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bstract

Recent studies suggest running wheel activity to be naturally rewarding and reinforcing; considering the shared neuro-behavioural characteristics
ith drug-induced reward situations, wheel running behaviour gains interest as a tool to study mechanisms underlying reward-sensitivity. Previously,
e showed that wheel running has the potential to disrupt the daily organization of home cage behaviour in female C57BL/6 [de Visser L, van
en Bos R, Spruijt BM. Automated home cage observations as a tool to measure the effects of wheel running on cage floor locomotion. Behav
rain Res 2005;160:382–8]. In the present study, we investigated the effects of novelty-induced stress on wheel running and its impact on home
age behaviour in male C57BL/6 and DBA/2 mice. Our aim was to determine whether wheel running may be used as a tool to study both genetic
nd environmentally induced differences in sensitivity to rewarding behaviour in mice. One group of male mice was placed in an automated home
age observation system for 2 weeks with a wheel integrated in the cage. A second group of mice was allowed to habituate to this cage for 1 week
efore a running wheel was introduced. Results showed a pronounced sensitising effect of novelty on the level of wheel running in C57Bl/6 mice
ut not in DBA mice. Overall levels of wheel running were higher in DBA/2 mice. Furthermore, wheel running affected circadian rhythmicity in

BA/2 mice but not in C57BL/6 mice.
From these findings we tentatively suggest that wheel running behaviour could serve as a tool to study the interaction between genetic and

nvironmental factors in sensitivity to rewarding behaviour in mice. As it is displayed spontaneously and easy to monitor, wheel running may be
ell suitable to be included in high-throughput phenotyping assays.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Wheel running activity has since long been used as a read
ut parameter for locomotor and circadian activity in rodents.
owever, evidence of the rewarding and potentially addictive
roperties of running wheels is currently accumulating [2]. In
ice, wheel running behaviour is performed at the expense of

ther behaviours, such as resting and cage floor locomotion,

nd has the potential to disrupt the daily organization of activity
13,29]. Behavioural studies investigating the rewarding proper-
ies of wheel running have unequivocally shown that rodents are
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ighly motivated to gain access to running wheels and display
onditioned place preference to an environment associated with
heel running [17,23].
Neuronal substrates for the rewarding and reinforcing aspects

f wheel running behaviour are suggested to be related to
he mesolimbic dopamine-opioid system [18,26,30,32] which
s also involved in the addictive properties of drugs of abuse
16,21]. Similar to drugs of abuse, wheel running increases
euronal activation in the nucleus accumbens [27,31], which
uggests a common neurobiological background. The involve-
ent of dopamine in the acquisition and maintenance of high

evels of wheel running is confirmed by several studies using

utant mice with impaired dopamine functioning, such as the
2L receptor-deficient [26] and Nurr1-deficient mice [32]. Con-

idering the shared behavioural and neurological characteristics
ith drug-induced reward situations, wheel running behaviour

mailto:l.devisser@vet.uu.nl
dx.doi.org/10.1016/j.bbr.2006.11.019
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ains interest as a tool to study mechanisms underlying reward-
ensitivity. The present study aims to determine whether wheel
unning could be used as a tool to study interactions between
enetic and environmentally induced differences in sensitivity
o rewarding behaviours in mice.

Previously, we showed that wheel running markedly affected
ome cage behaviour in female C57BL/6 mice [29]. In this study
hree aspects of wheel running were described: (1) the level of
heel running activity in terms of the time spent in the running
heel, (2) the effect of access to a running wheel on other home

age behaviour, such as cage floor movement and (3) the effect of
he running wheel on circadian rhythmicity of cage floor move-

ent. In the present study, we further investigated these three
spects of wheel running.

Both animal and human studies report gender differences
n the responses to a rewarding substance and a possible influ-
nce of the menstrual cycle on the enhanced response in females
10,15]. First aim of the present study was therefore to investi-
ate wheel running in male C57BL/6 mice to detect a possible
ender difference when comparing the results of the present
tudy with male C57BL/6 mice to our earlier findings in female
57BL/6. We expected a lower level of wheel running in male
57BL/6 mice.

