
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 CRF, Adrenocorticotropin, Adrenal Steroids and Stress 

 Neuroendocrinology 2007;86:26–37 
 DOI: 10.1159/000104770 

 Voluntary Exercise Impacts on the Rat 
Hypothalamic-Pituitary-Adrenocortical Axis 
Mainly at the Adrenal Level 

 Susanne K. Droste    Yalini Chandramohan    Louise E. Hill    Astrid C.E. Linthorst    

Johannes M.H.M. Reul 

 Henry Wellcome Laboratories for Integrative Neuroscience and Endocrinology, Dorothy Hodgkin Building, 
University of Bristol,  Bristol , UK 

both groups. Interestingly, the response to different stressful 
stimuli (e.g. forced swimming, novelty) revealed that the ex-
ercising rats showed stressor-specific changes in HPA hor-
mone responses. Forced swimming evoked a markedly en-
hanced response in corticosterone levels in the exercising 
rats. In contrast, if rats were exposed to a novel environment, 
exercising rats showed a much lower response in corticoste-
rone than the control animals. However, the response in 
ACTH to either stressor was comparable between groups. 
Thus, in exercising rats physically demanding stressors evoke 
enhanced glucocorticoid responses whereas mild psycho-
logically stressful stimuli such as novelty result in an attenu-
ated glucocorticoid response. Interestingly, this attenuated 
hormone response corresponded with the observation that 
the exercising rats showed less anxious behaviour in the 
novelty situation.  Conclusions:  The differential responses in 
plasma corticosterone levels to different types of stress in 
the face of comparable responses in ACTH levels underscore 
the existence of critical regulatory control mechanisms at 
the level of the adrenal gland. We have hypothesized that 
changes in the sympathoadrenomedullary input may play 
an important role in these distinct glucocorticoid responses 
to stress. Our previous studies have shown similar changes 
in voluntarily exercising mice. Therefore, we conclude that 
the effects of exercise on the organism are not species-spe-
cific. Thus, our observations may have translational implica-
tions for the human situation.  Copyright © 2007 S. Karger AG, Basel 
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 Abstract 

  Introduction:  Evidence is accumulating that the regular per-
formance of exercise is beneficial for stress coping. However, 
the hypothalamic-pituitary-adrenocortical (HPA) axis of vol-
untarily exercising rats has never been comprehensively in-
vestigated.  Methods:  Therefore, male Sprague-Dawley rats 
were given access to a running wheel in their home cage for 
4 weeks in which they ran 4–7 km per night.  Results:  After 
4 weeks, the exercising animals showed significantly less 
body weight gain, less abdominal fat tissue, decreased 
 thymus weight, and increased adrenal weight (relative to 
body weight). Furthermore, tyrosine hydroxylase (TH) mRNA 
levels were selectively increased in the right adrenal me-
dulla indicating an increase in sympathoadrenomedullary 
capacity in exercising rats. No changes were observed in 
paraventricular corticotropin-releasing hormone (CRH), ar-
ginine-vasopressin (AVP) and oxytocin mRNA levels. Miner-
alocorticoid receptor (MR) mRNA levels in hippocampus and 
glucocorticoid receptor (GR) mRNA levels in frontal cortex, 
parvocellular paraventricular nucleus and anterior pituitary 
were unchanged, whereas GR mRNA levels were increased 
in distinct hippocampal cell layers. Early morning baseline 
levels of plasma ACTH and corticosterone were similar in 
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 Introduction 

 The regular performance of exercise produces pro-
foundly beneficial effects in terms of physical and mental 
health and fitness. Exercise has been shown to improve 
autonomic control, metabolism and immune function 
 [1–6] . Moreover, evidence is accumulating favouring the 
application of exercise as an effective co-treatment for 
anxious and depressed patients, in addition to drug and 
behavioural therapy  [7–10] . Physiological hallmarks of 
these mood disorders include impaired control of the 
HPA axis and sympathetic nervous system culminating 
in hypersecretion of glucocorticoid hormones and adren-
aline/noradrenaline at baseline  [11–14] . Such out-of-con-
text hypersecretion of these hormones is potentially 
harmful to the organism contributing largely to the ob-
served psychiatric and psychosomatic symptoms and co-
morbidities (e.g. cardiovascular disease, metabolic syn-
drome, obesity) seen in these patients  [12, 15, 16] . The 
reason for the disturbed hormonal homeostasis is cur-
rently unknown. The hypersecretion of glucocorticoid 
hormones could at least in part be a consequence of en-
hanced baseline adrenomedullary adrenaline secretion, 
but also this is unknown.

  Our recent published work on long-term voluntarily 
exercising mice shows that exercise benefits appropriate 
glucocorticoid responses to stressful events  [17, 18] , de-
creases anxiety and impulsiveness  [19] , and improves 
sleep quality  [20] . Based on these data, we have hypoth-
esised that the exercise-evoked changes in glucocorticoid 
responses to stress are the result of alterations in sympa-
thoadrenomedullary control of glucocorticoid secretion, 
at least in the mouse. Insight into these mechanisms is not 
only important for our general understanding of the neu-
roendocrine and stress physiological implications of ex-
ercise but also to gain insight into how the sympathoad-
renomedullary system contributes to shaping the adreno-
cortical glucocorticoid response to different types of 
stress. These studies contribute to resolving the sympa-
tho-glucocorticoid disturbances seen in stress-related 
psychiatric and psychosomatic disorders.

