
Association between the increase in brain
temperature and physical performance at
different exercise intensities and protocols

in a temperate environment

A.C. Kunstetter, S.P. Wanner, L.G. Madeira, C.F. Wilke, L.O.C. Rodrigues and N.R.V. Lima
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Abstract

There is evidence that brain temperature (Tbrain) provides a more sensitive index than other core body temperatures in

determining physical performance. However, no study has addressed whether the association between performance and

increases in Tbrain in a temperate environment is dependent upon exercise intensity, and this was the primary aim of the present

study. Adult male Wistar rats were subjected to constant exercise at three different speeds (18, 21, and 24 m/min) until the onset

of volitional fatigue. Tbrain was continuously measured by a thermistor inserted through a brain guide cannula. Exercise induced a

speed-dependent increase in Tbrain, with the fastest speed associated with a higher rate of Tbrain increase. Rats subjected to

constant exercise had similar Tbrain values at the time of fatigue, although a pronounced individual variability was observed (38.7-

41.76C). There were negative correlations between the rate of Tbrain increase and performance for all speeds that were studied.

These results indicate that performance during constant exercise is negatively associated with the increase in Tbrain, particularly

with its rate of increase. We then investigated how an incremental-speed protocol affected the association between the increase

in Tbrain and performance. At volitional fatigue, Tbrain was lower during incremental exercise compared with the Tbrain resulting

from constant exercise (39.3±0.3 vs 40.3±0.16C; P,0.05), and no association between the rate of Tbrain increase and

performance was observed. These findings suggest that the influence of Tbrain on performance under temperate conditions is

dependent on exercise protocol.
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Introduction

Homeothermic animals maintain their core body tem-

perature (Tcore) within narrow limits, even when exposed to

a wide range of environmental temperatures. This ability to

tightly control Tcore is important for the maintenance of body

homeostasis, and large deviations in Tcore from the narrow

limits suggest the existence of a pathological condition (1).

However, marked changes in Tcore do not occur exclusively

in sick animals. For instance, hyperthermic states are

also observed in healthy, homeothermic animals while

exercising.

Physical exercise accelerates the rate of heat produc-

tion and leads to a rapid increase in Tcore, which may reach

values above 406C, depending on exercise intensity/

duration and ambient temperature (2,3). It is well estab-

lished that exercise-induced hyperthermia negatively

affects the ability to sustain prolonged physical efforts

through mechanisms that have not yet been elucidated. In

particular, marked increases in the temperature of the

brain, one of the sites where Tcore is measured, have been

associated with high rates of perceived exertion (4) and

alterations in cerebral function (5).

The temperatures measured in specific body compart-

ments are not homogeneous and do not respond in a

similar way (particularly regarding their time course) to

several arousing stimuli (6). Indeed, there is evidence that

brain temperature (Tbrain) is a more sensitive index than

other temperatures of the body core in determining

physical performance (7) and thermoeffector activity (8).

Unfortunately, the temperature of brain structures cannot

be directly measured in humans during exercise. In this
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context, rodent experiments are essential to increase our

understanding of the alterations in the central nervous

system that may regulate performance or explain the

central impairments caused by hyperthermia. So far, most

of the experiments that measured Tbrain in exercising rats

were performed in hot environments at a constant treadmill

speed (9-12) or compared the magnitude of the hyperther-

mia induced by similar exercise intensity at two different

ambient temperatures (13,14). As expected, high values of

Tbrain were associated with reduced performance in the

heat (12), and the Tbrain increase was exaggerated during

treadmill running in a warm compared with a cool environ-

ment (14) or a temperate environment (13). To our surprise,

no study has evaluated whether Tbrain is associated with

physical performance at different exercise intensities and

protocols in a temperate environment, and this was the

primary aim of the present study. Our hypothesis was that

the influence of Tbrain on performance would be less evident

during incremental-speed exercise and during high-inten-

sity, constant exercise, since rats exercise at intensities

close to their maximum aerobic capacity in both conditions

and, therefore, fatigue would be more influenced by

metabolic and cardiovascular adjustments.