C57BL/6 and DBA/2 mice are known to differ in their
esponse to psychostimulants, such as amphetamine [4,22], and
rovide the opportunity to investigate the genetic basis of sensi-
ivity to rewards. A second aim of the present study therefore was
o compare wheel running between male C57BL/6 and DBA/2

ice. As C57BL/6 are characterized as being more sensitive
o the locomotor-activity enhancing effects of rewarding sub-
tances such as amphetamine [22], we expected C57BL/6 mice
o display higher levels of wheel running than DBA/2 mice.

In our previous study in female C57BL/6 mice, animals
ere exposed to the running wheel immediately upon intro-
uction to a novel home cage [29]. It is known that stress may
nhance behavioural responses to rewarding stimuli [20] that is
ften reflected by increased locomotor activity [22]. This stress-
nduced sensitisation is caused by an increase in glucocorticoid
ormones that appear to exert their effects on the mesolimbic
opamine system via the glucocorticoid receptor [8]. Exposure

o a novel environment is known to increase glucocorticoid levels
n mice [13,14] and is considered a mild psychological stres-
or [1]. In addition, increased familiarity with the environment
ttenuates the locomotor response to a dopamine-agonist (apo-

‘
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able 1
xperimental design

roup Strain n Week 0 (7 days) Week 1 (7 da

O-HAB C57 12 n.a. RW
AB C57 12 no RW RW
O-HAB DBA 12 n.a. RW
AB DBA 12 no RW RW

ice of both C57BL/6 (C57) and DBA/2 (DBA) strains were randomly assigned
ntroduction to the new home cage (NO-HAB) or to a group that was allowed to ha
HAB). n.a., mice were not yet introduced to the new cage (NO-HAB group only); no
heel.
Research 177 (2007) 290–297 291

orphine; [12]) and stimulants such as cocaine [5]. Therefore,
third aim of the present study was to investigate whether expo-

ure to a novel environment has a sensitising effect on the level
f wheel running and an impact on home cage behaviour. Mice
ere either provided with a running wheel immediately upon

ntroduction to a novel home cage or after 1 week of habituation
o the novel cage. We hypothesized increased levels of wheel
unning in mice that were exposed to the wheel under novelty
onditions.

In sum then, the present study aims at investigating effects of
enetic and environmental factors on wheel running in mice.

. Methods

.1. Animals and husbandry

Male mice of the C57BL/6JOlaHsd (C57, n = 24) and DBA/2JOlaHsd (DBA,
= 24) inbred strain were obtained from Harlan (Germany) at 8 weeks of age;
xperiments started when the animals were 10–11-weeks old. Prior to the experi-
ents, mice were individually housed in Macrolon type II cages and maintained

nder a reversed light/dark cycle (white light: 19.00–07.00 h) with food and
ater available ad libitum. All animals were provided with a shelter, tissues

nd paper shreds as environmental enrichment. Humidity was kept at a con-
tant level and room temperature was maintained at 21.0 ± 2.0 ◦C. The Animal
thical Committee of Utrecht University approved all experiments.

.2. Home cage and running wheel activity

During the experiment, home cage behaviour and running wheel activity
as automatically recorded by videotracking in specially designed home cages

PhenoTyper® and EthoVision 3.0, Noldus Information Technology, Wagenin-
en, The Netherlands). de Visser et al. [29] provide a detailed description of
his system. In short, each cage contained a feeding station, water bottle and a
helter (10 cm × 10 cm × 5 cm) and nesting material (tissues and paper shreds)
s environmental enrichment. A running wheel was attached to one of the walls
f the cage, either prior to introduction of the mice to the new home cage, or
fter 1 week of habituation (see Section 2.3). The running wheels had a perime-
er of 38 cm and a circular running surface consisting of steel rods. Running
heel revolutions were automatically recorded by a sensor connected to a X-
eys device that converted the signal into keyboard input. EthoVision integrated
his keyboard input to count the number of revolutions per cage during the
xperiment.

