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Abstract

Avidity for behaviors mediated by nondrug rewards, such as novelty seeking or intake of sweets or fats, is predictive of enhanced vulnerability
to the locomotor-activating and rewarding effects of drugs of abuse. The purpose of the present study was to determine whether avidity for wheel
running was predictive of subsequent cocaine-induced locomotor activity, cocaine self-administration, and cocaine-seeking behavior in rats. Rats
with high (HiR) and low (LoR) levels of wheel running were selected from an outbred sample of Wistar rats. These rats were first tested for their
locomotor response to an acute injection of cocaine (10 mg/kg, i.p.). Subsequently, a multi-phase self-administration procedure was used to
examine the effect of wheel running on the maintenance, extinction, and cocaine-induced reinstatement of cocaine-seeking behavior in HiR and
LoR rats. The results indicate no significant differences between HiR and LoR rats in the cocaine-induced stimulation of locomotor activity.
During maintenance, HiR rats self-administered more cocaine than LoR rats. While there were no group differences in saline self-administration
behavior during extinction, HiR rats showed higher cocaine-induced reinstatement than LoR rats. Rats that were previously high responders to
novelty (day 1 in locomotor track) also showed significantly higher reinstatement than low novelty responders. These results suggest that a
propensity for wheel running is associated with increased vulnerability for cocaine self-administration and reinstatement and that HiR rats are

more motivated than LoR rats to seek cocaine.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

There is evidence that individual differences in drug abuse
may reflect individual differences in endogenous character-
istics, such as preference for sweets, activity, or novelty-
seeking behavior. That is, individuals that strongly express
these characteristics are more likely to abuse drugs than those
that exhibit low occurrence of these traits (Carroll et al.,
2001). In rats, high and low responders (e.g., rats that have
high or low expression of a particular trait) can be selected
from a population of outbred rats, and these animals can then
be assessed on various aspects of drug-mediated behavior.
The phenotype of interest can also be exaggerated by
selective breeding (Dess et al., 1998). Studies using these
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methods show that high responders for palatable tastes
(Gosnell, 2000; Gosnell and Krahn, 1992; Gosnell et al.,
1995; Kampov-Polevoy et al., 1995; Dess et al., 1998; Carroll
et al.,, 2002), novelty-seeking or novelty-induced locomotor
activity (Piazza et al., 1989, 1990, 2000; Pierre and Vezina,
1997; Klebaur and Bardo, 1999; Sell et al., 2005), impulsivity
(Poulos et al., 1995; Perry et al., 2005), and stress reactivity
(Piazza et al.,, 1991; Piazza and Le Moal, 1996, 1998;
Homberg et al., 2002) are more sensitive to the locomotor-
activating effects of drugs of abuse, and they are more likely
to self-administer drugs compared to their low-responding
counterparts.

While increased vulnerability for drug-mediated behavior
has been demonstrated in high responders for palatable food,
novelty, impulsivity, and stress, the relative vulnerability for
drug abuse has not been investigated in rats that are high and
low responders for wheel running. Wheel running is a nondrug,
noningestive behavior that is actively engaged in by rats, and it
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has reinforcing effects similar to drugs as measured using
operant conditioning paradigms. Although it is unknown if
there is a “natural” equivalent of wheel running, there is little
doubt that it is a particularly rewarding and highly motivated
behavior in rats (Sherwin, 1998). For example, rats will lever
press for access to running wheels (Iversen, 1993), they show
conditioned place preferences for environments associated with
the aftereffects of wheel running (Lett et al., 2000), and they
escalate their wheel running when given unlimited access to the
wheels (Lattanzio and Eikelboom, 2003). Notably, wheel
running displays several features that are similar to drug
addiction, and these behaviors may have common mechanistic
underpinnings. For example, both wheel running and drug self-
administration are modified in the same way by the same
factors; that is, feeding conditions (Finger, 1951; Carroll,
1985), access duration (Lattanzio and Eikelboom, 2003;
Ahmed and Koob, 1998; Ahmed et al., 2000), sex (Hitchcock,
1925; Krasnoff and Weston, 1976; Jones et al., 1990; Lynch
and Carroll, 1999; Carroll et al., 2002), and hormonal status
(Rodier, 1971; Lynch et al., 2001).