Furthermore, we investigated whether performance in

a temperate environment was associated more with an

absolute, critical Tbrain or with dynamic changes in tem-

perature (i.e., the rate of Tbrain increase). Finally, we also

investigated whether the brain lesions caused by the

chronic implantation of a guide cannula or acute thermistor

insertion for measuring Tbrain affected performance.

Material and Methods

Animals
Twenty-two adult male Wistar rats weighing 250-350 g

were used in all experiments. The rats were housed in

collective cages and, after the surgical procedure, they

were housed individually. The animals were maintained in

a room with controlled light (5:00 am to 7:00 pm) and

temperature (24±16C) conditions, and water and rat

chow were provided ad libitum. All experimental proce-

dures were approved by the Ethics Committee of the

Universidade Federal de Minas Gerais for the Care and

Use of Laboratory Animals (protocol #076/2011) and

conducted in accordance with the policies described in the

Committee’s Guiding Principles Manual.

Experimental protocols
Two sets of experiments were conducted to achieve

the goals of this study. The first set was performed to

investigate the effects of exercise intensity (evaluated by

changing the treadmill speed) on the association between

the exercise-induced increase in Tbrain and physical

performance. Initially, a brain guide cannula was surgically

implanted in the rats (n=9). After recovering from this

surgery, the animals were familiarized with running on a

treadmill (5-day protocol) and then subjected to three

constant-speed exercises. The order of the exercise trials

followed a Latin square design to prevent the repetition of

trials from interfering with the results. An interval of at least 2

days was given between trials. On a different day following

the three constant exercises, the rats were subjected to a

control experiment that consisted of measuring Tbrain under

resting conditions.

The second set of experiments was conducted to

investigate whether the exercise protocol interfered with

the association between Tbrain increase and physical

performance, and whether the procedures that we used

to measure Tbrain affected performance. Another group of

rats (n=13) was used in this set of experiments. After

being familiarized with running on a treadmill (5-day

protocol), all animals were subjected to an incremental-

speed exercise protocol, and 1 day after this exercise trial,

they were divided into two groups: a group that had a guide

cannula implanted into the brain (operated group) and

another group that did not undergo surgery (control group;

the animals were only transferred from a collective to an

individual cage). Five days after the surgical procedure (or

the transfer to an individual cage), animals from both

groups were familiarized with running on a treadmill for

two additional days. The rats were then subjected to two

incremental exercise sessions, and operated animals were

evaluated with or without the insertion of a thermistor

through the guide cannula. Tbrain was measured during the

trial in which the thermistor was inserted. The order of the

incremental exercises (i.e., with and without the insertion of

the thermistor) was randomized, and an interval of at least

2 days was given between these experimental trials. The

reason for conducting incremental exercises for the second

set of experiments was because performance has a lower

variation coefficient in this protocol compared with constant

exercise (15).

Brain guide cannula implantation
A guide cannula was implanted into the brain to allow

for the insertion of a thermistor that enabled the

measurement of the right brain cortex temperature.

The animals were anesthetized intraperitoneally with

80 mg/kg ketamine and 10.5 mg/kg xylazine and fixed to a

stereotaxic apparatus. The skull was exposed, and a 13 mm

long stainless steel guide cannula (21 G) was implanted into

the brain using stereotaxic coordinates, with the aim of

achieving the right frontal cortex. The following coordinates

were used: 2.5 mm anterior to the bregma, 2.8 mm to the

right of the midline, and 1.8 mm below the skull (16). The

cannula was firmly anchored to the skull with the aid of two

supporting screws and acrylic cement. Postoperative

analgesic medication (1.1 mg/kg flunixin meglumine, sc)

and a prophylactic dose of antibiotics (48,000 IU/kg

Pentabiótico, im, Fort Dodge Saúde Animal, Brazil) were

provided to the rats. All animals were allowed to recover for

at least 1 week before being subjected to experimental trials.
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Familiarization with exercise on a treadmill
The rats were gradually introduced to exercise on a

treadmill for small animals (Gaustec Magnetismo, Brazil)

over 5 consecutive days before initiation of the experiments.

