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Abstract:

To assess the effects of a blockade of central D1- and D2-dopaminergic receptors on metabolic rate, heat balance and running per-

formance, 10 nmol (2 µl) of a solution of the D1 antagonist SCH-23390 hydrochloride (SCH, n = 6), D2 antagonist eticlopride hydro-

chloride (Eti, n = 6), or 2 µl of 0.15 M NaCl (SAL, n = 6) was injected intracerebroventricularly into Wistar rats before the animals

began graded running until fatigue (starting at 10 m/min, increasing by 1 m/min increment every 3 min until fatigue, 5% inclination).

Oxygen consumption and body temperature were recorded at rest, during exercise and following 30 min of recovery. Control experi-

ments with injection of two doses (10 and 20 nmol/rat) of either SCH or Eti solution were carried out in resting rats as well. Body

heating rate, heat storage, workload and mechanical efficiency were calculated. Although SCH and Eti treatments did not induce

thermal effects in resting animals, they markedly reduced running performance (–83%, SCH; –59% Eti, p < 0.05) and decreased

maximal oxygen uptake (–79%, SCH; –45%, Eti, p < 0.05) in running rats. In addition, these treatments induced a higher body heat-

ing rate and persistent hyperthermia during the recovery period. Our data demonstrate that the alteration in dopamine transmission

induced by the central blockade of dopamine- D1 and D2 receptors impairs running performance by decreasing the tolerance to heat

storage. This blockade also impairs the dissipation of exercise-induced heat and metabolic rate recovery during the post-exercise pe-

riod. Our results provide evidence that central activation of either dopamine- D1 or D2 receptors is essential for heat balance and ex-

ercise performance.
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Introduction

The increase in body temperature (Tb) that occurs in

response to continuous or graded exercise results
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from an imbalance between metabolic heat produc-

tion and heat dissipation [21, 51, 52]. Tb is considered

to be a limiting factor during prolonged physical exer-

cise [10, 20, 22, 29, 38], and a high level of body heat

storage is associated with the termination of work in

animals [19] and healthy humans [22]. Evidence sug-

gests that there is a critical absolute value of Tb and/or

heat storage that determines the point of fatigue [19],

reducing the central nervous system drive for exercise

performance [39, 50]. There is also a hypothesis that

hyperthermia precipitates feelings of fatigue and re-

duces motivation at a sublethal threshold, providing

a safeguard against heat stroke and protecting the

brain against thermal damage [10, 29, 50]. Therefore,

considering that fatigue may be precipitated by high

core temperature and/or heat storage, the blockade of

a central mechanism that leads to heat loss and/or heat

tolerance should impair exercise performance.

Such mechanisms could be mediated by the dopa-

minergic (DAergic) system. Dopamine (DA) and DA-

receptor agonists exert thermoregulatory effects, in-

cluding hypothermia and anapyrexia [12, 40, 43]. In

fact, depletion or reduction of central catecholamines

has been linked to central fatigue and exhaustion dur-

ing exercise [11, 16, 17]. Regional cerebral DA me-

tabolism is enhanced during exercise in animals, and

during strenuous exercise the arterial concentration of

DA is increased [41].

In humans and rats, DA reuptake inhibitors have

been used to evaluate the effects of DA on exercise

performance. It was recently shown that acute treat-

ment with bupropion (a dual DA/noradrenaline reup-

take inhibitor) increased the time of exercise in a warm

environment. It is important to point out that this in-

creased running performance was accompanied by

a rise in internal temperature that reached 40°C or

even higher values [27, 51]. These results suggest that

central DA could be related to the enhancement of

physical performance and that activation of DAergic

pathways in the hypothalamus could be a predictor of

exercise tolerance in the heat [6]. Inhibition of nora-

drenaline and DA reuptake has already been demon-

strated to suppress heat loss mechanisms and elevate

brain temperature and body temperature in freely

moving rats [26].

Taking into account the observation that DA an-

tagonists decrease spontaneous locomotion, greatly

attenuate behavioral activation [30] and interfere with

thermoregulation [9] and metabolic rate [36], the aim

of this study was to assess the effects of central ad-

ministration of DA- D1 (SCH-23390, SCH) and D2

(eticlopride, Eti) receptor antagonists on heat balance,

metabolic rate and running performance in untrained

rats subjected to graded exercise until fatigue.