Several parameters were calculated which were subjected to further analysis:
sheltertime’ (time spent inside the shelter in s), ‘cage floor movement’ (time
pent on moving on the cage floor in s), ‘velocity’ (speed of moving in cm/s),

feeding’ (time spent at the feeding station in s) and ‘RWtime’ (time spent in the
unning wheel in s). All parameters were calculated in 1-h bins and subsequently
veraged for 12-h fragments to distinguish dark/light periods. For circadian
hythmicity, hourly values of the parameter ‘cage floor movement’ were
sed.

ys) Week 2 (7 days) Week 3 (7 days) Week 4 (1 day)

RW no RW RW
RW no RW RW
RW no RW RW
RW no RW RW

to either a group that was provided with a running wheel immediately upon
bituate for 1 week (week 0) before they were provided with a running wheel
RW, no running wheel present in the cage; RW, ad libitum access to a running
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in RWtime for both C57 (Fig. 1A) and DBA mice (Fig. 1B).
Novelty differentially affected the level of wheel running
in C57 and DBA mice, reflected by a significant two-way
interaction (between-subjects factors group × strain interac-

Fig. 1. Time spent in the running wheel during the dark period in week 1 (days
1–7) and week 2 (days 8–14) for mice provided with running wheel immediately
upon introduction to the new home cage (NO-HAB) and mice that were allowed
to habituate to the new cage for 1 week before a running wheel was provided
92 L. de Visser et al. / Behavioural

.3. Experimental design

Mice of both strains were randomly assigned to either of two groups
Table 1): one group was introduced to the PhenoTyper-cage with a running
heel integrated in the cage (NO-HAB, n = 12 per strain), while the other group
as allowed to habituate to the cage for 1 week before a running wheel was intro-
uced (HAB, n = 12 per strain). The habituation period of 1 week was determined
n earlier experiments with male mice of C57 and DBA strains (unpublished
ata). Introduction of the wheel in the HAB-group was performed during cage
leaning while the mice were removed from the cage for body weight measure-
ent. Each group had ad libitum access to the running wheels for 2 weeks to

tudy acquisition and maintenance of wheel running. After 2 weeks, the run-
ing wheels were removed and reintroduced after 1 week to measure a possible
ebound effect. During the experimental period, behavioural recordings were
nly interrupted for cage cleaning, which occurred on the first day of every
eek.

.4. Statistical analysis

Statistical analyses were conducted using SPSS 10.0 for Windows. Analysis
as done separately for the dark and light period of the day. To detect strain dif-

erences in the influence of novelty on wheel running activity, repeated measures
NOVAs were performed (within-subjects factor: ‘week’ and between-subjects

actors: ‘group’ and ‘strain’). Post hoc analysis was performed separately for
ach strain with one-way ANOVA with factor ‘group’ to detect differences
etween NO-HAB and HAB groups within each strain in wheel running activity.
possible rebound in wheel running activity after removal of the running wheel,
as tested by comparing mean RWtime of week 2 with mean RWtime of week 4

n a repeated measures ANOVA (within-subjects factor ‘week’ for weeks 2 and
and between-subjects factors ‘group’ and ‘strain’). Note that week 4 consisted
nly of 1 day.

To determine differences between strains (C57 and DBA), groups (NO-HAB
nd HAB) or weeks (week 0, week 1, week 2 and week 3), one-way ANOVAs
ere performed using means per week. Note that for week 0, mean of day 7 only
as used for analysis as this day represents a baseline in home cage behaviour
rior to introduction of the running wheel. Furthermore, baseline values found
n the HAB group during week 0 were also used as baseline values for the NO-
AB group. Post hoc comparisons between weeks were carried out using the
cheffé test.

Strain differences in the effect of the running wheel on circadian rhythmicity
as calculated with repeated measures ANOVA using the within-subjects factors

hour’ for hour 13–24, i.e. the dark period of the day, and ‘week’ (i.e. weeks 0
nd 2) and the between-subjects factors ‘group’ and ‘strain’. Post hoc analysis
as performed separately for each strain with repeated measures ANOVA with
ithin-subjects factors ‘hour’ and ‘week’. Statistical significance was assigned

t p ≤ 0.05.

