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Abstract
This study evaluated the hypothalamic neuronal activation during exercise and investigated whether this activation is related 
to heat storage and exercise duration. Rats were subjected to a treadmill running that was interrupted at three different 
moments: (1) at the early phase, when minimal heat dissipation occurred due to tail vasoconstriction and the tail skin tem-
perature (Tskin) reached its nadir; (2) at the steady-state phase, when both the Tskin and core body temperature (Tcore) plateaued 
at a high level (~ 20 min); and (3) at fatigue, when Tcore and Tskin were still elevated. c-Fos expression in the medial and 
ventromedial preoptic areas (mPOA and vmPOA), median preoptic nucleus (MnPO), paraventricular and supraoptic nucleus 
(PVN and SON), and septohypothalamic nucleus (SHy) was determined. Exercise increased the expression of c-Fos in all 
brain areas, but with different activation patterns of activation. c-Fos expression in the SHy and vmPOA was similar in all 
exercising groups, while in the mPOA, MnPO, and PVN, c-Fos expression gradually increased during exercise. Increased 
c-Fos in the SON was only evident after 20 min of exercise. Neuronal activation in the mPOA, MnPO, PVN, and SON was 
positively correlated with both exercise duration and heat storage. Our findings indicate that with the exception of SON, the 
brain areas analyzed are recruited following small changes in Tcore (~ 0.5 °C), while the SON is recruited only when Tcore 
reaches higher values (greater than 1.0 °C increase). c-Fos expression in the PVN, mPOA, MnPO, and SON is also influenced 
by exercise duration, which does not occur in the SHy and vmPOA.
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Introduction

Muscle contractions associated with physical exercise pro-
vide mechanical and metabolic stimuli sufficiently strong 
enough to modify the energetic state of an organism, which 
responds to these stimuli by promoting multiple but very 
specific alterations that allow the maintenance of body 

homeostasis (Coyle 2000). Regarding the thermoregulatory 
responses, the greater metabolic stimulus provided by exer-
cise augments heat production, leading to increases in the 
core body temperature (Tcore) that are sensed by the central 
and visceral thermoreceptors; this sensory information is 
processed by the hypothalamus and preoptic area (POA) to 
trigger appropriate effector responses, such as sweating (or 
salivation in rats) and increased skin blood flow to dissipate 
the body heat (Gleeson 1998).

The physiological responses induced by exercise are 
largely dependent on the type, intensity, and duration of the 
physical exertion. For example, the increase in Tcore induced 
by a moderate-intensity treadmill running in temperate envi-
ronments results from a temporary imbalance between the 
rate of metabolic heat production and the rate of cutane-
ous heat loss during the early stage of the physical exercise 
(Webb 1995). In response to exercise initiation, blood flow 
is redirected from splanchnic, renal, and cutaneous beds to 
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the active skeletal musculature (Rowell 1974). In particu-
lar, the sympathetic outflow to the cutaneous vessels in the 
non-hairy skin decreases heat loss and consequently, Tcore 
increases rapidly (Wanner et al. 2015). Tcore continues to 
increase until the threshold for cutaneous vasodilation is 
reached, when heat loss starts to increase exponentially; 
thereafter, Tcore plateaus at a high level that is sustained until 
exercise cessation (Gleeson 1998; Lacerda et al. 2005; Wan-
ner et al. 2015; Webb 1995).

Although the thermoregulatory responses to an exercise 
performed under temperate conditions are well described, 
the neural pathways modulating the dynamic recruitment 
of thermoeffector activity are far from being elucidated. In 
this context, studies with continuous recordings of the Tcore, 
tail skin temperature (Tskin), and oxygen consumption in the 
rats subjected to treadmill running have yielded information 
regarding the role of different neurotransmitters in the con-
trol of these exercise-induced thermoregulatory responses 
(Balthazar et al. 2010; Hasegawa et al. 2008; Lacerda et al. 
2005, 2006; Leite et al. 2006, 2007; Soares et al. 2003, 
2004).

In addition to the identification of neurotransmitters, the 
description of the activated brain areas is another important 
step to elucidate the neural circuitries involved in running-
induced thermoregulatory responses. An important tool to 
achieve this goal is the measurement of the expression of 
c-Fos protein, which is a nuclear phosphoprotein product 
of the immediate early gene c-fos that has been extensively 
used as a marker of neuronal activation (Hoffman et al. 
1993; Kovacs 1998). Using this tool, a number of studies 
have evaluated the recruitment of hypothalamic and brain-
stem areas involved in neuroendocrine control, fluid balance, 
and cardiorespiratory functions (Barna et al. 2012; Iwamoto 
et al. 1996; Nunez et al. 2012; Saito and Soya 2004; Soya 
et al. 2007; Tomita and Takayama 2008; Yanagita et al. 
2007). However, fewer studies have investigated the associa-
tion between neuronal activation and exercise thermoregula-
tion. More recently, we showed that the central nitric oxide 
transmission is important for activating the paraventricular 
nucleus of the hypothalamus (PVN), which in turn, modu-
lates thermoregulatory responses, enabling the maintenance 
of physical performance (Lima et al. 2014). A key limitation 
of the above-mentioned studies is that c-Fos expression was 
compared between the beginning and end of an exercise and 
therefore, provided an overall measure of neuronal activa-
tion in selected brain areas throughout the exercise period. 
Thus, no study has investigated the temporal pattern of this 
neuronal activation, which may represent a more mechanis-
tic approach to understand the central regulation of exercise 
thermoregulation.

