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An automated exercise wheel for primates

CLIFFORD J. SHERRY and STEFAN H. CONSTABLE
Armstrong Laboratory, Brooks Air Force Base, Texas

Both adult and juvenile nonhuman primates can be unpredictable, difficult to handle, and poten
tially dangerous. Accordingly, in evaluating their activity level, they must be carefully confined.
We have modified and redesigned an exercise system for primates. The exercise wheel was origi
nally described by Curran, Wiegel, and Stevens (1972) and later adapted by Elizondo (1989). Our
modifications and training procedures, which allowed us to bring the behavior of the monkey
under stimulus control within 4 weeks, are described here.

Although it is relatively difficult to develop a model of
human exercise (activity) in small animals (i.e., rodents)
because of basic differences in metabolism and physio
logical responses, the physiological profile of small non
human primates is more similar to human responses.
Thus, findings obtained with a primate model can be more
readily extrapolated to humans.

Unfortunately, because adult and juvenile nonhuman
primates are unpredictable, difficult to handle, and poten
tially dangerous, they must be confined, either in a pri
mate restraint chair or in a cage. Consequently, it is dif
ficult to perform exercise studies. Smith, King, Rushmer,
and Ruch (1962) described a bicycle ergometer for chaired
primates, while other researchers have developed a pri
mate "rowing machine" (Gisolfi, Mora, Nattermann, &
Myers, 1978). These scientists have all used positive rein
forcement (preferred fluid and pellets, respectively) to
motivate exercise behavior. However, using positive rein
forcers may be self-limiting because of two potential prob
lems: (1) chewing and swallowing food or liquids may
interfere with breathing and may limit the duration of ex
ercise because of satiation, and (2) it may not be possi
ble to meet or maintain the desired level of physical ex
ertion. These methods might be modified for use with
aversive stimuli to motivate behavior. Robertshaw, Tay
lor, and Mazzia (1973) described an open, motor-driven
treadmill for primates; however, it took as long as 8
months to train monkeys to use this device, and it could
be used only with relatively tame monkeys. Curran et al.
(1972) have described an exercise wheel for primates that
has been modified and used by Avlonitou (1987) and
Elizondo (1989).

We propose that the primate-exercise-wheel approach,
originally described by Curran et al. (1972), can be used
to collect from nonhuman primates exercise-based data
that is readily extrapolated to human responses. We have
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tory, ALlCFTO, Brooks Air Force Base, TX 78235-5000.
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redesigned and modified the primate exercise wheel, and
in this paper we describe the expanded wheel ergometric
system.

PRIMATE EXERCISE WHEEL

The primate exercise wheel (PEW)' is constructed of
19-mm (.75-in.) Plexiglas and 148 round aluminum bars
(6061 T6 aluminum barstock), which form a circular cage
1.22 m (48 in.) in diameter and 43.2 em (17 in.) wide
(Figure 1). The wheel is suspended via R-16 roller bear
ings on stub axles attached to the frame, which is con
structed of 14-ga, 25.4-mm (I-in.) square steel tubing.
One of the Plexiglas walls contains two spring-loaded guil
lotine doors, each 25.4 x40.6 em (lOX 16 in.). The mid
dle of the inner edge of each door is located 22.9 em
(9 in.) from the center of the wheel. Because of variations
in the thickness of the plastic walls, the placement of the
doors, and so forth, the wheel may not be perfectly
balanced; small external weights can be added to obtain
satisfactory balance.

Figure 1. The primate exercise wheel (pEW). The ligbt bars that
provide exteroceptive cues are shown at either end 01the wheel. The
mechankal brake is attached to the lever shown at the lower rtabt
01 the PEW.
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The aluminum bars form a circular treadmill and pro
vide the surface on which the monkey runs. The bars also
serve as a shocking grid to provide negative reinforce
ment during the initial shaping and subsequent main
tenance of the behavior (walking or running), using a free
operant (Sidman) avoidance paradigm with exteroceptive
cues. Electric current can be passed through brass slip
rings, with electric motor brushes energizing alternate bars
when the wheel is in motion.

The wheel has a mechanical friction brake, which can
be applied manually or controlled automatically by the
wheel controller. The brake prevents the monkey from
operating the wheel faster than an upper preset speed and
stabilizes the wheel during rest periods.

Exteroceptive cues are provided: (1) by a pair of light
bars mounted at each end of the wheel, (2) by a 1900-Hz
(60-75 dB) signal tone generated by a Mallory SC-IIO
D tone generator, (3) by an overhead houselight, and
(4) by the inherent "clicking" of the solenoid when the
brake is appliedin an overspeed condition. Each light bar
is divided into three color panels, each 10.2 cm (4 in.)
square: red (left), green (center), and yellow (right).