The association between wheel running and the subsequent
vulnerability to the reinforcing effects of drugs has been
examined in only a few studies. In these, rats with or without
wheel access were compared, and it was demonstrated that
wheel running experience produced cross-tolerance to the
rewarding effects of morphine (Lett et al., 2002). When
access was given during ethanol withdrawal, it potentiated
subsequent ethanol intake (Werme et al., 2002). However, it is
unclear from these studies how individual differences in
avidity for wheel running may have influenced subsequent
drug-mediated responding. In order to address this issue, in
the present study, we compared several measures of cocaine-
mediated responding in outbred rats screened for either high
(HiR) or low (LoR) voluntary wheel running.

One objective of the present study was to determine
whether individual differences in voluntary wheel running
predicted the subsequent sensitivity to the locomotor-activat-
ing effects of cocaine. Based on previous research with high
and low responders for novelty (e.g., Piazza et al., 1989; Sell
et al., 2005) or sugar intake (Sills and Vaccarino, 1994), we
hypothesized that HiR rats would show greater locomotor
activity in response to an acute injection of cocaine compared
to LoR rats. A second objective of the present study was to
compare HiR and LoR rats on their cocaine self-administra-
tion behavior during maintenance, and we predicted that HiR
rats would self-administer more cocaine than LoR rats.
Currently, the majority of research that has examined the
role of individual differences on the vulnerability for drug
abuse has focused on self-administration (e.g., during the
acquisition phase). However, there is little information about
how individual differences can affect drug-seeking behavior
during abstinence (Sutton et al., 2000). Therefore, a final aim
of the present study was to compare HiR and LoR rats on
their cocaine-seeking behavior during extinction and rein-
statement, in order to determine whether HiR rats are more
motivated than LoR rats to seek cocaine under extended
abstinence conditions.

2. Methods
2.1. Animals

Fourteen sexually mature (>90 days) female Wistar rats
(Harlan Sprague Dawley, Madison, WI) weighing 250—-340 g
were used in this study. Females were used as they are more
active in running wheels than males (Hitchcock, 1925; Krasnoff
and Weston, 1976; Jones et al., 1990), and HiR/LoR differences
were more likely to be detected. Also, there has been little
work that has examined factors that predict individual
differences mediating drug abuse in females (Klebaur et al.,
2001; Sell et al., 2005). While wheel running has been shown
to fluctuate across the estrous cycle (Steiner et al., 1982; Kent
et al., 1991; Eckel et al., 2000) and can be modulated by
gonadal hormones (Rodier, 1971; Morgan and Pfaff, 2002), it
was not an aim of the study to examine hormonal regulation
of wheel running and its relation to cocaine self-administra-
tion and reinstatement. Thus, estrous cycles were allowed to
vary randomly and they were not monitored or analyzed.

Rats were acclimated to the lab for at least 3 days prior to
surgery, and after surgery they were housed in their experi-
mental chambers for the duration of the experiment. Rats had
unlimited access to water and were fed ground Purina
Laboratory Chow (Purina Mills, Minneapolis, MN). Food and
water were replenished daily starting at 0800 h and intakes
were measured and recorded at this time. Rat body weights
were measured weekly. Food was available ad libitum until
surgery. After surgery, it was reduced to 16 g/day and it
remained at that amount for the rest of the experiment. We
chose to slightly food restrict the rats during self-administration
to accelerate training and to control for potential differences in
food intake between groups. Using this procedure, food and
water intake, as well as rat weights, did not differ significantly
during the self-administration, extinction, and reinstatement
portions of the experiment (data not shown). Throughout the
experiment, all rooms were on a 12/12 light/dark cycle (lights
on at 0600 h), and the laboratory was kept at constant
temperature (24 °C) and humidity levels. Experimental
procedures were approved by the University of Minnesota
Institutional Care and Use Committee (IACUC) under protocol
number 0112A13581, and laboratory facilities were accredited
by the American Association for the Accreditation of Labora-
tory Animal Care (AAALAC). Principles of Laboratory Animal
Care (National Research Council, 2003) were followed.

