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ABSTRACT

Purpose: Brain-derived neurotrophic factor (BDNF) is an important neurotrophin. The present study
investigated the effects of head-out water immersion (HOI) on serum BDNF concentrations.

Methods: Eight healthy men performed 20 min head-out water immersion at 42°C (hot-HOI) and 35°C
(neutral-HOI). These experimental trials were administered in a randomised order separated by at least
7 days. Venous blood samples were withdrawn at rest, immediately after the 20-min HOI, as well as at
15 and 30 min after the end of the HOI. Serum BDNF and S1008, plasma cortisol, platelet and mono-
cyte counts, and core body temperature (T,) were measured.

Results: T, was higher at the end of the hot-HOI and 15 min after hot-HOI (p < 0.01), but recovered
to pre-HOI level at 30 min after hot-HOI. No change in T, was recorded during neutral-HOI. BDNF level
was higher (p < 0.05) at the end of the hot-HOI and at 15 min after the end of hot-HOI, and returned
to the baseline at 30 min after hot-HOI. S100p, platelet count and monocyte count remained stable
throughout the study. Cortisol level was lower at the end of the hot-HOI and returned to pre-HOI level
during the recovery period. BDNF and S1008, cortisol, and platelet and monocyte counts did not
change throughout the neutral-HOI study.

Conclusions: The present findings suggested that the increase in BDNF during 20-min hot-HOI was
induced by hyperthermia through enhanced production, rather than by changes in permeability of the

ARTICLE HISTORY
Received 25 June 2017
Revised 19 September 2017
Accepted 15 October 2017
Published online 17 Novem-
ber 2017

KEYWORDS

Hyperthermia; core
temperature; S1000; central
nervous system; cortisol

blood-brain barrier (BBB), platelet clotting mechanisms or secretion from monocytes.

Introduction

Brain-derived neurotrophic factor (BDNF) is a structurally
related growth factor known to exert many of its effects on
neurons primarily through the tyrosine protein kinase recep-
tor (TrkB) [1]. BDNF promotes and improves neuronal plasti-
city, suppresses neuronal cell death, induces neural
regeneration and stimulates neuronal survival, particularly
motor and sensory neurons of the peripheral and central ner-
vous systems [2-5]. Moreover, BDNF plays important roles in
memory, learning, mood disorders, food intake and energy
metabolism [6-8]. Low blood levels of BDNF have been
reported in patients with neurodegenerative diseases, includ-
ing Alzheimer’s disease and major depression [9,10].

A well-known practical factor that increases blood level of
BDNF is exercise [11], which should be clinically relevant to
the aforementioned disease processes. Exercise includes sev-
eral physiological factors, such as muscle contraction,
increase in ventilation and increase in core body temperature
(Tew) [12]. Goekint et al. [13] demonstrated that exercise at
high room temperature increased T, and resulted in higher
BDNF level than exercise at low room temperature. Based on
these results, they concluded that blood BDNF was stimu-
lated by the increase in the T, during exercise. However,

there is no information on whether BDNF changes during
increases in T, in humans independent of exercise.

Whole body heat stress, including hot water immersion,
induces changes in cardiovascular function [14] and immune
function [15,16]. Perhaps it is for these reasons that whole
body heat stress is used as treatment of cancer and chronic
heart failure. On the other hand, whole body heat stress can
have deleterious effects, such as induction of acute inflam-
matory response through heat stroke [17]. In addition to
these major effects, whole body heat stress affects the brain.
The brain is reported to be the major source of circulating
BDNF, though the platelets, monocytes, muscle, lung and
other tissues also produce BDNF [18-20]. Previous studies
indicated that BDNF can cross the blood-brain barrier (BBB),
and that increases in T, enhance the permeability of the
BBB [21-23]. The latter can result in a significant increase in
serum S100B concentrations, suggesting that BDNF from the
brain to blood can be assessed by measuring serum levels of
S100p [24]. Other factors such as circulating cortisol level can
also alter BDNF levels [25,26], and exposure to heat stress is
also known to increase plasma cortisol concentrations [27].

The main hypothesis of the present study was that a rise
in Ty, per se is an independent stimulator of blood BDNF
level and that the main source of BDNF is within BBB. To test

CONTACT Fumihiro Tajima @ fumi@wakayama-med.ac.jp @ Department of Rehabilitation Medicine, Wakayama Medical University, School of Medicine,
Wakayama Medical University, 811-1 Kimiidera, Wakayama, Wakayama 641-8509, Japan

© 2017 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/02656736.2017.1394502&domain=pdf
http://www.tandfonline.com

our hypothesis, we measured the concentrations of BDNF,
S100B, and cortisol in peripheral blood, together with platelet
and monocyte counts, before, during and after 20-min hot
water immersion.

