Tissue specificity of SNS response to exercise
in mice exposed to low temperatures

DENIS RICHARD, ANTOINE LABRIE, AND SERGE RIVEST
Department of Physiology, Faculty of Medicine, Laval University, Quebec City, Quebec G1K 7P4, Canada

Richard, Denis, Antoine Labrie, and Serge Rivest.
Tissue specificity of SNS response to exercise in mice exposed
to low temperatures. Am. J. Physiol. 262 (Regulatory Integrative
Comp. Physiol. 31): R921-R925, 1992.—The present study was
carried out to investigate the tissue specificity of the sympa-
thetic nervous system (SNS) response to acute exercise in adult
mice exposed to four ambient temperatures. SNS activity esti-
mates in heart, pancreas, and brown adipose tissue (BAT) were
obtained from the measurement of the dopamine (DA) tissue
contents 1 h after the inhibition of the DA-B-hydroxylase with
1-cyclohexyl-2-mercaptoimidazole (CHMI). DA was measured
by electrochemical detection after the separation of the
monoamine using high-performance liquid chromatography. In
both heart and pancreas, temperature and activity influenced
DA tissue contents after the CHMI injection. In these tissues,
and regardless of whether mice were resting or exercising, the
DA contents gradually increased while the ambient temperature
was dropped from a thermoneutral temperature of 32 to 5°C. In
BAT, however, there was a significant interaction between tem-
perature and activity on the tissue DA content; in contrast to
what was observed in resting animals, DA did not uniformly
augment in exercising mice when the temperature was
decreased from 32 to 5°C. In summary, the present results show
that exercise can attenuate the stimulating effect of cold on
SNS activity in BAT. This effect is seemingly specific to BAT
because, in mice exposed to low ambient temperatures, SNS
activity in both heart and pancreas is not lower in exercising
than in resting animals.
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THE WELL-ESTABLISHED BELIEF that acute exercise
causes an increase in the sympathetic nervous system
(SNS) activity has emerged largely from studies describ-
ing rises in plasma norepinephrine (NE) levels and uri-
nary NE excretion during and after exercise (5, 24, 26,
32, 36, 37). Unfortunately, there is scant literature
detailing the effects of exercise on SNS activity in indi-
vidual tissues (10, 27, 28, 31). Moreover, the few inves-
tigations addressing the effects of exercise on SNS
activity in specific tissues have concentrated more on
the chronic than on the acute effects of exercise (27, 28,
31). In this regard, the present study was designed to
examine the tissue specificity of the SNS response to
acute exercise. SNS activity estimates in specific tissues
were obtained from the measurement of the tissue
dopamine (DA) contents after the inhibition of DA-3-
hydroxylase with 1-cyclohexyl-2-mercaptoimidazole
(CHMI) (7). DA tissue contents were measured in heart,
pancreas, and brown adipose tissue (BAT). BAT is now
recognized as a key thermogenic effector in small mam-
mals (6, 14-16), and there is still debate about the effects
of exercise on BAT thermogenesis (3, 4, 17-19, 25, 34).
Because activity and ambient temperature are known to
bring about interactive effects on BAT thermogenesis
(1, 2), SNS activity was evaluated at 32, 23, 14, and 5°C.
DA tissue content was measured in heart and pancreas
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because SNS is likely to be stimulated during exercise
and cold exposure in both these tissues, which comprise
numerous sympathetic nerve endings. Finally, because
exercise and cold are liable to affect BAT thermogenesis
through effects on whole body heat production, oxygen
consumption (VO,) measurements were carried out in
resting and exercising mice during exposures at the four
ambient temperatures enumerated above.

MATERIALS AND METHODS

Animals. Male albino mice weighing ~30 g were purchased
from the Canadian Breeding Laboratories (St. Constant,
Canada). All mice were cared for and handled in conformance
with the Canadian Guide for the Care and Use of Laboratory
Animals, which is approved by the Natural Sciences and Engi-
neering Research Council of Canada. Mice were housed in pairs
in plastic cages and maintained on a 12:12 h light-dark cycle,
with the lights on between 0600 and 1800 h. Tap water and a
pelleted stock diet (Purina no. 5001) were available ad libitum.