WHEEL CONTROLLER

In the automatic mode, the wheel is controlled by an
Apple Macintosh II microcomputer with National Instru
ments NB-MIO-16L and NB-MIO-16H multifunction ana
log digital boards. The computer program is written in
LabVIEW graphical programming language, Version 2.0 2

(Constable & Ulrich, 1990). Wheel rotation is detected
by a Data Technology optical encoder (SM23-850-20/
12). The control panel, as it appears on the Macintosh
monitor, is shown in Figure 2. The variables set by the
experimenter, such as the number and duration of work
rest cycles, are located on the right half of the control
screen; the variables are altered by placing the cursor on
the appropriate box using the mouse controller and mak
ing the changes on the keyboard. The switches are tog
gled with the mouse. The shock intensity is controlled by
a BRS Electronics shock generator (SG-<>02).

To begin, the computer program is initiated and the
monkey is placed in the wheel. The houselight switches
off (indicating the end of a rest cycle), and the green and
yellow panels on the light bar illuminate. The green panel
indicates to a trained monkey that a work cycle (duration
set on the controller) is in force. The yellow panel (and
tone) act as warning stimuli that the wheel is currently
underspeed. If the monkey does not increase the speed
of the wheel above the minimum preset level during the
"grace" period, it will receive a shock (duration of shock,
intershock interval, and maximum number of sequential
shocks set at the controller). The grace period is the time
(duration set on controller) between the onset of thewarn
ing stimuli and either the acceleration of the wheel back
up to speed or the onset of the shock. If the monkey brings
the wheel back above the minimum preset speed, the
warning stimuli are turned off. The grace-period initia-

tions are counted and their number is displayed on the
controller, as are the cumulative grace-period durations
(the sum of the individual grace periods). Monkeys rarely
receive more than one or two sequential shocks (a trained
monkey may not receive any shocks, or at most one to
two individual shocks, during a l-h training session). In
the unlikely event that the monkey receives the maximum
number of sequential shocks set on the controller, the com
puter program automatically goes into a loop, switching
off the shocking capacity and the lights (and signal tones)
on the light bar and switching on the houselight (thus in
dicating a rest period to the monkey). The computer beeps
to signal the operator to manually sequence the program
back into the operational mode. The monkey cannot re
ceive any shocks when the program is not running.

If during a work cycle the speed of the wheel exceeds
the maximum acceptable speed set on the controller, the
red light panel on the light bar illuminates. If the monkey
has not slowed the speed of the wheel before the grace
period ends, the brake automatically engages for 100 msec
(set at the controller) and continues to be applied at l-sec
intervals (set at the controller) until the wheel speed is
brought below the preset maximum speed. This grace pe
riod has the same duration as described above, but is not
counted as part of the total grace-period initiations or
grace-period durations. When the wheel slows below the
maximum preset speed, the red light panel is turned off.

At the beginning of a rest cycle (duration set at con
troller), the lights on the light bar and the signal tones
are switched off. The houselight is switched on, and the
brake is applied to stabilize the wheel. At the end of the
rest cycle, the houselight is switched off and the green
and yellow lights on the light bar illuminate, again indicat
ing that a work cycle has begun and the wheel is currently
below speed. At the end of the grace period, if the mon
key has not accelerated the wheel up to speed, it will
receive a shock.

The following readouts are generated by the program
and displaced on the control panel: instantaneous speed
(miles per hour, to the closest tenth of a mile), the total
distance covered in miles (to the nearest thousandth of
a mile), a count of grace-period initiations, the cumula
tive elapsed time of the grace periods, a count of all of
the shocks and the shocks since reset, the number of the
current work cycle, and the elapsed time since the begin
ning of the current work or rest cycle. The wheel param
eters (wheel speed, etc.) are updated on the computer dis
play, printed out to provide a hard copy for analysis during
the course of the experiment, and saved in a computer
file for off-line analysis. The update interval is set on the
controller and is typically set at 30 sec.

The PEW as it is currently used does not have an elec
tronic or mechanical method for detecting aberrant be
havior (e.g., "riding" the wheel; that is, the monkey
grabs onto the bars, holds on, and rides the wheel around
in a complete or partial circle without moving). Aberrant
behaviors subvert the purpose of training (the animal is
not running) and may cause injury to the animal. Although
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Figure 2. The computer screen generated by the LabVIEW program, showing the controls that set the parameters of the primate exer
cise wheel (PEW), that is, minimum acceptahle speed, etc., are on the right half of the screen. PEW-dependent variables, that is, wheel
speed, etc., are on the left half of the screen.
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Figure 3. A record obtained from a monkey running in the primate exercise wheel (solid
circles) and a weD-trained human walking on a motorized treadmill (open circles). The
minimum speed is 3.0 mph for both the monkey and the human whlle each performed
six Io-min work bouts, with I-min rest periods. Upper trace-Oxygen consumption in
liters/min (a). The lag time between when the human and monkey reach a steady state
is due to the large size of the canopy that SUlTOUDds the PEW as compared with the tidal
volume of the monkey. Middle traces-Heart Rate (h) and Rectal Temperature (c). The
changes in heart rate and rectal temperature are shown for both the monkey (running)
and human (waIklng) at similar locomotion rates. Lower trace-Speed in miles/hour (d).
The human's speed is more constant than the monkey's because the human is walking on
a motorized treadmill, whlle the monkey is moving the wheel (providing momentum) by
running on its inner surface.



