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Effects of Fluid Ingestion on Brain-Derived Neurotrophic Factor
and Cognition During Exercise in the Heat

by
Hee-Tae Roh!, Wi-Young So?, Su-Youn Cho®, Sang-Hoon Suh?

We investigated the effects of fluid ingestion during exercise in different environments on the serum brain-
derived neurotrophic factor and cognition among athletes. Ten collegiate male athletes (soccer, n = 5; rugby, n =>5) were
enrolled, and they completed running tests in the following four conditions (60 min each): 1) thermoneutral
temperature at 18°C (group 18); 2) high ambient temperature at 32°C without fluid ingestion (group 32); 3) high
ambient temperature at 32°C with water ingestion (group 32+W); and 4) high ambient temperature at 32°C with sports
drink ingestion (group 32+S). Serum brain-derived neurotrophic factor levels significantly increased in group 18
immediately after exercise when compared with those at rest and were significantly higher than those in group 32
immediately and 60 min after exercise (p < 0.05). In the Stroop Color and Word Test, significantly increased Word,
Color, and Color-Word scores were observed in group 18 immediately after exercise compared to those at rest (p < 0.05).
However, the Color-Word score appeared to be significantly lower in group 32 immediately after exercise compared to
the other groups (p < 0.05) and at 60 min post-exercise compared to group 18 (p < 0.05). We found that the exercise
performed in a thermoneutral environment improved cognitive function, but the exercise performed in a hot
environment did not. The differences according to the exercise environment would be largely affected by brain-derived
neurotrophic factor, and fluid ingestion regardless of the type of drink (water or sports beverage) was assumed to have
contributed to the improvement in cognitive function caused by exercising in a hot environment.

Key words: acute exercise, heat stress, fluid replacement, cognitive function.

Introduction

Major international sporting events such
as the Summer Olympics and FIFA World Cup
are sometimes held during the summer season in

a high ambient temperature generally results in
dehydration through perspiration for homeostasis
of body temperature (Wilmore and Costill, 2004).
Plasma volume decreases by up to 37% after high-

the northern hemisphere, which exposes players
to high ambient conditions for a long time

(Racinais et al, 2015). Hot environments can
induce impairment of endurance performance,
unlike environments with milder/lower
temperatures (Maughan, 2010). Moreover, it can
induce hyperthermia by excess dehydration
(Crandall and Gonzalez-Alonso, 2010), which
affects cognitive function by decreased hydration
status and body temperature (Bandelow et al.,
2010). In particular, a rise in body temperature
due to prolonged exercise in a high intensity or at

intensity exercise at a high ambient temperature
(Nadel et al., 1990). The consequences of body
fluid loss >2% of one’s body weight by high heat
and exercise include impaired cognitive functions
(Grandjean and Grandjean, 2007). Participation in
soccer games by men and boys younger than 19
years were respectively the first and fourth
reasons of exertional heat-related injuries
according to the large epidemiological survey by
Nelson et al. (2011). Hence, alternative strategies
to reduce thermal stress in these sports events are
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required.

In contrast, other studies reported that
exercising in the absence of intense thermal stress
and dehydration enhances memory and cognitive
functions by increasing secretions of proteins
associated with neurogenesis such as serotonin (5-
HT) and insulin-like growth factor-1 (IGF-1)
(Mattson et al., 2007). IGF-1 and 5-HT play an
important role in the expression of neurotrophic
factors such as the brain-derived neurotrophic
factor (BDNF) (Carro et al., 2000; Mattson et al.,
2004). This was evident after the artificial injection
of IGF-1 into the peripheral blood vessel, which
increased the expression of BDNF in the
hippocampus of the brain after exercise (Carro et
al.,, 2000), and 5-HT was crucially involved, along
with noradrenaline, in the regulatory mechanism
that governed BDNF expression in the brain
(Mattson et al., 2004). BDNF is an important
neurotrophic protein expressed in various regions
of the brain, and it enhances neural growth and
maturation, synaptogenesis memory formation,
and consolidation (Adachi et al., 2014; Ding et al.,
2006; Mattson et al., 2004). BDNF reportedly
increased in response to acute exercise (Ferris et
al., 2007). Additionally, a previous study showed
a high coefficient (r = 0.81) between the serum
BDNF level and cortical BDNF level among rats
(Karege et al., 2002); therefore, it is assumed that
serum BDNF is a surrogate measure of cortical
BDNF and brain functions in mammals.