Experimental conditions. Two separate sets of experiments,
each with distinct groups of mice, were conducted (Table 1).
They were aimed at evaluating the main and interactive effects
of activity and temperature on SNS activity and Vo,
respectively. Specifically, SNS activity and VO, were assessed
in resting or exercising mice living at 32, 23, 14 or 5°C (see
below for description of techniques). The mice were accustomed
for 1 wk to the temperature at which tissue SNS activity was to
be analyzed. The acclimation period was warranted by prelim-
inary experiments that highlighted the inability of mice raised
at the thermoneutral temperature of 32°C to run at the low
temperature of 5°C. Mice in every group were accustomed to the
treadmill on two 10-min sessions during the week before the
week of experiment. In the SNS activity set of experiments, 25
mice were used at each of the four environmental temperatures
to which mice were exposed: a group of 5 mice, which was used
to determine the basal tissue content of both DA, was killed at
the beginning of the experiment without being injected with
CHMLI, and two groups of 10 mice were injected with CHMI and
then allowed, before being killed, either to rest for 60 min in
their respective cages or to exercise on a rodent treadmill also
for 60 min at a speed of 20 m/min. All mice were killed by
cervical dislocation. In the Vo, experiment, 16 mice were used
at each of the four environmental temperatures to which mice
were exposed. Finally, because DA tissue levels do not readily
vary in the absence of a DA-B-hydroxylase inhibitor (11), rest-
ing and exercising groups without CHMI injections were not
employed for the study.

SNS activity. SNS activity was assessed from the NE syn-
thesis estimates obtained by measuring the tissue content of DA
1 h after an intraperitoneal injection (50 mg/kg) of CHMI, a
DA-B-hydroxylase inhibitor, which was generously provided by
Lilly Research Laboratories, a division of Eli Lilly (Indianapo-
lis, IN). This method represents a useful technique for indexing
NE synthesis over periods of time ranging from 30 to 120 min
(7, 11, 39). In fact, tissue DA with time accumulates quickly and
linearly after the inhibition of DA-B-hydroxylase(7). Other
methods for estimating NE turnover through inhibiting NE
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Table 1. Schematic representation of conditions to which mice were subjected

at each of the 4 ambient temperatures (32, 23, 14, and 5°C)

SNS Activity

Oxygen Consumption

Activity nothing resting
Injection nothing CHMI
n 5 10

SNS, sympathetic nervous system; CHMI, 1-cyclohexyl-2-mercaptoimidazole. See MATERIALS AND METHODS for more details.

synthesis and determining the decline in tissue NE concentra-
tions cannot be applied over brief spans because the decline in
NE concentrations become detectable only after a few hours,
typically =6 h in resting laboratory rodents.

DA contents were measured in heart, pancreas, and BAT.
Immediately after the mice were killed, tissues of each mouse,
cooled on ice, were quickly dissected out and immediately
homogenized in 1 ml of 0.4 perchloric acid (PCA) containing
sodium metabisulfite (0.1 M) and EDTA (0.15 M). The homo-
genate was centrifuged for 10 min. After the centrifugation the
supernatant was collected and transferred to a tube containing
20 mg of acid-washed alumina, which was used to extract the
catecholamines. Two milliliters of 0.5 M Tris-HCI and 1 ng
of 3,4-dihydroxybenzylamine hydrobromide (DHBA), which
served as an internal standard, were added to the tube content,
which was shaken for 20 min before being centrifuged. The
supernatant was discarded, and alumina was washed three times
with distilled water. Extracted catecholamines were then freed
by adding 100 ul of 0.1 N PCA to the tubes containing alumina.
The samples were shaken for 10 min and centrifuged. Finally,
the supernatant was collected and stored at —80°C pending the
determination of DA tissue contents.

DA was determined using an electrochemical detector (M460,
Waters, Missisauga, Ontario, Canada) after a high-performance
liquid chromatography (HPLC) separation of the monoamine
on a C,g reverse-phase HPLC column. The mobile phase that
was circulated in the HPLC system included NaH,PO,
(0.15 M), EDTA (0.1 mM), 1-octanesulfonic acid, and methanol
8%).

Vo,. Both resting and exercise VO,s were measured during
the morning between 0800 and 1000 h. An automatic O, ana-
lyzer (Applied Electrochemistry S3A1) coupled to an O, sensor
(Applied Electrochemistry n22M) was used for the Vo,
measurements. Resting VO, values were determined in mice
housed in 1-liter Plexiglas metabolic chambers. The air was
pumped at a flow rate of 1 1/min through the chamber, and the
mice were acclimated to their metabolic chambers for 48 h.
Resting Vo, values were monitored alternately in 12 separate
metabolic chambers (33). Exercise VO, values were monitored
from mice placed in metabolic chambers that were installed on
the treadmill. During the test the speed of the treadmill was
adjusted at 20 m/min. The volume of each chamber was 1.5
liters, and the air was drawn through the ward at an air flow rate
of 2.5 1/min. Exercise VO, values were monitored alternately in
three metabolic chambers.