Each daily session consisted of running at a constant speed

of 18 m/min and a 5% inclination for 5 min (17). During the

familiarization sessions, the animals were encouraged to

run by light electrical stimulation (0.5 mA). The purpose of

this familiarization procedure was to show the animals which

direction to run, thereby minimizing their exposure to the

electrical stimulation during the experimental trials (17). Prior

to each familiarization session, the rats were extensively

handled by the experimenter, who also briefly restrained the

animals and then simulated the insertion of a thermistor.

Experimental trials
The experiments were performed between 10:00 am

and 4:00 pm, and care was taken to subject the same

animal to the assigned experimental trials at the same

time of day.

Constant-speed exercise. On the day of the experi-

ments, the rats were taken to the experimental room, and

a thermistor (Beta Therm Corp., USA) for measuring Tbrain

was inserted into the brain through the guide cannula. The

animals were not anesthetized or sedated for this procedure

and did not exhibit any signs of pain or discomfort. The rats

were then placed on a treadmill with the inclination always

set to 5% and subjected to a running exercise session

until volitional fatigue at one of the following treadmill

speeds: 18 m/min (S18), 21 m/min (S21), or 24 m/min

(S24). Volitional fatigue was defined as the point at which

the animals were no longer able to maintain pace with the

treadmill, even when being stimulated by light electrical

shocks (0.5 mA) for 10 s (17).

Incremental-speed exercise. The incremental exercise

was performed at a constant inclination (5%) with a starting

speed of 10 m/min. The treadmill speed was increased

by 1 m/min every 3 min until volitional fatigue (18). The

procedures used to measure Tbrain and to determine

volitional fatigue during the incremental exercise sessions

were similar to those used during the constant exercise

sessions.

Control experiments. Control experiments were

performed with resting rats. The animals were allowed

to move freely in their home cages, and their Tbrain was

measured for 60 min after a stabilization period.

Measurements
Total exercise time (TET) was measured from the

beginning of exercise until volitional fatigue. The Tbrain was

measured using a thermistor that was inserted into the

brain and connected to a multimeter (Fluke, 289 FVF,

Brazil). The multimeter recorded resistance values that

were converted into temperature values using the

Steinhart-Hart equation. In the exercise trials, Tbrain was

recorded every minute throughout the running period,

whereas in the control trial, Tbrain was measured each

minute during 60 min of resting. The ambient temperature

was recorded every 4 min using a thermocouple (Yellow

Spring Instruments, YSI 409B, USA) fixed to the ceiling of

the acrylic chamber that contained the treadmill (during the

exercise trials). In the resting experiments, the same

thermocouple was placed next to the animal’s home cage.

The ambient temperature was maintained at 25.2±0.26C

during all experimental trials by the use of air conditioning.

According to our previous experiments, rats exhibit a mean

heat loss index of 0.23 when resting in the same

experimental setup for 60 min and with the ambient

temperature set at 25-266C (19). The heat loss index data

suggest that the environmental conditions used in the

present study were within the thermoneutral zone (20).

Calculations
The rate of Tbrain increase was calculated by dividing

the change in Tbrain by the TET. The maximum speed

(Smax) attained during the incremental-speed exercise

sessions was calculated by modifying the equation

proposed for the calculation of the maximal power output

(21): Smax=S1++(S26t/180), where S1 is the speed

reached in the last completed stage, S2 is the increment

in the treadmill speed at each stage, and t is the time spent

(in seconds) in the uncompleted stage.

Verification of the position of the guide cannula
At the end of the experiments, the rats were deeply

anesthetized intraperitoneally with 120 mg/kg ketamine

and 15 mg/kg xylazine and perfused with 150 ml 0.9%

NaCl, followed by 300 ml 10% formalin solution. After the

perfusion, the brain was removed, post-fixed by immer-

sion in formalin for 24 h at 46C, and ultimately transferred

to a 30% sucrose solution maintained at 46C for at least 2

days. The brain tissues were then frozen at ––186C and

cut into 50-mm slices using a cryostat microtome (Leica

Microsystems, Germany). Brain slices were stained with

cresyl violet acetate (0.5 g/100 mL) and examined under

a light microscope (Studar, Poland). The position of the

thermistors was determined by comparing the lesioned

areas present on the slides with coronal drawings in the

Paxinos and Watson atlas.

