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LIN, W., G. SINGER AND M. PAPASAVA. The role of adrenal corticosterone in schedule-induced wheel running. 
PHARMACOL BIOCHEM BEHAV 30(1) 101-106, 1988.--In 3 experiments, the role of adrenal corticosterone in 
schedule-induced wheel running was investigated. Data from the first experiment showed that bilateral adrenalectomy 
significantly suppressed schedule-induced wheel running, but did not influence non-scheduled wheel running. Results from 
a second experiment, where bilateral adrenalectomy with and without replacement of corticosterone was used, showed that 
the suppressant effect of adrenalectomy on schedule-induced wheel running was completely reversed by replacement of 
corticosterone. In Experiment 3, plasma corticosterone levels of all experimental rats were determined at the completion of 
the last test session. The results showed that a circulating level of corticosterone was necessary for the occurrence of 
schedule-induced wheel running. These findings show that adrenal corticosterone is involved in the regulation of schedule- 
induced wheel running. 

Schedule-induced wheel running Adrenalectomy Corticosterone Rats 

IT has been shown that plasma corticosterone levels during one 
hour schedule-induced drinking or wheel running are about 
twice as high as those of rats in control conditions given the 
same number of pellets without a schedule [28]. Since rats 
under both conditions were at 80% of their free feeding 
weight this elevation in corticosterone levels cannot be due 
to starvation. Various other studies have also demonstrated 
that schedule-induced behaviour and adrenal corticosterone 
secretions are interrelated [3-5, 9, 26]. However, the exact 
role of adrenal corticosterone in schedule-induced behaviour 
is unknown. Although adrenalectomy and adrenal demedul- 
lation have been reported to affect schedule-induced drink- 
ing [6,30], the results are not clear cut. The inconsistency of 
these results has not been explained, but could be due to the 
use of an inappropriate model, since adrenal secretions are 
involved in the salt and water balance of the body [10,27]. 
Wheel running may be more appropriate than drinking for 
determining the effect of adrenal hormones on schedule- 
induced behaviour. 

Therefore, the present study was undertaken to investi- 
gate the effect of adrenal corticosterone variations on 
schedule-induced wheel running. In the first experiment 
wheel running of adrenalectomized and sham operated rats 
with and without a food delivery schedule was compared. In 
the second experiment the more specific role of glucocor- 
ticoids was investigated by comparing wheel running of ad- 
renalectomized rats with or without corticosterone pellet 
implantation and with or without a food delivery schedule. In 
Experiment 3 the plasma corticosterone levels of the eight 

groups of rats used in the previous two experiments were 
determined at the completion of the last test session. This 
allowed the monitoring of corticosterone levels under exper- 
imental and control conditions. 

GENERAL METHOD 

Subjects 

Experimentally naive, male hooded Long-Evans rats with 
an initial body weight of about 300 g were used. Rats were 
housed individually under temperature controlled conditions 
(22___ I°C) with a 12 hour light/12 hour dark cycle. After one 
day acclimatisation to the laboratory, the rats were body 
weight reduced over a fourteen day period of restricted food 
intake to 80% of their free feeding body weight, and were 
maintained at this weight throughout the experiment. 

Apparatus 

The test chamber was made of clear perspex with a stain- 
less steel barred floor, and measured 33.5×28x42 cm. A 
food cup was located on one end wall of the chamber approx- 
imately 3.5 cm above the floor. Pellet delivery was automati- 
cally controlled by standard relay circuitry. Noyes standard 
formula 45 mg food pellets were used. The chamber was 
illuminated by a 40 watt globe and ventilation fans provided 
masking against external sounds. A 26 cm diameter running 
wheel was at the rear of the chamber and turned in either 
clockwise or counter clockwise direction. The number of 
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wheel revolutions was recorded on a five digit electro- 
mechanical counter. Experimental sessions were con- 
ducted in eight chambers simultaneously. All experiments 
were conducted at the same time each day to eliminate 
possible circadian effects [2, 7, 25]. 

Preparations of  Cortieosterone Pellets 

Corticosterone pellets were produced according to a 
modified method of Meyer et al. [20]. One hundred mg cortico- 
sterone (Sigma Laboratory) and 100 mg cholesterol (Sigma 
Laboratory) were placed in a 10 ml beaker, melted carefully 
in a controlled laboratory Heater/Stirrer, and then thor- 
oughly mixed. The molten substance was transferred to a 
common canning mold (i cm diameter × 0.5 cm deep), 
where the substance was allowed to cool. After the pellet 
had cooled and solidified, it was removed from the canning 
mold. The hardened pellet was a clear, very light golden hue. 
Two hundred mg pure cholesterol pellets were treated in the 
same manner as above. The pellets were then individually 
weighed and trimmed to 100 mg using a scalpel blade. 

