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COLEMAN, M. A., T. GARLAND, JR., C. A. MARLER, S. S. NEWTON, J. G. SWALLOW AND P. A. CARTER. Glucocorticoid
response to forced exercise in laboratory house mice (Mus domesticus). PHYSIOL BEHAV 63(2) 279 –285, 1998.—We examined the
time course and sex differences of the glucocorticoid response to forced, moderate-intensity treadmill exercise in outbred laboratory
house mice. Mice (n 5 64 total) were divided into eight groups, each of four males and four females, which were run on a motorized
treadmill at 1.0 km/h for either 0, 2, 5, 10, 15, 25, 40, or 60 min. Serum samples were taken immediately after exercise and
corticosterone (CORT) concentration was determined by radioimmunoassay. Resting CORT levels ranged between 11.6 and 29.5
ng/mL for both sexes. CORT levels increased with length of exercise and then exhibited a plateau by 25 min in females and by 40 min
in males. Females displayed a significantly more rapid increase in serum CORT levels and attained higher maximal CORT levels than
males. Females also had significantly larger adrenal glands, both in absolute terms and relative to body mass. © 1998 Elsevier
Science Inc.
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We have been developing house mice (Mus domesticus) as a
model system for studying the genetics and evolution of exercise
physiology (11,12,18). Here, we present initial studies aimed at
elucidating endocrine mechanisms underlying activity and exercise. In future studies, we will compare various groups of house
mice, e.g., trained versus untrained, genetically selected versus
control (58), and wild versus domestic (13), with respect to hormonal responses to exercise.
The goals of the present experiment were twofold. First, we
sought to establish the time course of the serum CORT response to
moderate-intensity exercise. Second, we tested for sex differences
in CORT levels in response to treadmill running. Corticosterone is
the primary glucocorticoid secreted in rodents (44). Sex differences in adrenocortical function are well known in mammals
(22,37,63) including house mice, but, to our knowledge, have not
been studied in the context of physical exercise in rodents. We ran
laboratory house mice at sustainable speeds for various periods of
time, ranging from 2 min to 1 h, and measured serum CORT
concentration immediately after exercise.
Compared with males, we predicted that females would have
larger adrenal glands and a greater amplitude serum CORT response. These differences were predicted because previous studies
of house mice have found females to have larger adrenal glands
(35), because estrogen can increase activity of the HPA axis,
whereas testosterone may suppress activity (30,37), and because
female house mice are generally more active under laboratory
conditions [(46) and unpublished results in our laboratory].

THE hypothalamus and pituitary secrete and respond to various
chemical messengers (e.g., adrenocorticotropic hormone (ACTH),
arginine vasopressin (AVP), oxytocin) that result ultimately in the
secretion of glucocorticoids from the adrenal cortex. In vertebrates, glucocorticoids, such as cortisol or corticosterone (CORT),
are involved in energy balance and regulation, both at rest and
during physical activity (45,56,65). They are secreted continually
at basal or maintenance levels and increased secretion in response
to exercise has been demonstrated in several species of mammals
(4,49,61,66). Glucocorticoid secretion in response to various
other physical and psychological stressors is also well known
(3,20,47,51,52,55).
In mammals, various hormones, including those of the hypothalamic-pituitary-adrenal (HPA) axis, are secreted during exercise
(19,38,55,57,60,64,70). The particular combinations of hypothalamic-pituitary messengers responsible for stimulation of glucocorticoid secretion during exercise have yet to be established.
Consequently, glucocorticoids themselves are often studied as an
indicator of general HPA activity.
During prolonged exercise, glucocorticoids may promote maintenance of blood glucose levels by stimulating release of amino
acids from muscle, stimulating gluconeogenesis, and enhancing
mobilization of fat stores (55,60,61,70). Chronically elevated glucocorticoids can lead to muscle tissue loss (33), but both acute and
chronic administration of exogenous glucocorticoids have also
been shown to increase endurance and work performance in rats
(25,36,53).
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MATERIALS AND METHODS

Animals
Study animals were derived from the Hsd:ICR strain of Mus.
This outbred strain possesses relatively high levels of both genetic
[(28) unpublished data] and phenotypic variation (18,29), and has
been used extensively as a model for physiological and genetic
studies (11,12,13,14,50). A total of 32 male and 32 female mice
was used. These were from the eighth generation of selection for
high voluntary wheel-running activity (58), with mice from control
and selected lines equally represented. Mice were 94 –105 days of
age at treadmill testing (mean 5 100 days).

To separate potential responses to psychological stress [e.g.,
caused by a novel environment: (3,47)] from those related to
exercise per se (55,61), animals were trained to run on the treadmill for 10 min on each of the 2 days prior to experimental trials.
Preliminary studies showed that this training protocol reduced the
amount of stimulation necessary to maintain running behavior
during subsequent experimental trials. In addition, the number of
fecal boluses produced during experimental trials was recorded as
a potential indicator of emotionality [as in open-field tests
(2,7,17,23,24,67)] and analyzed as a dependent variable (9,18,62).
To control for the possible effects of stimulation, the number of
electrical stimulation events and the subjective manual stimulation
scores were used as covariates in all analyses.