. Results

.1. General remark

As activity during the light period of the day was minimal and
id not show any differences between strains or groups, it was
ecided to present data only of the dark period for both running
heel activity and other home cage behaviour. A series of power

ailures in the surroundings of the animal facility resulted in data
oss. The number of animals used in analysis therefore varies
etween weeks and groups, but for each test n was between 8
nd 12 animals. However, for week 3 of the C57 (NO-HAB)
roup, data of only four animals could be rescued.
Regarding the description of the results, there were three
actors that could differ between sets of data: (1) the between-
ubjects factor ‘strain’ for comparisons between C57 and DBA
ice, (2) the within-subjects factor ‘group’ for comparisons

(
(
i
g
D
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etween mice that were either provided with a running wheel
mmediately upon introduction to the novel home cage (NO-
AB) and mice that were allowed to habituate (HAB) and

3) the within-subjects factor ‘week’ for comparisons between
ata from the different weeks of the experiment. Notably, for
he effects of wheel running on circadian rhythmicity, a third
ithin-subject factor ‘hour’ was used that reflected the hourly
istribution of cage floor movement over the time span of a dark
eriod.

.2. Level of running wheel activity

Running wheel activity was measured as both the distance
un based on the number of revolutions and the time spent
n the running wheel. A significant, positive, correlation was
ound between distance run and time spent in the running wheel
r = 0.710, p < 0.001). Therefore it was decided to use a single
easure of running wheel activity for further analysis. Time

pent in the running wheel (‘RWtime’) was chosen because it
ould be directly compared to time spent on other home cage
ehaviour, such as sheltertime and cage floor movement.

Fig. 1 shows differences between NO-HAB and HAB groups
HAB). Results are presented separately for C57 mice (panel A) and DBA mice
panel B). Means and S.E.M. of 12-h bins are used. In C57 mice, a strong increase
s found in wheel running in mice of the NO-HAB group compared to the HAB
roup, whereas no difference is seen between HAB and NO-HAB groups in
BA mice.
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Table 2
Mean values per week for weeks 0–3 of home cage behaviours and running wheel activity

Parameter Strain Group Week 0 Week1 Week2 Week 3

Cage floor movement C57 NO-HAB n.a. 154.6 (14.2) 125.3 (9.6) 163.6 (14.8)&

HAB 109.5 (10.5) 116.5 (7.9)# 81.3 (11.3)# 63.6 (11.2)
DBA NO-HAB n.a. 182.2 (19.4) 148.8 (15.9) 164.2 (12.3)

HAB 143.8 (11.4)* 161.8 (11.5)* 142.3 (13.0)* 141.3 (6.3)*

Velocity C57 NO-HAB n.a. 9.7 (0.2) 10.6 (0.6) 9.3 (0.3)
HAB 10.2 (0.4) 10.0 (0.2) 10.8 (0.3) 11.3 (0.5)

DBA NO-HAB n.a. 10.4 (0.3)* 11.8 (0.6) 9.9 (0.5)
HAB 10.5 (0.3) 9.9 (0.2) 11.3 (0.9) 9.8 (0.1)*

Feeding C57 NO-HAB n.a. 55.5 (19.6)& 143.3 (47.8) 263.2 (73.6)
HAB 450.2 (133.6) 152.9 (36.4)# 150.2 (39.1) 658.4 (82.9)

DBA NO-HAB n.a. 371.7 (89.8)* 369.7 (77.0)* 738.1 (87.4)*

HAB 498.5 (68.8) 215.2 (36.1)& 251.1 (51.8)& 799.0 (93.0)&

Sheltertime C57 NO-HAB n.a. 1456.2 (169.5)& 1666.6 (136.1)& 2231.1 (84.2)
HAB 2185.4 (114.0) 1879.0 (172.4)# 2095.8 (126.4)# 2435.8 (116.9)

DBA NO-HAB n.a. 1098.2 (112.6)& 1183.6 (145.7)& 1859.2 (137.3)&

HAB 2349.5 (104.7) 1327.7 (110.1)& 1337.5 (131.9)& 1941.5 (79.9)&

RWtime C57 NO-HAB n.a. 1197.7 (98.2) 991.4 (83.8) n.a.
HAB n.a. 635.8 (63.1)# 558.5 (70.2)# n.a.