SIJrgeFy 

Bilateral adrenalectomy was performed via the dorsal ap- 
proach with animals under 60 mg/kg pentobarbitone sodium 
anesthesia [29]. The whole adrenal glands, together with sur- 
rounding fatty tissue, were removed. Sham adrenalectomy 
animals underwent the same surgical procedure, but the ad- 
renal gland was left intact. Rats in the adrenalectomized 
group with replacement of glucocorticoids were adrenalec- 
tomized as described, and a pellet consisting of 50 mg of 
corticosterone combined with 50 mg of cholesterol was im- 
planted subcutaneously in the nape of the neck at the com- 
pletion of surgery. Rats in the adrenalectomized group with a 
pellet of 100% cholesterol served as vehicle implanted con- 
trols. At all times, adrenalectomized and adrenalectomized 
plus pellets rats were maintained on 0.~% NaCI solution in 
place of their normal water supply for sustaining adrenalec- 
tomized animals on a long term basis [27]. Animals were 
allowed a 7 day recovery period prior to testing. Absence of 
adrenal tissue was confirmed by necropsy and plasma corti- 
costerone levels. 

Biochemical Assay 

Plasma corticosterone levels were measured using a 
modification of the competitive protein binding globulin 
assay described by Murphy [21]. Horse serum provided the 
source of binding protein. CBG concentration was at 5% 
horse serum level. [3H] Corticosterone was the competi- 
tively bound steroid and Dextran-charcoal was the absorbent 
for unbound steroid. The limit of sensitivity was approx- 
imately 0.5 ng corticosterone, and the intra- and inter-assay 
coefficients of variation were 10% and 13% respectively. 

Statistics 

The data were analysed using a three-way or two-way 
analysis of variance (ANOVA), simple main effects test and 
post hoc Newman-Keuls test. 

E X P E R I M E N T  1 

In this experiment, the hypothesis that adrenal activity is 
necessary for schedule-induced behaviour to occur was 
tested. 

Subjects and Procedure 

Thirty-one rats were used. Sixteen rats received ad- 
renalectomy surgery, eight of these were used as the 
schedule group (ADX-Sch), the other eight as the non- 
schedule group (ADX-Nsch). Fifteen rats served as the two 
sham adrenalectomized groups: of these, 7 served as the 
schedule group (Sham-Sch), 8 as the non-schedule group 
(Sham-Nsch). Rats in the schedule group were exposed for 2 
hours per day for 14 consecutive days to a FT 120 sec non- 
reinforcement contingent schedule under which they re- 
ceived on 45 mg pellet each two minutes. The rats in the 
non-schedule group were given 60 pellets in a single food 
presentation at the start of each two hour session. Each 
animal was habituated to the testing chamber for a period of 
30 min before the experiment commenced on the first day of 
testing. 

R~'sults and Discu.ssion 

The mean number of revolutions over the 14 day period 
for the 4 experimental groups are shown in Fig. 1. A 2 treat- 
ment × 2 conditions x 14 days three way ANOVA revealed 
a highly significant treatment effect, F(1,27)=21.19, 
p<0.0001, condition effect, F(1,27)=7.04, p<0.05, and 
treatment × condition interaction, F(1,27)=9.35, p<0.005. In 
order to isolate the source of the treatment x condition in- 
teraction, simple main effects tests were performed. This 
analysis revealed a significant difference in wheel running 
between adrenalectomized and sham groups within schedule 
conditions, F(1,28)=22.99, p<0.001, but not within non- 
scheduled conditions. Furthermore, while the sham ad- 
renalectomized group exhibited a significant difference in 
wheel running between scheduled and non-scheduled condi- 
tions, F(1,28)=8.17, p<0.001, this difference was not found 
for the adrenalectomized group. 