Housing and Maintenance
Pups were weaned at 21 days and toe-clipped for individual
identification. For standard maintenance, mice were housed in
same-sex groups of four per cage (standard plastic cages 27.5 3
17 3 12 cm high in internal dimensions, with pine shavings for
bedding, metal tops, metal food hoppers, and water bottles) at
23°C on a 12-h light cycle. Ten days before experimental procedures began, all mice were housed individually to reduce possible
effects of aggression and/or dominance hierarchies (5). It is possible that group housing may differentially affect the stress response in males and females. If so, then an improvement for future
studies would be to house animals individually from weaning.
Access to food (Harlan Teklad Rodent Diet (W) 8604) and water
was unrestricted.
Treadmill Exercise Protocol
For experimental trials, mice were placed individually in a
small plexiglass chamber held just above the surface of the treadmill belt [inner dimensions of chamber running area were 13 3
6.3 3 5 cm high, with a wedge-shaped extension (for the electrified grid) that was 6-cm long 3 6.3 cm wide 3 5 cm at the highest
and 2 cm at the lowest point (11)]. Mice were then run continuously for 2, 5, 10, 15, 25, 40, or 60 min at a speed of 1.0 km/h (the
approximate mean running speed of these mice on voluntary
running wheels). Resting serum CORT levels were determined for
a separate group of eight mice that were removed from their cage
and immediately decapitated. All trials were begun between 0800
and 1250 and the order of experimental trials was randomized to
minimize time-of-day effects.
Based on the equation reported in Table 1 of (16), female mice
with mean body mass of 27.8 g and male mice with mean body
mass of 36.7 g running at 1 km/h are predicted to have V̇O2 of
193.8 mL/h and 261.1 mL/h, respectively. On the basis of data
collected in our laboratory on mice of the same strain as studied
herein (12,13,18,29,58), predicted V̇O2max is 284.4 mL/h for
females and 337.4 mL/h for males. Thus, the female and male mice
in this study, running at 1 km/h, were probably exercising at a
moderate work intensity of approximately 68% and 77% V̇O2max,
respectively.
Previous studies have shown that some individual laboratory
house mice will refuse to run without stimulation (16). Therefore,
as in previous studies (12,13,18,29,58), manual and controlled
electrical (,10 mA delivered at approximately 70 V) stimulation
were used for motivation when animals did not run voluntarily.
Behavior data were recorded continuously during each trial. An
apparent electrical stimulation event was recorded as occurring
each time an animal touched the grid with its feet (this may or may
not have resulted in an actual shock, depending on how the
animal’s feet touched the grid). The amount of manual stimulation
was also scored subjectively on a scale from least (0) to most (2)
stimulation required.

Blood/Tissue Sampling and Hormone Assays
At the end of experimental trials, mice were rapidly decapitated
and trunk blood was collected in 1.5-mL microcentrifuge tubes
containing no anticoagulant. Decapitation was judged the best
means of sampling because it was the fastest (time from end of
trial to decapitation ranged from 11– 60 s, with a mean of 28 s) and
most humane means of obtaining relatively large samples for
hormone assays. Anesthesia was not used because it may affect
hormone levels (40).
Blood samples were immediately centrifuged at 1600 3 g for
3.5 min, and serum was stored at 280°C until hormone assays
were performed. CORT was measured by radioimmunoassay in
the Protein and Steroid Hormone Assay Labs at the Wisconsin
Regional Primate Research Center. Carcasses were frozen and, at
a later date, right and left adrenal glands were dissected free and
weighed to the nearest 0.1 mg.
Statistical Analyses
The primary goals of this study were to examine the time
course and sex differences of serum CORT levels. A priori, we
expected CORT levels to rise and then plateau (and possibly
decline) at longer exercise times. Inspection of the data (see Fig. 3)
and preliminary analyses indicated that the simplest model that
adequately described the data was one in which CORT levels were
log transformed and the relationship with length of exercise was fit
by a second-degree polynomial. Hence, data were analyzed by
analysis of covariance: sex was a dummy variable; time and
z-transformed time squared were covariates. All three of these
terms turned out to be highly statistically significant. This basic
model was then used as a baseline to test for possible effects of
additional covariates, including the subjective score for amount of
manual stimulation, the logarithm of the number of (apparent)
electrical stimuli, time of day at the start of the treadmill exercise,
squared time of day, body mass, and mean adrenal gland mass
(either absolute or relative to body mass). Number of fecal boluses
was also analyzed as a dependent variable, following the foregoing
strategy. All analyses were conducted with the SPSS/PC1 version
5.0 ANOVA or REGRESSION procedures.
RESULTS