Statistical analysis
Data are reported as means±SE. In the first set of

experiments, the changes in Tbrain values were compared

between exercise intensities and time points using two-

way analysis of variance (ANOVA) with repeated mea-

sures, followed by the post hoc Tukey test. One-way

ANOVA with repeated measures followed by the post hoc
Duncan test was used to compare the TET and rate of

Tbrain increase between the three exercise trials. The

association between the TET and rate of Tbrain increase

was assessed using the Pearson correlation coefficient.

The association between the location of the thermistor tip
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and thermoregulatory parameters (initial Tbrain, exercise-

induced changes in Tbrain, and Tbrain at the end of effort)

was assessed using Spearman correlation coefficient.

The curves describing the percentage of rats that were

still running at a given exercise time were compared

between the experimental trials using the log-rank test

(22).

In the second set of experiments, the maximal treadmill

speeds were compared between groups (operated and

control) and between the three incremental tests using

two-way ANOVA followed by the post hoc Duncan test.

The changes in Tbrain were compared between exercise

protocols (incremental or constant speed) and time points

using two-way ANOVA followed by the post hoc Tukey test.
In all analyses, the significance level was set at P,0.05.

Results

First set of experiments
Histological analysis. Figure 1A shows schematic

drawings indicating the location of the thermistor tips

(defined by the deepest lesion observed in the brain

tissue). In three animals, the thermistor tips were observed

in ventral regions of the right frontal cortex (coordinates

ranging from 5 to 7 mm under the skull), including the

lateral orbital cortex (LO) and the agranular insular cortex

(AIV). However, in four other rats, the thermistor was

inserted into dorsal regions of the right frontal cortex (i.e.,

from 2 to 3 mm under the skull), including the primary

motor cortex (M1), the frontal area 3 (Fr3), and the primary

somatosensory cortex (SIJ). In two animals, the thermistor

was inserted into the caudate putamen nucleus (CPu).

With regard to the anterior-posterior (AP) coordinates, the

thermistor tips were observed at more rostral levels in five

animals (3-4.2 mm from the bregma), while the tips were

located more caudally in the other four animals (2.16-

2.76 mm from the bregma). With respect to the medial-

lateral (ML) coordinates, the thermistor tips were observed

at similar coordinates (2.5-3.3 mm from the bregma).

Figure 1B shows representative photomicrographic

images of brain coronal slices from two rats, including one

rat in which the thermistor was inserted into the frontal

cortex and another in which the thermistor was inserted

into the CPu. Despite the large differences observed in

the location of the thermistor tips in the 15 animals, we did

not observe any correlation between the AP coordinates

and the thermoregulatory parameters evaluated (initial

Tbrain, exercise-induced change in Tbrain, and Tbrain at the

end of effort). With regard to the depth of the thermistor

tips, we observed a correlation between the dorso-ventral

(DV) coordinates and initial Tbrain (r=0.650, P=0.050;

Figure 1C), as previously observed by other investigators

(11,23). However, the DV location of the thermistor was

not associated with Tbrain at the end of effort (r=0.550,

Figure 1. Coronal sections taken from the Paxinos and Watson atlas (16) showing the location of the thermistor tips (panel A). The
numbers above the schematic of each hypothalamic section indicate the distance (in mm) between the section plane and bregma.

Legends: AIV: ventral agranular insular cortex; CPu: caudate putamen; fmi: forceps minor of the corpus callosum; Fr3: area 3 of the

frontal córtex; LO: lateral orbital cortex; M1: primary motor cortex; M2: secondary motor cortex; S1J: primary somato-

sens, jaw region; VO: ventral orbital cortex. Photomicrographs of coronal sections (50 mm, cresyl violet staining) showing the location

of the thermistor tips in two rats: one rat with a thermistor inserted into the frontal cortex and another animal with a ther-

mistor inserted into the caudate putamen nucleus (panel B). The positive correlation between the dorso-ventral location of the

thermistor tip and the initial brain temperature is shown in panel C. Data are reported as individual values. Spearman correlation

coefficient was used for analysis.