As discussed, previous studies generally
reported impaired cognitive functions after
dehydration; however, the results from the
studies examining the effects of fluid replacement
after dehydration on cognitive functions are very
limited. It was also reported that exercise at a high
ambient temperature caused hyperthermia (Mora-
Rodriguez, 2012), and a high level of
hyperthermia impaired cognitive function
(Racinais et al., 2008); yet, mild heat strain
improved it (Caldwell et al., 2012). In addition,
water intake during exercise at a high ambient
temperature can alleviate the rise in core
temperature (Wilmore and Costill, 2004), and
especially the ingestion of sports drinks
containing carbohydrates and electrolytes was
more effective than ingesting water (Bergeron et
al., 2006). Therefore, there is a possibility that the
type of drink used for fluid ingestion during
exercise at a high ambient temperature also affects
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BDNF, which plays an important role in cognitive
function. Thus, this study aimed to investigate the
effects of different fluid supplements (water vs.
sports beverage) on the serum BDNF levels and
cognitive functions of collegiate male rugby and
soccer athletes frequently exposed to heat stress
and dehydration due to prolonged exposure to
hot  environments, in a thermoneutral
environment (18°C) vs. a hot environment (32°C).

Methods

Participants

Ten collegiate male athletes (soccer, n =
5; rugby, n = 5) who volunteered for the current
study were students of the Yonsei University,
Seoul, Republic of Korea. All participants were
non-smokers and had no medical complications.
To minimize the error of variables according to
the fitness level, only subjects with aerobic
capacities within the upper 10% of the maximal
aerobic capacity, which is higher than 51.4
mL/kg/min of VO2max (ACSM, 2009), were
included. The physical characteristics of the
participants are shown in Table 1. The study
protocol was approved by the ethics committee of
the Physical Education department at the Yonsei
University, Seoul, Republic of Korea. All
participants provided written informed consent,
and the study conformed to the standards set by
the latest revision of the Declaration of Helsinki.
Screening tests

All participants who volunteered for the
current study underwent preliminary tests and
medical examinations before the exercise trials in
order to meet the aforementioned selection
criteria (athletic careers: more than 6 years;
VO2max: higher than 51.4 mL/kg/min; resting
heart rate: less than 80 beats/min; systolic blood
pressure: lower than 120 mmHg; diastolic blood
pressure: lower than 80 mmHg; body fat: lower
than 20%).

Screening tests included measurements
of body height, body composition (i.e., body mass,
fat mass, and fat free mass), and maximal
exercising capacities (i.e., VO2max and maximal
heart rate [HRmax]). Body height was measured
using a stadiometer (HD, STDK Co., Japan), and
body composition was assessed with a bio-
impedance body composition analyzer (Inbody
220, Biospace, Seoul, Korea). For accurate
analyses, all participants were asked to urinate
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prior to the tests and to wear shorts during the
test procedures. Food and beverages were
restricted to all participants 2 h prior to testing.