As shown in Fig. 1, masses of right and left adrenal glands were
positively correlated (n 5 64, r 5 0.692, two-tailed p , 0.001;
females, r 5 0.524, p 5 0.002; males, r 5 0.297, p 5 0.099). In
both sexes, however, the left adrenal tended to be larger than the
right (paired t 5 0.566, p , 0.001; females, t 5 0.392, p , 0.001;
males, t 5 4.02, p 5 0.001). Females had larger adrenal glands,
both in absolute terms (Fig. 1) and relative to body mass (Fig. 2).
Figure 2 also shows that males were larger in body mass than
females.
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FIG. 1. Relationship between right and left adrenal gland mass.

Figure 3 shows serum CORT levels as a function of time spent
exercising on the treadmill. With one exception (a female with
288.12 ng/mL), values for resting animals were in the range
11.6 –29.5 ng/mL (mean 5 18.1, SE 5 2.90). As expected, values
for exercised animals were higher than for resting animals, and
females tended to have higher values than males. Values for
females reached a plateau by 25 min, but values for males did not
plateau until 40 min.
On the basis of inspection of Fig. 3, we first analyzed data with
a relatively simple model, including sex as a main effect and both
time on treadmill and squared time on treadmill as covariates.
Analysis of covariance on log-transformed data indicated a highly
significant effect of sex (females higher F(1, 60) 5 28.6, p ,
0.001), time on treadmill (positive: F(1, 60) 5 137.9, p , 0.001),
and time2 (negative, indicating that a plateau was reached: F(1, 60)
5 38.6, p , 0.001). Results were similar when the one high 0-time
individual was deleted from the data set: sex (F(1, 59) 5 28.3, p ,
0.001), time on treadmill (F(1, 59) 5 172.8, p , 0.001), and time2
(F(1, 59) 5 51.1, p , 0.001).

FIG. 2. Adrenal gland mass in relation to body mass.
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FIG. 3. Serum corticosterone levels in relation to length of treadmill
exercise.

More complicated models were also analyzed. Various combinations of several additional covariates were added to the model described in the previous paragraph. These additional covariates were
the subjective score of amount of manual stimulation, the logarithm of
the number of (apparent) electrical stimuli, time of day at the start of
the treadmill exercise, squared time of day, body mass, and mean
adrenal gland mass (either absolute or relative to body mass). None of
these covariates was ever statistically significant at p , 0.05. Figure
4 shows the absence of a relationship between residual log10 serum
CORT concentration and time of day.
Figure 3 suggests that the rate of increase in serum CORT
levels was higher in females than in males. To test this, we
excluded both males and females at 60 min and females at 40 min,
i.e., after the plateaus had occurred, as well as the one female with
high 0-time CORT. We then regressed log CORT on time on
treadmill plus a cross-products term computed as time multiplied

FIG. 4. Plot of residual log10 serum corticosterone versus time of day at
sacrifice; no statistically significant relationship exists. For this figure,
residuals were computed from a model containing eight dummy variables,
one for sex and seven for length of exercise (as compared with resting
levels).
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FIG. 5. Relationship between number of fecal boluses produced during a
treadmill exercise trial and length of trial.

by the 0 –1 dummy variable for sex. This model includes a common Y-intercept for the two sexes, an increase in CORT with time
on treadmill, and a different slope between the sexes. The slope
difference was statistically significant (n 5 51, F(1, 48) 5 52.2,
p , 0.0001); thus, serum CORT levels increased more rapidly in
response to forced exercise in females than in males.
Figure 5 shows the relationship between the number of fecal
boluses produced and time on the treadmill. Analysis of covariance
indicated a highly significant effect of time on treadmill (positive: F(1,
51) 5 7.8, p 5 0.007), time on treadmill squared (positive: F(1, 51)
5 8.2, p 5 0.006), and time of day at which the trial started (positive:
F(1, 51) 5 8.9 p 5 0.004), but not of sex (F(1, 51) 5 0.2, p 5 0.655).
Several additional covariates were tested and found not to be statistically significant predictors of number of fecal boluses (subjective
score of amount of manual stimulation, logarithm of the number of
electrical stimuli, squared time of day, body mass).
Finally, we tested for a correlation between log serum CORT
level and fecal bolus production at the individual level. After
controlling for effects of sex and length of exercise, we found no
relationship between serum CORT levels and fecal bolus production on an individual basis (Fig. 6). This lack of relationship also
held within each of the seven different exercise-length groups (all
two-tailed p . 0.19).