The ANOVA also showed a significant day effect, 
F(13,351)=8.04, p<0.0001, day ×treatment interaction, 
F(13,351)=1.94, p<0.056, day x condition interaction, 
F(13,351)=2.70, p<0.001, and day x treatment x condition 
interaction, F(13,351)=2.13, p<0.05. Further, every day 
main effects tests indicated that there were no significant 
differences in wheel running between adrenalectomized and 
sham groups within non-scheduled conditions from day 1 to 
day 14; however, within scheduled conditions, there were 
significant differences in wheel running between these two 
groups from day 1 to day 14 [before 7th day, all 
F(1,392)=>7.09, p<0.01, after 7th day all F(1,392)=>13.52, 
p<0.0001]. The analyses also showed that there were no 
significant differences in wheel running between scheduled 
and non-scheduled conditions within the adrenalectomized 
group from day 1 to day 14, although there were significant 
differences between the two conditions within the sham ad- 
renalectomized group from day 7 to day 14 [in all cases 
F( 1,392) ~6.05, p <0.05]. 

Collectively, these data show that adrenalectomy signifi- 
cantly suppressed schedule-induced wheel running from the 
first day of testing and that this effect was maintained 
throughout the 14 day period. 

This suppressant effect was not due to a reduced level of 
activity [8] since non-scheduled wheel running was not sig- 
nificantly affected by adrenalectomy. It was also not due to a 
possible reduction in food intake, as both adrenalectomized 
and sham operated rats consumed all schedule-delivered pel- 
lets and their daily food rations for maintaining 80% of their 
initial body weights. 
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FIG. 1. Mean number of wheel revolutions during two hours of 
exposure to schedule or non-schedule food for 4 groups of ad- 
renalectomized and sham operated rats. 

For  the sham-scheduled group, wheel running increased 
over the 14 day period, but the significant increase, when 
compared with the non-scheduled group, was from the 7th 
day of  testing. The former result is consistent with previous 
work [15, 17, 19] and the latter suggests that an effective 
testing of  schedule-induced wheel running should last for 7 
days or longer. 

E X P E R I M E N T  2 

The results obtained in Experiment 1 indicate that ad- 
renalectomy suppresses schedule-induced wheel running. 
Although adrenalectomy involves removal of medullary as 
well as cortical tissue, the glucocorticoids, which are se- 
creted by cortical tissue, are probably the major hormonal 
influence on this behaviour. Complete bilateral adrenalec- 
tomy with and without replacement of  the major glucocor- 
ticoid should therefore adequately test this hypothesis. 

Subjects and Procedure 

Twenty-six rats were used. All animals were adrenalec- 
tomized. Thirteen rats received corticosterone pellets 
(ADX(C)). Of these, seven rats served as the scheduled 
group (ADX(C)-Sch), six rats as the non-scheduled group 
(ADX(C)-Nsch). Another  thirteen rats received cholesterol 
pellets as vehicle implantation. Six of these were used as the 
scheduled group (ADX(O)-Scb), while seven served as the 

non-scheduled group (ADX(O)-Nsch). All experiment 
methods and procedures were the same as for Experiment 1. 
Two rats in ADX(O)-Sch group died on the last day of testing. 

Results and Discussion 

The mean number of revolutions over the 14 day period 
for the 4 adrenalectomized groups with and without re- 
placement of corticosterone are shown in Fig. 2. The same 
2 x 2 x  14 three way ANOVA as used in Experiment 1 showed 
a significant treatment effect, F(1,22)=9.72, p<0.005,  and 
condition effect, F(1,22)=5.56, p<0.05.  The treatment x 
condition interaction almost reached a significant level, 
F(1,22)=3.94, p<0.06.  Further,  simple main effects tests 
indicated that there was a significant difference between 
ADX(C) and ADX(O) groups within schedule conditions, 
F(1,23)= 10.95, p<0.005,  although there was no significant 
difference between these two groups within non-scheduled 
conditions. The tests also showed that there was only a sig- 
nificant difference in wheel running between schedule and 
non-schedule conditions within the ADX(C) group, 
F(1,23)=7.89, p<0.01,  and no difference between these two 
conditions within the ADX(O) group. These tests indicated 
that only ADX(C)-Sch rats showed significantly increased 
wheel running over the 14 day period. Thus, the replacement 
of corticosterone reversed the suppressant effect of  ad- 
renalectomy on schedule-induced wheel running. 