Statistics. Two-way analysis of variance (ANOVA) was used
to evaluate the main and interaction effect of the factors activ-
ity, which comprised two levels (rest and exercise), and temper-
ature, which comprised four levels (32, 23, 14, and 5°C), for the
DA content in the three tissues studied. Similarly, ANOVA was
used to assess the VO, data. A posteriori comparisons between
means were carried out by using the Dunn-Sidak procedure
(20). A difference between means was considered to be statisti-
cally significant at a probability level of 0.05.

RESULTS

Figure 1 expresses the DA tissue contents of resting
and exercising mice 1 h after a CHMI injection. In heart
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Fig. 1. Tissue dopamine contents of resting (hatched bars) and exercis-
ing mice (solid bars) 1 h after a 1-cyclohexyl-2-mercaptoimidazole
(CHMI) injection. Open bars, basal tissue contents. Values are means +
SE. Two-way analysis of variance (ANOVA) was used to evaluate main
and interaction effects of factors activity and temperature, which com-
prised 2 (rest and exercise) and 4 levels (32, 23, 14, and 5°C), respec-
tively, on DA tissue contents. Basal means were not included in
analysis. A, heart; B, brown adipose tissue; C, pancreas.

as well as in pancreas, both temperature and exercise
influenced DA tissue contents after the CHMI injection.
In both tissues, and regardless of whether mice were rest-
ing or exercising, the DA contents gradually increased as
the ambient temperature was dropped from 32 to 5°C. In
BAT, ANOVA revealed a significant interaction between
temperature and activity on DA tissue contents. Unlike
what was observed in resting animals, the DA contents
did not uniformly augment in exercising mice as the tem-
perature was decreased from 32 to 5°C; only at 5°C was
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BAT DA content of exercising mice significantly higher
than that of the other exercising groups of animals. It is
noteworthy that at 14 and 5°C, the DA content of BAT in
exercising mice was significantly lower than that of rest-
ing mice.

Table 2 summarizes the tissue weights of mice when
they were killed. For each temperature, the tissue weights
of the mice injected with CHMI and those of the mice
killed without injection were added and averaged because
injections and acute exercise did not affect tissue weights.
Because mice were adapted for 1 wk to the four ambient
temperatures studied, all the tissue weights were affected
by the factor of temperature, as expected: the tissue
weights were higher in mice adapted to 14 and 5°C than
in animals at 32 and 23°C. ]

The results expressed in Fig. 2 show the Vo, values
measured in exercising and resting mice at various ambi-
ent temperatures. ANOVA revealed a significant interac-
tion between the factors of activity and temperature on
Vo, values. At variance with the values of resting mice,
the VO, values of exercising animals did not progressively
increase each time the temperature was declined. In fact,
at 32, 23, and 14°C, exercise raised VO, to a level that
corresponded to a twofold increase above resting levels
measured at 32°C; only in mice at 5°C was the exercise
Vo, significantly higher than that of mice at ambient
temperatures of 32, 23, and 14°C.

DISCUSSION

The present investigation was designed to assess SNS
activity in specific tissues during exercise. SNS activity
was determined by measuring the tissue DA contents
subsequent to the inhibition of the DA B-hydroxylase
activity (7). This method appeared appropriate for the
conditions of the present study, in which SNS activity
had to be assessed over a short bout of strenuous exercise.
Most techniques used to assess SNS activity in tissues
are based on the measurement of NE disappearance rate,
and they cannot, therefore, be applied over a short inter-
val of time. The results of the present study establish a
certain degree of tissue specificity in the SNS response to
exercise. In fact, whereas it led to a post-CHMI increase
in the DA contents in heart and pancreas of mice exposed
to various ambient temperatures, exercise prevented the
post-CHMI increase in BAT DA induced by the exposure
to low ambient temperatures.