  The present experiments aimed to determine the ef-
fects of long-term voluntary exercise on the rat HPA axis 
activity under baseline conditions and in response to 
stressors with different physical impact. The obtained 
data would help to clarify whether our previously col-
lected exercise data in mice were specific for this species 
or whether they are warranted across species. This is im-
portant for translation of data to the human situation be 
it in health or disease. Furthermore, such data would 

open avenues of research which are currently not possible 
in mice, such as for instance experimental approaches 
involving repeated blood sampling via jugular vein can-
nulas over extended periods of time.

  Here, we show that in the HPA axis of rats long-term 
voluntary exercise mainly exerts effects at the adrenal 
gland level possibly involving changes in sympathoadre-
nomedullary input. These effects were similar to those 
found in mice. Furthermore, we show that in exercised 
rats the glucocorticoid response to novel cage exposure is 
attenuated presumably because this event may be less 
fearful for the exercised animals.

  Materials and Methods 

 Animals 
 Male Sprague-Dawley (SD) rats (140–160 g) were singly housed 

under standard lighting (14:   10-hour light/dark cycle), humidity 
(50–60%) and temperature (22–23   °   C) conditions. Food and water 
were available ad libitum.

  Voluntary Exercise Paradigm 
 After habituation to the housing conditions for 5 days, the ex-

perimental group was allowed free access to a running wheel (di-
ameter 34 cm) in their home cages for a period of four weeks. Us-
ing an infrared video camera and a wheel-turning counting sys-
tem, it was observed that the rats were mainly running in the 
wheel during the dark phase of the diurnal cycle. The rats ran ap-
proximately 4–7 km per night which is in agreement with other 
reports  [21, 22] . The housing of the sedentary (i.e. control) ani-
mals remained unchanged. All animal experiments were ap-
proved by the UK Home Office. Voluntary wheel running is not 
regarded as a form of stereotypic behaviour  [23]  because it is not 
expressed at the cost of resting behaviour, i.e. sleep  [20] , as is the 
case with other reported locomotor stereotypies  [24, 25] .

  Physical Parameters 
 The animals were weighed weekly, and also food intake was 

determined weekly. Water intake was determined once a week 
over a 24-hour period. After the experimental (exercise) period, 
the animals were killed, and the abdominal (i.e. peritoneal + peri-
renal) adipose tissue, thymus, pituitary gland and adrenal glands 
were dissected and weighed.

  In a separate experiment, the adrenal glands were quickly fro-
zen on dry ice, cut into 12- � m cross sections in a cryostat, mount-
ed on slides (Superfrost, Fisher Scientific, Loughborough, UK) 
previously coated with poly- L -lysine, fixed in a modified Carnoy’s 
solution (60% ethanol/40% glacial acetic acid) and stained with 
Mayer’s hemalum solution and counterstained with 0.1% eosin Y 
(Sigma). After dyeing, the sections were dehydrated and cleared 
in ethanol, mounted in Histomount (National Diagnostics, Fish-
er), and coverslipped. The quantitative analysis of area measures 
was performed as described previously  [17]  by using a video image 
analysis system (Scion image, NIH). The area of the complete ad-
renal cross section as well as that of the medullar part were deter-
mined by direct measurement, whereas the area of the cortical 
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part was estimated by subtraction of the medullar area from the 
total adrenal area. As before  [17, 18] , only sections were analyzed 
from the mid part of the adrenal gland. Areas are expressed as the 
number of square pixels. Areas determined for the two adrenals 
of an animal are presented separately for the left and the right ad-
renal as well as added to obtain one value for the two adrenals 
 together for the total, cortical and medullar area per animal’s ad-
renal gland. Subsequently, mean values  8  SEM were calculated 
(n = 5–6 per experimental group) and corrected for bodyweights.

  Neuroendocrine Experiments 
 The neuroendocrine experiments were conducted after 4 

weeks of voluntary exercise or non-exercise, i.e. the sedentary 
control condition. All experiments were performed between 07.00 
and 11.00 h a.m. For assessment of baseline plasma hormone lev-
els, individual rats were quickly anaesthetised ( ! 15 s) in a glass 
jar containing saturated isoflurane (Merial Animal Health Ltd., 
UK)   vapour, after which the animals were decapitated immedi-
ately. Trunk blood was collected in ice-chilled EDTA-coated 
tubes (15 ml) containing 50  � g aprotinin (Trasylol, Bayer). As 
shown previously, this procedure yields baseline plasma ACTH 
and corticosterone data  [26–28] .

  For determination of stress-induced plasma ACTH and corti-
costerone concentrations, the rats were either exposed to a novel 
environment or submitted to a forced swimming procedure. For 
the novel environment exposure, control or exercised rats were 
placed singly in new cages containing clean sawdust for 30 min in 
an experimental room illuminated at 400 lx (holding room light: 
80–100 lx). Except for the light condition, the experimental room 
had the same environmental (i.e. humidity) conditions as the 
holding room. Next,   the rats were quickly anaesthetised, decapi-
tated, and trunk blood was collected as described above. Further-
more, the behaviour during the time in the novel cage was re-
corded for behavioural analysis using a CCTV digital camera sys-
tem and hard disk recorder. For forced swimming, the rats were 
placed singly for 15 min in a glass beaker containing water at 
25   °   C. The water depth was 20 cm, allowing the rat to touch the 
bottom of the glass with the tip of its tail. After completion of the 
swimming procedure, the animals were rapidly dried with a tow-
el, quickly anaesthetised, decapitated, and trunk blood was col-
lected as described above.

  Plasma samples for ACTH and corticosterone measurement 
by RIA (ICN Biomedicals, Costa Mesa, Calif., USA) were stored 
at –80 and –20   °   C, respectively. The inter- and intra-assay coef-
ficients of variance for ACTH were 7 and 5%, respectively, with a 
detection limit of 2 pg/ml. For corticosterone, the inter- and intra-
assay coefficients of variance were 7 and 4%, respectively, with a 
detection limit of 0.4 ng/ml.