The VO2max measurement was
performed on a treadmill (Q65, Quinton Inc.,
Chicago, IL, USA), according to the Bruce
protocol, with increases of 2% in the incline and
1.29-1.45 km/h in the speed every 3 min from the
initial incline level and speed (10% and 2.74 km/h,
respectively). Gas analyses were performed using
a portable ergospirometer (MetaMax 3B, Cortex,
Leipzig, Germany) at every 10 s for volumes of
single ventilation, oxygen uptake, carbon dioxide
emission, a respiratory exchange ratio, and a
breathing rate per minute. The HRmax was
determined during VO2max measurements using
a heart rate monitor (Polar a5, Polar, Finland).
Exercise trials

The exercise intensity for the trials was
set at 75% of the heart rate reserve (HRR) for
every participant, which was based on data
obtained from the screening tests. According to
the advanced study (Sécher and Ritz, 2012) that
reported that 2% of dehydration with regard to
exercise intensity and duration could affect
cognitive function, exercise duration should be set
to 60 minutes in order to induce more than 2% of
dehydration in a hot environment. All
participants completed running tests in the
following four conditions: 1) a thermoneutral
temperature at 18°C (group 18), 2) a high ambient
temperature at 32°C without fluid ingestion
(group 32), 3) a high ambient temperature at 32°C
with water ingestion (group 32+W), and 4) a high
ambient temperature at 32°C with sports drink
ingestion (group 32+S). The exercise intensity and
humidity (50%) in all trials were identical. The
trials were performed in the order of groups 18,
32, 32+W, and 32+S, and each trial was separated
by 7 days to avoid any transient effects on the
physiological and psychological conditions of the
participants. The experimental condition used a
cross-over design to minimize the adaption from
the repetitive exercise trials, as follows: 1)
participant numbers ®~ ®: Group 18—-Group 32—
Group 32+W- Group 32+5, and 2) participant
numbers ®~ ©®: Group 32— Group 32+5- Group
18— Group 32+W.

The experimental condition at 18°C and
50%  relative  humidity = was  considered
thermoneutral for physical activity, so it was
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referred to as the comfort zone where a low heat
stress index is reported (McArdle et al., 2005). In
contrast, the condition at 32°C and 50% relative
humidity was considered adverse, as it frequently
results in heat cramps (ACSM, 1984). Both
experimental conditions — a thermoneutral
environment and a high ambient temperature —
were set up using a walk-in type temperature and
humidity chamber (E Series; ESPEC, Tokyo,
Japan). During exercise, all participants were
asked to wear only shorts to minimize the
differences in body temperature and dehydration
levels due to clothing.

Tympanic temperature was measured
using infrared ear thermometry (Thermoscan IRT-
4520, Braun, Kronberg, Germany) eight times
(during rest, at every 10 min during the exercise
trial, immediately after the exercise trial, and 60
min post-exercise trial) as the surrogates for core
temperature.

Levels of dehydration were calculated
using the difference in body weight before and
immediately after the trial in group 32. The same
amount of fluid (water or sports drink), according
to body weight loss after group 32 completed the
trials, was given to the participants for fluid
ingestion with multiple breaks during exercise.

The water and sports drink (6%
carbohydrate, 20.9 mEq/l Na+, 6.1 mEq/l K+, and
9.5 mEq/1 CI-) were prepared at 15°C, which is the
temperature at which the absorption rate and
sensation of a refreshment is the best (ACSM et
al., 2007b).

Blood sampling and analyses

Blood samples were collected at three
occasions: during rest (Rest), immediately after
the exercise (IAE), and at 60 min post-exercise
(60MPE) from the volunteers’ antecubital veins.
Blood samples were collected for analyses of
plasma free tryptophan (f-Trp), IGF-1, and BDNF
levels. An automatic haematology analyser
(Sysmex XE-2100; Sysmex, Kobe, Japan) was used
to calculate the changes in the plasma level (APV)
of haemoglobin (Hb) and haematocrit (Hct). APV
at JAE and 60MPE was calculated by using the
formula of Dill and Costill (1974).

Plasma f-Trp levels were measured using
liquid chromatography-tandem mass
spectrometry. Sulfosalicylic acid (50 mg) was
added to 1 upL of prepared samples for
deproteinization, and then 20 uL of deproteinized
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samples were injected into the sample capsules.
The absorbance was measured at 570 nm for
detecting reacted f-Trp using a commercially
available amino acid analyzer (Biochrom 20;
Pharmacia Biotech, Buckinghamshire, UK).