DBA NO-HAB n.a. 1314.1 (110.0) 1390.4 (87.4)* n.a.
HAB n.a. 1179.5 (104.5)* 1240.4 (144.9)* n.a.
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efinition of behaviours are stated in Section 2. Symbols in bold refer to statist
o week 0; #p < 0.05 compared to NO-HAB group.

ion, F(1,89) = 7.867, p = 0.006). Post hoc analysis revealed that
ithin the C57 strain, mice that were allowed to habituate

o the new home cage before introduction of the running
heel spent only half as much time in the wheels as mice

hat were provided with a running wheel immediately upon
ntroduction to the new cage (one-way ANOVA with between-
ubjects factor ‘group’; F(1,43) = 42.831, p < 0.001). In contrast,
n DBA mice, no differences were found between mice pro-
ided with running wheel upon introduction to the novel
age (NO-HAB group) and mice that were allowed to habit-
ate (HAB group) (one-way ANOVA, between-subjects factor
group’: F(1,44) = 1.932, p = 0.172). Overall, level of wheel run-
ing was higher in DBA mice compared to C57 mice, when
actor ‘group’ (NO-HAB or HAB) was ignored (repeated mea-
ures ANOVA, between-subjects factor ‘strain’, F(1,89) = 25.528,
< 0.001).

Notably, running wheel activity was highly stable over the
ourse of the experiment in both strains. This was reflected by a
on-significant effect of the within-subject factor ‘week’, irre-
pective of strain (F(1,89) = 0.334, p = 0.565). However, on day 1
f the second week a decrease in time spent in the running wheel
as seen in all groups (see Fig. 1), because of cage cleaning that
as performed at the beginning of the dark period. During this

ime period mice normally ran the largest part of their daily
istance (data not shown).

To determine whether a rebound effect existed after removal
f the running wheel, RWtime during the day before removal

day 7 of week 2) was compared to the first day of reintroduc-
ion of the wheel (day 1 of week 4). No significant differences
ere found, irrespective of strain or group (repeated mea-

ures ANOVA, within-subjects factor ‘week’, F(1,35) = 0.647,

r
t
D

gnificance: *p < 0.05 compared to C57 of the same group; &p < 0.05 compared

= 0.427), indicating that mice did not increase their RWtime
fter a period of deprivation of the wheel.

.3. Impact wheel running on other home cage behaviours

Table 2 shows the means per week for all home cage mea-
urements and significant differences between groups, strains
nd weeks. The impact of wheel running on other home cage
ehaviours consisted of two aspects; the short-term effect dur-
ng exposure to the running wheel (means of weeks 1 and 2
ompared to baseline) and the long-term effects after removal
f the wheel (means of week 3 compared to baseline). Further-
ore, differences between NO-HAB and HAB groups for each

train were determined to account for the effect of novelty on
he impact of the running wheel.

The results in Table 2 shows that access to a running wheel
ifferentially affected other home cage behaviours in male C57
nd DBA mice. In C57 mice, time spent at the feeder and inside
he shelter decreased during exposure to the running wheel for
he NO-HAB group only. In DBA mice, however, time spent at
he feeder and inside the shelter decreased both in the NO-HAB
nd HAB group. Moreover, during exposure to the wheel, dif-
erences between HAB and NO-HAB groups were found in C57
ice, reflected by higher activity levels (in terms of cage floor
ovement, sheltertime and RWtime) under novelty conditions.
y contrast, no differences were found between NON-HAB and
AB groups in DBA mice.