The ANOVA also showed a significant day effect, 
F(13,284)=5.14, p<0.0001, a significant day x treatment in- 
teraction, F(13,284)=2.42, p<0.005; day x condition in- 
teraction, F(13,284)=2.53, p<0.005;  and day x treatment x 
condition interaction, F(13,284)=1.92, p<0.05.  Further,  
simple main effects tests on the day data showed that there 
were significant differences in wheel running between 
ADX(C) and ADX(O) groups within scheduled conditions 
from day 3 to day 14, in all cases F(1,333)_->4.81, p<0.05,  but 
that there were no significant differences in wheel running 
between ADX(C) and ADX(O) groups within non-scheduled 
conditions from day 1 to day 14. Furthermore, there were no 
significant differences between scheduled and non- 
scheduled conditions within the ADX(O) group from day 1 to 
day 14, however, there were significant differences between 
these two conditions within the ADX(C) group from day 3 to 
day 14, except p<0.07  in day 7, in all other cases, 
F(1,33) _->4.38, p <0.05. 

These findings show that the reversal caused by the re- 
placement of corticosterone occurred on day 3 of testing and 
persisted throughout almost the entire 14 day period of test- 
ing. Thus, corticosterone replacement completely reverses 
the suppressant effect of  adrenalectomy on schedule- 
induced wheel running. 

In order to study further the relations among all eight 
groups in Experiment 1 and Experiment 2, a multiple range 
test at the 0.05 level of significance was performed using the 
mean wheel revolutions across the 14 days of testing. The 
analysis indicated that the mean revolutions did not differ 
from each other among 6 groups (i.e., ADX-Sch, ADX(O)- 
Sch, ADX-Nsch,  Sham-Nsch, ADX(O)-Nsch, ADX(C)- 
Nsch). Both Sham-Sch and ADX(C)-Sch rats significantly 
increased wheel running as compared to any of  the other 6 
groups. There was, however,  no significant difference be- 
tween these two groups. Another  multiple range test at the 
0.05 level of significance, using the mean wheel revolutions 
of  the final 4 days,  showed the same result. These range tests 
confirmed that adrenalectomized rats which had corticoste- 
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FIG. 2. Mean number of wheel revolutions during two hours of 
exposure to schedule or non-schedule food for 4 groups of ad- 
renalectomized rats with and without replacement of corticosterone. 

rone replaced displayed the same level of wheel running dur- 
ing the 14 day testing priod as the sham adrenalectomized 
rats. Thus, the implantation of a pellet consisting of 50 mg 
corticosterone combined with 50 mg cholesterol was fully 
effective in reinstating schedule-induced wheel running, 
whereas pure cholesterol had no significant effect upon 
schedule-induced wheel running. 

EXPERIMENT 3 

The data from Experiments 1 and 2 suggested that corti- 
costerone was the major hormonal influence on schedule- 
induced wheel running. In Experiment 3, plasma corticoste- 
rone levels were determined in order to confirm the role of 
corticosterone in schedule-induced wheel running. 

Sub j ec t s  a n d  P r o c e d u r e  

All subjects in Experiments 1 and 2 were sacrificed con- 
secutively by decapitation at the completion of fourteen test 
sessions. Trunk blood was collected in heparinized tubes and 
centrifuged immediately at 2200 rpm for 20 minutes. The 
plasma was stored at -80°C until assayed• 
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FIG. 3. Mean plasma corticosterone levels (mean+-SE) (~g/100 ml) 
for 8 groups after 14 daily two hour wheel running tests. 

R e s u l t s  a n d  Discuss ion  

Means and standard deviations of plasma corticosterone 
levels (/zg/100 ml) are given in Fig. 3. A two way ANOVA 
showed significant treatment effect, F(3,47)=88.27, 
p<0.0001, condition effect, F(1,47)=6.97, p>0.05, and 
treatment × condition interaction, F(3,47) =5.86, p <0.005. A 
post hoc Newman-Keuls test at the 0.05 level of significance 
showed that all adrenalectomized and adrenalectomized with 
vehicle implantation groups had significantly lower levels 
than sham adrenalectomized or adrenalectomized with corti- 
costerone pellet groups, but did not differ from each other 
significantly. Sham groups had significantly higher levels of 
corticosterone than adrenalectomized with corticosterone 
pellet groups, regardless of scheduled or non-scheduled 
conditions. However, sham group within the schedule con- 
dition had significantly higher levels of corticosterone than 
did sham group within the non-scheduled condition, while 
adrenalectomized with corticosterone pellet groups did not 
differ significantly from each other within the conditions. 

The corticosterone values detected in the adrenalec- 
tomized and adrenalectomized with vehicle implanted rats 
were extremely low, confirming total adrenalectomy. The 
sham adrenalectomy group showed relatively high levels of 
corticosterone, and the increase in corticosterone levels of 
the sham-scheduled group, compared to the non-scheduled 
group was in accordance with previous work [9, 26, 28] and 
might be a response to schedule-induced stress. The ad- 
renalectomized rats with corticosterone pellets showed in- 
termediate corticosterone levels which were nonresponsive 
to schedule-induced stress. 