Materials and Methods

Ethics statement

All experiments were approved by the Ethics Com-

mittee for the Care and Use of Laboratory Animals of

the Federal University of Minas Gerais and were car-

ried out in accordance with the regulations described

in the Committee’s Guiding Principles Manual (proto-

col 057/05).

Animals

Male Wistar rats (250–300 g) were housed individually

at a room temperature of 22 ± 2°C under 14-h light :

10-h dark cycles and had free access to water and rat

chow. Following anesthesia with a mixture of keta-

mine (2 mg/kg body weight; ip) and xylazine (2 mg/kg

body weight; ip), the rats were fixed to a stereotaxic

apparatus (David Kopf Instruments, M-900, Tujunga,

CA, USA), and a guide cannula (22 G) was implanted

into the right lateral cerebral ventricle using a previ-

ously described technique [1]. During the same surgi-

cal procedure, a TR3000 VM-FH temperature sensor

(Mini Mitter, Sun River, OR, USA) was implanted

into the peritoneal cavity through a small incision in

the linea-alba. Following the surgical procedure, the

rats received a single dose of analgesic (flunixin

0.11 mg/100 g body weight; intramuscular, im) and

antibiotic mixture (Pentabiótico® – for small animals,

Fort Dogde, Brazil, 0.2 ml; im). All animals were al-

lowed to recover for at least one week before under-

going the test exercise protocol. The rats were famil-

iarized with exercise on the metabolic motor-driven

treadmill by running 5 min per day on a 5% incline

for five consecutive days prior to the experiments.

The speed was set at 10 m × min–1 on the first and

second days, and at 11, 13 and 15 m × min–1 on sub-

sequent days. The purpose of this preliminary exer-

cise was to show the rats in which direction to run. All

experiments were performed at a room temperature of

22 ± 1°C, between 1:00 p.m. and 5:00 p.m.
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Exercise

Graded exercise was carried out on a metabolic

motor-driven treadmill (Columbus Instruments, OH,

USA) at a constant incline of 5%. The rats began run-

ning at 10 m × min–1, and the treadmill speed was in-

creased by 1 m × min–1 every 3 min until fatigue. Fa-

tigue was defined as the point at which the animals

were no longer able to keep pace with the treadmill

[44, 49]. Time to fatigue (minutes) and workload (kgm)

were considered indices of running performance.

Experimental protocol

On the day of the experiment, the animals were al-

lowed to rest for 1 h on the treadmill before undergo-

ing the test. A needle (30 G) protruding 0.3 mm from

the tip of the guide cannula was introduced into

the right lateral cerebral ventricle by connecting it to

a Hamilton syringe. One minute prior to exercise,

2.0 �l of 0.15 M NaCl (SAL) or 10 nmol (3.24 �g)

of SCH-23390 hydrochloride solution (2.0 �l of 5 ×

10–3 M, SCH, Schering-Plough) or 10 nmol (3.77 �g)

of Eti hydrochloride solution (2.0 �l of 5 × 10–3 M,

Eti, Sigma-Aldrich) was injected into the right lateral

ventricle. These DA antagonists were selected based

on their high potency, high selectivity and water solu-

bility [24, 31, 42]. Rats were randomly assigned to

one of three treatments, receiving SAL, SCH or Eti

solution. Control experiments with injection of two

doses (10 and 20 nmol/rat) of either SCH or Eti solu-

tion were carried out in resting rats as well. The ani-

mals were submitted for similar experimental proce-

dures, but instead of exercising they were allowed to

freely move on the turndown treadmill for 90 min for

habituation prior to injection and again 30 min after

the injection procedure. An interval of at least three

days was allowed for the animals to recover between

treatments.

Body temperature (Tb) was measured by telemetry

(Mini Mitter, Sun River, OR), and oxygen consump-

tion (VO2) was measured by an open-flow indirect

calorimeter (Columbus Instruments, OH, USA), cali-

brated before each use with a certified mixture of

gases (20.5% O2 and 0.5% CO2). VO2 (ml O2 × kg–1

× min–1). Both VO2 and Tb (°C) were continuously re-

corded on-line by a computerized system.