Here, we investigated the temporal pattern of neuronal 
activation in hypothalamic areas associated with thermoreg-
ulation and stress responses in rats subjected to treadmill 

running. In addition, this study verified whether the time-
course of thermoregulatory responses during treadmill 
running is associated with the running duration-dependent 
hypothalamic neuronal activation. Considering that c-Fos 
technique has low temporal resolution (Kovacs 2008), the 
expression was assessed at three different moments of the 
treadmill running to achieve our purposes: (1) in the early 
phase, when the Tcore increases rapidly due to the imbalance 
between the rates of heat production and heat loss; (2) at the 
beginning of steady-state phase, when Tcore and Tskin reach 
a plateau; and (3) when the animals no longer tolerate the 
physical exertion (at fatigue).

Materials and methods

Ethics statement

All experimental procedures were approved by the Ethics 
Commission on the Use of Animals of the Universidade Fed-
eral de Minas Gerais (protocol number 241/2016) and were 
conducted in accordance with the regulations of the National 
Council for the Animal Experimentation (CONCEA/Brazil).

Animals and experimental design

Male Wistar rats (n = 29) weighing 250–350 g were housed 
in individual cages at room temperature 23 ± 1 °C under 
12-h light/12-h dark cycles and had free access to water 
and rat chow. The rats were familiarized with exercise on 
a motor-driven treadmill (Model LE8706, Letica Scientific 
Instruments) by subjecting them to 5 min, daily running 
sessions at a constant speed of 10 m min−1 on 4 consecu-
tive days. The treadmill inclination was set at 5% during all 
familiarization sessions and experimental trials. The pur-
pose of these preliminary exercise sessions was to show the 
animals in which direction they should run and to prevent 
the manipulation and exposure to a novel environment from 
influencing both the Tcore and neuronal activation. Levels 
of electrical stimulation were determined according to the 
tolerance of each rat and this stimulation produced a discom-
fort without injuring the animal. On the fifth day, the rats 
were subjected to an incremental-speed exercise to deter-
mine their maximal aerobic running speed (Smax). The rats 
started running at 10 m min−1 and the treadmill speed was 
increased by 1 m min−1 every 3 min until they were fatigued. 
Fatigue was defined as the point at which the rats were no 
longer able to keep pace with the treadmill for 10 s.

The incremental exercise was followed by anesthesia 
with a cocktail containing ketamine (80 mg kg−1; i.p.) and 
xylazine (10 mg kg−1; i.p.), a temperature sensor (ER-4000; 
G2 E-Mitter; 15.5 mm × 6.5 mm, 1.1 mg; Mini Mitter Com-
pany Inc.) was implanted in the abdominal cavity through 
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a small incision in the linea alba of the rectus abdominis. 
This sensor allowed the measurement of Tcore by teleme-
try and was sutured to the rectus abdominis to prevent its 
movement inside the abdomen. Following implantation, 
the abdominal muscle and skin were sutured and then the 
rats received a single dose of an analgesic (flunixin meglu-
mine 1.0 mg kg−1; s.c.) and different antibiotics (including 
48,000 IU kg−1; i.m. benzyl penicillin, Fort Dodge Animal 
Health).

All animals were allowed to recover for at least 4 days 
before being subjected to one of the exercise or resting trials. 
All experiments were performed at a room temperature of 
23 ± 1 °C, between 8:00 and 12:00.

Experimental trials

On the day of the experiments, the rats were weighed to 
ensure that they had recovered from surgery and exceeded 
the preoperative weight. The rats were left undisturbed for 
60 min in their home cages until the Tcore achieved rest-
ing and stable values of approximately 37.0 ± 0.5 °C for at 
least 20 min. After stabilization of the Tcore values, the rats 
were transferred from their home cage to the motor-driven 
treadmill, and a thermocouple (series 409-B, Yellow Springs 
Instruments) was taped to the lateral surface of the tail, at 
1 cm from its base, to measure the Tskin. The abdominal 
temperature was measured every 5 s and used as the Tcore 
value and the Tskin was measured every 30 s and considered 
as an index of cutaneous heat loss.

The animals were subjected to a constant-speed running 
exercise at 70% of the Smax attained during the incremental 
test. This exercise intensity was chosen to ensure that (1) 
all rats could run more than 20 min; (2) fatigue would not 
coincide temporally with the beginning of the steady-state 
phase; and (3) a marked increase in Tcore high enough to 
activate cutaneous heat dissipation to be observed.