Serum IGF-1 concentrations were
determined using an IGF-1 Quantikine sandwich
enzyme immunoassay (#DG100, R&D Systems, St.
Louis, MO, USA). Serum samples were pretreated
to release IGF-1 from the binding proteins and
were diluted 100-fold with a pretreatment
constituent prior to the assay. To determine well
the optical density of each sample, they were read
within 30 min of adding 50 pL of stop solution.
The samples were read using a micro-plate reader
(EMax Presion, Molecular Devices, Menlo Park,
CA, USA) at 450 nm and 540 nm.

Serum BDNF concentrations were
determined by  the
immunoassay method using a commercially
available =~ BDNF  human  enzyme-linked
immunoassay kit (#DBD00, R&D Systems, St.
Louis, MO, USA), and the measurement was
performed based on the manufacturer's
instructions. The absorbance was measured at 450
nm and was corrected at 570 nm by a micro-plate
reader (EMax Presion).

Cognitive function tests

For measuring cognitive functions, the
Stroop Color and Word Test was performed three
times: at Rest, IAE, and 60MPE, as previously
described (Golden and Freshwater, 2002). The
tests were comprised of Word reading (W), Color
reading (C), and Color-Word reading (CW) parts.
Each part contained 100 items arranged in 5
columns and 20 rows. For W, the participants
were asked to read aloud three randomly
arranged words (i.e., red, blue and green) written
in black ink; for C, the participants were asked to
read aloud the colors of red, blue and green,
which appeared in three different inks; for CW,
the participants were asked to read aloud the
colors of the words that appeared in random
order. All participants were given 45 s for each
part, and the number of correct performances was
counted. In addition, all participants took the pre-
test more than 3 times to minimize the learning
effect that occurs following repetitive testing.
Statistical analyses

Data are presented as means * standard
of error (SE). Statistical significance in tympanic

sandwich  enzyme
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temperature, blood parameters (i.e., f-Trp, IGF-1,
and BDNF), and the Stroop Color and Word Test
scores for the groups and measuring periods were
determined using a two-way repeated analysis of
variance (ANOVA) for comparisons. The simple
main effects on measured variables were
determined by using one-way ANOVA. The
Tukey’s post hoc test was followed to
conservatively locate significant differences.
Statistical significance was set at p < 0.05.

Results

Tympanic temperatures
The  tympanic
significantly increased from Rest to IAE in all
groups (p < 0.05). In addition, the tympanic
temperature was significantly higher at 10 min

temperature =~ was

and 20 min of exercise in group 32 than in group
18 (p < 0.05), while it was significantly higher at 30
min of exercise, IAE, and 60MPE in group 32
compared to all other groups (p < 0.05). At 40 min
and 50 min of exercise, it was significantly higher
in group 32 compared to groups 18 and 32+S (p <
0.05) (Figure 1).
Plasma free tryptophan levels

The plasma f{-Trp levels were
significantly increased at IAE when compared
with those at rest in group 18 (p < 0.05). In
addition, the plasma f-Trp levels at IAE were
significantly higher in group 18 than in group 32
(p <0.05; Figure 2A).
Serum insulin-like growth factor-1 levels

In all the groups, the serum IGF-1 levels
were significantly increased at IAE when
compared with those at rest (p < 0.05). No
significant differences were observed between the
groups (Figure 2B).
Serum brain-derived neurotrophic factor levels

The serum BDNF levels were
significantly increased at IAE when compared
with those at rest, as well as at 60MPE when
compared with those at IAE in group 18 (p < 0.05).
In addition, the serum BDNF levels at IAE and
60MPE were significantly higher in group 18 than
in group 32 (p < 0.05; Figure 2C).
Stroop Color and Word Test scores