GENERAL DISCUSSION 

The present findings suggest that adrenal corticosterone 
plays a major role in schedule-induced wheel running. The 
results of Experiment 1 indicate that adrenalectomy signifi- 
cantly suppressed wheel running under scheduled conditions 
while it did not significantly affect wheel running under non- 
scheduled conditions. The data from Experiment 2 suggest 
that corticosterone which was secreted from the adrenal cor- 
tex was the major influence on schedule-induced wheel run- 
ning, as corticosterone replacement through implantation 
virtually reversed the suppressant effect of adrenalectomy 
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on schedule-induced wheel running. Finally, the data from 
Experiment 3 show quantitatively that a given level of 
plasma corticosterone was necessary for the occurrence of 
schedule-induced wheel running. 

Since almost any kind of stress to which the animal is 
subjected can cause secretion of adrenal cortical hormones 
[1, 11, 12, 16, 22, 24] plasma corticosterone levels are fre- 
quently used as an index of stress or arousal in studies of 
schedule-induced behaviour [5, 9, 26, 28]. Corticosterone 
elevations, as suggested by previous work [9], may be a 
concomitant of schedule-induced behaviour. The increase of 
plasma corticosterone levels in sham operated rats within 
scheduled conditions supports this argument. Moreover the 
present findings suggest that corticosterone itself controls 
the occurrence of schedule-induced behaviour. Therefore it 
has been suggested that corticosterone is not only a con- 
comitant secretion to schedule-induced behaviour but also is 
involved in the acquisition and maintenance of schedule- 
induced behaviour. 

It is of interest to note that although plasma corticoste- 
rone levels in adrenalectomized rats with corticosterone re- 
placement were still significantly lower than in sham oper- 
ated rats, the schedule-induced behaviour suppressed by ad- 
renalectomy was completely reversed at this level. There are 
at least two possible explanations for this finding. First, ad- 
renal corticosterone exerts a permissive action whereby 
animals can exhibit adjunctive behaviour under scheduled 
conditions only in the presence of certain small amounts of 
corticosterone. Second, the binding capacity of receptors or 
the amount of binding protein to corticosterone in the brain 
is increased by adrenalectomy [18,23], thus the exogenous 
corticosterone in adrenalectomized rats may be more effec- 
tive than the same level of endogenous corticosterone in 
intact rats. 

It seems that the present findings cannot be compared 

with the work of Devenport [6] or of Wright and Kelso [30] 
since the schedule-induced behaviour models are different. 
However, it should be noted that although adrenalectomy 
may facilitate the onset of schedule-induced drinking as Dev- 
enport has reported, this does not mean that adrenalectomy 
cannot attenuate or depress the development of schedule- 
induced drinking when such animals are maintained on a 
daily scheduled condition for a period of time. In fact, it has 
been shown that there is an abrupt decline in schedule- 
induced drinking following adrenalectomy when animals are 
placed on a 90 pellets/90 min session for a period of 30 days 
[30]. Wright and Kelso attempted to demonstrate that the 
suppressant effect of adrenalectomy on schedule-induced 
drinking was due to adrenal medulla, not cortical, mech- 
anisms. However, the fact that pharmacological demedulla- 
tion failed to suppress schedule-induced drinking (SID) while 
surgical demedullation influenced SID indicates that the role 
of the adrenal medulla in schedule-induced drinking needs 
further examination and the role of the adrenal cortex cannot 
be excluded. 

Recently, it has been shown that a behavioural effect of 
adrenalectomy can be reversed by both glucocorticoids and 
by [D-Ala-Met ~] enkephalinamide [13,14], suggesting that 
either adrenocortical glucocorticoids or adrenomedullary 
peptides are involved in modulating some kinds of be- 
haviour. Therefore, it is of interest to determine whether 
corticosterone is uniquely necessary for the occurrence of 
schedule-induced wheel running, or whether adrenomedul- 
lary secretions also modulate schedule-induced wheel run- 
ning in the absence of adrenal corticosterone. In addition, it 
is also necessary to provide evidence which shows that the 
effects of corticosterone on schedule-induced behaviour are 
not due simply to the secondary actions of adrenalectomy 
increasing ACTH secretions [19]. Further research is cur- 
rently in progress. 
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