The exercise duration was determined in accordance with 
the group to which each rat was assigned: (1) NADIR: the 
exercise was interrupted immediately after the Tskin reached 
its lowest value; (2) 20 MIN: the exercise was interrupted at 
the twentieth min of running, when the Tcore and Tskin pla-
teaued at a high level; (3) FATIGUE: the exercise was inter-
rupted when the rats fatigued. As a control group (REST), 
the animals were kept in their home cages for additional 
60 min after observation of stable Tcore values.

Ninety minutes after the interruption of running (in the 
exercising groups) or the rest period, the rats were anesthe-
tized with ketamine and xylazine and were transcardially 
perfused with 40 mL of heparinized 0.01 M phosphate-buff-
ered saline (PBS), followed by 400 mL of 4% paraformalde-
hyde (PFA) diluted in 0.2 M phosphate buffer (pH 7.4). The 
brains were removed for subsequent immunohistochemical 
analysis. As reviewed by Kovács, the maximal level of c-Fos 

protein occurs between 1 and 3 h and then it gradually dis-
appears from the cell nucleus by 4–6 h after an exposure 
to a stressful condition (Kovacs 2008); thus, the moment 
at which we collected the brains was within the timeframe 
corresponding to the maximal c-Fos expression induced by 
exercise.

Immunohistochemistry

After perfusion, the brains were removed and postfixed in 
4% PFA for 2 h at 4 °C. Thereafter, the brains were stored 
in cold 30% sucrose for 72 h (until the brains sank into the 
solution), frozen in isopentane 99% (C5H12) at − 50 °C, 
and then stored at − 80 °C until sectioning in a cryostat. 
Forty-µm coronal sections were cut in the cryostat and stored 
in a cryoprotectant solution at − 20 °C until the immunohis-
tochemistry assay.

The brain sections were subjected to dual immunoperoxi-
dase staining, nuclear c-Fos (to determine neuronal activa-
tion) and cytoplasmic arginine vasopressin (AVP; to identify 
neurons in the PVN and supraoptic nucleus, SON). Tissues 
were removed from the cryoprotectant solution and washed 
with 0.01 M PBS. Unless otherwise mentioned, all solu-
tions were prepared in PBS and sections were washed with 
PBS between all the steps. The sections were sequentially 
incubated with 0.1 M glycine, 1% hydrogen peroxide, 0.4% 
Triton X-100 and 2% bovine serum albumin (BSA). Next, 
the sections were incubated with a primary antibody directed 
against c-Fos (Ab5 rabbit polyclonal antibody; Calbiochem, 
EMD Chemicals) at 1:10,000 in PBS containing 0.3% Triton 
X-100 and 1% BSA (all antibodies were diluted in the same 
solution) for 40 h at 4 °C, with a biotinylated universal horse 
IgG (Vectastain Elite ABC kit, Vector Laboratories) at 1:600 
for 2 h at room temperature, and with avidin-biotinylated 
horseradish peroxidase complex (Vectastain Elite ABC kit, 
Vector Laboratories) at 1:400 for 1 h. The black reaction 
product was made visible for peroxidase activity in a solu-
tion of nickel sulfate (25 mg/mL), 3,3-diaminobenzidine-
HCl (0.2 mg mL−1), and 0.03% H2O2 in 0.175 M acetate 
buffer. The reaction was stopped by washing the sections 
with acetate buffer followed by washing with PBS. To visu-
alize cytoplasmic AVP, the sections were then incubated 
with a second primary antibody directed against AVP (PS4-
ATCCRL 1799 NIH, Bethesda, USA) at 1:5,000 for 40 h at 
4 °C. The same staining procedure as described for c-Fos 
was performed, except the procedure for staining visualiza-
tion. AVP staining was visualized from the brown reaction 
product in the cytoplasm of neurons, after incubating the 
sections in a solution of 3,3-diaminobenzidine-HCl (0.2 mg/
mL) and 0.03% H2O2 in 0.05 M Tris–HCl buffer. AVP stain-
ing was used to facilitate the visualization of the areas cor-
responding to the PVN and SON in the brain sections; how-
ever, we could not delimitate each AVP-expressing neuron 
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with precision (a marked brown staining covered the PVN 
and SON areas) and therefore, we could not count the num-
ber of AVP-expressing neurons activated by exercise. The 
sections were mounted onto gelatin-coated slides, air-dried, 
rinsed in a graded ethanol series, cleared in xylene and cov-
erslipped with Entellan® (Merck).

Cell counts and quantification

The number of c-Fos-immunoreactive (ir) cells was counted 
by an experimenter without previous knowledge of the 
experimental group. To determine that a cell is indeed a 
c-Fos-ir cell, the nucleus was required to be stained black. 
The number of c-Fos-ir neurons was quantified bilaterally 
in at least two sections in anterior–posterior coordinates 
between − 0.24 and − 0.36 mm from bregma for the septo-
hypothalamic nucleus (SHy), medial preoptic area (mPOA), 
and ventromedial preoptic area (vmPOA); − 0.96 and 
− 1.20 mm from bregma for the SON; − 1.72 and − 1.92 mm 
from bregma for the PVN; and one section between −0.00 
and − 0.12 mm from bregma for median preoptic nucleus 
(MnPO), according to the rat brain atlas (Paxinos and Wat-
son 2007). Boxes (width 390 µm; length 310 µm) were 
drawn to delimit the area in which the neurons were counted.