The dominant mechanism underlying the suppression
by exercise of the stimulating effects of cold on BAT SNS
activity has not been thoroughly studied, but it seems
plausible that exercise blunts SNS activity by reducing

Table 2. Weights of heart, BAT, and pancreas
of mice housed at 32, 23, 14, and 5°C

Temperature, °C Heart, mg BAT, mg Pancreas, mg
32 131422b 94+32b 146+4ab
23 130=2¢d 90+3¢d 146+4cd
14 151+3ace 138+ 7ace 174+4ac
5 174+6bde 142+6bde 205+4bd

Values are means + SE. BAT, brown adipose tissue. Within a
tissue type, values with similar superscripts are significantly different
(P < 0.05).
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Fig. 2. Oxygen consumption (V0,) values measured in exercising and
resting rats at various ambient temperatures. Values are means + SE.
Two-way ANOVA was used to evaluate main and interaction effects of
factors activity and temperature, which comprised 2 (rest and exercise)
and 4 levels, (32, 23, 14, and 5°C), respectively, on V0, values.

the need for BAT thermogenesis. BAT is acknowledged
as the main thermogenesis effector in cold-acclimated
laboratory rodents (6) when they are exposed to cold.
This tissue embodies a unique mitochondrial protein that
allows the oxidation of substrates when BAT is
stimulated. These substrates are essentially free fatty
acids, which are oxidized with minimal respiratory con-
straints in BAT and, therefore, at an accelerated rate.
This rapid oxidation allows the liberation of large quan-
tities of heat (29, 30). The increase in BAT metabolic
activity, which occurs in cold environments, requires the
SNS activation (8, 21), which is triggered by the cold
stimulus. BAT is abundantly innervated by sympathetic
fibers, and the norepinephrine released at the nerve end-
ings stimulates thermogenesis through activating the
“loose-coupled” respiration of this tissue. Previous data
have provided evidence that BAT thermogenic activity is
considerably reduced in exercising cold-exposed rats
(1, 2). In cold-exposed laboratory rodents, exercise-de-
rived heat appears to largely substitute for BAT thermo-
genesis (1). This phenomenon seems to be mediated by
SNS as revealed by the results of the present study. Addi-
tionally, the results of the present investigation indicate
that SNS activity of exercising mice exposed at 5°C is
higher than that of each of the other groups of mice
exposed at 32, 23, or 14°C. It seems that at 5°C, the heat
stemming from this level of exercise is not sufficient to
totally replace the sympathetically mediated BAT
thermogenesis. As corroborated by the indirect calorim-
etry results, which showed that energy expenditure was
higher in mice exercising at 5°C than in mice exercising
at 32, 23, or 14°C, it appears that for mice, the effects of
cold on energy balance are additive to those of exercise at
5°C. It is worth pointing out that mice have to be previ-
ously acclimated to cold to sustain a run at 5°C (Richard
and Rivest, unpublished observations), thus supplying
evidence that heat loss is larger in exercising than in
resting mice.

The present study, by demonstrating that SNS activity
is not enhanced in BAT during severe exercise, strongly
supports the view that exercise is not a good stimulator of
BAT thermogenesis (4, 9, 22, 23, 34, 35, 38). In fact,
exercise, especially running exercise, has repeatedly failed
to stimulate BAT thermogenesis in rats. On the other
hand, some authors have observed that exercise may
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enhance BAT thermogenesis (17-19). It must be men-
tioned that most if not all of the studies relating those
stimulating effects of exercise on BAT thermogenesis
have been carried out in swimming laboratory rodents.
There is nothing accidental in the fact that swimming
may stimulate thermogenesis in small laboratory rodents.
In some of the studies in which mice or rats were trained
by swimming, the animals were trained in water kept
below 38°C, a temperature under which cold-specific
adaptations appear evident (12, 13). Failure to observe
any increases in BAT thermogenesis in response to exer-
cise has also been sparsely reported with swimming
(4, 23).

In summary, the present results show that exercise can
prevent the stimulating effect of cold on SNS activity in
BAT. This effect is specific to BAT because, in mice
exposed at low ambient temperatures, SNS activity in
both heart and pancreas is not lower in exercising than in
resting animals. Although the present results do not pro-
pose any central mechanisms underlying the suppressing
effects of exercise on cold-induced thermogenesis in
BAT, they nonetheless emphasize, in animals exercising
in the cold, the relationship between the suppression of
SNS activity in BAT and the reduction in the ther-
mogenic state of this tissue.

Address reprint requests to D. Richard.
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