vidual basis (Fig. 6). This is in contrast to studies of rats that have
found a consistent positive relationship between fecal production
during open-field tests (and other stressors) and serum CORT levels at
the end of the test (typically 10-min in duration) (22,23). Indeed, (24)
concluded that ‘‘Defecation score was . . . a valid parameter; it could
be indicated as a barometer for [plasma] corticosterone’’concentration
at the end of a 10-min open-field exposure. Also, (23) concluded that
‘‘Defecation score has once again been shown as another valuable
parameter for the determination of stress experienced by an animal,
reflecting very consistently differences observed in stress-hormone
plasma concentrations.’’In our mice, we found no relationship between serum CORT and fecal boluses after 10-min of exercise (n 5
8, r 5 20.151) or for the entire data set (Fig. 6). In summary, the
difference in response pattern between fecal bolus production (Fig. 5)
and serum CORT levels (Fig. 3) and the lack of correlation on an
individual basis (Fig. 6) both suggest that serum CORT levels, as
measured in our protocol, do not simply reflect a stress response to
novelty. Instead, by elimination, serum CORT levels measured herein
would seem chiefly to indicate a response to exercise.
Our serum CORT values for mice not run on the treadmill are
comparable with, or somewhat lower than, resting values reported
in other studies of laboratory house mice (e.g., 5,15,26,30 –32,
43,72). Our highest values for exercised females are similar to the highest
values reported for electrically shocked female house mice (30).
Time Course of Glucocorticoid Response
This study is, to our knowledge, the first attempt to establish
a time course for the glucocorticoid response to exercise in
house mice. Serum CORT rose from resting levels of about 18
ng/mL to a maximum of 621 ng/mL in females at 25 min (34
times resting levels) and 332 ng/mL in males at 40 min (18
times resting levels). This information will facilitate future
comparisons of groups of house mice that differ genetically or
with respect to physical conditioning, housing or other environmental conditions (13,15,20,58,71).
One study of male rats showed a time course similar to that
observed here (Fig. 3), with a flattening of the curve beginning at

DISCUSSION

Because serum CORT levels increase in response to both stressors
and exercise (see ‘‘Introduction’’), it is important to consider what,
exactly, our experimental protocol elicited. We presumed that the
2 days of exposure to and training on the treadmill would reduce, if
not eliminate, effects of novelty in the treadmill environment, and
hence reduce psychological stress [but see (30,31) on sensitization]. In
addition, we also recorded the number of fecal boluses produced
during experimental trials (9,18,62) because defecation is frequently
interpreted as a measure of ‘‘emotionality’’ in novel and/or stressful
situations [as in open-field tests, e.g., (7,2,67,17)].
Fecal bolus production increased only after 25 min of treadmill
running, and no sex difference was apparent (Fig. 5). This pattern is
very different from that exhibited by serum CORT levels, which rose
more rapidly, then reached a plateau that was significantly higher in
females than in males (Fig. 3). Moreover, we found no relationship
between serum CORT levels and fecal bolus production on an indi-

FIG. 6. Absence of relationship between residual log10 serum corticosterone (as in Fig. 4) and residual fecal bolus production. For both variables,
residuals were produced by a regression on seven dummy variables, one for
sex and six for length of exercise as compared with 2-min values (0-time
values were excluded; time of day was not a significant predictor of fecal
production once the length of exercise dummy variables were considered).
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about 30 min of exercise (71), and norepinephrine and epinephrine
showed a similar time course. Because that study and several
others (27,38,69) suggest that training affects (often reduces) hormonal response to exercise, we studied untrained mice.
The time course of glucocorticoid responses to exercise has
also been studied in dogs and humans. Levels of cortisol, ACTH,
b-endorphin, epinephrine, and norepinephrine were studied in
cerebrospinal fluid of dogs exercising on a treadmill at two intensities (49). At both intensities, plasma cortisol levels rose steadily
for 90 min, with no obvious plateau, at which time exercise was
terminated. Although exercise intensity in terms of percent
V̇O2max was not reported (49), the relative exercise intensity of
their low- and high-intensity exercise groups probably bracket the
intensity used herein (see ‘‘Materials and Methods’’). Thus, the
glucocorticoid response curve to treadmill exercise appears to
occur more rapidly and to peak earlier in mice than in dogs.
Humans show somewhat variable plasma cortisol responses that
are affected by both intensity and duration of exercise (55,57).
Typically, plasma cortisol levels peak within approximately 30
min of high intensity treadmill running and within 45 min of
moderate intensity running (41). In any case, comparisons of our
results with those for dogs and humans are problematic because
house mice are much smaller and have lower mass-specific metabolic rates, in addition to being only distantly related (21).
Temporal Effects on Serum Corticosterone Levels
In many mammals, resting glucocorticoid secretion shows a diurnal
rhythm (1,10,39,42,48,68). In nocturnal rodents, this pattern shows a peak
that corresponds to the beginning of the dark period, when activity is
generally greatest (42). The lowest glucocorticoid concentrations occur
near the end of the dark period or the beginning of the light period, when
nocturnal rodents are least active (42). In rats, this low glucocorticoid
concentration persists for several hours (42).
To minimize effects of diurnal rhythms, we performed experiments during a restricted time period. Specifically, we chose the first
5 h (Fig. 4) after the onset of the light phase, which corresponds to an
expected period of low glucocorticoid concentration in laboratory rats
(42). In addition, experimental trials of different lengths were randomized with respect to time of day. Time of day did not have a
statistically significant effect on serum CORT levels during treadmill
running, and a plot of residual log CORT concentration in relation to
time of day (Fig. 4) suggests no consistent effect of time of day.
Therefore, within the 5-h period covered by our experiments, circadian secretion rhythms appear not to have had an important influence
on CORT levels in response to treadmill exercise.
Sex Differences and Adrenal Gland Asymmetry
In this study, left adrenals were larger than right adrenals in
both sexes (Fig. 1). This observation is consistent with a large
body of data on other mammalian species (35).