Calculation

Heat storage (HS, cal) was calculated as HS = [body weight 
(g)] × [specific heat of body tissues (c = 0.826 cal g−1 °C−1)] 
× [change in Tcore (°C)].

Statistical analysis

The data are reported as the mean ± standard errors of the 
mean (SEM). The differences in thermoregulatory responses 
(i.e., Tcore and Tskin) were compared across time points and 
between experimental trials using two-way analyses of var-
iance (ANOVAs) followed by the post hoc Student New-
man–Keuls test. One-way ANOVAs were used to compare 
the body weight, running speed, running duration, final Tcore 
and Tskin, HS, and c-Fos expression between groups. These 
ANOVAs were followed by the post hoc Tukey test, except 
for the ANOVA related to c-Fos expression, which was 

followed by the post hoc Student Newman–Keuls test. All 
correlations were assessed using the Pearson’s correlation 
coefficient. The above-mentioned correlations were classi-
fied according to Evans’s criteria as follows: 0.00–0.19, very 
weak; 0.20–0.39, weak; 0.40–0.59, moderate; 0.60–0.79, 
strong; and > 0.80, very strong (Evans 1996). The signifi-
cance level was set at α < 0.05.

Results

Initially, it is important to note that the Smax attained by the 
rats of different groups during the incremental exercise was 
not different, indicating that these animals presented similar 
aerobic capacity. Therefore, the speed at which the rats ran 
during the constant exercise, which corresponded to 70% of 
Smax, was not different between groups (Table 1). The body 
weight was also not different between groups; however, the 
running duration was higher in the FATIGUE group than in 
the NADIR and 20 MIN groups. In addition, this parameter 
was also higher in the 20 MIN group than in the NADIR 
group (Table 1).

As illustrated in Fig. 1a, the treadmill running at 70% of 
Smax induced a clear hyperthermic response. Tcore increased 
rapidly during the early phase of the exercise (i.e., dynamic 
phase of thermoregulation) and became different from base-
line values within 5–6 min of running. This rapid increase 
of Tcore persisted until approximately 20 min (time chosen 
for exercise interruption in the 20 MIN group), when Tcore 
plateaued at a high level that was sustained until the rats 
fatigued (i.e., steady-state phase of thermoregulation dur-
ing exercise).

The exercise-induced changes in Tskin had different 
dynamics relative to the changes in Tcore (Fig. 1b). Tskin ini-
tially decreased in all exercising groups, reaching a nadir 
within 3–5 min of running (NADIR: 24.65 ± 0.42 °C; 20 
MIN: 24.72 ± 0.48 °C; FATIGUE: 25.46 ± 0.37 °C). There-
after, Tskin increased at 9 and 8 min after the exercise had 
been initiated in the 20 MIN and FATIGUE groups, respec-
tively, indicating that cutaneous heat loss was activated. Sim-
ilar to Tcore, Tskin continued to increase until approximately 
20 min of running and then was maintained at a stable high 

Table 1   Body weight, running 
speed and running duration 
performed by rats during the 
submaximal exercise at 70% of 
the maximal speed

The data are expressed as the mean ± SEM. Statistical significance: p < 0.05: a, compared with the NADIR; 
b, compared with the 20 MIN
NA not applicable

REST (n = 6) NADIR (n = 8) 20 MIN (n = 8) FATIGUE (n = 7)

Body weight (g) 308.2 ± 12.7 286.4 ± 12.5 268.7 ± 5.7 287.0 ± 14.7
Running speed (m min−1) NA 16.5 ± 0.6 17.3 ± 0.7 17.1 ± 0.5
Running duration (min) NA 6.1 ± 0.4 20.0 ± 0.0a 95.1 ± 13.9ab
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level until the rats fatigued (20 MIN: 30.40 ± 0.29 °C vs. 
FATIGUE: 30.95 ± 0.52 °C; p = 0.25) (Fig. 1b).

As illustrated in Fig. 2a, Tcore at the end of the exper-
imental trials was not different between the 20 MIN 
(38.01 ± 0.26 °C) and FATIGUE (38.60 ± 0.27 °C) groups, 
but these groups presented Tcore values higher than those 
of REST group (37.14 ± 0.09 °C; p < 0.05 and p < 0.001, 
respectively). Moreover, final Tcore was higher in the 
FATIGUE than in the NADIR group (37.47 ± 0.11  °C; 
p < 0.01). In contrast, the final Tcore in the NADIR group 
was not different from the final Tcore in the REST group 
(p = 0.70). Also, no differences were observed between the 
20 MIN and NADIR groups.