Long-term effects of the running wheel were seen after

emoval of the wheel. Time at feeder increased markedly in
he NON-HAB group in both strains and in the HAB group in
BA. Interestingly, time at feeder in this period did not differ
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Fig. 2. Circadian rhythmicity expressed as the 24-h distribution of cage floor
movement prior to introduction to the running wheel (baseline; day 7 of week 0)
or after 2 weeks of running in both NO-HAB and HAB groups (RW(NO-HAB)
and RW(HAB); day 7 of week 2). Results are presented separately for C57 mice
(panel A) and DBA mice (panel B). Means and S.E.M. of 1-h bins are used.
The white bar represents the light period of the day (hours 1–12), whereas the
black bar represents the dark period of the day (hours 13–24). In DBA mice
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Fig. 3. Circadian rhythmicity of time spent in the running wheel after 2 weeks of
running in NO-HAB and HAB groups (day 7 of week 2). Results are presented
separately for C57 mice (panel A) and DBA mice (panel B). Means and S.E.M.
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running in female C57BL/6 mice [29] are summarized in
here was a significant difference in the pattern of cage floor movement during
aseline compared to after 2 weeks of running RW(NO-HAB) and RW(HAB).
his effect was not found in C57 mice.

rom baseline levels in C57, but did so in DBA (higher in week
compared to week 0). Also, time in shelter increased in week 3
ith respect to baseline in DBA mice, whereas in C57 mice there
as an increase in cage floor movement in week 3 compared to
aseline.

.4. Impact wheel running on circadian rhythmicity

Access to a running wheel differentially affected circadian
hythmicity of cage floor movement in C57 and DBA mice
Fig. 2). This was reflected by a significant three-way interac-
ion between the within-subjects factors ‘hour’ and ‘week’ and
etween-subjects factor ‘strain’ in a repeated measures ANOVA
F(1,330) = 3.097, p = 0.007). A post hoc analysis revealed a
ignificant within-subjects ‘hour’ × ‘week’ interaction in DBA
ice (F(11,154) = 3.883, p = 0.002), indicating that the hourly dis-

ribution of cage floor movement in this strain was affected when
running wheel was present, irrespective of group (HAB ver-

us NO-HAB). At baseline, the pattern consisted of two distinct
ctivity peaks, at the start and the end of the dark phase. When
running wheel was present, the second peak was less pro-
ounced (HAB group) or absent (NO-HAB group). The pattern
f cage floor movement during exposure to the running wheel
as similar to that of running wheel activity, which also con-

isted of one marked peak at the beginning of the dark phase

T
f
i
r

f 1-h bins are used. The white bar represents the light period of the day (hours
–12), whereas the black bar represents the dark period of the day (hours 13–24).

nd subsequently a gradual decrease (Fig. 3). In C57 mice, no
nfluence of the running wheel on circadian rhythmicity could
e detected (repeated measures ANOVA, within-subjects factor
hour’ × ‘week’ interaction, F(11,176) = 0.742, p = 0.580).

. Discussion

.1. General

In the present study, we investigated whether wheel running
ould be used as a tool to study both genetic and environmen-
ally induced differences in sensitivity to rewarding behaviours
n mice. Wheel running under novelty-induced and habituated
onditions was found to differentiate between male C57 and
BA mice. DBA mice showed higher levels of running wheel

ctivity, but were apparently unaffected by environmental
ovelty. In contrast, exposure to a novel environment pro-
oundly increased wheel running in C57 mice. In addition,
ome cage behaviour in DBA mice seemed more disrupted by
he running wheel as reflected by both the circadian pattern
f cage floor movement and the inability to adjust behaviour
fter removal of the running wheel. The results of the present
tudy combined with findings from our earlier study on wheel
able 3. Here, relative scores are assigned to each test group
or all three aspects of wheel running (level of wheel running,
mpact on home cage behaviours and impact on circadian
hythmicity).
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Table 3
Summary of findings from the present study and an earlier study on wheel running in female C57BL/6 mice [29]

C57 DBA

NO-HAB HAB Male NO-HAB Male HAB Male

Femalea Male

Level of wheel running *** ** * *** ***
Home cage behaviour + + − + +
Circadian rhythmicity + − − + +

Relative scores are assigned to each group for three aspects of wheel running: (1) the level of wheel running, (2) impact of wheel running on home cage behaviour
a the lev
* ythmi
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nd (3) impact of wheel running on circadian rhythmicity. A relative score for
** = high). Impact of wheel running on home cage behaviour and circadian rh
a Results from de Visser et al. [29].