Methods
Participants

Eight healthy male volunteers (age 254+3.3years, height
1728+09cm, weight 662+39kg and body mass index
222+09kg/m?) participated in this study. We interviewed the
subjects to obtain medical history and current life style. All sub-
jects had not participated in any regular exercise for more than
one year. Subjects who were on medications for any medical or
psychological condition and/or smokers were excluded from this
study. The Research Ethics Committee of Wakayama Medical
University approved the protocol of this study in advance.
Informed written consent was obtained from all participants.

Experimental protocol

The subjects were instructed to refrain from strenuous phys-
ical exercise and alcohol drinking the day before the experi-
ment and also to refrain from taking any fluids and food after
2200 the day before the experiment, with the exception of
tap water, until the completion of the experiment. They
reported to the laboratory between 900 and 1300 on the day
of the experiment. Each subject wore a swimming trunk and
rested in a thermoneutral room (28°C) for at least 30 min,
then prepared for ECG recording and blood pressure (BP)
monitoring, as well as T, recording. Before the experiment,
the subject voided, and then the 1-h control period began
while sitting in a room outside the immersion tank. The
immersion tank was 250cm long, 100cm wide and 120cm
deep. To determine the effects of head-out water immersion
(HOI) in hot water at rest, each subject sat in the hot water
(42.0°C, hot-HOI) or thermo-neutral water (35.0°C, neutral-
HOI) HOI tank. The first test was completed under either hot-
HOI or neutral-HOI conditions, administered in a randomised
order, and then the second test was conducted under the
other condition at least 7 days later. All subjects were allowed
to drink water throughout the study. T, was measured
throughout the experiment with a copper-constantan
thermocouple inserted into the oesophagus at the level of
the atrium. ECG was monitored throughout the experiment.
Systolic and diastolic BP was measured by a sphygmomanom-
eter three times at each measurement period. After confirm-
ation of stable heart rate (HR) and BP, the above variables
were measured in sitting resting position during 10-min rest,
20-min HOI and 30-min recovery (i.e. total experimental peri-
od =60min). Special care was taken to keep the position of
the BP cuff at the water level during HOI in the sitting pos-
ition. The mean arterial pressure (MAP) was calculated as one-
third of pulse pressure plus diastolic pressure. BP was meas-
ured at 5, 25, 30, 40 and 55 min from the start of experiment.
Venous blood samples (8 ml each) were collected through an
intravascular catheter at before, at the end, 15 and 30 min
after the end of HOI. The blood samples were used for
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measurements of serum BDNF and S1000 (4 ml), plasma corti-
sol (2 ml) and blood cell counts (2 ml).

Analysis of blood samples

Total blood cell count was determined using a cell counter.
Hematocrit (Hct) was measured by centrifugation. Other venous
blood samples were drawn into pre-chilled serum venipuncture
tubes and glass tubes containing ethylenediaminetetraacetic
acid. The tubes were spun immediately at 3500 rpom for 10 min
at 4°C. The prepared sera and plasma were stored at —80°C
until analysis. Plasma cortisol levels were assayed using a com-
petitive solid phase '?| radicimmunoassay technique (Dainabot
Lab, Tokyo, Japan). BDNF was measured by enzyme-linked
immunosorbent assay (ELISA) for BDNF (R&D Systems,
Minneapolis, MN) with assay sensitivity <20pg/ml and intra-
and inter-assay coefficients of variability (average CV of different
concentrations) of 5.0 and 9.0%, respectively. S1003 was
assayed using ELISA for S100p3 (BioVendor, Candler, NC) with
assay sensitivity <5 pg/ml and intra- and inter-assay coefficients
of variability (average CV of different concentrations) of 3.1 and
5.2%, respectively. BDNF and S1008 immunoassays were per-
formed in duplicate according to the recommendations of the
manufacturers, by investigators blinded to the clinical data and
origin of the blood sample.

Statistical analysis

All results were expressed as mean +SD. Significant changes
in each parameter relative to before HOI, at the end of HOI,
15 and 30min after the end of HOI were examined by
repeated measures ANOVA. Differences between hot-HOI and
neutral-HOI were examined for statistical significance using
repeated measures ANOVA. A value of p less than 0.05 was
considered statistically significant.