Similar responses were observed in HS (Fig. 2b). The 
20 MIN (240.9 ± 36.7 cal) and FATIGUE (409.9 ± 62.9 cal) 

groups showed higher HS than the REST group 
(− 8.1 ± 14.1 cal p < 0.001), although this difference was 
not observed between the NADIR group (88.9 ± 18.9 cal) 
and the REST group (p = 0.33). In addition, the 20 MIN and 
FATIGUE groups accumulated more heat than the NADIR 
group (p < 0.01 and p < 0.001, respectively). Finally, HS was 
higher in the FATIGUE group than in the 20 MIN group 
(p = 0.05).

The overall thermal strain induced by the treadmill run-
ning was dependent on the effort duration, as evidenced by 
the positive and strong correlations between the different 
running durations and the final Tcore (r = 0.701 p < 0.001) or 
HS (r = 0.765 p < 0.001).

The c-Fos expression allowed the assessment of neu-
ronal activation induced by submaximal exercise in six 

Fig. 1   Effect of submaximal running exercise (at 70% of Smax) on 
the changes in core temperature (ΔTcore, a) and tail skin temperature 
(ΔTskin, b) at three different moments of exercise (i.e., NADIR, 20 

MIN, and FATIGUE). Running duration is indicated by the horizon-
tal bars at the bottom in b. Data are expressed as the mean ± SEM
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hypothalamic areas (i.e., SHy, mPOA, vmPOA, MnPO, 
PVN, and SON; Figs. 3 and 4) involved with the autonomic 
control of thermoregulatory and endocrine functions.

In the SHy neurons, c-Fos expression was higher in all 
three groups subjected to treadmill running than in the REST 
group; the expression was increased by 445% (p < 0.01), 
613% (p < 0.01), and 505% (p < 0.01) in the NADIR, 20 
MIN, and FATIGUE groups, respectively. No differences 
were observed between these three exercising groups. As 
observed for the SHy neurons, physical exercise induced a 
similar pattern of activation of the vmPOA neurons at the 
three different moments during exercise that were evalu-
ated (NADIR: 500% increase; 20 MIN: 486% increase; 
FATIGUE: 465% increase; p < 0.001 for the three compari-
sons; all of these percentages and p-values are relative to 
the REST groups).

Regarding the activation of mPOA and MnPO neurons, 
a progressive increase in c-Fos expression was observed as 
exercise was prolonged. The NADIR group showed higher 
neuronal activation than the REST group (mPOA: 1067%; 
MnPO: 266%, p < 0.05). In addition, c-Fos expression in 
the mPOA in both the 20 MIN and FATIGUE groups was 
higher than in the NADIR group (76% and 95%, respec-
tively; p < 0.05). In the MnPO, the c-Fos expression in the 
FATIGUE group was higher than both the NADIR and 20 
MIN groups (85% and 54%, respectively; p < 0.05).

In the PVN neurons, c-Fos expression was higher in all 
three groups subjected to treadmill running than in the REST 
group (NADIR: 389% increase p < 0.01; 20 MIN: 680% 
increase p < 0.001; FATIGUE: 793% increase p < 0.001; all 
of these percentages and p-values are relative to the REST 
group). Both the 20 MIN and FATIGUE groups displayed 
higher neuronal activation than the NADIR group (159% 
p < 0.05 and 183% p < 0.01, respectively). However, no dif-
ferences in c-Fos expression were observed in the PVN neu-
rons between the rats of the 20 MIN and FATIGUE groups 
(p = 0.38).

Interestingly, the SON was the only brain nucleus that did 
not show any increase in neuronal activation in the NADIR 

group when compared to the REST group (p = 0.33). How-
ever, increased c-Fos expression was observed in the 20 MIN 
group relative to the REST group (147% p < 0.05), while the 
FATIGUE group showed a higher neuronal activation when 
compared with the other three groups (288% increase vs. 
REST p < 0.001; 157% increase vs. NADIR p < 0.001; 57% 
increase vs. 20 MIN p < 0.01).

Next, Pearson’s correlations were performed to verify 
whether the pattern of neuronal activation in the selected 
brain areas/nuclei was associated with running duration or 
HS (Table 2). The neuronal activation in the mPOA, MnPO, 
PVN, and SON was significantly and positively correlated 
with both the running duration and HS. In contrast, the 
activation of the SHy neurons showed a significant positive 
correlation only with HS, whereas the number of activated 
neurons in the vmPOA did not show significant correlations 
with either of the two parameters.