The Word scores were significantly
increased at IAE in group 18 compared to those at
Rest (p < 0.05), while no significant change was
observed in the other groups (Figure 3A).
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Table 1
The physical characteristics of the participants
Groups
Variables
18 32 32+W 32+5
N 10
Age (years) 18.8+0.2
Body height (cm) 1756 £2.2
Body mass (kg) 70.7+2.2
Body fat (%) 12.1+0.7
VO2max (mL/kg/min) 56.6+1.6
Hemoglobin (g/dL) 15.6+0.2 154+0.3 154+0.2 155+0.2
Hematocrit (%) 48.7+0.9 48.8+0.8 484 +0.7 48.8 +0.5
Data are presented as mean + standard error.
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Figure 1

Changes in tympanic temperature by fluid ingestion with water or a
sports drink during treadmill exercise in a thermoneutral
environment and at a high ambient temperature. Values are mean +
standard error. IAE, immediately after exercise; 60MPE, 60 min post-
exercise. "Significantly different from Rest in all groups (p <0.05); *
Significantly higher in Group 32 compared to Group 18 (p <0.05);
Significantly higher in Group 32 compared to Groups 18, 32+W, and
32+S (p < 0.05); and < Significantly higher in Group 32 compared to
Groups 18 and 32+S (p < 0.05).
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Figure 2

Changes in plasma f-Trp (A), serum IGF-1 (B), and BDNF (C) levels
from rest to 60OMPE by fluid intake of water or a sports drink during
treadmill running in a thermoneutral environment and in an
environment with a high ambient temperature.

Values are mean * standard error. * Significantly different from Rest
in group 18 (p < 0.05); * Significantly different from Rest in all groups
(p < 0.05); * Significantly different from IAE in group 18 (p < 0.05);
and * Significantly higher in group 18 compared to group 32 (p <

0.05).
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Figure 3

Changes in the Stroop Color and Word Test scores from Rest to
60MPE by fluid ingestion of water or a sports drink during treadmill
running in a thermoneutral environment and at a high ambient
temperature: Word (A), Color (B), and Color-Word (C). Values are

mean + standard error.

“significantly different from Rest in group 18 (p <0.05); *
significantly different from Rest in groups 18, 32+W, and 32+S (p <
0.05); # significantly different from Rest in groups 18 and 32+W (p <

0.05); «significantly lower in group 32 compared to groups 18, 32+W,
and 32+S (p < 0.05); and *significantly lower in group 32 compared to

group 18 (p < 0.05).
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The Color scores were significantly
increased at IAE and 60MPE in group 18
compared to those at Rest (p < 0.05), while no
significant change was observed in the other
groups (Figure 3B). The Color-Word scores were
significantly increased at IAE and 60MPE in
groups 18 and 32+W compared to those at Rest (p
< 0.05), while this was observed
in group 32+5 only at IAE (p < 0.05). In addition,
the CW score was significantly lower at IAE in
group 32 than that in the other groups (p < 0.05).
At 60MPE, the CW score was significantly lower
in group 32 than in group 18 (p < 0.05) (Figure 3C).

Discussion

Tympanic temperature is usually used to
measure changes in body temperature during
exercise (Lim et al., 2008), as it is a good indicator
of the core temperature (Brinnel and Cabanac,
1989). The results of the current study showed
that tympanic temperature significantly increased
after the exercise; group 32 presented significantly
higher values than group 18. These findings are
consistent with those of previous studies, which
reported that exercise at a high ambient
temperature and humidity compared to
thermoneutral conditions resulted in impaired
heat control capacity, thereby inducing a higher
core temperature and body fluid loss (ACSM et
al., 2007a). It is assumed that the high ambient
temperature condition (32°C, 50%) set in the
current study impaired the heat control capacity
by disturbing the convection and evaporation
process, resulting in disturbed homeostasis for
body temperature.

In addition, tympanic temperature from
30 minutes of exercise to IAE appeared to be
significantly lower in groups 32+W and 32+S than
in group 32. The exercise in a hot environment
induced excessive dehydration that reduced
plasma volume and a blood flow to the skin,
resulting in the increase in core temperature by
thermodiffusional interruption (Wilmore and
Costill, 2004), but water supplementation during
exercise could alleviate this increase (Grandjean
and Grandjean, 2007). This study also showed that
water and sports drink supplementation during
exercise alleviated the increase in core
temperature, which resulted in the low tympanic
temperature.