682 A.C. Kunstetter et al.

Braz J Med Biol Res 47(8) 2014 www.bjournal.com.br



P=0.111) or the exercise-induced change in Tbrain

(r=0.183, P=0.612). Considering that the animals had

similar changes in Tbrain during exercise irrespective of the

DV location of the thermistor, we analyzed all of the

animals as a single group.

Physical performance and brain temperature. As

expected, the treadmill speed greatly influenced perfor-

mance; specifically, TET was shorter during exercise at

24 m/min compared with the two other running speeds,

and it was shorter at 21 m/min compared with 18 m/min

(S24: 62±11 min vs S21: 149±14 min vs S18: 207±

15 min, P,0.001, Figure 2A). As illustrated in Figure 2C,

the curve that represents the percentage of rats that were

still running at given exercise time points was shifted to the

left during the S24 trial compared with the S21 (P,0.01,

log-rank test) and S18 (P,0.01, log-rank test) trials. For

example, when all animals stopped running at 24 m/min,

89% and 67% of them were still running at 18 and 21 m/

min, respectively.

The rats that were allowed to move freely in their home

cages at ,256C had an average Tbrain of 37.18±0.096C.

In contrast, treadmill running caused marked increases in

Tbrain at all exercise intensities studied (Figure 2B). Tbrain

was already increased at the fifth minute of exercise

compared with the preexercise values (minute 5:

37.80±0.106C vs minute 0: 37.22±0.086C, P,0.05;

pooled data for the three exercise speeds). During this

initial phase of running, rats exhibited the highest rates of

Tbrain increase (0.116C/min until the 8th minute), which

were independent of exercise intensity. Afterward, Tbrain

continued to increase at slower rates, and exercise-

induced hyperthermia became dependent on running

speed. Higher values of Tbrain were observed for the

highest exercise intensity compared with the other two

intensities beginning at 23 min after the exercise had

begun (S24: 38.88±0.166C vs S18: 38.40±0.166C vs
S21: 38.48±0.146C; P,0.05), and this enhanced running

hyperthermia persisted until the 31st minute of exercise

(S24: 39.32±0.196C vs S18: 38.48±0.206C vs S21:

38.73±0.146C, P,0.05). Moreover, Tbrain was higher from

the 50th until the 100th minute of exercise at 21 m/min

compared with these time points at a speed of 18 m/min.

Interestingly, a plateau in Tbrain was observed only for the

slowest speed from the 60th until the 100th minute and

then, after 40 min of stable recordings, Tbrain markedly

increased for a second time. Despite the differences

mentioned above, there were no differences in Tbrain

between the three exercise intensities when the animals

voluntarily terminated their effort (S18: 40.45±0.266C vs
S21: 40.31±0.286C vs S24: 40.10±0.206C). However, it

is important to note that pronounced individual variability in

Tbrain was observed at this time (38.7-41.76C).

Figure 2. Total exercise time (panel A) and cortical brain

temperature (panel B) of rats subjected to constant-speed

exercise sessions on a treadmill at three different speeds (18,

21, and 24 m/min). Data are reported as means±SE and were

analyzed using one-way (panel A) or two-way (panel B) ANOVA.
#P,0.05 compared with 18 m/min; +P,0.05 compared with 18

and 21 m/min. Panel C, Curves representing the maximum

exercise duration tolerated by rats subjected to the constant

exercise sessions. Data are reported as the number of rats that

continued to run at specific time points at each treadmill speed.

These data were analyzed using the log rank test.

Figure 3. Correlations between total exercise

time and the rate of increase in brain temperature

calculated from the beginning until the end of

constant exercises at three speeds: 18, 21, and

24 m/min. Data are reported as individual values.

The Pearson correlation coefficient was used for

analyses.
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Exercise intensity had a significant effect on the rate of

Tbrain increase. When exercise was performed at 24 m/min,

the rate of increase was greater compared with that resulting

from the other two exercise speeds (S24: 0.058±0.0096C/

min vs S18: 0.017±0.0026C/min vs S21: 0.021±0.0026C/

min; P,0.001). In fact, a negative correlation between rate

of increase in Tbrain and TET was observed for each speed

that was studied (Figure 3) and when all speeds were

analyzed together (r=––0.80, P,0.001).