Discussion

The present results indicate that submaximal treadmill run-
ning performed at temperate conditions activates neuronal 
populations in different hypothalamic nuclei/areas involved 
in autonomic regulation. The nuclei/areas investigated 
showed different temporal patterns of neuronal activation. 
More specifically, the neuronal activation in the MnPO, 
mPOA, PVN, and SON correlated with both the running 
duration and HS, the activation in the SHy correlated only 
with HS, whereas the activation in the vmPOA did not cor-
relate with either of the two parameters. It is noteworthy that 
the strength of correlations suggests that the POA nuclei are 
mainly involved with thermoregulatory responses; the SON 
with running duration; while, the PVN responds similarly 
to both stimuli. Although the observed neuronal activation 
in the vmPOA and SHy was not associated with exercise 
duration or the thermoregulatory response, a maximal neu-
ronal recruitment in these areas seems to be induced even 
across the small variations of Tcore (i.e., low HS) or the short 

Fig. 2   Effect of moderate-inten-
sity running with different dura-
tions (i.e., NADIR, 20 MIN, and 
FATIGUE) on the final Tcore (a) 
and heat storage (b). Data are 
expressed as the mean ± SEM. 
Statistical significance: p < 0.05. 
a, compared with the REST; b, 
compared with the NADIR; c, 
compared with the 20 MIN
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duration of exercise. Nevertheless, the information presented 
in the last two sentences should be analyzed with caution, 
because correlations do not allow the establishment of a 
causal relationship between the parameters evaluated.

Although previous studies have already reported that sev-
eral brain areas, such as the PVN, SON, mPOA, suprachias-
matic nucleus, anterior hypothalamus, and arcuate nucleus 
show increased c-Fos expression after treadmill running 
(Nunez et al. 2012; Saito and Soya 2004; Soya et al. 2007; 
Yanagita et al. 2007), the present investigation is the first to 
verify the influence of running duration and/or thermal load 
on neuronal recruitment induced by exercise during different 

phases of the thermoregulatory response (i.e., dynamic and 
steady-state phases). Thus, the novelty of the present study 
consists of determining a temporal pattern of the hypotha-
lamic neuronal recruitment by a given submaximal exercise 
intensity and determining the association between this neu-
ronal recruitment with the running duration or changes in 
thermoregulation.

The experimental design used in the present study does 
not allow us to precisely identify which factor has a larger 
contribution than the other with regard to regulating neu-
ronal activity; taking our data into consideration, we can 
only provide some speculation, which is presented in the 

Fig. 3   Photomicrographs of coronal brain sections showing c-Fos 
immunoreactive cells (dark gray-black nuclei) in the septohypotha-
lamic nucleus (SHy), medial preoptic area (mPOA), ventromedial 
preoptic area (vmPOA), median preoptic nucleus (MnPO), para-

ventricular nucleus of hypothalamus (PVN), and supraoptic nucleus 
(SON), after 60  min of rest (REST), and at different moments of 
treadmill running (i.e., NADIR, 20 MIN, and FATIGUE)
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first paragraph of the discussion. To answer this question, 
it would be interesting to also conduct passive (without 
exercise) heat exposure experiments, evaluate the neuronal 
recruitment in these areas at different time points of expo-
sure and then compare with exercise-induced neuronal acti-
vation. The data yielded from heat exposure would allow 
the identification of areas that respond basically to thermal 
stimulus, without being influenced by increased muscle 
metabolism and locomotor activity. For example, a previ-
ous investigation has shown that mice exposed to 38.5 °C for 
60 min became hyperthermic and presented c-Fos expres-
sion in the MnPO, mPOA, PVN, and SON (Harikai et al. 
2003), thus suggesting that most of the areas investigated in 
the present study can be activated by passive heat exposure-
driven thermal stimuli.

All exercising groups showed greater neuronal activa-
tion in the PVN compared to the REST group, with this 
activation being pronounced in the beginning of the steady-
state phase and maintained until fatigue. In addition, c-Fos 
expression in the PVN was positively correlated with both 
the running duration and HS, suggesting that neuronal 
recruitment can be related to the maintenance of physical 
exercise or the thermoregulatory strain. The higher c-Fos 
expression in the NADIR group than in the REST group 

suggests that the exercise stimulus by itself induces neu-
ronal activation in the PVN, because the running time until 
the nadir was not sufficiently long to induce high levels of 
Tcore and represented only 6% of the total running duration. 
As exercise continued and hyperthermia increased, neuronal 
activation also increased. The fact that Tcore and neuronal 
activation in the PVN plateaued after 20 min indicates that 
thermoregulatory factors become more determinant for acti-
vation relative to the exercise duration.

The PVN is a major integrative site within the brain for 
autonomic function and modulates endocrine, and sympa-
thetic responses elicited by a variety of stimuli, including 
physical exercise and thermal stress (Badoer 2010; Cham 
and Badoer 2008b; Chen et al. 2008; Lima et al. 2014; 
Nunez et al. 2012; Saito and Soya 2004; Soya et al. 2007; 
Swanson and Sawchenko 1980; Yanagita et al. 2007). It has 
been shown that PVN neurons are activated by exercise to 
regulate the following responses: release of corticotrophin-
releasing hormone, adrenocorticotropic hormone, and AVP, 
stimulation of adrenaline production, transient hyperosmo-
lality and increased blood glucose and lactate concentra-
tions. Therefore, our results reinforce the notion that exercise 
is a stimulus that activates the hypothalamus–pituitary–adre-
nal axis as an adaptive response that assists the metabolic 