Calculations

Body heating rate (°C × min–1), i.e., the rate of in-

crease in core temperature, was calculated as � Tb/

(running time interval), where � Tb is the change in

core temperature (Tf –Ti), Tf is the core temperature at

the fatigue point and Ti is the initial core temperature

measured prior to exercise. Heat storage (cal) was cal-

culated as (� Tb) × m × c, where “m” represents body

weight in grams and “c” represents the specific heat

of body tissues (0.826 cal × g–1 × °C–1) [23].

The reduction in exercise-induced heat storage was

calculated as % change in heat storage during the two

phases of the experimental session: during graded ex-

ercise and during the recovery period.

Workload (W; kgm) was calculated as W = [body

weight (kg)] × [total time of exercise; min] × [tread-

mill speed (m × min–1)] × [sin � (treadmill inclina-

tion)] [7, 8, 35].

Mechanical efficiency (%) was calculated by the

formula (W/energetic cost) × 100 [7, 32, 48]. The me-

chanical efficiency reduction rate (% × min–1), i.e.,

the rate of reduction in mechanical efficiency during

exercise, was calculated as � mechanical efficiency/

(running time interval).

Statistical analysis

The data are reported as the mean ± standard error

mean (SEM). Differences between treatments and the

effect of time were evaluated by two-way ANOVA

followed by the Newman-Keuls test. The data were

also compared using a paired or unpaired Student’s

t-test, as appropriate. All of the correlations presented

in this study were assessed using Pearson’s correla-

tion coefficient, and the significance level was set at

p < 0.05.

Results

Figure 1 shows the effects of intracerebroventricular

injection of 10 or 20 nmol of SCH or Eti on body tem-

perature (Tb) in resting rats (freely moving in the

cage). Treatment with a DA D1- or D2-antagonist did

not produce any thermal effect in resting rats during

the experimental period.

The injection of either a DA- D1 or D2 receptor an-

tagonist (n = 6 rats) induced a marked reduction in ex-
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Fig. 1. Effect of intracerebroventricular in-
jection of (A) 10 and 20 nmol of SCH-23390
(SCH) or (B) 10 and 20 nmol of eticlopride
(Eti), or 2 µl of 0.15 M NaCl (SAL) on changes
in body temperature (T�) in resting rats. Data
are expressed as the means ± SEM, n = 4 in
each treatment. (Basal T�: 37.71 ± 0.09°C,
SAL; 37.63 ± 0.08°C, SCH 10 nmol; 37.74 ±
0.08°C, SCH 20 nmol; 37.73 ± 0.02°C, Eti
10 nmol; 37.75 ± 0.11°C, Eti 20 nmol)

Fig. 2. Effect of intracerebroventricular in-
jection of 10 nmol of SCH-23390 (SCH) or
10 nmol of eticlopride (Eti), or 0.15 M NaCl
(SAL) on changes in oxygen consumption
(VO

�
) in rats during exercise (A) and during

the recovery period (B). Data are expressed
as the means ± SEM, n = 6 in each treatment.
In panel A, the horizontal bars show the total
time of exercise. * p < 0.05 vs. SAL; ** p <
0.05 vs. SAL fatigue point; # p < 0.05 vs.

SCH; ## p < 0.05 vs. SCH fatigue point; ++ p
< 0.05 vs. Eti fatigue point. (Basal VO

�
: 18.35

± 0.81 ml × kg�� × min��)

Fig. 3. Effect of intracerebroventricular in-
jection of 10 nmol of SCH-23390 (SCH) or
10 nmol of eticlopride (Eti), or 0.15 M NaCl
(SAL) on changes in body temperature (T�)
in rats during exercise (A) and during the re-
covery period (B). Data are expressed as the
means ± SEM, n = 6 in each treatment. In
panel A, the horizontal bars show the total
time of exercise. * p < 0.05 vs. SAL; ** p <
0.05 vs. SAL fatigue point; # p < 0.05 vs.

SCH; ## p < 0.05 vs. SCH fatigue point; + p <
0.05 vs. Eti; ++ p < 0.05 vs. Eti fatigue point;
� p < 0.05 vs. basal values. (Basal T�: 37.55
± 0.44°C)



ercise performance, as observed by the decreased time

to fatigue (5.0 ± 1.4 min, SCH; 10.0 ± 1.8 min, Eti, vs.