.2. Gender difference in wheel running

The disruptive properties of wheel running were previously
escribed in female C57 mice [29]. In the latter study, a group
f female mice was presented with a running wheel immedi-
tely upon introduction to the novel home cage (similar to the
O-HAB group in the present study) and compared to a control
roup that did not have access to a running wheel. Mice with
running wheel showed a severely disturbed pattern of cage

oor movement during the dark phase, an increase in overall
ctivity levels and in velocity of cage floor movement indicat-
ng an elevated state of arousal. If we compare these data to
he present findings of the male C57 mice, a remarkable gender
ifference within the C57 strain appears in all three aspects of
heel running. Females display higher levels of wheel running

nd are more affected by the disruptive properties of wheel run-
ing on other home cage behaviours and circadian rhythmicity.
hese findings are in line with our hypothesis and supported by
vidence from studies that found an influence of hormonal fluc-
uations during the menstrual cycle on the enhanced behavioural
esponse to rewarding substances in female rats [10] and humans
15].

.3. Inbred strain differences in wheel running

Male DBA mice but not male C57 mice showed a disrupted
ircadian pattern of cage floor activity and were predominantly
ffected after removal of the wheel, indicating an increased sen-
itivity to both the disruptive and long-term effects of wheel
unning that was in contrast to our hypothesis. This is also
eflected in the overall higher levels of wheel running in DBA
ice compared to C57 mice. The high levels of running wheel

ctivity of DBA compared to C57 are supported by a study that
ompared wheel running in 21 inbred strains of mice [19]. How-
ver, in drug-induced reward situations such as amphetamine
dministration [4], C57 mice most often display a stronger
ncrease in locomotor behaviour than DBA mice, which was also
onfirmed in our lab (data not shown). These data indeed indi-
ate a higher sensitivity in C57 mice to rewarding substances. A

ossible explanation for these apparently contradictory results
ay be that baseline activity prior to introduction of the running
heel was also higher in DBA mice compared to C57 mice.
owever, time spent on wheel running after 2 weeks of exposure

w
i
o
t

el of wheel running is indicated with asterisks (* = low, ** = intermediate and
city is indicated as + (impact) or − (no impact).

o the wheel and cage floor movement at baseline were not cor-
elated (12-h average, Pearson correlation: r = 0.230, p = 0.317).
pparently, wheel running cannot be directly compared to other

orms of locomotion, as was also concluded by others [24]. Thus,
he higher baseline activity in DBA mice cannot explain why
BA mice were more sensitive to wheel running in the present

tudy. Alternatively, an explanation might be found in one of the
roperties of wheel running. Voluntary wheel running causes an
ncrease in plasma corticosterone levels in female house mice
11] and male C57 mice [9]. We performed a pilot study aimed
t investigating the relation between wheel running and corti-
osterone in DBA and C57 mice and found that already after
0 min of wheel exposure there was an increase in plasma cor-
icosterone. Interestingly, this increase was only significant in
BA mice (178% relative to baseline, measured in mice habit-
ated to the cage for 1 week, one-sample t-test: p = 0.036, n = 6
er group). Following lines of evidence that suggest a facilitat-
ng role of glucocorticoids on sensitivity to several rewarding
ubstances, modulation of the HPA-axis by chronic wheel run-
ing may underlie the high levels of running seen in DBA mice.
his hypothesis is supported by evidence of high vulnerability to
evelop stress-induced behavioural sensitisation in DBA mice
4]. While DBA mice show only a moderate increase in loco-
otor activity following amphetamine administration, a reversal

s seen under stressfull conditions, such as food deprivation. In
ddition, DBA mice react to chronic or repeated stressors with
nhanced locomotor activity and stereotypic behaviour, while
tressed C57 mice show a reduced locomotor response. Thus,
he chronic increase in corticosterone levels caused by wheel
unning combined with high stress-vulnerability might result in
‘feed-forward’ mechanism that boosts levels of wheel run-

ing in DBA mice and increases their sensitivity to the impact
f wheel running on other home cage behaviours and circadian
hythmicity.