Fig. 4   Number of immunoreactive neurons per coronal section in dif-
ferent brain nuclei/areas of rats after the resting period (REST) and at 
different moments of treadmill running (i.e., NADIR, 20 MIN, and 

FATIGUE). The data are expressed as the mean ± SEM. Statistical 
significance: p < 0.05. a, compared with the REST; b, compared with 
the NADIR; c, compared with the 20 MIN

Table 2   Correlation between 
the running duration or heat 
storage and c-Fos expression in 
selected brain nuclei/areas

Brain region Running duration (min) Heat storage (cal)

Pearson’s 
coefficient 
(r)

p value Classification 
according to Evan’s 
criteria

Pearson’s 
coefficient 
(r)

p value Classification 
according to Evan’s 
criteria

SHy 0.206 0.28 Weak 0.438 < 0.05 Moderate
mPOA 0.585 < 0.001 Moderate 0.431 < 0.05 Moderate
vmPOA 0.295 0.12 Weak 0.287 0.13 Weak
MnPO 0.593 < 0.001 Moderate 0.633 < 0.001 Strong
PVN 0.606 < 0.001 Strong 0.606 < 0.001 Strong
SON 0.739 < 0.001 Strong 0.542 < 0.01 Moderate
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regulation during physical exertion (Soya et al. 2007). The 
activation of PVN neurons may also be related to the mag-
nitude of hyperthermia-induced by exercise because this 
nucleus contains thermosensitive neurons (Inenaga et al. 
1987). Additionally, some studies have shown that eleva-
tion in Tcore resulting from passive hyperthermia strongly 
activates neurons in the PVN (Bachtell et al. 2003; Bratinc-
sak and Palkovits 2004; Harikai et al. 2003; McKitrick 2000; 
Yoshida et al. 2002).

The role of the PVN in cardiovascular adjustments 
recruited by hyperthermia is well established. Exposure 
to a hot environment elicits reflex responses that promote 
heat loss, including increases in heart rate, respiration rate, 
vasodilation of the skin vasculature, vasoconstriction of 
the visceral vasculature, sweating in humans, and salivary 
secretion in rodents. All of these responses are involved with 
cardiovascular responses which are mediated by the cen-
tral nervous system through the regulation of sympathetic 
nerve activity (Cham and Badoer 2008b; Chen et al. 2008; 
Kanosue et al. 1986, 1994; Kazuyuki et al. 1998; Kregel 
et al. 1988; Morrison and Nakamura 2011; Nagashima et al. 
2000; Owens et al. 2002; Romanovsky 2007). PVN neurons 
also send projections to the pressor region of the rostral ven-
trolateral medulla, a critical autonomic region that projects 
directly to the sympathetic preganglionic motor neurons 
in the intermediolateral cell column of the thoracolumbar 
spinal cord which regulates the sympathetic nerve activity 
(Cham and Badoer 2008a; Dampney 2004; Guyenet et al. 
1989; Leite et al. 2012). Evidence indicates that the inhibi-
tion of neuronal function in the PVN abolishes the classic 
blood flow redistribution in response to hyperthermia (Cham 
and Badoer 2008b; Chen et al. 2008).

The c-Fos expression in the SON also increased gradually 
and was, therefore, dependent on running duration and on 
exercise-induced HS. However, unlike the PVN, neuronal 
activation in the SON was not observed in the early phase 
of exercise (NADIR group). This response can be related to 
a greater involvement of this nucleus in fluid balance regu-
lation than in thermoregulation. During exercise, plasma 
osmolality usually increases due to water shift from the vas-
cular space to the interstitial and intracellular spaces result-
ing from increased blood pressure and due to evaporation of 
body fluids to dissipate heat (Cheuvront et al. 2003; Nunez 
et al. 2012). The neuroendocrine system, which is regulated 
by the PVN and SON neurons, plays an important role in 
adjusting the water–electrolyte balance. Thus, it is likely 
that neuronal activation in the SON is more evident at the 
steady-state phase of exercise, when Tcore reaches values that 
are high enough to change the water–electrolyte balance.

The hypothesis above is supported by recent studies in 
which AVP-neurons in the SON were activated by exercise 
(Saito and Soya 2004). In addition, SON activation is only 
reported in animals subjected to exercise protocols that 

increase water intake, hematocrit, plasma osmolality, and 
plasma concentrations of proteins (Nunez et al. 2012). In 
this context, 30 min of running at a speed below the lactate 
threshold did not affect the number of c-Fos immunoreac-
tive cells in the PVN and SON, including AVP-neurons, 
whereas running at a speed above the lactate threshold 
increased the number of c-Fos immunoreactive cells and 
plasma osmolality (Saito and Soya 2004; Soya et al. 2007). 
During heat exposure, simultaneously with the activation 
of evaporative heat loss, the plasma concentration of AVP 
increases, leading to water conservation (Doris 1982; 
Jasnic et al. 2013). Under these experimental conditions, 
c-Fos expression in the SON was increased when heat 
exposure induced both hyperthermia and dehydration in 
mice, but not when exposure caused only hyperthermia 
(Harikai et al. 2003).