Results
Changes in T.,, MAP and HR

Tep increased (p < 0.05) at the end of hot-HOI to 39.5+0.6°C
and was still elevated at 15 min after the end of hot-HOI, but
recovered to before HOI level at 30 min after the end of hot-
HOI (Figure 1). Ty, at neutral-HOI did not change during the
entire study. T, at hot-HOI at the end of HOI and 15min
after the end of HOI were significantly (p < 0.05) higher than
that at neutral-HOI (Figure 1). The HR increased from
64.9+8.2 before HOI to 112.0+11.3 bpm at the end of hot-
HOI (p < 0.05) but diminished to 78.8+13.0 bpm at the end
of the study (Table 1). The HR at neutral-HOI did not change
throughout the study (Table 1). The HR at hot-HOI was sig-
nificantly (p <0.05) higher at the end of HOI than that of
neutral-HOI (Table 1). MAP remained constant throughout
the study of hot-HOI and neutral-HOI (Table 1).

Changes in serum BDNF and S100f

Serum BDNF concentration was significantly higher (p < 0.05)
at the end of hot-HOI and still high at 15 min after the end
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of hot-HOI, compared with the before hot-HOI. However, the
level at 30 min after the end of hot-HOI was similar to that
before hot-HOI level (Figure 2). No change was observed in
serum BDNF concentration throughout the study in the neu-
tral-HOI. Serum BDNF of hot-HOI at the end of HOI, 15 and
30min after the end of HOI were significantly (p < 0.05)
higher than that of neutral-HOI (Figure 2). On the other
hand, serum S100B did not change throughout the hot-HOI
and neutral-HOI studies, and was not significantly different
between hot-HOI and neutral-HOI at the four different time
points (Figure 3).

Changes in blood cell counts and plasma cortisol

Red and white blood cell counts, haemoglobin, and haem-
atocrit, did not change throughout the study. The numbers
of platelets, erythrocytes, leukocytes and monocytes
remained stable throughout the study of hot-HOI and neu-
tral-HOI, and there were no significant differences in each of
these parameters among hot-HOI and neutral-HOI at the four
different time points (Table 2). Plasma cortisol level
decreased (p < 0.05) at the end of hot-HOI but returned to
before HOI level at the two recovery time points, while it did
not change throughout the neutral-HOI study (Figure 4).
However, plasma cortisol was not significantly different
between hot-HOI and neutral-HOI at the four different time
points (Figure 4).
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Figure 1. Changes in core body temperature in head-out water immersion.
Data are mean+SD. *p <0.05, compared with before immersion. #p < 0.05,
hot-HOI vs. neutral-HOI. pre: before head-out water immersion, post: at the end
of head-out water immersion, post15: at 15 min after the end of head-out water
immersion, post30: at 30 min after the end of head-out water immersion. Core
body temperature (T.,) at hot-HOI was significantly higher (p < 0.05) at post
and was still elevated at post15, but recovered to pre level at post30. Ty, did
not change during the entire neutral-HOI arm of the study. T, at hot-HOI at
post and post15 were significantly (p < 0.05) higher than those at neutral-HOI.

Discussion

The major findings of the present study were as follows; (1)
Body immersion in hot water (42 °C), but not lukewarm water
(35°CQ), for 20 min significantly increased serum BDNF, (2) the
increase in serum BDNF was associated with a significant
increase in T, resulting from immersion in hot water, (3) the
rise in T, and serum BDNF levels were not associated with
similar changes in serum S100p, (4) plasma cortisol level fell
significantly at the end of the hot-HOI, and (5) platelet and
monocyte counts remained stable throughout the study. The
present findings suggest that hyperthermia resulting from
immersion in hot water significantly and independently stim-
ulates serum BDNF levels in humans and the brain is not the
likely source of BDNF.