.4. Environmental novelty increases level of wheel
unning in C57

Environmental novelty resulted in a two-fold increase in

heel running activity in male C57 mice. Interestingly, this

ncrease in wheel running remained constant over the course
f the experiment, even though mice are known to habituate to
he novel cage within 4–5 days [28]. These pronounced effects
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f environmental novelty were not seen in DBA mice. A possi-
le ‘ceiling’ effect, a physical maximum due to e.g. exhaustion,
n DBA mice may have masked the effects of novelty. But also
hen other home cage behaviours are considered, novelty does
ot seem to have an effect in DBA mice, whereas in C57 mice
nvironmental conditions did affect the impact of wheel running
n activity measures (sheltertime and cage floor movement). The
ronounced effect of a novel environment on wheel running in
57 mice might be explained by the high reactivity to novel envi-

onments that is characteristic for this strain [7]. Furthermore, it
as found that C57 mice only showed behavioural sensitisation

o a rewarding substance, such as amphetamine, in a novel envi-
onment and not in the home cage [3]. The reinforcing properties
f the running wheel itself may have resulted in a continuation
f the initial high levels of wheel running that were a direct
esponse to the novel environment.

.5. Wheel running as a tool to investigate
eward-sensitivity

The findings summarized in Table 3 suggest future directions
or further research to find underlying neuronal mechanisms of
ensitivity to the rewarding properties of wheel running. Both
he level of wheel running and the disruptive effects of wheel
unning on other behaviours and the circadian pattern of activity
ay model behavioural responses to rewarding substances in

eneral.
The role of novelty-induced stress in the enhanced wheel

unning response may be studied using antagonists of the
lucocorticoid-receptor that is thought to be involved in stress-
nduced sensitisation regulated by the mesolimbic dopamine
ystem [8,20] Thus, GR-antagonist should block the increase
n wheel running activity seen in C57 mice under novelty con-
itions.

The disruption of home cage behaviours and circadian rhyth-
icity seen in male DBA mice as well as female C57 mice may

e behavioural indicators of the addictive properties of wheel
unning suggested by others [2,30,32]. One of the approaches
o determine whether wheel running can be regarded as a com-
ulsive behaviour may be to present an aversive conditioned
timulus that should then not be able to suppress wheel running.
his approach has already been proven to distinguish compul-
ive from casual drug seeking in rats [25].

The running wheel can be used as a tool to investigate aspects
f reward-sensitivity in more detail using the appropriate condi-
ions. Within the C57 strain, the observed gender differences in
isruption of home cage behaviour by wheel running under nov-
lty conditions can be used to investigate the hormonal control
f sensitivity to disruptive and maybe even addictive properties
f rewarding behaviours. Within male C57 mice, wheel running
llows investigation of the modulation of the response to reward-
ng stimuli by environmental conditions or stressors. Genetic
actors underlying sensitivity to disruptive properties of reward-

ng behaviours can be studied using differences in wheel running
etween C57 and DBA mice. Interestingly, these inbred strains
re also the parental lines for the genetic reference population
f recombinant BxD inbred lines which allows a comparison

[

Research 177 (2007) 290–297

f phenotypic data with genetic information to find QTLs for
pecific phenotypic traits [6] (http://www.genenetwork.org).

. Concluding remarks

Wheel running can be used to study both environmental and
enetic factors underlying reward-sensitivity in mice. Together,
he level of wheel running and the disruptive effects on other
ehaviours and circadian rhythmicity are indicators of sensitiv-
ty to the rewarding properties of wheel running and may model
spects of sensitivity to rewarding substances. Both genetic
ackground and environmental novelty were found to affect
heel running.
Integration of running wheels in an automated home cage

bservation system allows simultaneous measurements of wheel
unning activity and its impact on other home cage behaviours.
s it is displayed spontaneously and easy to monitor, wheel

unning may be well suitable to be included in high-throughput
henotyping assays.
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