Second set of experiments
Histological analysis. In this set of experiments,

histological analysis was important for determining the

location of the thermistor tips and verifying the extension

of brain lesions caused by chronic implantation of the

guide cannula and acute insertion of the thermistor.

The schematic drawings presented in Figure 4 show

the brain areas lesioned by implantation of the guide

cannula and insertion of the thermistor. In four animals,

the lesions were observed at DV coordinates ranging from

5 to 7 mm under the skull, reaching ventral regions that

included the LO, AIV, the piriform cortex, the endopiriform

nuclei, and Layer 3 of the cortex. However, in the other

three rats, the lesions were restricted to dorsal regions

(2.5-4 mm under the skull). With respect to the AP

coordinates, the lesions were present at more rostral

levels in four animals (3-4.2 mm from the bregma), while

the lesions were concentrated more caudally in the other

three animals (2.16-2.76 mm from the bregma). Although

there were differences observed between the DV and AP

coordinates, the lesions induced by the guide cannula

and thermistor were observed at similar ML coordinates

(2.2-3.5 mm from the bregma).

Physical performance and brain temperature. All

animals were initially subjected to incremental exercise

to determine their maximal treadmill speed before being

allocated to groups (i.e., control and operated). The

groups were matched for performance measured during

incremental exercise; therefore, the maximal treadmill

speed attained was not different between the two groups

Figure 4. Lines showing the contours of brain lesions caused by

the implantation of a guide cannula and insertion of a thermistor

are drawn in coronal cortical sections taken from the Paxinos and

Watson atlas (16). The numbers above the schematic of each

cortical section indicate the distance (in mm) between the section

plane and bregma.

Figure 5. Maximum treadmill speed attained during the three

incremental-speed exercise sessions. Initial exercise was con-

ducted prior to any surgical procedure in both groups. Animals

with a brain guide cannula (operated group) were tested with or

without thermistor insertion in a counterbalanced order. The

control animals (not operated) were subjected to second and third

incremental exercise sessions. Data are reported as means±SE

and were analyzed using two-way ANOVA.

Figure 6. Brain temperature of rats subjected to constant-speed

exercise at 24 m/min and rats subjected to incremental-speed

exercise. Data are reported as means±SE and were analyzed

using two-way ANOVA. *P,0.05 compared with constant-speed

exercise at 24 m/min.
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(control: 27.9±1.3 m/min vs operated: 28.6±0.9 m/min,

P=0.917).

The control group allowed verification of whether

learning or training-associated effects could increase

running performance during the second or third incremen-

tal exercise sessions. No differences were observed in the

maximal treadmill speeds attained by animals in the control

group between the three incremental exercise sessions

(first: 27.9±1.3 m/min vs second: 29.8±2.4 m/min vs

third: 27.8±2.0 m/min; P=0.917). However, the main

objective of this second set of experiments was to evaluate

whether the procedures required to measure Tbrain would

affect running performance. It was observed that the

maximal speed attained during incremental exercise was

not affected by chronic brain lesions resulting from

implantation of a guide cannula or acute lesions resulting

from thermistor insertion (first exercise: 28.6±0.9 m/min

vs cannula: 28.6±1.4 m/min vs thermistor: 29.1±1.4 m/

min; Figure 5, P=0.977).

Tbrain was measured during incremental exercise

performed after the thermistor had been inserted into the

brain. Incremental exercise also produced an increase in

Tbrain that was lower than that observed during constant

exercise at 24 m/min from the 19th min (S24: 38.63±

0.146C vs incremental exercise: 38.08±0.196C) until

volitional fatigue (Figure 6). Moreover, differences in

Tbrain between incremental exercise and exercise at

21 m/min were observed from the 30th minute (S21:

38.74±0.156C vs incremental exercise: 38.18±0.246C)

until the end of the running period. At volitional fatigue,

Tbrain was lower during incremental exercise compared

with the three constant exercise sessions (incremental

exercise: 39.30±0.256C, vs S18: 40.45±0.266C, vs S21:

40.31±0.286C, vs S24: 40.10±0.206C; P,0.05). There

was no association between the rate of Tbrain increase and

physical performance during incremental exercise

(r=0.30, P=0.501), and pronounced individual variability

in Tbrain at the time of fatigue was again observed (38.6-

39.86C).