22.0 ± 3.1 min, SAL, p < 0.05, Fig. 2A), as well as

workload (1.30 ± 0.39 kgm, SCH; 3.17 ± 0.67 kgm,

Eti, vs. 7.78 ± 1.30 kgm, SAL, p < 0.05).

Exercise induced a gradual increase in VO2 for all

treatments (Fig. 2A), with a similar time course. Nev-

ertheless, at the fatigue point, SCH and Eti-treated

rats showed a lower VO2max than SAL-treated con-

trols (p < 0.05; Fig. 2A). After 30 min of recovery, the

metabolic rate of all animals returned to resting values

(Fig. 2B). However, as seen in Figure 2B, rats treated

with SCH or Eti took longer to decrease their meta-

bolic rate compared to SAL-treated rats (p < 0.05).

Graded exercise induced a gradual rise in Tb, with

the highest level of Tb attained after the fatigue point

and at different times for all three treatments (at 2 min

for SAL, at 5 min for Eti and at 15 min after the fa-

tigue point for SCH; Fig. 3B). At the fatigue point,

however, Tb levels were lower for SCH than Eti or

SAL treatments (p < 0.05; Fig. 3A). After SCH and

Eti treatments, the rats showed markedly higher body

heating rate values than after control treatment (0.19 ±

0.04°C × min–1, SCH; 0.22 ± 0.05°C × min–1, Eti vs.

0.08 ± 0.04°C, SAL, p < 0.05). Heat storage induced

by exercise, however, was greater for SAL than for

SCH or Eti treatments (89.6 ± 4.0 cal, SCH; 171.1 ±

38.7 cal, Eti vs. 206.9 ± 64.1 cal, SAL, p < 0.05). As

shown in Figure 4, blockade of the D1 and D2 DA re-

ceptors impaired the dissipation of the exercise-

induced heat stored compared with SAL treatment,

which showed a 59% reduction in heat storage after

exercise (85.1 ± 23.6 cal, p < 0.01). In fact, rats

treated with SCH or Eti actually showed an increase

in heat storage during the recovery period (136.7 ±

5.7 cal, SCH, p < 0.01; 198.2 ± 18.2 cal, Eti, p < 0.05;

Fig. 4). SAL-treated rats showed the highest rate of

heat loss when compared to the SCH and Eti treat-

ments (p < 0.05; Fig. 3), especially until the 15th

minute of the recovery period (Fig. 2B).

Mechanical efficiency was similar across all three

treatments at the first minute of exercise (15.1 ± 4.1%,

SCH; 12.8 ± 2.5%, Eti; 12.8 ± 2.1%, SAL). However,

mechanical efficiency reduction rate was higher for

SCH and Eti than for SAL treatment (2.30 ± 0.51% ×

min–1, SCH; 0.95 ± 0.25% × min–1, Eti, vs. 0.31 ±

0.09% × min–1, SAL, p < 0.05).

Discussion

The main finding of the present study was that the al-

teration in DA transmission induced by the central

blockade of D1 or D2 DAergic-receptors impaired the

dissipation of exercise-induced heat stored in running

rats. In addition, blockade of DAergic receptors mark-

edly reduced exercise tolerance in rats, precipitating

fatigue that was followed by persistent hyperthermia.

Our results suggest that DA antagonists mainly affect

the heat loss capacity of exercising animals, since the

gradual rise of oxygen consumption during exercise

was similar in all treatments. In contrast, the increase

in Tb was higher for SCH and Eti than for SAL treat-

ment, starting from the 4th minute of running exer-

cise, indicating impairment in heat dissipation mecha-

nism. In fact, the lower heat loss in SCH and Eti rats

during the recovery period confirmed the existence of

impaired heat loss mechanisms in these animals. The

fact that DA D1 and D2 antagonists impaired the dissi-

pation of exercise-induced heat stored in running rats,

without causing any observed effect on basal Tb in

resting rats, indicates a specific and independent role

of D1 and D2 receptors in thermoregulation during ex-

ercise, similar to the effect that occurs during hypoxic

anapyrexia [3]. The rapid increase observed in Tb and
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Fig. 4. Effect of intracerebroventricular injection of 10 nmol of SCH-
23390 (SCH) or 10 nmol eticlopride (Eti), or 2 µl of 0.15 M NaCl (SAL)
on reduction of exercise-induced heat stored in rats during the recov-
ery period. Data are expressed as the means ± SEM, n = 6 in each
treatment. * p < 0.05 vs. SAL; # p < 0.05 vs. SCH