2.2. Apparatus

2.2.1. Assessment of locomotor activity

Custom-made circular stainless steel locomotor tracks were
used to measure novelty-induced locomotor activity (day 1),
baseline locomotor activity (day 2), and locomotor activity
after acute exposure to either saline (day 31) or cocaine (day
32). Tracks had inner and outer diameters of 46 and 71 cm,
respectively, and the walls were 25 cm high. Tracks were
covered with a Plexiglas sheet during testing. Four infrared
sensors (SE612CV, Banner Engineering Corp., Minneapolis,
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MN) were mounted 5 cm above the floor of the track on the
outer wall at 0°, 90°, 180°, and 270°. Two successive sensor
interruptions were measured as one activity count, and counts
were totaled and recorded in 5-min increments. Sensors were
connected to a VersaMax programmable logic controller
(IC200UDRO01, GE Fanuc Automation, Charlottesville,
VA), and the data were recorded using IBM-compatible
computers and VersaPro software (GE Fanuc Automation,
Charlottesville, VA).

2.2.2. Wheel running and i.v. cocaine self-administration

Experimental chambers consisted of an octagonal operant
chamber enclosed within a sound-attenuating wooden box that
was equipped with a fan for white noise and ventilation. The
eight walls alternated with stainless steel or plexiglas. The
interior of the operant chambers contained two response levers
(MedAssociates, St. Albans, VT) mounted on two of the
stainless steel panels. Stimulus lights (4.76 W) were located
above each lever and they were illuminated for 20-s after each
lever press. Chambers also contained a ceiling house light (4.76
W), a food hopper, and a panel for the water bottle. Each
operant chamber had a guillotine-style door that, when opened,
allowed access to a 35.6-cm diameter external running wheel
(MedAssociates, St. Albans, VT) that was elevated 7 cm above
the cage floor. Brake resistance on the wheel was set at 8. Four
sensors were located along the wheel at 0°, 90°, 180°, and
270°, and every four sensor breaks were counted as one wheel
revolution. An IBM-compatible computer with Med-PC
interface (Med Associates, St. Albans, VT) was used for
programming and data collection.

2.3. Drugs

Cocaine HCl was provided by the National Institute on
Drug Abuse (Research Triangle Institute, Research Triangle
Park, NC) and was dissolved in a 0.9% NaCl solution. Heparin
(1 ml/200 ml saline) was added to cocaine and saline solutions
in order to reduce blood clotting and to maximize the duration
of catheter patency. Cocaine solutions were kept refrigerated,

Wheel Running and Locomotor Activity

Novelty Baseline

but they were added to the 500-ml reservoirs at room
temperature. Rats received cocaine (0.4 mg/kg/inf) at a rate
of 0.025 ml/s and a duration of 1 s/100 g of body weight.

2.4. Procedure

2.4.1. Assessment of locomotor response to novelty and
baseline locomotor activity

Fig. 1 summarizes the sequence and timing of the
experimental procedures. Prior to running wheel access, rats
were tested in the circular track for 45 min on 2 consecutive
days. Each individual rat was tested at the same time each
day, and all rats were tested during the light portion of the
light/dark cycle (between 0900 and 1400 h). Since locomotor
activity was significantly lower on day 2 than on day 1 of
testing (see Results), the locomotor data were analyzed by
day. Data from day 1 were considered to reflect the locomotor
response to novelty, whereas day 2 data were considered to
reflect baseline activity levels. We assessed both the
locomotor response to novelty (day 1) and baseline locomo-
tor activity (day 2) prior to wheel running access to ensure
HiR rats had more activity in the running wheels because
they had more avidity for this behavior than LoR rats, and
not because they were more responsive to novel stimuli or
were inherently more active. We also wanted to determine
whether HiR and LoR group differences were specifically
due to wheel running, or if the groups also had more generic
activity differences.

