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a  b  s  t  r  a  c  t

Rats  experiencing  sessions  of  30  min  free  access  to wheel  running  were  assigned  to  ad-lib  and  food-
deprived  groups,  and  given  additional  sessions  of  free  wheel  activity.  Subsequently,  both  ad-lib  and
deprived  rats  lever  pressed  for 60  s of wheel  running  on  fixed  ratio (FR)  1,  variable  ratio  (VR)  3, VR
5,  and  VR  10  schedules,  and  on  a  response-initiated  variable  interval  (VI)  30  s  schedule.  Finally,  the
ad-lib  rats  were  switched  to food  deprivation  and  the  food-deprived  rats  were  switched  to free  food,
as  rats  continued  responding  on the  response-initiated  VI 30-s  schedule.  Wheel  running functioned  as
reinforcement  for both  ad-lib  and  food-deprived  rats.  Food-deprived  rats,  however,  ran  faster  and  had
higher overall  lever-pressing  rates  than  free-feeding  rats.  On the  VR  schedules,  wheel-running  rates
positively  correlated  with  local  and  overall  lever  pressing  rates  for deprived,  but  not  ad-lib  rats.  On  the
response-initiated  VI 30  s  schedule,  wheel-running  rates  and  lever-pressing  rates changed  for  ad-lib  rats
switched  to  food  deprivation,  but not  for food-deprived  rats switched  to free-feeding.  The  overall  pattern
of  results  suggested  different  sources  of  control  for wheel  running:  intrinsic  motivation,  contingencies
of  automatic  reinforcement,  and  food-restricted  wheel  running.  An  implication  is  that  generalizations
about  operant  responding  for wheel  running  in food-deprived  rats  may  not  extend  to  wheel  running  and
operant  responding  of  free-feeding  animals.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Running in a wheel is a behavior that can function as reinforce-
ment for another behavior. Less is known about the properties of
wheel running reinforcement than about more conventional rein-
forcers such as a small bit of food or a drop of water. What is known
typically has been generated under conditions of food deprivation,
although Iversen (1993) demonstrated that food deprivation is not
required for wheel running to function as reinforcement. To date,
however, there have been no investigations comparing wheel run-
ning as a reinforcement with and without food deprivation.

With food deprivation, body weight decreases below the
level maintained by ad-libitum or free feeding and, after an
initial 10–15% loss of body weight, a strong linear relation
emerges between body weight and wheel running (Collier, 1970;
Moskowitz, 1959; Sclafani and Rendel, 1978). As body weight
decreases, wheel running increases. Within this range of body
weights, when the opportunity to run in a wheel is made contingent
upon lever pressing, rats readily learn the lever-pressing response.
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Postreinforcement pause (PRP) duration and lever-pressing rates
also covary with wheel-running rates over this range of body
weight (Belke, 1996, 2004; Belke and Pierce, 2009). At the level
of individual differences, rats that run faster, press faster; rats that
run slower, press slower (Belke, 1996). The linear relation between
body weight loss and the value of wheel running exerts strong
control over lever pressing for wheel running, but the value of
wheel running varies for individual rats as reflected in their operant
responding.

Without food deprivation, rats still run and press a lever for
the opportunity to run (Iversen, 1993, 1998). Under ad-lib feeding
conditions, body weight has far less control over wheel running
(Collier, 1970; Moskowitz, 1959; Sclafani and Rendel, 1978). Rats
run at lower rates and wheel running is no longer linked to food.
Under these conditions, in the absence of evidence of other inter-
nal or external factors, running is likely “self-reinforcing and is
(sometimes) performed as a behavior in its own right” (Sherwin,
1998; p. 23). When a contingency is established between an oper-
ant response and wheel-running reinforcement, Belke and Pierce
(2014, 2015) referred to this “self-reinforcing” effect as automatic
reinforcement (Skinner, 1953, 1957; Vaughn and Michael, 1982). In
the absence of a reinforcement contingency, a rat’s level of wheel
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running would indicate the intrinsic value of the wheel activity
itself.

Iversen (1993) demonstrated that rats would press a lever
for the opportunity to run on fixed ratio (FR), fixed interval (FI),
and variable ratio (VR) schedules without food or water depri-
vation. Rats were initially provided free access to wheels for 2 h;
then wheel access was restricted to brief intervals (15 s or 9 s)
throughout the 2-h sessions; finally, brief periods of wheel access
were made contingent on lever pressing. Subsequently, the exper-
imenter gradually increased the schedule requirement (number of
responses for the FR schedule or length of interval for the FI sched-
ule) toward a target value. In Experiment 1, Iversen also decreased
reinforcement duration in steps (e.g., 15 s to 7 s to 4 s on an FR
20 schedule). Across three experiments, wheel running for brief
periods (4–6 s) maintained lever pressing on FR, FI, and VR sched-
ules. With respect to response patterns, on FR schedules, break and
run patterns were observed in 2 of 3 rats; however, on FI sched-
ules, only 1 of 3 rats showed a pattern of positive acceleration in
responding or scalloping. Iversen also noted that FR and VR sched-
ules maintain higher lever-pressing rates and more stable response
patterns than do FI schedules. Furthermore, wheel-running rates
during free access periods did not predict operant responding for
wheel-running reinforcement; however, rats that ran at higher
rates tended to press at higher rates.