Previous studies have addressed sex differences in the glucocorticoid responses to exercise in humans (55,54), but we are
unaware of such studies in rodents. We found that female house
mice respond significantly more rapidly and have higher levels of
serum CORT after various periods of treadmill running, as compared with males. For females, Fig. 3 indicates a plateau after
about 25 min of exercise, whereas in males the plateau occurs
later, around 40 min. Our ongoing studies have also shown that
females run significantly more than males when given access to
activity wheels [unpublished results, see also (46)]. Whether the
sex difference in corticosterone response to moderate-intensity
exercise is related to the sex difference in wheel running is unclear,
but 1.0 km/h (as studied herein) is similar to the speed of mice
running voluntarily on wheels in our laboratory [(13) and unpublished results].
In house mice, females have been reported to exhibit higher
plasma CORT levels than males under resting conditions and in
response to various stressors, including novelty and electrical
shock (30). In rats, females also exhibit higher resting CORT
levels and higher maximal CORT levels in response to novelty and
ether stress than do males (6). In golden hamsters, on the other
hand, which are less closely related to house mice, males exhibit
higher levels of glucocorticoids (22), which appears to be attributable to unusual effects of testosterone on the HPA axis (22,34).
Determining whether these differences are adaptive (e.g., related to
variation in social structure or mating system) or possibly fall out
along phylogenetic lines (e.g., Mus and Rattus are more closely
related to each other than to hamsters) will require additional
comparative studies (21,44).
What accounts for the sex differences in CORT levels observed
herein? One obvious possibility is the larger adrenal glands of
females, both in absolute size and relative to body mass (Fig. 2),
although direct and indirect effects of gonadal hormones are another possibility (30,37). Sex differences in adrenal size and histology in mice, other rodents, and other mammals have been
reported previously [(8,37,59) and Table I in (35)]. However,
females are not always the sex with larger adrenals. In golden
hamsters, for instance, males have larger adrenals (34).
ACKNOWLEDGMENTS

This research was supported by an H. I. Romnes Faculty Fellowship
(U.W. Graduate School and Wisconsin Alumni Research Foundation) to
T. G.; National Science Foundation (N.S.F.) Grants IBN-9111185 and
IBN-9157268 to T. G.; N.S.F. Grant IBN-9407691 to C. A. M.; National
Institute of Mental Health Grant R03MH-53392 to C. A. M. For assistance
with corticosterone assays, we thank D. H. Abbott, the Wisconsin Regional
Primate Research Center Protein and Steroid Hormone Assay Labs, and
P. A. Martin. We thank G. D. Cartee and W. Saltzman for comments on the
manuscript.

REFERENCES
1. Akana, S. F.; Cascio, C. S.; Du, J.; Levin, N.; Dallman, M. F. Reset of
feedback in the adrenocortical system: an apparent shift in sensitivity
of adrenocorticotropin to inhibition by corticosterone between morning and evening. Endocrinology 119:2325–2332; 1986.
2. Archer, J. Tests for emotionality in rats and mice: A review. Anim.
Behav. 21:205–235; 1973.
3. Bassett, J. R.; Cairncross, K. D.; King, M. G. Parameters of novelty,
shock predictability, and response contingency in corticosterone release in the rat. Physiol. Behav. 10:901–907; 1973.
4. Borer, K. T.; Bestervelt, L. L.; Mannheim, M.; Brosamer, M. B.;
Thompson M.; Swamy U.; Piper, W. N. Stimulation by voluntary

5.

6.