  Behavioural Analysis 
 The different behaviours of the experimental animals during 

the novel environment exposure (i.e. stationary (not moving in a 
standing or sitting position), lying/sleeping, walking, rearing, 
grooming, scratching and burrowing) were scored after each 10 s 
over the whole 30-min experimental period and the mean score 
 8  SEM for the whole time period was calculated.

  In situ Hybridization Histochemistry 
 Under early morning resting conditions, rats were killed as 

described above. The whole brains were quickly removed, snap-

frozen in isopentane at –40   °   C and deep-frozen in dry ice. Twelve-
micron-thick coronal brain sections at the level of the hypotha-
lamic paraventricular nucleus (PVN; from bregma level –0.70 to 
–0.22 mm), the dorsal (from bregma level –2.92 to –3.96 mm) and 
ventral hippocampus (from bregma –4.80 to –5.30 mm), the me-
dial prefrontal cortex mPFC region including the infralimbic cor-
tex (IL; from bregma level 3.20 to 2.20 mm), the granular insular 
cortex (GI; from bregma 1.20 to 0.20 mm), and the pituitary were 
cut in a cryostat and mounted on glass slides (Super frost plus, 
Fisher). Also the adrenal glands were collected, frozen on dry ice, 
cut into 12-�m-thick sections in a cryostat, and mounted on Su-
per frost glass slides.

  The in situ hybridization assays for CRH, AVP and oxytocin 
mRNA in the PVN, tyrosine hydroxylase (TH) mRNA in the ad-
renal medulla, and proopiomelanocortin (POMC) mRNA in the 
anterior pituitary were carried out using oligodeoxynucleotide 
probes, as reported previously  [17, 18] . For each oligodeoxynucleo-
tide probe sections of all experimental groups were run in the same 
assay under identical conditions. Briefly, the oligodeoxynucleo-
tides were labelled at the 3 � -end with  � [ 35 S]-dATP (NEN, Boston, 
Mass., USA) using terminal deoxynucleotidyl transferase (Roche 
Diagnostics). Radiolabeled probe (10 6  cpm/200  � l/slide) was di-
luted into hybridization buffer (consisting of 1 !  Denhardt’s solu-
tion, 0.25 mg/ml yeast transfer RNA, 0.5 mg/ml salmon sperm 
DNA, 10% dextran sulfate, 10 m M  dithiothreitol (DTT) and 50% 
formamide (all from Sigma), applied to the slides and incubated for 
20 h at 45   °   C. After hybridization, the slides were washed four times 
in 1 !  SSC at 45   °   C for 15 min, dehydrated in ethanol, air-dried and 
exposed to autoradiography film (Kodak Biomax MR-1, Kodak, 
N.Y., USA) for 3–5 days for TH mRNA and POMC mRNA and 
7–10 days for CRF mRNA, oxytocin mRNA and AVP mRNA.

  The in situ hybridization histochemistry for the detection of 
MR and GR mRNA was performed using  35 S-labeled antisense 
cRNA probes. Techniques for probe synthesis, hybridization, and 
autoradiographic localization of mRNA signal were adapted from 
Simmons et al.  [29] . Briefly, the MR and GR probes (a gift from 
Prof. Jonathan R. Seckl, University of Edinburgh) were linearized 
with  Hin dIII or  Ava I, respectively (for generation of the antisense 
probe; Roche Diagnostics), or  Eco RI (sense probes; Roche Diag-
nostics). The MR and GR cRNA probes were generated using the 
SP6/T7 polymerase Hybridisation Kit (Roche Diagnostics). The 
used radiolabel was  � [ 35 S]-UTP (NEN). Shortly before hybridiza-
tion, the sections were air-dried at room temperature (RT), fixed 
in 4% formaldehyde for 10 min at RT, washed three times in PBS, 
and then acetylated in 0.25% acetic anhydride in 0.1  M  triethanol-
amine for 10 min at RT. Sections were dehydrated in serial ethanol 
solutions, defatted in chloroform and allowed to dry. Subsequent-
ly, the sections were hybridized overnight at 58   °   C in a solution 
containing 50% formamide, 20 m M  Tris-HCl pH 8.0, 300 m M  
NaCl, 5 m M  EDTA, 10% dextran sulphate, 0.02% Ficoll 400, 0.02% 
polyvinylpyrrolidone, 0.02% BSA (all from Sigma), 0.5 mg/ml 
tRNA (Roche Diagnostics), 200 m M  DTT (Sigma) and the  35 S-la-
beled MR or GR cRNA probe (5  !  10 6    cpm/ � l), after which they 
were treated with 20  � g/ml RNAse A for 20 min at 37   °   C. Next, 
the sections were washed in 2 !  SSC (15 m M  NaCl/1.5 m M  sodium 
citrate pH 8.0)/1 m M  DTT for 10 min at RT, 1 !  SSC/1 m M  DTT 
for 10 min, 0.5 !  SSC/1 m M  DTT for 10 min, twice in 0.1 !  SSC/1 
m M  DTT at 64   °   C for 30 min, and, finally for 10 min in 0.1 !  SSC. 
Sections were then dehydrated in serial ethanol/ammonium ac-
etate solutions, air-dried and exposed to audioradiography film 
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(Kodak Biomax MR-1, Kodak, N.Y., USA) for 2–4 weeks depend-
ing on probe and region.

  Specificity of hybridization/probes was ensured by preparing 
 35 S-labelled sense RNA probes of similar specific activity and de-
termining hybridization under identical conditions. No specific 
cellular hybridization signal was seen using any of the sense 
probes (data not shown).