We evaluated neuronal activation in three different areas/
nuclei of the POA, namely, the vmPOA, mPOA, and MnPO. 
The increased activation in the vmPOA was similar for the 
three exercising groups, suggesting that neuronal recruit-
ment in this area occurs at the maximal extent even after 
small changes in Tcore (such as those observed in the NADIR 
group) and does not depend on the duration of the stressor 
stimulus. This hypothesis is supported by the lack of asso-
ciation between vmPOA activation and either HS or run-
ning duration. On the other hand, the neuronal activation in 
the mPOA and MnPO was higher in the FATIGUE group 
than in the NADIR group, and positive correlations were 
observed between the neuronal activation in these areas with 
both the exercise duration and HS. The similar pattern of 
neuronal activation of the mPOA and MnPO is corroborated 
by previous functional mapping studies showing connectiv-
ity between these POA neurons. The GABA-ergic neurons 
in the MnPO receive projections of neurons from the lateral 
parabrachial nucleus (Nakamura and Morrison 2008) and 
project to the warm-sensitive GABA-ergic neurons in the 
mPOA (Nakamura and Morrison 2008).

The POA in the hypothalamus occupies a crucial posi-
tion among the brain structures participating in autonomic 
thermoregulation (Boulant 2000; Gordon and Heath 1986; 
Kobayashi 1986; Nakayama 1985). Previous studies have 
shown that rats exposed to a warm environment present 
higher neuronal activation in several nuclei/areas of the 
POA (Bachtell et al. 2003; Bratincsak and Palkovits 2004; 
Harikai et al. 2003; Kiyohara et al. 1995; McKitrick 2000; 
Scammell et al. 1993; Yoshida et al. 2002). As the POA neu-
rons are also activated by exercise (Soya et al. 2007), it has 
been suggested that this activation induces thermoregulatory 
adjustments during exercise, contributing to the maintenance 
of thermal homeostasis. Toward this end, the POA warming 
elicits skin vasodilation, which is the major autonomic effec-
tor that favors non-evaporative heat loss in rats (Kanosue 
et al. 1994).
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A similarly high level of neuronal activation was 
observed in the SHy, with this activation not different 
between the exercising groups and following a similar 
pattern as that observed for the vmPOA neurons. Moreo-
ver, a positive correlation between c-Fos expression in the 
SHy was only found with HS, but not with exercise dura-
tion. These results suggest that SHy activation is mainly 
related to the thermal load rather than the maintenance of 
physical exercise. Functions related to the SHy have been 
little studied and are poorly understood. However, there 
is previous evidence implicating the participation of this 
nucleus in thermoregulatory responses; a high number of 
c-Fos-immunoreactive neurons in the SHy was observed 
following heat stress (Bratincsak and Palkovits 2004).

The neuronal activation patterns revealed by the pre-
sent findings may underlie some physiological responses 
that are dependent on exercise duration and heat storage, 
including the sequential recruitment of thermoeffec-
tors and/or accessory responses that support increased 
heat dissipation during exercise. As recently reviewed, 
thermoeffectors are usually recruited in a certain order 
(Romanovsky 2018); for example, the recruitment of 
physiological effectors involved in heat defense occurs, 
at least in humans, as follows: skin vasodilation, sweat-
ing, and panting. Moreover, greater heat storage, which 
is commonly observed in prolonged exercises, may be 
associated with dehydration and marked cardiovascu-
lar responses, thus increasing neuronal activation in the 
areas investigated. In this sense, c-Fos expression in the 
MnPO, mPOA, PVN, and SON was observed only when 
mice  were exposed for 60  min to 38.5  °C, but not to 
34.0 °C (Harikai et al. 2003). Interestingly, the exposure 
to 38.5 °C was associated with greater dehydration levels 
and hyperthermia than the exposure to 34.0 °C (Harikai 
et al. 2003), which may explain the activation of additional 
hypothalamic neurons.

In summary, our results indicate that moderate inten-
sity treadmill running induces neuronal activation in brain 
areas related to autonomic control, including those related 
to the regulation of body temperature, metabolism, vaso-
motor tonus, and osmotic balance. Small exercise-induced 
increases in Tcore (i.e. low HS), even in a short time frame, 
result in high neuronal activation in the POA, SHy, and 
PVN. However, as exercise is continued and the hyper-
thermic response is increased, the SON, an important 
center implicated in osmotic balance becomes recruited. 
In general, neuronal recruitment in the MnPO, mPOA, 
PVN, and SON, appears to increase gradually as exercise 
is prolonged, leading to greater hyperthermia, whereas, in 
the SHy and vmPOA, neuronal recruitment seems to rely 
primarily on the initial Tcore changes and does not depend 
on the duration of the stressor stimulus.
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