7.
8.

exercise of adrenal glucocorticoid secretion in mature female hamsters. Physiol. Behav. 51:713–718; 1992.
Brain, P. F.; Nowell, N. W. The effects of differential grouping on
endocrine function of mature male albino mice. Physiol. Behav. 5:
907–910; 1970.
Brett, L. P.; Chong, G. S.; Coyle, S.; Levine S. The pituitary adrenal
response to novel stimulation and ether stress in young adult and aged
rats. Neurobiol. Aging 4:133–138; 1983.
Broadhurst, P. L. Determinants of emotionality in the rat. Br. J.
Psychol. 49:12–20; 1958.
Brush, F. R.; Issacson, M. D.; Pellegrino, L. J.; Rykaszewski, I. M.;

284

9.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

COLEMAN ET AL.
Shain C. N. Characteristics of the pituitary-adrenal system in the
Syracuse high-and-low avoidance strains of rats (Rattus norvegicus).
Behav. Genet. 21:35– 48; 1991.
DeFries, J. C.; Hegmann, J. P. Genetic analysis of open-field behavior.
In: Lindzey, G.; Thiessen, D. D., eds. Contributions to behaviorgenetic analysis: The mouse as a prototype. New York: AppletonCentury-Crofts; 1970:23–56.
de Souza C. J.; Meier A. H. Circadian and seasonal variations of
plasma insulin and cortisol concentrations in the syrian hamster, Mesocricetus auratus. Chronobiology Int. 4:141–151; 1987.
Dohm, M. R.; Hayes, J. P.; Garland, T., Jr. Quantitative genetics of
sprint running speed and swimming endurance in laboratory house
mice (Mus domesticus). Evolution 50:1688 –1701; 1996.
Dohm, M. R.; Hayes, J. P.; Garland, T., Jr. An indirect test of the
‘‘aerobic capacity model’’ for the evolution of endothermy: the quantitative genetics of maximal and basal rates of oxygen consumption in
outbred house mice. Evolution. In press.
Dohm, M. R.; Richardson, C. S.; Garland, T., Jr. Exercise physiology
of wild and random-bred laboratory house mice and their reciprocal
hybrids. Am. J. Physiol. 267:R1098 –R1108; 1994.
Eisen, E. J. Maturing patterns of organ weights in mice selected for
rapid postweaning gain. Theor. Appl. Genet. 73:148 –157; 1986.
Eleftheriou, B. E.; Elias, M. F.; Cherry, C.; Lucas, L. A. Relationship
of wheel-running activity to post-wheel running plasma testosterone
and corticosterone levels: A behavior-genetic analysis. Physiol. Behav.
16:431– 438; 1976.
Fernando, P.; Bonen, A.; Hoffman-Goetz, L. Predicting submaximal
oxygen consumption during treadmill running in mice. Can. J. Physiol.
Pharmacol. 71:854 – 857; 1993.
Flint, J.; Corley, R.; DeFries, J. C.; Fulker, D. W.; Gray, J. A.; Miller,
S.; Collins, A. C. A simple genetic basis for a complex psychological
trait in laboratory mice. Science 269:1432–1435; 1995.
Friedman, W. A.; Garland, T., Jr.; Dohm, M. R. Individual variation in
locomotor behavior and maximal oxygen consumption in mice.
Physiol. Behav. 52:97–104; 1992.
Galbo, H. Hormonal and metabolic adaptation to exercise. New York:
Thieme-Stratton; 1983.
Ganem, G. A comparative study of different populations of Mus
musculus domesticus: Emotivity as an index of adaptation to commensalism. Comp. Biochem. Physiol. 99A:531–536; 1991.
Garland, T., Jr.; Carter, P. A. Evolutionary physiology. Annu. Rev.
Physiol. 56:579 – 621; 1994.
Gaskin, J. H.; Kitay, J. I. Adrenocortical function in the hamster: sex
differences and effects of gonadal hormones. Endocrinology 87:779 –
786; 1970.
Gentsch, C.; Lichtsteiner, M.; Driscoll, P.; Feer, H. Differential hormonal and physiological responses to stress in Roman High- and
Low-Avoidance rats. Physiol. Behav. 28:259 –263; 1982.
Gentsch, C.; Lichtsteiner, M.; Feer, H. Locomotor activity, defecation
score and corticosterone levels during an open field exposure: A
comparison among individually and group-housed rats, and genetically
selected rat lines. Physiol. Behav. 27:183–186; 1981.
Gorostiaga, E. M.; Czerwinski, S. M.; Hickson, R. C. Acute glucocorticoid effects on glycogen utilization, O2 uptake, and endurance.
J. Appl. Physiol. 64:1098 –1106; 1988.
Groenink, L.; van der Gugten, J.; Zethof, T.; van der Hayden, J.;
Olivier, B. Stress-induced hyperthermia in mice: hormonal correlates.
Physiol. Behav. 56:747–749; 1994.
Hartley, L. H.; Mason, J. W.; Hogan, R. P.; Jones, L. G.; Kotchen,
T. A.; Mougey, E. A.; Wherry, F. E.; Pennington, L. L.; Ricketts, P. T.
Multiple hormonal responses to prolonged exercise in relation to
physical training. J. Appl. Physiol. 33:607– 610; 1972.
Hauschka, T. S.; Mirand, E. A. The ‘‘breeder: HA(ICR)’’ Swiss
mouse, a multipurpose stock selected for fecundity. In: Murphy, G. P.;
Pressman, D.; Mirand, E. A., eds. Perspectives in cancer research and
treatment. New York: Alan R. Liss; 1973:319 –331.
Hayes, J. P.; Garland, Jr., T.; Dohm, M. R. Metabolic rates and
reproduction of Mus: are energetics and life history linked? Funct.
Ecol. 6:5–14; 1992.
Hennessy, M. B.; Levin, R.; Levine, S. Influence of experiential
factors and gonadal hormones on pituitary-adrenal response of the

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.
46.
47.
48.