  Optical Densitometry 
 Representative autoradiographic images of the region of inter-

est were digitally recorded using a CCD video camera (XC-77CE, 
Sony). Semi-quantitative analyses of mRNA levels were per-
formed blind using a densitometric video image analysis system 
(Scion Image, NIH). The optical density (grey values, expressed 
as arbitrary units; resolution: 256 levels) of an area encompassing 
the region of interest was determined and the background (mea-
sured just outside the area of interest in an area containing no ap-
parent hybridization signal) was subtracted. MR and GR mRNA 
levels were measured in the various subfields of the dorsal and 
ventral hippocampus, GR mRNA levels in the IL and GI, AVP and 
OXT mRNA levels in the magnocellular part of the PVN, AVP, 
OXT, CRH and GR mRNA levels in the parvocellular part of the 
PVN, and POMC and GR mRNA   levels were measured in the an-
terior lobe of the pituitary; the   intermediate (and posterior) lobe 
were excluded from analysis. From each animal, at least 3 sections 
of a representative assay were analyzed. The optical density data 
are presented as net grey values (mean  8  SEM of 4–8 rats/
group).

  Regarding the determination of TH mRNA expression in the 
adrenal medulla, only sections stemming from the middle part of 
the adrenal gland were used for the in situ hybridization assays. 
Three sections per adrenal gland were used. Autoradiograms of 
all sections were densitometrically analyzed for TH mRNA levels 
providing a group means  8  SEM values for the left and right ad-
renal medullas separately. As conducted previously  [17, 18] , we 
determined an integrated optical density of TH mRNA expres-
sion in the left and right adrenal medulla by multiplying the opti-
cal density value with the respective measure of the medullar area 
(area expressed as square pixels/1,000). Thus, the unit of integrat-
ed optical density is: net grey value  !  square pixels/1,000.

  Statistical Analysis 
 The data on body weight and food and water intake were test-

ed for statistically significant differences using two-way analysis 
of variance (ANOVA) with repeated measures followed in ap-
propriate cases by post-hoc tests with contrasts. The experimen-
tal data on the adrenal, pituitary and thymus weights, adrenal 
size, hormone levels, behaviour and mRNA levels were tested 
with Student’s t test or with two-way ANOVA followed in appro-
priate cases by post-hoc tests with contrasts. As level of signifi-

  Fig. 1.  Time course of wheel running activity of male Sprague-
Dawley rats over 4 weeks (n = 12, mean values  8  SEM). 

  Fig. 2.  Changes in ( a ) body weight (time course; control, n = 12; 
voluntary exercise, n = 12) ( b ) food intake and ( c ) water intake in 
exercised and control rats over a 4-week time period. Data are ex-
pressed as means  8  SEM. The exercising rats had significantly 
less body weight gain than the control animals and there was a 

significantly lower food intake in the exercising animals but only 
in the first week ( *  p  !  0.05). The water intake was significantly 
higher in the exercising rats from the first week onward. For 
ANOVA analysis, see text.  *  Significantly different from control 
rats at the respective time point (post-hoc tests with contrasts). 
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cance, p  !  0.05 was accepted. For all post-hoc tests with con-
trasts, the level of significance was reduced according to the 
Bonferroni procedure to keep the probability of a type 1 error 
less than 5%.

  Results 

 Wheel Running Performance 
  Figure 1  shows the daily running distances of male 

Sprague-Dawley rats over a period of 4 weeks. The rats 
showed an increasing running performance which ap-
peared to stabilize after approximately 16 days and stayed 
at this level (i.e. 5.7  8  0.2 km/day; mean  8  SEM; n = 12) 
for the remainder of the time.

  Body Weight and Food and Water Intake 
  Figure 2  shows a time course of the body weight gain 

( fig. 2 a) and food ( fig. 2 b) and water intake ( fig. 2 c) of 
control and exercising rats over the 4-weeks period. Both 
groups of rats gained weight over the 4-week time period, 
but this was significantly less in the exercising animals 
( fig. 2 a; effect of exercise: F(1,22) = 12.5, p  !  0.05; effect 
of time: F(4,88) = 675, p  !  0.0001; interaction time  !  ex-
ercise: F(4,88) = 10.4, p  !  0.0001). As shown in  figure 2 b, 
exercising animals consumed less food selectively in the 
first week (effect of exercise: F(1,22) = 5.75, p  !  0.05); in-
teraction of time  !  exercise: F(3,66 = 27.9, p  !  0.0001), a 
phenomenon which has been reported before  [21, 22] . 
From the second week onward there were no differences 
in food intake observed anymore. The exercising rats 
showed an overall increased water intake which changed 
over time ( fig. 2 c; effect of exercise: F(1,18) = 4.62, p  !  
0.05; effect of time: F(4,72) = 9.7, p  !  0.0001; interaction 
time  !  exercise: F(4,72) = 6.3, p  !  0.0001).

  Physical Parameters: Peritoneal Fat, Thymus and 
Adrenal Weight 
 By the end of the 4-week experimental period, the 

body composition was different between the groups.  Ta-
ble 1  shows the measurements of the peritoneal fat tissue, 
the thymus, the pituitary and the adrenal glands ex-
pressed as absolute weights and calculated as percent of 
body weight. This calculation was conducted because 
there were significant differences in body weights be-
tween the experimental groups. The exercised rats showed 
substantially less abdominal fat tissue than the control 
rats in both absolute and relative-to-body-weight values 
( table 1 ). The thymus weight was reduced as well in the 
exercised rats (both absolute and relative weights) where-
as the adrenal weights, if calculated as percentage of body 
weight, were increased after exercise. Together the thy-
mus and adrenal weight data indicate that the activity of 
the HPA axis was, at least transiently, elevated during the 
experimental period  [30] , presumably during running 
 [17] . Exercised rats had smaller pituitaries than the con-
trols, a difference which was lost when relating the pitu-
itary weights to the respective body weights ( table 1 ).