One reason for the current study is that there have only been two
investigations of wheel-running reinforcement in non-deprived
rats (Iversen 1993, 1998) and Iversen’s (1993, p. 219) study,
“was exploratory and was not undertaken to answer theoretical
questions or to provide systematic parametric manipulations of
schedule variables”. In addition, the study had several limitations: a
small number of rats in each experiment; variation in the length of
exposure to different schedules, inconsistency in response require-
ments, and short, variable reinforcement durations. There was  also
substantial variability between rats in lever-pressing rates on the
FR 20 schedule; one animal pressed at 20–30 responses per min,
another at 2–7 responses/min, and a third at 10–19 responses/min.
Despite these limitations, Iversen’s study clearly demonstrated that
under free-feeding conditions, the automatic reinforcing effect of
wheel running is sufficient to maintain operant behavior.

To date, there have been no investigations that compare wheel-
running reinforcement with and without food deprivation. Higher
wheel-running rates, lever-pressing rates, and shorter PRP duration
under deprivation would be expected based on previous research
that manipulated body weight and measured changes in wheel run-
ning and wheel-running reinforcement (Belke, 1996, 2004; Belke
and Pierce, 2009). Another possibility is a shift in control of wheel
running between food restricted and ad-libitum feeding—a shift
from food relate wheel running to intrinsically valued running for
its own sake. Evidence of differential control over wheel running
could have implications for the generalization of findings from
studies of wheel-running reinforcement under food deprivation to
those involving the reinforcing properties of wheel running in the
absence of deprivation.

In the current study, groups of food deprived and non-deprived
rats were exposed to the training regime used to establish wheel
running as reinforcement for lever pressing (e.g., Belke, 1997, 2004;
Belke and Dunbar, 1998). This procedure involved allowing rats
free access to a running wheel for 30 min  each day over several
sessions prior to making the opportunity to run for 60 s contingent
upon a single lever press. Subsequently, the lever-pressing require-
ment was increased across variable ratio 3, 5, and 10 response
schedules. Finally, the rats were shifted to a response-initiated
variable-interval (VI) 30 s schedule. This type of schedule was
adopted for use with wheel-running reinforcement (Belke, 1997;
Belke and Dunbar, 1998; Belke and Heyman, 1994) to prevent the
longer PRP durations from affecting the interval schedule. While on

the response-initiated VI schedule, the feeding conditions within
each experimental group were reversed to determine the effects
on wheel running and operant responding for wheel running. Food-
deprived rats on a response-initiated VI 30-s schedule were shifted
to free food conditions while free-feeding rats on the same sched-
ule were shifted to food deprivation. Subsequently, wheel-running
rate and operant responding for opportunities to run were assessed
under the new feeding conditions.

2. Method

2.1. Participants

Eighteen female Long Evans rats purchased from Charles River
laboratories in Saint Constant Quebec served as subjects. Female
rats were used because they run faster than male rats and learn
to respond more readily for the opportunity to run than do males.
The rats were experimentally naïve and approximately 3 months
old when training for the current study commenced. Rats were indi-
vidually housed in standard polycarbonate cages (48 cm by 27 cm
by 22 cm) in a holding room on a 12:12 h light/dark cycle (lights
on at 0730). Rats had ad-lib access to water in the home cages.
Under ad-lib conditions, Prolab R-M-H 3000 lab chow was  always
present in the food cradle of the cage lid. Under deprived con-
ditions, rats were fed a daily allotment of food to maintain their
weight at 260 ± 10 g (∼87% of their adult female weight [300 g] for
this strain). This research was  conducted in accordance with the
guidelines set forth by the Canadian Council on Animal Care under
a protocol approved by the Mount Allison Animal Care Committee.

2.2. Apparatus

Experimental sessions occurred in three Wahmann (35.5 cm in
diameter), two Lafayette Instruments (36 cm in diameter), and 4
Med  Associates (ENV-042) activity wheels (37 cm in diameter).
With respect to differences between the wheels, the floors of the
Wahmann and Lafayette wheels were wire mesh (Wahmann, 5 mm
by 5 mm openings; Lafayette, 7 mm by 7 mm openings). In contrast,
the floors of the Med  Associates wheels were metal bars, 4 mm in
diameter, with a 1 cm space between each bar. The length and width
of the openings to the Wahmann and Lafayette wheels were 9 cm by
7 cm;  for Med  Associates wheels they were 7 cm by 10 cm.  Finally,
the Wahmann and Med  Associates wheels had an axle through
the center of the wheel chamber. To reduce any potential effects
due to these differences between wheels, one rat from each group
(deprived and ad-lib) was assigned to each wheel.

Each wheel was equipped with a retractable lever (Med Asso-
ciates ENV-112AM), a solenoid-operated brake, and two  24 VDC
lights. The retractable levers were mounted at the opening of
each wheel. The lever extended 2 cm into the wheel chamber. The
solenoid was  attached to the base of the wheel and when activated,
a rubber tip attached to a metal shaft contacted the outer edge of the
wheel and prevented it from turning. 24 VDC lights were mounted
on sides of the wheel frame to illuminate the interior of the wheel
chamber. Revolutions were recorded by a microswitch attached to
the wheel frame. Each wheel was  located in a sound-attenuating
shell equipped with fans to mask extraneous noise and to provide
ventilation. Control of experimental events and recording of data
were handled by a Borland Turbo Pascal 4.0 program run on IBM
PC computers interfaced to the wheel through the parallel port.

2.3. Procedure

2.3.1. Training
After the mandatory 10-day quarantine period following arrival

from the supplier, the rats were randomly assigned to the ad-lib or
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