49.

50.

51.
52.

53.

mouse to novelty and electric shock. J. Comp. Physiol. Psych. 91:
770 –777; 1977.
Hennessy, M. B.; Levine S. Effects of various habituation procedures
on pituitary-adrenal responsiveness in the mouse. Physiol. Behav.
18:799 – 802; 1977.
Hennessy, M. B.; Levine S. Sensitive pituitary-adrenal responsiveness
to varying intensities of psychological stimulation. Physiol. Behav.
21:295–297; 1978.
Hickson, R. C.; Marone, J. R. Exercise and inhibition of glucocorticoid-induced muscle atrophy. Exercise Sports Sci. Rev. 21:135–167;
1993.
Holmes, W. N. Histological variations in the adrenal cortex of the
golden hamster with special reference to the X zone. Anat. Rec.
122:271–287; 1955.
Idelman, S. The structure of the mammalian adrenal cortex. In: Jones,
I. C.; Henderson, I. W., eds. General, comparative and clinical endocrinology of the adrenal cortex. New York: Academic Press; 1978:1–
180.
Ingle, D.; Morley, E.; Nezamis, J. The work performance of normal
rats given continuous intravenous injections of cortisone and of corticotropin. Endocrinology 51:487– 491; 1952.
Kime, D. E.; Vinson, G. P.; Major, P. W.; Kilpatrick, R. Adrenalgonadal relationships. In: Chester Jones, I.; Henderson, I. W., eds.
General, comparative and clinical endocrinology of the adrenal cortex.
New York: Academic Press; 1980:183–264.
Kjaer, M. Regulation of hormonal and metabolic responses during
exercise in humans. Exercise Sport Sci. Rev. 20:161–184; 1992.
Krieger, D. T. Rhythms in CRF, ACTH, and corticosteroids. In:
Krieger, D. T., ed. Endocrine rhythms. New York: Raven Press;
1979:123–142.
Lawson, D. M. Anaesthetics and neuroendocrine function. In: Steger,
R. W.; Johns, A., eds. Handbook of pharmacologic methodologies for
the study of the neuroendocrine system. Boca Raton: CRC Press;
1985:385– 406.
Luger, A.; Deuster, P. A.; Kyle, S. B.; Gallucci, W. T.; Montgomery,
L. C.; Gold, P. W.; Loriaux, D. L.; Chrousos, G. P. Acute hypothalamic-pituitary-adrenal responses to the stress of treadmill exercise:
Physiological adaptations to physical training. New Engl. J. Med.
316:1309 –1315; 1987.
Manning, J. M.; Bronson, F. H. Suppression of puberty in rats by
exercise: Effects on hormone levels and reversal with GnRH infusion.
Am. J. Physiol. 260:R717–R723; 1991.
Marchlewska-Koj, A.; Zacharczuk-Kakietek, M. Acute increase in
plasma corticosterone level in female mice evoked by pheromones.
Physiol. Behav. 48:577–580; 1990.
Nelson, R. J. An introduction to behavioral endocrinology. Sunderland, Mass.: Sinauer Associates; 1995.
Norris, D. O. Vertebrate endocrinology, Third Edition. New York:
Academic Press; 1997.
Perrigo, G.; Bronson, F. H. Sex differences in the energy allocation
strategies of house mice. Behav. Ecol. Sociobiol. 17:297–302; 1985.
Pfister, H. P. The glucocorticosterone response to novelty as a psychological stressor. Physiol. Behav. 23:649 – 652; 1979.
Plant, T. M. Time courses of concentrations of circulating gonadotropin, prolactin, testosterone, and cortisol in adult male rhesus monkeys (Macaca mulatta) throughout the 24 h light-dark cycle. Biol.
Reprod. 25:244 –252; 1981.
Radosevich, P. M.; Nash, J. A.; Lacy, D. B.; O’Donovan, C.; Williams,
P. E.; Abumrad. N. N. Effects of low- and high-intensity exercise on
plasma and cerebrospinal fluid levels of ir-b-endorphin, ACTH, cortisol, norepinephrine and glucose in the conscious dog. Brain Res.
498:89 –98; 1989.
Robeson, B. L.; E Eisen,. J.; Leatherwood, J. M. Adipose cellularity,
serum glucose, insulin and cholesterol in polygenic obese mice fed
high-fat or high-carbohydrate diets. Growth 45:198 –215; 1981.
Sapolsky, R. M. Why stress is bad for your brain. Science 273:749 –
750; 1996.
Sapolsky, R. M.; Krey, L. C.; McEwen, B. S. The neuroendocrinology
of stress and aging: the glucocorticoid cascade hypothesis. Endocr.
Rev. 7:284 –301; 1986.
Sellers, T. L.; Jaussi, A. W.; Yang, H. T.; Heninger, R. W.; Winder,