  Physical Parameters: Changes in the Adrenal Gland 
 To assess whether 4 weeks of voluntary exercise evokes 

changes in the composition of the adrenal glands (i.e. cor-
tex vs. medulla), area measures of the cortical and medul-
lar part in adrenal cross sections were measured ( fig. 3 ). 
Initially we determined the entire area of cortical and 
medullar cross sections of the two adrenals together for 
each rat ( fig. 3 a: ‘entire: left + right’) for sake of present-
ing an ‘entire’ cortical and medullary capacity. This anal-
ysis showed that the entire area of the adrenal cortex is 
significantly increased in exercising rats (Student’s t test, 
p  !  0.05), which also resulted in an increased total (i.e. 

Table 1. Changes in physical parameters after long-term voluntary exercise in rats

Body weight Abdominal fat Thymus Adrenals Pituitary

Absolute weight
Control 31886 27481 482818 4981 6.580.2
Exercise 29585* 19581* 364816* 5081 5.180.4*

Relative to body weight, %
Control 0.8680.03 0.1580.005 0.01580.0004 0.002080.0001
Exercise 0.6680.02* 0.1280.004* 0.01780.0004* 0.001780.0001

Body and organ weights expressed as absolute (body weights in grams, other in milligrams) and/or relative to body weight (% of 
body weight) values. Tissues were collected from 4-weeks voluntarily exercised rats and control sedentary rats. Data are expressed as 
(mean 8 SEM, n = 12; pituitary data: n = 6). * p < 0.05, Student’s t test.
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cortex + medulla) adrenal area (Student’s t test, p  !  0.05; 
 fig. 3 a, ‘total’), whereas the adrenomedullary area was 
not significantly changed. Next, we analyzed the two ad-
renals separately (see  fig. 3 b ‘left’ and  fig. 3 c ‘right’). For 
the total area, overall the area of the left adrenal was sig-
nificantly larger than that of the right one (effect of left 
vs. right: F(1,54) = 4.17, p  !  0.05;  fig. 3 b, c). Four weeks of 
voluntary exercise resulted in a selective increase in the 
size of both left and right adrenal cortices whereas no 
changes were observed in the adrenal medullas (effect of 
exercise: F(1,54) = 37.95, p  !  0.05; asterisks: p  !  0.05, post-
hoc tests with contrasts;  fig. 3 b, c).

  TH mRNA Expression in the Adrenal Medulla 
 TH mRNA expression in the adrenal medulla was 

measured as an index for sympatho-adrenomedullary ca-
pacity  [31] . The sympathoadrenomedullary input is a 
well-known modulator of the sensitivity of the adrenal 
cortex for ACTH  [32] . Exercise evoked an overall increase 
in TH mRNA expression in the adrenal medulla ( fig. 3 d; 
effect of exercise: F(1,18) = 11.11, p  !  0.05; interaction of 
exercise  !  left/right: F(1,18) = 2.2, NS), but a significant 

increase in TH mRNA levels was only observed in the 
right medulla after exercise (p  !  0.05, post-hoc tests with 
contrasts).

  Plasma ACTH and Corticosterone Measurements 
  Figure 4  shows the plasma levels of ACTH and corti-

costerone under early morning baseline conditions 
( fig. 4 a, b) and in response to two different types of stress 
( fig. 4 c–f). The early morning baseline levels of ACTH 
and corticosterone were similar between the two groups. 
However, there were distinct responses to the different 
types of stress. In response to forced swimming, the ex-
ercised rats showed an enhanced plasma corticosterone 
response as compared to that in the sedentary control 
animals ( fig. 4 d). In contrast, exposure to a novel envi-
ronment resulted in corticosterone levels in the exercised 
rats which were more than 50% lower than those in the 
control animals ( fig. 4 f). Remarkably, the ACTH levels in 
response to the different stressors were comparable be-
tween groups ( fig. 4 c, e).

  Fig. 3.  Changes in the size and medullary 
TH mRNA expression of the left and right 
adrenal gland in exercised (4 weeks) and 
control rats. Quantitative measurements 
of areas by computerized image analysis of 
either the entire (i.e. left + right) adrenal 
surface ( a ) or the left ( b ) and the right ( c ) 
adrenal gland separately. The total surface 
area and the medullary area were mea-
sured and, by subtraction, the cortical area 
was determined ( a–c ). d TH mRNA was 
detected by in situ hybridization histo-
chemistry and autoradiograms were ana-
lyzed by computerized image analysis. TH 
mRNA levels are expressed as integrated 
optical density (i.e. net grey values  !  
square pixels/1,000). For more details, see 
‘Materials and Methods’ and ‘Results’. 
Data are presented as means  8  SEM (n = 
5–6).  *  Significant difference between ex-
ercise and control (post-hoc tests with 
contrasts). 
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  Corticosteroid Receptor mRNA Expression 
 To explore whether changes in corticosteroid receptor 

expression may be involved in the altered HPA responses 
observed in the exercised rats, we conducted in situ hy-
bridization histochemistry regarding MR and GR mRNA 
for various brain regions and the anterior pituitary of 
control and exercised rats ( table 2 ). We observed no sig-
nificant differences between control and exercised rats 
for either MR or GR mRNA in any of the measured re-
gions except for GR mRNA levels in the hippocampus. 
Hippocampal GR mRNA levels were significantly in-
creased in the dorsal CA1, CA2 and CA3 subregions, and 
in the ventral CA3 subregion, whereas in the dorsal den-
tate gyrus and ventral CA1 a trend towards an increase 
in GR mRNA levels was found ( table 3 ).

