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Abstract

Thermal environmental stress can anticipate acute fatigue during
exercise at a fixed intensity (%VO,,.). Controversy exists about
whether this anticipation is caused by the absolute internal tempera-
ture (T;,, °C), by the heat storage rate (HSR, cal/min) or by both
mechanisms. The aim of the present study was to study acute fatigue
(total exercise time, TET) during thermal stress by determining T, and
HSR from abdominal temperature. Thermal environmental stress was
controlled in an environmental chamber and determined as wet bulb
globe temperature (°C), with three environmental temperatures being
studied: cold (18°C), thermoneutral (23.1°C) or hot (29.4°C). Six
untrained male Wistar rats weighing 260-360 g were used. The
animals were submitted to exercise at the same time of day in the three
environments and at two treadmill velocities (21 and 24 m/min) until
exhaustion. After implantation of a temperature sensor and treadmill
adaptation, the animals were submitted to a Latin square experimental
design using a 2 x 3 factorial scheme (velocity and environment), with
the level of significance set at P<0.05. The results showed that the
higher the velocity and the ambient temperature, the lower was the
TET, with these two factors being independent. This result indicated
that fatigue was independently affected by both the increase in exer-
cise intensity and the thermal environmental stress. Fatigue developed
at different T;,, and HSR showed the best inverse relationship with
TET. We conclude that HSR was the main anticipating factor of
fatigue.

It has been well documented that the total
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exercise time (TET) is reduced in warmer
environments and internal body temperature
(T;,) has been considered to be a limiting
factor during prolonged physical exercise (1-
5). This anticipation of fatigue seems to oc-
cur in order to prevent an increased T;, from
compromising homeostasis. The mechanisms
responsible for exercise interruption due to
an increase in T, are still not well under-
stood; controversy exists about whether there
is a critical absolute Tj, (in °C) or whether

the heat storage rate (HSR, in cal/min) is as
important or even more important than T;, in
the origin of fatigue.

Fuller et al. (6), studying the effect of
warm environments on Tj, in rats during
treadmill exercise, reported a shorter TET in
animals exercising in warmer environments
and similar abdominal and hypothalamic tem-
peratures at the end of exercise at the time of
fatigue, and suggested the existence of a
critical absolute T;,, which may lead to the
interruption of activity. Walters et al. (7),
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studying exercising rats previously submit-
ted to heat, showed that, in the heat, the
higher the initial Tj, the shorter the TET,
with the hypothalamic and rectal tempera-
tures at the end of exercise being similar at
the time of fatigue. However, final T;,, was
higher than that observed by Fuller et al. (6).
Studies carried out on rats exercising at dif-
ferent intensities in an environment consid-
ered to be moderately cold for the animal
(22°to0 25°C) showed a T, below 39°C at the
time of fatigue (8,9).

Another hypothesis that might explain
the occurrence of fatigue is that a variation in
body temperature as a function of time, i.e.,
HSR, plays an equal or even more important
role than absolute Tj,, itself. In a review on
the endurance of rats, Hubbard and Arm-
strong (4) concluded that HSR, rather than
the metabolic rate itself, was the determining
factor of exercise capacity, with an inverse
relationship being observed between HSR
and endurance.

Gonzalez-Alonso et al. (1), studying fa-
tigue in humans during prolonged exercise
in the heat, observed that TET was inversely
proportional to initial T;,; and HSR and that
fatigue developed at similar Tj,, thus rein-
forcing the hypothesis of the existence of a
critical absolute T;,.

The above observations indicate the need
for a better understanding of the effects of
HSR on fatigue, since HSR is a dynamic vari-
able that simultaneously considers the meta-
bolic heat production rate during exercise (pro-
portional to %VO,,,,,) and the degree of diffi-
culty of heat dissipation to the environment
(thermal stress). Therefore, the aim of the
present study was to determine the effect of
different HSR on fatigue and T, in rats.

Six male Wistar rats weighing 260-360 g
were used. The animals were maintained in
collective cages in a room with a constant
dry bulb temperature (Tp) of 20 + 1°C under
a 14-to 10-h light-dark cycle, with ration and
water available ad libitum.