monkeys that are well trained do not usually engage in
these behaviors, it is always best to keep them under close
observation during the entire exercise session. An inex
pensive surveillance camera and monitor may be neces
sary for this purpose.

When the wheel controller is switched from automatic
to manual (by a toggle switch on the controller), the house
light is switched off and the green (middle) light on the
light bars illuminates. The experimenter has direct con
trol of the yellow (right) underspeed light on the light bars,
shock initiation, and brake initiation via separate switches
on a hand-held controller that is connected to the wheel
controller. Normally the manual mode would be used for
shaping behavior.

SHAPING AND MAINTAINING
EXERCISE BEHAVIOR

Shaping the behavior is relatively straightforward. In
a properly balanced wheel, even a small movement on
the part of the monkey will rock the wheel. When this
rocking occurs, illuminate the yellow light and switch on
the signal tone; if the monkey increases its speed, tum
off the yellow light and signal tone. If the monkey stops
or does not increase its speed, wait 5 sec (grace period)
and then give the monkey a single shock. Generally, the
shock will stimulate the animal to move forward. When
the animal moves forward, immediately tum off the yel
low light and the signal tone and note the monkey's speed.

It is best to start with relatively short work cycles
(~ 5 min). Initially, determine a minimum acceptable
speed by increasing the monkey's spontaneous speed by
0.2-0.5 mph. The speed can be increased over sessions
by the same increment until the monkey reaches the tar
get speed. Start slowly and observe the animal closely to
determine if the level of activity causes unexpected physio
logical stress (panting, labored breathing, etc.). If these
physiological signs do not occur, then gradually increase
the duration of work cycles to the desired duration over
several sessions.

PHYSIOLOGICAL/METABOLIC DATA

Core temperature can be measured with a Mini-Mitter
Physiotel amplifier/transmitter (Model 270-0011) chron
ically implanted under aseptic conditions, into theabdomi
nal cavity. Heart rate can be obtained from two electro
cardiographic leads implanted subcutaneously using the
signal from the Mini-Mitter amplifier/transmitter. Oxygen
consumption and carbon dioxide production can be de
termined by drawing room air at a constant rate ( ""30
35 liters/min) through a Plexiglas canopy enclosing the
PEW. The flow will be adequate to ensure that no ex
pired air will be lost. FEOl and FECOl can be measured
downstream by a Perkin-Elmer 1100 medical gas ana
lyzer. The total airflow can be measured using a Kurz
565-7A mass flowmeter.
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The outputs of the Mini-Mitter receiver and the oxy
gen and carbon dioxide analyzers can be connected via
appropriate interfaces to the computer. The data can be
conditioned and stored in a computer file under the con
trol of a program written in LabVIEW graphical program
ming language, Version 2.0 (Constable & Ulrich, 1990).

Ten young female rhesus monkeys (3.98±0.55 kg)
have been trained to exercise in the PEW under stimulus
control using the methods described above. Typical phys
iological and metabolic responses have been described
(Constable, Sherry, & Walters, 1991). A typical record
obtained from a monkey (closed circles) exercising in the
PEW and a human on a motorized treadmill (open cir
cles) is shown in Figure 3. Absolute speed was similar
for both the monkey and human (d). Changes in heart rate
(b) and rectal temperature (c) are displayed for both spe
cies. The difference in lag time to reach a steady state
VOl (a) is due to the methods for collecting expired gases.
The human breathed into a mouthpiece, with expired gases
measured by the analyzer. The monkey, on the other hand,
was exercising in the PEW, which was enclosed in a can
opy, and the expired air was drawn from the canopy. The
canopy was relatively large compared with the tidal vol
ume of the monkey, and therefore an increased response
time to steady state was observed.
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NOTES

1. PEW (includes wheel, light, and sound stimuli, and mechanical
brake); about $12,000. Whitmore Enterprises, Inc., Rte. 5, Box 369,
San Antonio, TX 78221.

2. LabView Graphical Programming Language, 2.0; about $1,995.
National Instruments, 6504 Ridge Point Parkway, Austin, TX 78730.
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