  Neuropeptide mRNA Expression in the Hypothalamic 
Paraventricular Nucleus 
 To determine whether changes in neuropeptide ex-

pression in the hypothalamic may be involved in the al-
tered HPA axis responses observed in the exercised rats, 
we conducted in situ hybridization histochemistry for 
CRH, AVP and OXT mRNA levels in the PVN of control 
and exercised rats. We observed no significant differenc-
es in CRH, AVP or OXT mRNA expression levels be-
tween groups in neither the magno- nor the parvocellular 
part of the PVN ( table 3 ).

  POMC mRNA Expression in the Anterior Pituitary 
 To further elucidate changes at the level of the pitu-

itary, changes in POMC mRNA levels were examined in 
the anterior pituitary lobe of exercised and control rats. 
Surprisingly, POMC mRNA levels in the anterior pitu-

  Fig. 4.  Early morning baseline plasma 
ACTH ( a ) and corticosterone ( b ) levels 
(presented as means  8  SEM) in control 
rats and voluntarily exercised rats after a 
4-week time period (n = 11–12). The plas-
ma ACTH and corticosterone levels were 
similar in both groups.  c ,  d  ACTH and 
corticosterone levels of rats killed immedi-
ately after 15 min of forced swimming. Ex-
ercised rats showed similar rises in plasma 
ACTH levels as the control animals, but 
the rises in plasma corticosterone levels 
were significantly higher than those in the 
controls (n = 5–6).  e, f  Plasma ACTH and 
corticosterone levels in control and exer-
cised rats killed after 30-min novel envi-
ronment stress (i.e. new cage). Exercised 
rats showed similar rises in plasma ACTH 
levels as the control animals ( e ), whereas 
plasma corticosterone levels were signifi-
cantly lower than those in the controls ( f ). 
 *  p  !  0.05, Student’s t test, means  8  SEM, 
n = 5–6 for both groups. 
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itary were significantly elevated in the exercised rats (28 
 8  2.7 vs. 37  8  1.5; p  !  0.05, Student’s t test). However, 
given that the exercised rats had smaller pituitaries, pres-
ently it cannot be excluded that the increase in POMC 
gene expression is due to a higher density of POMC 
mRNA-expressing corticotrophic cells in these pituitar-
ies rather than an increased expression of POMC per 
cell.

  Behaviour of Exercised and Control Rats during Novel 
Cage Exposure 
  Figure 5  shows the behaviour of the exercised and con-

trol rats displayed during their 30-min stay in a novel 
cage. These are data of the same animals whose plasma 
ACTH and corticosterone levels were shown previously 
in  figure 4 e and f, respectively, i.e. in blood collected at 
the end of the 30-min exposure time. The exercised rats 
showed less active exploratory behaviours (walking and 
rearing) than the sedentary controls but, in contrast, lied 
much more down to rest or sleep. This enhanced resting/
sleeping behaviour was primarily displayed during the 
second half of the 30-min novel cage exposure (data not 
shown). The parameters stationary, grooming, scratch-
ing and burrowing were not significantly different be-
tween the two groups ( fig. 5 ).

Table 2. Glucocorticoid (GR) and mineralocorticoid (MR) recep-
tor mRNA expression in brain and pituitary

Region GR MR

control exercise control exercise

Hippocampus
Dorsal part

Subiculum 6385 7686 71814 64811
CA1 11486 13082* 11787 12484
CA2 12784 14282* 12088 12286
CA3 6483 8083* 11286 11183
Dentate gyrus 11884 128830.069 12887 13885

Ventral part
Subiculum 5187 5784 7684 7283
CA1 8289 104860.071 9888 10485
CA3 6384 7884* 10787 11785
Dentate gyrus 9486 8687 10685 11486

Frontal cortex
Infralimbic cortex, IL 4186 4783
Granular insular 

cortex, GI 6184 7084

PVN
Parvocellular part 2481 2482

Pituitary
Anterior part 3383 2981

MR and GR mRNA levels in various brain regions and in the 
pituitary of 4-weeks exercised and control rats. The mRNA levels 
were determined by in situ hybridization histochemistry and semi-
quantitative computerized image analysis of the autoradiographic 
films (for details, see ‘Materials and Methods’). Data are expressed 
as net grey values (means 8 SEM, n = 5–6). * p < 0.05, Student’s 
t test; in case of a trend, the p values are given in superscript.

Table 3. Corticotrophin-releasing hormone (CRH), vasopressin 
(AVP) and oxytocin (OXT) mRNA expression in the hypotha-
lamic paraventricular nucleus (PVN)

Parvocellular part Magnocellular part

control exercise control exercise

CRH 14983 15281
AVP 14783 14782 16581 16381
OXT 14784 13883 14584 14584

CRH, AVP and oxytocin mRNA levels in the parvocellular and 
the magnocellular part of the PVN in 4-weeks exercised and con-
trol rats. The mRNA levels were determined by in situ hybridiza-
tion histochemistry and semi-quantitative computerized image 
analysis of the autoradiographic films (for details, see ‘Materials 
and Methods’). Data are expressed as net grey values (means 8 
SEM, n = 5–7). No significant differences were observed.
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  Fig. 5.  Behavioural scoring of control and exercised rats (means 
 8  SEM, n = 6 for both groups) during the 30-min novel environ-
ment exposure (i.e. new cage). The exercised animals displayed 
significantly more resting behaviour, whereas the control rats dis-
played more active exploratory (rearing and walking) behaviour. 
 *  p  !  0.05, Student’s t test. 
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  Discussion 

 In the present study, we show that 4 weeks of voluntary 
exercise results in marked physical and physiological 
changes in rats. Exercised rats showed lower body weights 
and less abdominal fat tissue than the sedentary controls. 
Regarding changes in the HPA axis, both macroscopic 
and functional changes point to the adrenal gland as the 
part of the HPA axis where effects of exercise appear to 
converge.