T;,. was measured by implanting a tem-
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perature sensor (model TR3000XM-FM,
Vital View Mini-Mitter, Sunriver, OR, USA)
into the intraperitoneal cavity under ethyl
ether anesthesia. An incision was made in
the lumbar region of the animal, the perito-
neal cavity was opened, the temperature sen-
sor was inserted, and the peritoneum and
skin were sutured. The sensor was calibrated
with a precision of 0.01°C. No healing ab-
normalities or alterations in weight gain of
the animals were observed during the 5-day
recovery period after surgery. After recov-
ery, the animals were allowed to adapt to the
treadmill exercise which consisted of run-
ning at a constant velocity of 15 m/min with
0% inclination for 5 min per day, on 5 con-
secutive days at a constant ambient T, of 21
+ 1°C. T;,, was measured by telemetry every
30 s during rest, exercise and recovery. The
following equation was used to determine
the amount of heat stored during each exper-
imental condition: HSR (cal/min) = (AT;,)/
TET-g-c, where AT, corresponds to the total
variation in T, between the beginning and
end of exercise, g = weight of the animals,
and ¢ = specific heat body tissues = 0.82586
cal g'' °CL,

During the experiments the animals were
submitted to two velocities, i.e., 21 and 24
m/min, always at 0% inclination, on a Modu-
lar Treadmill for rats (Columbus Instruments
International Corporation, Columbus, OH,
USA) until exhaustion, with exhaustion be-
ing defined as the time point when the ani-
mal was no longer able to maintain the pre-
established velocity and needed to be stimu-
lated with an electric shock (0.5 mV, 0.5
mA) (10). TET (in min) was defined as the
time between the beginning of exercise and
exhaustion. Different HSR were obtained by
combining the treadmill velocities with three
different ambient temperatures: cold (18°C
wet bulb globe temperature, WBGT), ther-
moneutral (23.1°C WBGT), or hot (29.4°C
WBGT). WBGT was calculated from T, and
the wet bulb (Ty) temperature using the
following equation for closed environments:
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WBGT (°C) = 0.3 (Tp) + 0.7 (Tw).

At the end of the experiment, the animals
were sacrificed with an ether overdose and
no signs of infection or other type of internal
anomaly were detected at autopsy.

The experimental design of the present
study was of the Latin square type to avoid
the training effect and the six experimental
conditions were combinations of three am-
bient temperatures and two velocities. Each
animal was submitted to the six experimen-
tal conditions at an interval of 4 days be-
tween each experiment in a crossed manner.
Variables showing anormal distribution were
analyzed by repeated measures analysis of
variance, followed by correlations and re-
gression curves, when appropriate. Differ-
ences between means were compared by the
post hoc Student t-test, with the level of
significance set at 5%.

Figure 1A shows that the increase in
treadmill velocity was accompanied by a
reduction in the TET at the same ambient
temperature (21>24 m/min), and at the same
velocity TET decreased with increasing am-
bient temperature (cold > thermoneutral >
hot). On the other hand, TET showed no
significant interaction between treadmill ve-
locity and ambient temperature. These data
indicate that fatigue was independently an-
ticipated by both the increase in exercise
intensity and thermal environmental stress.

Figure 1B shows that the increase in tread-
mill velocity was accompanied by an in-
crease in HSR at the same ambient tempera-
ture (24>21 m/min), except for the cold en-
vironment for which the difference was non-
significant. Furthermore, HSR increased pro-
portionally with increasing ambient temper-
ature (hot > thermoneutral > cold) at the
same velocity, and HSR behavior showed a
significant interaction between treadmill ve-
locity and ambient temperature (P<0.05).
The data in Figure 1 indicate an inverse and
symmetric correlation between mean TET
and HSR, i.e., the higher the HSR the shorter
the TET (r =-0.762, P<0.001).
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Figure 1. Total exercise time (A)
and heat storage rate (B) of un-
trained rats during treadmill ex-
ercise (21 or 24 m/min) in a cold
(18°C wet bulb globe tempera-
ture, WBGT), thermoneutral
(23.1°C WBGT) or hot (29.4°C
WBGT) environment. Data are
reported as means + SEM for 6
rats. *P<0.05 compared to the
thermoneutral and hot environ-
ments; **P<0.05 compared to
the hot environment; *P<0.05
compared to 24 m/min in the
same environment (Student t-
test).