It has been previously reported that
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glucose administered with fluid during exercise
spares the liver glycogen storage and reduces the
rate of gluconeogenesis, which results in an
approximate 6% reduction in heat production
within the liver (Hamilton et al., 1991). Moreover,
increased osmotic pressure and an unbalanced
sodium level together result in a rise in body
temperature, and a drink containing glucose and
electrolytes such as sodium attenuates an increase
in osmotic pressure and maintains body fluid
volume by balancing electrolyte levels (Shi and
Gisolfi, 1998). Similarly, the reason why group
32+S showed significantly lower tympanic
temperature than group 32 at the 40th and 50th
min of exercise is that resupplementation of
glucose and electrolytes through intake of sports
drink lowered the core temperature. The finding
of a previous study (Bergeron et al., 2006) that
intake of sports drink rather than water
significantly lowered core temperature during
exercise supports this phenomenon.

A previous study suggested that changes
in hydration status by exercise may influence
cognitive functions (Maughan et al, 2007).
Accordingly, the current study investigated the
effects of dehydration and fluid ingestions in a
high ambient temperature on cognitive functions
by examining the f-Trp, which was the precursor
to 5-HT, IGF-1, BDNF, and the Stroop Color and
Word Test.

The results of the present study showed
that in group 18, the plasma {-Trp levels were
significantly increased at IAE when compared
with those at rest. In general, the plasma f-Trp
level is known to increase after exercise. During
exercise, blood catecholamine increases while
insulin and blood glucose decrease, and these
phenomena stimulate lipolysis, which results in
elevated non-esterified fatty acids (NEFA) levels
(Badawy, 2010). Albumin has a low affinity for
tryptophan while having a high affinity for
NEFA, so when the concentration of NEFA
increases, albumin dissociates from tryptophan
and then binds to NEFA. Accordingly, plasma f-
Trp becomes elevated. In the current study,
plasma {-Trp increased at IAE compared to that at
Rest, which may be attributed to the increased
elevated NEFA levels. Of note, the plasma f-Trp
levels in group 32 were significantly lower than
those in group 18 at IAE. Secretion of vasopressin
from the hypothalamus and posterior pituitary
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gland increases during exercise for homeostasis of
fluid. It was previously reported that secretion
increased up to 8-folds (Wade, 1984), depending
on various factors, such as ambient temperature,
hydration status, exercise intensity, and duration
(Duncker and Bache, 2008). For example, Roy et
al. (2001) reported elevated vasopressin after a 90
min exercise on a cycle ergometer at 60% of
VO2max, and Melin et al. (1980) reported a 4.8-5-
fold increase in vasopressin levels after exercise at
an intensity higher than 80% of the VO2max.
Fluid levels also affect the vasopressin level. Paik
(2006) reported that no significant increase in the
vasopressin level was observed when sufficient
fluid was administered during a 15-min exercise
at 70% of VO2max and a 4 h exercise at low
intensity. Thus, changes in the vasopressin level
largely depend on hydration status rather than
exercise intensity or duration (Brandenberger et
al, 1986). In the current study, weight loss
achieved by dehydration during exercise at 75%
HRR without any fluid ingestion in group 32 was
approximately 3% (2.9 + 0.1%) of body weight.
This loss was more than 2-folds compared to
group 18 (1.3 * 0.2%). Although it was not
examined, it is expected that vasopressin levels in
group 32 would be significantly higher than these
in group 18, if APV (6.2 + 1.7%) between the
groups and other reported findings were
considered. Increased vasopressin is associated
with decreased NEFA, and consequently, plasma
{-Trp (Badawy, 2010). Rofe and Williamson (1983)
reported a significant reduction in NEFA levels
after administering vasopressin in rats after 24 h
fasting. Therefore, decreased plasma f-Trp in
group 32 is presumed to be the result of increased
vasopressin secretion.