Exercise is known to induce a cascade of molecular and cel-
lular processes that support brain plasticity and BDNF is
assumed to play a crucial role in these induced mechanisms.
Several animal studies have demonstrated that exercise
increases various neurotrophic factors, including BDNF [11].
Furthermore, serum BDNF is also known to increase under exer-
cise conditions in humans [28]. Some studies suggest that the
magnitude of increase in BDNF might be exercise intensity-
dependent [28]. In this study, HR reached about 45% HR.x at
end of HOI. However, Nofuji et al. [29] reported that 30min
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Figure 2. Changes in serum BDNF in head-out water immersion. The centre of
each bar represents the mean value for each time period and the length of the
bar represents the SD value. *p <0.05, compared with before immersion.
#p < 0.05, hot-HOI vs. neutral-HOLl. Each figure should show one open symbol
(neutral HOI) and one solid symbol (hot-HOI). See Figure 1 for definitions.
Serum BDNF concentration was significantly higher (p < 0.05) at post and was
still high at post15, but returned to pre level at post30. No change was
observed in serum BDNF concentration throughout the study in the neutral-
HOI. Serum BDNF levels of hot-HOI at post, post15 and post30 were significantly
(p < 0.05) higher than those of neutral-HOI.

Table 1. Change in heart rate (HR) and mean arterial pressure (MAP) in head-out water immersion.

Hot-HOI Neutral-HOI
Pre During Post Post15 Post30 Pre During Post Post15 Post30
HR 64.9+8.2 91+15.8* 100.5+ 11.7* 83.1+124 788+13 67+6.5 68+8.9 683+74 68+7.4 67+8
MAP 90.6+8.9 90.4+74 88.4+87 79.8+9.2 83.3+10.3 89.1+£73 90.7 £6.1 89.4+59 88.6+5.5 90.0£5.5

Data are mean = SD.
*p < 0.05, compared with before immersion (pre).

Hot-HOT: head-out water immersion at 42 °C, neutral-HOI: head-out water immersion at 35°C, Pre: before head-out water immersion, during: at 5min the start
of head-out water immersion, post: at the end of head-out water immersion, post15: at 15min after the end of head-out water immersion, post30: at 30 min
after the end of head-out water immersion.



exercise at 60% VO,y.x increased serum BDNF, though the
magnitude of increase was less than that recorded in this
experiment. These results suggest that a rise in T, can increase
serum BDNF with less HR increase that is needed for the same
magnitude of increase serum BDNF during exercise.

The exercise-induced increase BDNF was reported recently
to be related to a corresponding increase in T, [13]. In that
study, serum BDNF levels were higher during exercise con-
ducted at 30°C room temperature, compared to that in a
room set at 18°C (p=0.02). The results suggested that the
rise in T, augmented the increase in serum BDNF level dur-
ing exercise. In fact, exercise increased T, which in turn acti-
vated BDNF secretion. However, the present results of
increases in BDNF recorded at physical rest conditions
strongly suggest that a high T, acts independent of exercise
to increase serum BDNF levels.

Rasmussen et al. [28] measured brain BDNF level during
exercise in humans and mice. In humans, blood samples were
collected from the radial artery and the internal jugular vein
during 4 h rowing exercise in 8 subjects, and a 2-3 fold release
of BDNF from the brain compared with rest conditions was
observed during exercise (p < 0.05). In mice, the brains were
dissected and analysed for BDNF mRNA expression following
treadmill exercise. The results showed that the BDNF mRNA
expression levels in the hippocampus and cortex peaked at
2h after exercise. These results suggest that the brain is the
major but not the sole source of circulating BDNF. In compari-
son, the present result of the rise in BDNF during hot-HOI was
observed under resting conditions, suggesting that the regula-
tory system responsible for the increase in T, induced the rise
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Figure 3. Changes in serum S100f in head-out water immersion. See Figures 1
and 2 for definitions. Serum S100p did not change throughout the hot-HOI and
neutral-HOI tests, and was not significantly different between hot-HOI and neu-
tral-HOI at the four different time points.
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in BDNF, and that such system is different from that involved
in exercise-induced rise in BDNF.

Previous animal studies suggested the presence of a BDNF
transport system across the BBB, which allows BDNF to cross
the BBB in both directions [21,22]. Other studies established
the serum profile of S1T00B, a glial protein, as a highly sensitive
marker of brain tissue damage in various neurologic diseases,
such as traumatic brain injury and stroke [30]. Increased trans-
fer across the BBB is associated with a significant rise in serum
S100B concentration, confirming S100B as a marker of BBB
permeability. Watson et al. [23] reported that a rise in Ty, dur-
ing exercise was associated with increased serum S100p con-
centrations and increased BBB permeability. On the other
hand, the circulatory level of ST00p is known to increase after
tissue damage, especially BBB and skeletal muscle. Moreover,
S100B gene expression is detected in various peripheral tissues
and organs, including adipose tissue and skeletal muscles [31].
For example, the increase in serum S100p correlated strongly
and creatine kinase in marathon runners at post race [32].
Especially in healthy human, the source of increased serum
S100B concentrations could be also increased production by
damaged peripheral tissues and organs. In our study, hot-HOI
was not associated with a similar increase in serum S100p3
level, suggesting that the hot-HOI-related increase in BDNF
was neither associated with increased BBB permeability nor
damage of peripheral tissue and organs.