Discussion

The main finding of this study was that the exercise-

induced increase in Tbrain of rats subjected to constant-

speed exercise was associated with their performance at

all three intensities that were studied. In contrast, such

association was not observed during incremental exer-

cise, indicating that the influence of Tbrain increase on

performance is dependent on the running protocol.

Moreover, Tbrain recorded at the time of fatigue was lower

during incremental exercise compared with the three

constant exercise sessions, with no significant differences

observed among the latter. Last, the experimental

procedures that we used to measure Tbrain of running

rats did not affect their performance.

During the initial phase of exercise up to the eighth

minute, rats exhibited the highest rates of Tbrain increase,

which were independent of the treadmill speed (Figure 2B).

This marked Tbrain increase was likely caused by animal

handling (a stressful procedure required to insert the

thermistor) and/or by the lower rate of heat loss compared

with the rate of heat production generally observed at the

beginning of exercise [cutaneous heat dissipation usually

increases within 8 to 10 min of exercise under temperate

conditions (15)]. Indeed, the former hypothesis helps to

understand why the initial Tbrain increase was unspecific to

the treadmill speeds studied, whereas the second hypoth-

esis is supported by observations that a steady-state Tcore

(rectal or abdominal) was only attained following the

increase in tail skin temperature during low-intensity

exercise (24,25).

After the eighthminute of exercise, the increase in Tbrain

was clearly different among the three running speeds

(Figure 2B). At 18 m/min, equilibrium between the rates of

heat production and heat loss was attained and, there-

fore, a plateau in Tbrain was observed. This steady-state

condition lasted approximately 40 min and was followed by

a second, clear increase in Tbrain, a response that was

possibly a consequence of gradual reduction in running

economy (which may have enhanced heat production). On

the other hand, a temperature plateau was never observed

at 21 and 24 m/min. We suggest that these intensities

provoked elevated rates of heat production that had

overcome the rat’s ability to dissipate heat, and this made

Tbrain increase constantly during exercise. Interestingly,

this temperature behavior was also reported in studies that

measured the colonic temperature of rats subjected to

high-intensity exercise (24,26).

Physical exercise intensity was directly associated with

the rate of Tbrain increase in rats subjected to treadmill

running at the same temperate ambient temperature;

specifically, the faster treadmill speed (24 m/min) induced

greater rates of increase compared with the slower speeds

(18 and 21 m/min). The dependence of hyperthermia level

on exercise intensity was not observed for running mice

(27), but it agrees with observations for exercising humans

(28,29) and exercising rodents that had their abdominal or

rectal temperature measured (25,30). That exercising mice

present different physiological responses from other

species was also reported in a recent investigation

focusing on their running-induced ventilatory responses

(31), which may lead ultimately to a distinctive pattern of

evaporative heat loss from the respiratory tract. These

findings indicate the existence of interspecies differences

in mechanisms underlying exercise hyperthermia and that

rat experiments may be a more interesting tool than mouse

experiments for studying some aspects of human thermo-

regulation during exercise.

On average, rats subjected to constant exercise

fatigued with Tbrain above 406C, irrespective of the treadmill

speed (Figure 2B). Similar Tbrain values were previously

observed in rats at the end of a fatiguing treadmill run in hot
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environments (10,12,14). In this sense, the existence of a

critical Tcore of approximately 40-416C that limits physical

performance of exercising humans and rodents has

already been suggested (10,12,32). Marked increases in

Tbrain alter cerebral function, as evidenced by decreases in

electroencephalogram activity of the frontal cortical area

(4,5) and inhibition of the cortical areas responsible for

motor activation (3). These hyperthermia-mediated

changes in brain function may have also played an

important role in determining volitional fatigue in the rats

in our study that were subjected to constant exercise in a

temperate environment. Indeed, evidence exists in the

literature consistent with the hypothesis that central

alterations may be involved in fatigue, even when exercise

is performed in the absence of severe environmental

thermal stress (33).