Figure 2. Final internal tempera-
ture of untrained rats during
treadmill exercise (21 or 24
m/min) in a cold (18°C wet bulb
globe temperature, WBGT),
thermoneutral (23.1°C WBGT) or
hot (29.4°C WBGT) environ-
ment. Data are reported as
means + SEM for 6 rats.
*P<0.05 compared to the ther-
moneutral and hot environ-
ments; **P<0.05 compared to
the hot environment; *P<0.05
compared to 24 m/min in the
same environment (Student t-
test).
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As shown in Figure 2, a similar initial Tj
of about 37.5°C was observed in all experi-
mental situations. At the end of exercise, Tjy
was higher than at the beginning of exercise.
In addition, final T, differed between the
various experimental situations studied, in-
dicating that fatigue developed at different
T, for each experimental condition.

The present results show that fatigue de-
veloped proportionally to exercise intensity
(treadmill velocity) and thermal environmen-
tal stress (WBGT). In addition, fatigue was
inversely and significantly correlated with
HSR, but the T, at the time of fatigue dif-
fered between the experimental situations
studied. These findings disagree with the
hypothesis that fatigue develops at a certain
critical body temperature, but support the
role of HSR in the development of fatigue.

Absolute T;,, and HSR depend on the
balance between metabolically produced heat
and the rate of heat gain or loss to the envi-
ronment. The thermal environment in which
a minimal metabolic rate can be maintained
during rest is defined as the thermoneutral
environment, which, in rodents, ranges from
28° to 32°C (11). T;, has been shown to be
carefully regulated in rats submitted to high
intensity exercise and/or warm environments
due to their incapacity of heat dissipation
through the saliva (12). T;, as a mechanism
of fatigue is, therefore, potentiated during
exercises performed in warm and humid en-
vironments.

Fuller et al. (6) studied the effect of dif-
ferent ambient temperatures (23°, 33° and
38°C with 40% relative humidity) on hypo-
thalamic and abdominal temperatures in rats
during treadmill exercise (15 m/min and 10%
inclination) until fatigue. Walters et al. (7)
also exercised rats on a treadmill (17 m/min
and 8% inclination), with previous induction
of different hypothalamic and rectal tem-
peratures with microwaves. Both studies
suggested the existence of a fatigue-critical
Ty but the final temperature was approxi-
mately 2°C higher in one study (7) compared
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to the other (6).

Voluntary or central fatigue is consid-
ered to be a vital, complex, multifactorial
and interactive phenomenon, which perma-
nently integrates multiple sensory stimuli for
the determination of a tolerable TET as a
function of a fixed % VO, (13). This sen-
sory integration includes, among other fac-
tors, substrate availability, blood flow, oxy-
gen flow, pulmonary ventilation and adequate
neurohumoral activity, as well as the mainte-
nance of acid-base, water-electrolyte and
thermal equilibrium. According to this mo-
del, exercise interruption occurs before the
occurrence of any disequilibrium in homeo-
stasis which would compromise the integrity
of the animal.

High tissue temperatures are known to
induce structural and functional alterations
in proteins involved in electrolyte transport
through the cell membrane and sarcoplasmic
reticulum, in actin-myosin interactions, and
in mitochondrial respiration (14), changes
that might lead to a reduction in physical
performance, hyperthermia and/or even death
(1,10). Within this context, both absolute T,
and HSR represent important indicators for
the continuous assessment of the risk of
homeostatic disequilibrium, and thus play a
role in the mechanisms involved in acute
fatigue.

Finally, it is interesting to note that in the
present study the mean AT, observed under
some experimental conditions (0.20 cal/min
at a velocity of 24 m/min in the hot environ-
ment) was much higher than that observed
for humans during exercise until fatigue in
the heat (3,15,16). This finding suggests that
the differences in the thermoregulatory
mechanisms between humans and rats, espe-
cially the capacity of sweating and the body
surface/volume ratio, impair the extrapola-
tion of data obtained in rats to the study of
heat-related fatigue in humans.

HSR best correlated with acute fatigue
during exercise performed in thermoneutral
and hot environments at two intensities.
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