  The Sprague-Dawley rats ran approximately 6 km per 
day which they performed almost completely during the 
nighttime. The exercising rats (in contrast to exercising 
mice  [17, 18]  gained significantly less weight than the sed-
entary controls which may be due to the decreased food 
intake in the initial running phase. These observations 
are in agreement with other reports  [21, 22, 33] . After 
normalization of food intake, the body weight curves of 
the sedentary and exercising rats developed in parallel. 
Furthermore, the changes in body composition of the ex-
ercising animals may be attributable to substantial loss of 
abdominal adipose tissue [ 17, 18, 34, 35 , present study], 
skeletal muscle enlargements  [36]  and increases in heart 
weight  [35, 36] . The reduction in adipose tissue is a result 
of the enhanced lipolysis in these animals  [34] . The in-
creased water consumption in the exercising rats may be 
due to enhanced evaporation because of the, to be ex-
pected, increases in body temperature and breathing fre-
quency during exercise. Previously, this phenomenon has 
already been observed in exercising mice  [17, 18] .

  The exercising rats presented increased adrenal 
weights and decreased thymus weights, which is consis-
tent with episodically elevated glucocorticoid levels, i.e. 
during the first half of the dark phase, the time when the 
animals are running  [17] . Increased adrenal weights after 
exercise is a long-known finding  [37–39] . Furthermore, 
the increase in adrenal weight corresponded with the ob-
served enlargement of the adrenal cortex in the exercised 
rats. In contrast to our earlier observations in exercised 
mice  [17, 18] , exercised rats showed enlargement of both 
the left and right adrenal cortices. The exercised mice 
showed only an increase in the right adrenal cortex; the 
left one remained unchanged  [17, 18] . We hypothesized at 
that time that the selective increase of the right adrenal 
cortex may be due to the risen sympathetic capacity in the 
medulla of specifically this adrenal gland  [17, 18, 40] . 
However, in exercised rats both adrenal cortices were en-
larged despite an increase in sympathetic capacity only in 
the right adrenal medulla. Thus, it appears that mecha-
nisms other than or in addition to the sympathoadreno-

medullary input are governing adrenal cortex size in ex-
ercising animals. Presently, species-specific differences 
between mice and rats in adrenocortical control cannot 
be excluded as well.

  In contrast to our observations, other researchers ob-
served substantially enlarged adrenal medullas in ani-
mals and man after exercise training  [41–43] . However, 
in those cases subjects were subjected to either high-in-
tensity exhaustive exercise (cf. man  [41] ) or forced to run 
in a treadmill usually on a cumulative performance 
schedule  [42–44] . These observations further underscore 
that the voluntary exercise paradigm is not comparable 
with those models and that exhaustive exercise induces 
changes which go beyond the ones seen in either mice  [17, 
18]  or rats [present study] after voluntary exercise.

  The exercised and sedentary control rats showed 
markedly different behaviour in the 30-min novel cage 
exposure. The control rats explored the cage virtually 
continuously and hardly lied down to rest. Overall, the 
exercised rats showed less exploratory behaviour than the 
controls which was due to the significantly higher levels 
of lying/resting behaviour shown by these animals. This 
resting behaviour may have included sleeping but, as we 
didn’t conduct sleep/EEG measurements, this is impos-
sible to tell. The increased resting behaviour in the exer-
cised animals was mainly displayed during the second 
half of the 30-min period indicating that this behaviour 
was most likely not instigated by a general lack of interest 
in the environment. The increased resting behaviour is 
also most likely not a result of increased tiredness because 
rats (and mice  [20] ) run hardly during the second half of 
the night. Rather, the increased resting behaviour ap-
pears to be a reflection of a decreased emotionality in the 
exercised rats, cf. the animal explores the cage after which 
it returns to its normal behaviour of that time of the day, 
being resting or sleeping. This reduced emotionality 
dovetails with the attenuated glucocorticoid response in 
these animals (see also below) and corresponds with the 
decreased anxiety-related behaviour we reported recent-
ly in voluntarily exercising mice  [19] .

  One of the principal findings of this study is that ex-
ercised rats showed distinct stressor-specific responses in 
plasma corticosterone levels, but not in plasma ACTH 
levels. In view of the similar ACTH responses in exer-
cised and control rats, it appears that the distinct gluco-
corticoid responses are not due to differential regulation 
at the hypothalamic-pituitary level. This notion is 
strengthened by the absence of changes in GR expression 
in the anterior pituitary and parvocellular PVN, and in 
CRH, AVP and oxytocin expression in the parvocellular 
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PVN. Brain regions such as the hippocampus and pre-
frontal cortex known to afferently control the activity of 
the parvocellular PVN  [12, 15, 40, 45]  showed a mixed 
picture of changes in corticosteroid receptor mRNA ex-
pression. After voluntary exercise, hippocampal MR 
mRNA levels were unchanged whereas GR mRNA levels 
showed increases in distinct subregions of the hippocam-
pus. However, the ventral (temporal) part of the hippo-
campus, i.e. the part predominantly involved in HPA axis 
regulation  [45] , showed fewer changes in GR expression 
than the dorsal (septal) part, which is mostly engaged in 
the processing of cognitive information  [46] . This dis-
tinction corresponds with the lack of changes in neuro-
peptide expression in the parvocellular PVN. Previously, 
it has been reported that negative feedback efficacy is 
normal in exercising rats  [33] . In view of the unchanged 
stress-induced ACTH responses and the largely un-
changed GR expression levels in the anterior pituitary 
and neuroendocrine-relevant brain structures, our data 
seem to concur with this report. Nevertheless, although 
unlikely, it cannot be completely excluded that differenc-
es in plasma ACTH after these stressors were missed, be-
cause only one post-stress sample was collected. Other 
researchers found in  forced  exercised rats blunted plasma 
ACTH and unchanged corticosterone responses to foot 
shock and forced swimming  [47–49] , underlining once 
more that forced exercise, in contrast to voluntary exer-
cise, induces chronic stress-like changes in the HPA 
axis.