In all the groups, the levels of IGF-1,
which plays a critical role in BDNF expression
along with 5-HT, were significantly increased at
IAE when compared with those at rest. This
supports the previous finding that exercise
increases circulating IGF-1 levels, which is
associated with neurogenesis and memory
functions (Ding et al., 2006). Meanwhile, Judelson
et al. (2008) conducted research on the effects of
dehydration on serum IGF-1 levels with three
experimental settings of euhydration, mild
dehydration (2.5% of body weight), and severe
dehydration (5% of body weight), and they
reported the highest serum IGF-1 in the severe
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dehydration group after exercise. In addition,
Monnier et al. (2000) reported a positive
coefficient (r = 0.546) between blood viscosity and
serum IGF-1. However, when considering the
reports that regulation of the hippocampal BDNF
depends not only on the neurotransmitter system
and the neuroendocrine system (Cotman and
Berchtold, 2002), but also on IGF-1 (Ding et al.,
2006), there was no association between free IGF-1
and cognitive functions (Kalmijn et al., 2000).
More thorough research on the relationship
between IGF-1 and cognitive functions is
necessary.

The current study also examined serum
BDNF levels and the association with serum IGF-1
and plasma f-Trp levels; the results showed that
serum BDNF levels significantly increased at IAE
compared to those at Rest, and the values were
restored to the level that was similar to that at
Rest in group 18. This finding is consistent with
the results of previous studies that reported
increased serum BDNF levels after acute exercise
in human participants (Ferris et al., 2007; Winter
et al, 2007; Zoladz et al., 2008). Furthermore,
Ferris et al. (2007) reported that serum BDNF
levels in 15 healthy adults significantly increased
after a graded exercise test (GXT); Winter et al.
(2007) reported that serum BDNF levels among 27
healthy men significantly increased after high-
intensity sprint exercise well above the lactate
threshold; and Zoladz et al. (2008) reported that
serum BDNF among 13 healthy men significantly
increased after a VO2max test. Although BDNF of
which molecular weight is 27 kDa can bypass the
blood-brain barrier (BBB) (Serra-Millas, 2016;
Zoladz et al., 2008), serum BDNF can be used as a
parameter for cortical BDNF levels, as serum
BDNF and cortical BDNF levels showed a high
coefficient (r = 0.81) in an animal study (Karege et
al., 2002). Considering the reports by Zoladz et al.
(2008) and Karege et al. (2002), it is assumed that
increased peripheral BDNF induced by exercise in
a thermoneutral environment (group 18) that
circulates into the brain potentially affects brain
health and cognitive functions. Serum BDNF
levels in group 32 appeared to be lowest at IAE
and significantly lower than those in group 18. To
explain this phenomenon with respect to
decreased plasma f-Trp levels, low hydration
status such as dehydration increases the secretion
of vasopressin, which, in turn, lowers plasma f-
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Trp levels. Exercise accelerates lipolysis to
increase plasma f-Trp levels (Badawy, 2010).
Increased plasma f-Trp is circulated into the brain
by bypassing BBB (Fernstrom, 1994) to increase 5-
HT, which, in turn, increases BDNF expression
(Mattson et al., 2004). However, our study
showed the lowest plasma f-Trp levels in group
32 among the four conditions, indicating that
exercise-induced dehydration does not increase
BDNF expression. Yet, it was difficult to
determine whether the change in serum BDNF
concentrations resulted from f{-TRP, because
BDNF is expressed in several non-neuronal
tissues such as muscle, thymus, heart, liver, lung,
and spleen as well as vascular smooth muscle
cells. Furthermore, a recent study suggested that
platelet activation was important in the control of
BDNF release in tissues and controled peripheral
BDNF levels (Serra-Millas, 2016). In addition,
increased peripheral BDNF levels caused by
exercise induce the release of cerebral BDNF, and
this phenomenon can be accelerated by exercising
at high environmental temperatures (Goekint et
al.,, 2011). Goekint et al. (2011) reported that serum
BDNF levels were significantly increased after use
of a cycle ergometer at 30°C compared with the
18°C condition, due to an increase in BBB
permeability. Interestingly, the current study
found the opposite result in BDNF levels
compared to the study by Goekint et al. (2011).
This might be because the stress levels from
environmental temperature and exercise were
insufficient to cause BBB leakage. The core
temperature was increased to over 39°C after
exercising in a 30°C environment in the study by
Goekint et al. (2011), whereas the tympanic
temperature (38.1 + 0.3°C) of group 32 at IAE in
this study was lower than the temperature (about
38.5°C) after exercising at 18°C in the study by
Goekint et al. (2011). Taken together with the
results of another study (Watson et al., 2005),
these findings indicate that an increase in core
temperature is important in the increase of BBB
permeability.