GLUCOCORTICOID RESPONSE TO EXERCISE

54.
55.
56.
57.

58.
59.
60.
61.
62.
63.

W. W. Effect of the exercise-induced increase in glucocorticoids on
endurance in the rat. J. Appl. Physiol. 65:173–178; 1988.
Shangold, M. M. Exercise and the adult female: hormonal and endocrine effects. Exercise Sport Sci. Rev. 12:53–79; 1984.
Shephard, R. J.; Sidney, K. H. Effects of exercise on plasma growth
hormone and cortisol levels in human subjects. Exercise Sport Sci.
Rev. 3:1–30; 1975.
Strack, A. M.; Sebastian, R. J.; Schwartz, R. W.; Dallman, M. F.
Glucocorticoids and insulin: Reciprocal signals for energy balance.
Am. J. Physiol. 268:R142–R149; 1995.
Sutton, J. R.; Farrell, P. A. Endocrine responses to prolonged exercise.
In: Lamb, D. R.; Murray, R., eds. Perspectives in exercise science and
sports medicine. Vol. I: prolonged exercise. Indianapolis, IN: Benchmark Press; 1988.
Swallow, J. G.; Garland, Jr., T.; Carter, P. A.; Zhan, W.-Z.; Sieck,
G. C. Effects of voluntary activity and genetic selection on aerobic
capacity in house mice (Mus domesticus). J. Appl. Physiol. In press.
Tanaka, S.; Matsuzawa, A. Comparison of adrenocortical zonation in
C57BL/6J and DDD mice. Experimental Animals 44:285–291; 1995.
Terjung, R. Endocrine response to exercise. Exercise Sport Sci. Rev.
7:153–180; 1979.
Tharp, G. D. 1975. The role of glucocorticoids in exercise. Med. Sci.
Sports 7:6 –11.
Tharp, G. D.; Carson, W. H. Emotionality changes in rats following
chronic exercise. Med. Sci. Sports 7:123–126; 1975.
Torpy, D. J.; Papanicolaou, D. A.; Chrousos, G. P. Sexual dimorphism
of the human stress response may be due to estradiol-mediated stimulation of hypothalamic corticotropin-releasing hormone synthesis.
J. Clin. Endocrinol. Metab. 82:982; 1997.

285
64. Viru, A. Hormones in muscular activity. Volumes I and II. Boca
Raton: CRC Press; 1985.
65. Viru, A.; Litvinova, L.; Viru, M.; Smirnova, T. Glucocorticoids in
metabolic control of exercise alanine metabolism. J. Appl. Physiol.
76:801– 805; 1994.
66. Voight, K.; Ziegler, M.; Grunert-Fuchs, M.; Bickel, U.; Fehm-Wolfsdorf, G. Hormonal responses to exhausting physical exercise: The role
of predictability and controllability of the situation. Psychoneuroendocrinology 15:173–184; 1990.
67. Walsh, R. N.; Cummins, R. A. The open-field test: A critical review.
Psychol. Bull. 83:482–504; 1976.
68. Weitzman, E. D.; Fukushima, D.; Nogeire, C.; Roffwarg, H.; Gallagher, T. F.; Hellman, L. Twenty-four hour pattern of the episodic
secretion of cortisol in normal subjects. J. Clin. Endocrinol. Metab.
33:14 –22; 1971.
69. White-Welkley, J. E.; Bunnell, B. N.; Mougey, E. H.; Meyerhoff,
J. L.; Dishman, R. K. Treadmill exercise training and estradiol
differentially modulate hypothalamic-pituitary-adrenal cortical responses to acute running and immobilization. Physiol. Behav. 57:
533–540; 1995.
70. Wilmore, J. H.; Costill, D. L. Physiology of sport and exercise. Human
Kinetics: Champaign, IL. 1994.
71. Winder, W. W.; Beattie, M. A.; Holman, R. T. Endurance training
attenuates stress hormone responses to exercise in fasted rats. Am. J.
Physiol. 243:R179 –R184; 1982.
72. Wurbel, H.; Stauffacher, M. Age and weight at weaning affect corticosterone level and development of stereotypies in ICR-mice. Anim.
Behav. 53:891–900; 1997.