  The changes in the plasma corticosterone responses to 
stress in the exercised rats were profoundly stressor-spe-
cific. The exercised animals produced a greatly increased 
glucocorticoid response to a physically demanding, po-
tentially life-threatening challenge such as forced swim-
ming whereas the response to the mild psychological 
stress of a novel environment was strongly attenuated. 
Previously, we reported that exercised mice show a virtu-
ally identical pattern of responses to physically demand-
ing and mild psychological stress situations  [17, 18] , indi-
cating that the stress physiological implications of exer-
cise may be largely similar across species. In view of the 
largely unchanged hypothalamic-pituitary component of 
the HPA axis of exercised rats, it appears that modulation 
of the glucocorticoid responses to the different stressors 
is mainly regulated at the adrenal level presumably by lo-
cal intra-adrenal mechanisms and/or changes in the ac-
tivity of neural inputs to the adrenal gland. We found a 
significant increase in size of the left and right adrenal 
cortices of exercised rats suggesting an enhanced gluco-
corticoid secretory capacity in these animals. Further-

more, we showed that long-term voluntary exercise in 
rats indeed results in alterations in neural input to the 
adrenal gland because of the risen (right) adrenomedul-
lary TH mRNA expression in these animals. Thus, exer-
cised rats, similar to exercised mice  [17, 18] , show an in-
creased secretory capacity of adrenaline in their, at least 
right adrenomedullary, chromaffin cells. Adrenaline has 
been shown to stimulate adrenal steroidogenesis and glu-
cocorticoid secretion  [50] . Adrenomedullary adrenaline 
secretion is under the control of splanchnic nerve input 
(including sympathetic nerve fibres) and a host of neuro-
peptides including enkephalins, vaso-active intestinal 
peptide (VIP), and neuropeptide Y  [50] . The splanchnic 
adrenal innervation (which includes the sympathoadre-
nomedullary innervation) regulates adrenocortical sen-
sitivity to ACTH stimulation, because sectioning the 
splanchnic nerve decreases the adrenal response to ACTH 
 [51, 52]  whereas stimulation augments it  [53, 54] . Stressful 
stimuli are also known to activate the sympathetic ner-
vous system resulting in rapid increases in circulating 
adrenaline, stemming mainly from chromaffin cells in 
the adrenal medulla, and noradrenalin, released largely 
from the neuro-sympathetic system  [55–58] . Further-
more, and of relevance for the differential glucocorticoid 
responses to stress in the exercised rats, stressors that are 
physically demanding such as forced swimming evoke 
much larger increases in adrenaline than psychological 
challenges such as novel cage stress which are hardly 
physically demanding  [59–62] . As mentioned, exercised 
animals show an enhanced adrenaline secretory capacity 
and indeed higher maximal adrenaline responses to var-
ious physically demanding challenges have been observed 
in exercised subjects  [63–69] . Therefore, in aggregate it 
may be postulated that in exercised animals an enhanced 
adrenaline response upon a physically demanding chal-
lenge (e.g. forced swimming) may be responsible for the 
augmented glucocorticoid response in these animals. Re-
versely, an attenuated adrenaline response, despite en-
hanced adrenaline secretory capacity, may play a role in 
the observed decreased glucocorticoid response to nov-
elty stress in the exercised rats. An attenuated sympatho-
adrenal response would correspond with the decreased 
anxiety levels presented by exercised animals in the ele-
vated plus-maze and light-dark box tests  [19]  and in the 
novel environment paradigm in the present study. There-
fore, we hypothesize that in exercised animals the gluco-
corticoid response to psychological challenges such as 
novelty is attenuated due to inhibition of sympathoadre-
nomedullary outflow involving changes in afferent sym-
patho-inhibitory and sympatho-excitatory projections, 
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local inhibitory mechanisms at the adrenal level and/or 
other so far unknown mechanisms.

  Taken together these neuroendocrine observations 
show that exercised animals demonstrate improved con-
trol of glucocorticoid secretion during stressful condi-
tions presenting stronger hormonal responses when high 
levels of glucocorticoid levels are physiologically required 
such as after physically demanding stressors and attenu-
ated hormonal responses to psychological challenges 
when these animals have proven to be less anxious. The 
exact neurobiological mechanism underlying these ef-
fects of exercise is still unclear, but it has been shown that 
exercise brings patients relief of their anxiety and de-
pressed mood, improves stress coping and increases veg-
etative stability  [7–9]  which we postulate is, at least in 
part, due to the often underestimated influence of the 

sympathetic nervous system in modulating HPA axis 
function to maintain homeostasis. Importantly, the pres-
ent study shows that the regular performance of exercise 
evokes similar sympathoadrenomedullary and HPA axis 
changes in rats and mice. Therefore, in view of the simi-
larity of their stress physiological systems, our findings 
on the effects of exercise on the stress response and stress 
coping may be of significance for most mammals, includ-
ing man.
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