heat storage at the beginning of graded exercise may

have contributed to the low VO2max and exercise in-

tensity achieved by rats treated with DAergic antago-

nists. An inverse relationship between body heating

rate at the beginning of exercise and time to fatigue

has been shown in different situations, such as during

central blockade of angiotensin AT1-receptors, nitric

oxide neurotransmission or increased tryptophan

availability in the central nervous system [33, 34, 49].

In fact, hyperthermia and increased heat storage have

both been described as important factors that lead to

central fatigue via a reduction in the central nervous

system drive for exercise performance, leading to fa-

tigue [13, 20, 22, 50]. It is important to note that re-

cent studies provide evidence that increased central

DAergic activity may improve heat tolerance and ex-

ercise performance [26, 51]. In addition, it has been

shown that regional cerebral DA metabolism is en-

hanced during exercise in animals, and that during

strenuous exercise the arterial concentration of DA is

increased [41]. Depletion or reduction of central cate-

cholamines has been linked to central fatigue and the

exhaustion point during exercise [11, 16, 17]. Our re-

sults are in agreement with these previous experi-

ments, showing that increased central DA content has

an ergogenic effect (i.e., physical performance enhanc-

ing) on physical performance once a central DAergic

blockade reduced the tolerance to exercise-induced

heat storage and running performance during graded

exercise.

The exact location of central DAergic pathways

blocked by intracerebroventricular injection of DA-

D1 (SCH) and D2 (Eti) receptor antagonists remain to

be clarified. There is strong evidence that the preoptic

area/anterior hypothalamus could be one of the loci of

the ergogenic actions of DA. Previous studies showed

that acute injection of DA and noradrenaline reuptake

inhibitor bupropion improved exercise performance

in warm environmental conditions [27, 51], which

was accompanied by an increased extracellular con-

centration of DA and noradrenaline in the preoptic

area in exercising rats measured in vivo via micro-

dialysis [27].

The preoptic area is thought to be the primary locus

for body temperature regulation [28, 37, 45]. In fact, it

contains both warm-sensitive and cold-sensitive neu-

rons, which respond to small changes in temperature

[28]. It has been established that the preoptic area is

an integrative region for the maintenance of metabolic

[14, 15, 46, 47], vasomotor and thermal homeostasis

under resting conditions as well as during exercise

[25]. In the present study, therefore, intracerebroven-

tricular injection of D1 or D2 DA-receptor antagonists

could have diffused to thermoregulatory centers such

as the preoptic area, decreasing heat dissipation and

leading to persistent post-exercise hyperthermia due

to increased body heating rate. Various studies have

provided evidence that central DA receptors play an

important role in thermoregulatory mechanisms [9,

36], leading to heat loss and a reduction in Tb, by in-

ducing central temperature set-point adjustments and

increasing heat dissipation through skin vasodilation.

DA receptors also appear to be involved in other

physiological processes such as metabolic control [2],

motor control [18], reward and arousal mechanisms

[4, 5, 19, 53], which could also interfere with running

performance. Therefore, another possible explanation

of the present data, especially the reduced time to fa-

tigue with SCH and Eti treatments, is that these drugs

inhibit a common reward circuit, reducing motivation

and voluntary locomotion and increasing the rate of

perceived exertion. The actions of DA in these reward

circuits have been demonstrated by various studies [4,

5, 19, 53].

In short, the results presented in this study suggest

that activation of D1 and D2 DA-receptors could regu-

late important mechanisms of metabolic rate control,

thermoregulation, motor control and motivation in

connection with physical performance. Our results

provide further evidence that central DA-mediated

pathways are involved in metabolic rate modulation,

thermoregulatory heat loss and most likely the central

nervous system drive to physical performance.
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