Our study showed a significant fall in blood cortisol level
during heat stress. This finding is in part consistent with the
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Figure 4. Changes in plasma cortisol in head-out water immersion. *p < 0.05,
compared with before immersion. See Figures 1 and 2 for definitions. In the
hot-HOI experiment, plasma cortisol level decreased (p < 0.05) at post but
returned to pre level at the two recovery time points, while it did not change
throughout the neutral-HOI study. Plasma cortisol was not significantly different
between hot-HOI and neutral-HOI at the four different time points.

Table 2. Blood cell counts, platelet and monocytes during head-out water immersion.

Hot-HOI Neutral-HOI
Pre Post Post15 Post30 Pre Post Post15 Post30
Platelet (10*/pl) 22.1+3.2 23.6+3.0 23.1+3.6 23.1+44 22.1+34 23.1+3.0 23.1+3.6 23.1+44
Monocytes (10%/pl) 24+0.9 2.1+0.8 22+0.7 2.6+0.5 34+1.1 29+1.1 3.2+0.8 3.2+0.9

Data are mean £ SD.

All data of post, post15 and post30 were not significantly different from those of the respective pre values (p > 0.05).
Hot-HOT: head-out water immersion at 42 °C, neutral-HOI: head-out water immersion at 35 °C, Pre: before head-out water immersion, post: at the end of head-
out water immersion, post15: at 15 min after the end of head-out water immersion, post30: at 30 min after the end of head-out water immersion.
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finding of Laatikainen et al. [33], who also showed a decrease
in plasma cortisol level in individuals exposed to heat stress.
However, the fall reported in that study was small and statistic-
ally insignificant compared with the baseline (no heat expos-
ure). The different extent of fall in blood cortisol level between
the two studies could be due to methodological differences.
For example, the above study was conducted in females while
our study included male subjects only. Furthermore, the above
study exposed the subjects to 120-min heat environment while
our subjects were exposed to 20-min hot water immersion.
Whether these methodological differences solely explain the dif-
ferent results need to be assessed in another study. Cortisol has
a negative influence on the expression of BDNF in the brain
[34]. Increased release of glucocorticoids during exercise [34]
could restrain the initial exercise-induced increase in BDNF, for
example, glucocorticoids suppress BDNF expression in the
hippocampus [35]. In the present study, plasma cortisol levels
were lower when measured at the end of the 20-min hot-HOI
and recovered to the baseline level at 15min after the end of
the hot-HOL. In comparison, BDNF was higher at the end of the
20-min hot-HOI and at 15min after the end of the hot-HOI,
compared with the baseline. These findings suggest that the
decrease in plasma cortisol noted in our study probably contrib-
uted to the observed increase in BDNF.

The mechanisms involved in the observed increase in
BDNF by hot-HOI were not investigated in the present study.
However, the lack of statistical changes in haematocrit and
erythrocyte count after hot-HOI rules out the role of dehydra-
tion in the increase in BDNF following HOI. BDNF is
expressed in the majority of body tissues at relatively high
levels [36]. Fujimura et al. [35] described the roles of various
clotting processes in BDNF release from platelets. In addition,
Kerschensteiner et al. [20] reported that BDNF is also pro-
duced by activated human monocytes. The present results
showed lack of changes in platelet and monocyte counts
during hot-HOI. However, these findings do not exclude
these structures in the production of BDNF.

Our study demonstrated increases in BDNF levels during
hot-HOI. Although such increase was unlikely to be from pla-
telets, BBB and monocytes, we cannot make any conclusions
on the source of BDNF responsible for the observed rise dur-
ing hot-HOI. Nevertheless, the study showed that experimen-
tally-induced hyperthermia (hot-HOI) increased serum BDNF
levels in normal subjects.

Conclusions

The present study demonstrated that 20-min hot-HOI
resulted in a significant increase in serum BDNF level in
young healthy men. The results suggest that elevation of T,
is an independent factor responsible for the increase in
serum BDNF level in humans.
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