The Stroop Color and Word Test is a
popular tool for examining brain functions such
as creativity, automatization, autonomic nervous
system, and cognition (Golden and Freshwater,
2002), and it has been used for examining the
alternation in brain functions after acute exercise
in previous studies (Ferris et al., 2007; Yanagisawa
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et al.,, 2010). In the current study, the Stroop Color
and Word Test was used to examine the effects of
dehydration by exercise and fluid ingestion of
water or sports drink during exercise in a
thermoneutral environment and at a high ambient
temperature on cognitive functions in accordance
with changes in serum BDNF levels.

The findings showed that group 18
appeared to have significantly improved Word
and Color-Word scores at IAE and a significantly
improved Color score at 60MPE compared to
those at Rest. Yanagisawa et al. (2010) reported
that enhanced cognitive functions proven by
significantly improved Stroop test scores after
acute cycle ergometer exercise at 50% VO2peak
were due to enhanced activation of the
dorsolateral prefrontal cortex elicited by exercise.
Significantly improved Stroop test scores in group
18 of the current study may be attributed to the
increased cognitive functions induced by
increased serum BDNF levels after an acute
exercise as suggested by Ferris et al. (2007). Of
note, group 32 had a significantly lower Color-
Word score at IAE than the other groups, and this
may be due to dehydration induced by exercise
that resulted in relatively lower serum BDNF
levels, which directly influenced cognitive
functions. In other words, excessive dehydration
increased the secretion of vasopressin, and
subsequently, decreased plasma f-Trp levels did
not induce a sufficient increase in BDNF
expression to positively affect cognitive functions.

In contrast, it is assumed that an excessive
secretion of vasopressin was prevented in two
fluid replaced groups (32+W and 32+5),
contributing to the relatively higher expression of
BDNF to positively affect cognitive functions. In
addition, dehydration induced by exercise at a
high ambient temperature increases permeability
of BBB and impairs normal functions of BBB
(Maughan et al.,, 2007). These increases of BBB
permeability can lower cognitive functions, but
because fluid ingestion is effective at preserving
BBB integrity when exercising in a high
temperature environment (Tomporowski et al.,
2007; Watson et al., 2006), it is assumed that the
alleviation of dehydration through
supplementation with water is linked to
protection of the BBB, resulting in attenuation of
the cognitive function decrease. Future studies
should investigate BDNF and 5100 calcium
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protein (3, which are blood markers of BBB
disruption to study this phenomenon in more
detail. Moreover, dehydration by 2.2% of body
weight is reported to be associated with decreased
left lateral ventricle volume, which negatively
affects brain morphology (Kempton et al., 2009).
Thus, dehydration does not only suppress BDNF
expression and brain functions, but it also
disturbs the maintenance of normal brain
morphology. These negative consequences can be
attenuated by sufficient fluid ingestion.
Consequently, we found that the exercise in a
thermoneutral environment improved cognitive
function, but the exercise in a hot environment
did not. The difference in cognitive function
according to exercise environment is assumed to
be largely affected by BDNF, and fluid ingestion
regardless of the type of drink (water or sports
drink) during exercise in a hot environment can
help improve cognitive function.
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