delivery and central fatigue during
strenuous exercise. Exerc Sport Sci Rev 35, 110-118.
Oliff HS, Berchtold NC, Isackson P, & Cotman CW (1998). Exercise-induced regulation of brainderived neurotrophic factor (BDNF) transcripts in the rat hippocampus. Brain Res Mol Brain Res
61, 147-153.
Pan W, Banks WA, Fasold MB, Bluth J, & Kastin AJ (1998). Transport of brain-derived
neurotrophic factor across the blood-brain barrier. Neuropharmacology 37, 1553-1561.
Pilegaard H, Ordway GA, Saltin B, & Neufer PD (2000). Transcriptional regulation of gene
expression in human skeletal muscle during recovery from exercise. Am J Physiol Endocrinol
Metab 279, E806-E814.
Poduslo JF & Curran GL (1996). Permeability at the blood-brain and blood-nerve barriers of the
neurotrophic factors: NGF, CNTF, NT-3, BDNF. Brain Res Mol Brain Res 36, 280-286.
Sohrabji F & Lewis DK (2006). Estrogen-BDNF interactions: implications for neurodegenerative
diseases. Front Neuroendocrinol 27, 404-414.

18
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

Staats R, Stoll P, Zingler D, Virchow JC, & Lommatzsch M (2005). Regulation of brain-derived
neurotrophic factor (BDNF) during sleep apnoea treatment. Thorax 60, 688-692.
Tang SW, Chu E, Hui T, Helmeste D, & Law C (2008). Influence of exercise on serum brainderived neurotrophic factor concentrations in healthy human subjects. Neurosci Lett 431, 62-65.
Tyler WJ, Alonso M, Bramham CR, & Pozzo-Miller LD (2002). From acquisition to consolidation:
on the role of brain-derived neurotrophic factor signaling in hippocampal-dependent learning. Learn
Mem 9, 224-237.
Vega SR, Struder HK, Wahrmann BV, Schmidt A, Bloch W, & Hollmann W (2006). Acute BDNF
and cortisol response to low intensity exercise and following ramp incremental exercise to
exhaustion in humans. Brain Res 1121, 59-65.
Wang H, Ward N, Boswell M, & Katz DM (2006). Secretion of brain-derived neurotrophic factor
from brain microvascular endothelial cells. Eur J Neurosci 23, 1665-1670.
Wisse BE & Schwartz MW (2003). The skinny on neurotrophins. Nat Neurosci 6, 655-656.
Yeo GS, Connie Hung CC, Rochford J, Keogh J, Gray J, Sivaramakrishnan S, O'rahilly S, &
Farooqi IS (2004). A de novo mutation affecting human TrkB associated with severe obesity and
developmental delay. Nat Neurosci 7, 1187-1189.
Young D, Lawlor PA, Leone P, Dragunow M, & During MJ (1999). Environmental enrichment
inhibits spontaneous apoptosis, prevents seizures and is neuroprotective. Nat Med 5, 448-453.

19
Downloaded from Exp Physiol (ep.physoc.org) at Københavns Universitetsbibliotek on August 12, 2009

Table 1: Arterial (SaO2) and jugular venous (SjvO2) haemoglobin oxygen saturation and arterial
carbon dioxide tension (PaCO2)
Rest

Rowing

Recovery

2h

4h

1h

SaO2

[%]

97.3±0.6

96.5±1.0

95.3±4.0

96.1±1.4

SjvO2

[%]

60.9 ± 9.8

59.0 ± 7.2

62.2 ± 5.7

64.5 ± 8.7

PaCO2

[kPa]

5.0 ± 0.3

4.6 ± 0.2

4.5 ± 0.5

5.0 ± 0.28

Values are mean ± SD for 8 subjects.

Figure legends
Figure 1: Arterial, jugular venous and venous-arterial difference across the brain for brain-derived
neurotrophic factor (BDNF) before, during and 1h after a four hour rowing bout. Mean ± SEM for
N = 8. *, different from rest, P < 0.05, † different from rest and exercise, P < 0.05.

Figure 2: Brain-derived neurotrophic factor (BDNF) in mouse brain cerebellum (white bars),
hippocampus (hatched bars) and cortex (crossed bars) before (Pre), immediately after (0’) and 2h,
6h and 24h after a 2h treadmill exercise bout. The BDNF mRNA content is normalized to the
single-stranded DNA content in the samples. Each bar represents means of eight animals (except
the group at 24h in which seven animals were available for analysis) and SEM. *, significantly
different from ‘Pre’; †, significantly different from cerebellum, P < 0.05.
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