Although mean Tbrain was approximately 40.1-40.56C

when the animals terminated their effort at the three

speeds studied, the individual values ranged from 38.7

to 41.76C, which corresponds to a nearly 36C variation

among the animals. This observation is a strong argument

against the existence of a critical, absolute Tcore that limits

prolonged performance. The current observations support

those who argue that dynamic changes in Tcore, instead of

an absolute value, will regulate physical performance

(30,34), because we observed negative correlations

between TET and the rate of Tbrain increase for each of

the three exercise intensities that were studied.

The running protocol also affected exercise-induced

hyperthermia. Rats presented lower Tbrain values during

the incremental protocol compared with the constant

protocols in which they ran at 21 and 24 m/min (Figure 6).

This influence of the running protocol on the increase

in Tbrain may be a consequence of differences in the

evolution of exercise intensity, which is an inherent

characteristic of each running protocol. During the initial

stages of the incremental exercise, the workload per-

formed by the animals and, consequently, the rate of heat

production was low (e.g., it takes 33 and 42 min for rats

to begin running at 21 and 24 m/min, respectively). How-

ever, even when animals achieved high speeds during the

final stages of incremental exercise, their Tbrain remained

lower in this running protocol.

The animals terminated the incremental exercise with

lower Tbrain values compared with the values derived from

the three constant exercise sessions (Figure 6), and no

association between performance and the rate of Tbrain

increase was observed. These findings suggest that non-

thermal factors, most likely metabolic factors, are more

important for regulating fatigue than thermoregulation

during an incremental exercise. It is important to note that

exercise fatigue is a complex brain-regulated phenom-

enon that involves the integration of afferent information

arising from several physiological systems (35).

Depending on the characteristics of the exercise, some

physiological responses are more important than others in

determining its interruption. For example, during the final

stages of incremental exercise, animals are usually

exercising at intensities close to their maximum aerobic

capacity. In this case, it is likely that the ability of the

cardiovascular system to specifically increase coronary

and skeletal muscle blood flow is more of a determinant

for physical performance than thermoregulatory

responses (36). Therefore, our results suggest that

incremental exercise in a temperate environment is not

an adequate protocol for investigating the mechanisms by

which high Tbrain values limit prolonged performance.

Another aim of the present study was to investigate

whether the brain lesions caused by the chronic guide

cannula implantation or acute thermistor insertion would

affect the Smax attained during incremental exercise. These

experiments were particularly important because the rats in

the first set of experiments traveled a greater distance

before being fatigued than animals tested under the same

conditions in our previous studies (15), suggesting that the

brain lesions somehow inhibited the feeling of fatigue. The

lesions were concentrated in the frontal cortical area,

including the primarymotor cortex, the lateral orbital cortex,

frontal area 3, and the caudate/putamen nucleus, which

are involved in the planning, organization, and initiation of

movement. There is evidence that lesioning the frontal

cortical area produces deficits in motor behavior control

(37) and that activity in frontal areas is associated with the

motivation for voluntary wheel running (38). Furthermore,

Nonneman and Corwin (39) observed increased voluntary

wheel-running activity in adult, lesioned rats. In contrast

with these early data, our results indicate that lesions

promoted by the guide cannula or thermistor do not change

motor behavior or the motivation to run and, consequently,

the physical performance measured in rats subjected to

incremental treadmill running (Figure 5). Our findings also

indicate that the high performance of the rats used in the

initial protocol was not a consequence of brain cortex

lesions. The differences in performance between studies

may be explained by intrinsic variations in the exercise

capacity of rats, including those from the same strain (18),

or differences in the criteria adopted by different experi-

menters for determining fatigue.

In conclusion, the increase in Tbrain of rats subjected to

constant-speed exercise was dependent on treadmill

speed. Although our experiments were conducted in a

temperate environment, the Tbrain increase impacted

performance negatively, with the rate of increase being

apparently more of a determinant than the absolute values

of temperature. In contrast to our hypothesis, the influence

of Tbrain on performance during constant exercise was

always observed, regardless of the exercise intensity. On

the other hand, performance was not associated with the

rate of increase in Tbrain during incremental exercise,

indicating that the role of Tbrain in determining perfor-

mance is dependent on the running protocol. Finally, the

experimental procedures that we used to measure Tbrain
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of exercising rats did not affect their physical performance.
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