2.4.2. Wheel running and locomotor response to cocaine
Following initial locomotor testing, each rat was allowed
access to a running wheel for 21 days, for 6 h/day beginning at
0900 h. Wheel access was then discontinued and the door to
the running wheel remained closed for the remainder of the
experiment. A median split was used to divide rats into HiR
and LoR groups based on their average wheel running across
the 21-day access period. In order to assess cocaine-induced
locomotor activity in HiR and LoR groups, rats were retested
on the circular track for 2 consecutive days 7 days after

Saline Cocaine

ol Ll

L Wheel Access I No Wheel Access| | |
No. of Days 1 1 21 7 1 1
Self-Administration

Extinction
without cues
Surgery/ l scscsc

| Recovery | Training | Maintenance | Extinction | | Reinstatement |

No. of Days 3 ave. 17-24 14 21 3 6

Fig. 1. Outlines of the experimental procedures are shown for the wheel running and locomotor activity (top) and self-administration (bottom) portions of the
experiment. The length of each phase is represented underneath. SCSCSC indicates the priming injection order during reinstatement testing (S=saline injection,

C=cocaine injection, 10 mg/kg, i.p.).



E.B. Larson, M.E. Carroll / Pharmacology, Biochemistry and Behavior 82 (2005) 590—600 593

discontinuation of wheel access (experimental days 31 and 32).
On the first day (day 31), rats received an intraperitoneal (i.p.)
injection of saline just prior to being placed on the track, and on
the second day (day 32) they were injected with 10 mg/kg
cocaine (i.p.) prior to track placement. Animals were tested at
the same time each day and at the same time that they were
tested on days 1 and 2.

2.4.3. Surgery

After the second round of locomotor testing, rats were
implanted with jugular catheters for intravenous (i.v.) cocaine
self-administration. Each rat was anesthetized with ketamine
(90 mg/kg) and nembutal (10 mg/kg), and was supplemented
with atropine (0.15 cc). Each rat was then implanted with a
chronic, indwelling jugular catheter. The silastic catheter was
secured to the vein with silk sutures (Genzyme, Fall River,
MA), and the free end was led subcutaneously around the
back and exited midscapular region. The free end of the
catheter tube was then attached to a cannula connector
(C3236; Plastics One, Roanoke, VA) imbedded in a covance
infusion harness (Instech Laboratories, Plymouth Meeting,
PA) that connected to the infusion system. This system
contained an external infusion pump (RHSYOCKC, Fluid
Metering, Oyster Bay, NY) that was connected on one end to
a 500-ml reservoir containing cocaine solution, and on the
other end to a swivel (050-0022, Alice King Chatham,
Hawthorne, CA) via Tygon tubing (1.52 mm o.d., 0.51 mm
i.d.; Fisher Scientific, Springfield, NJ). The swivel attached to
a tether (C313CS; Plastic Products, Roanoke, VA) that was
then secured to the cannula in the harness. Rats were allowed
to recover for 3 days before starting the self-administration
portion of the study. During this time, they received daily
injections of gentamicin (2.0 mg/kg, i.v.) and heparinized
saline (0.3 cc, i.v.) to prevent infection and/or occlusion of
the catheter.

2.4.4. Self-administration

2.4.4.1. Training. After recovery from surgery, rats were
trained to self-administer i.v. cocaine (0.4 mg/kg/inf) in 2-
h daily sessions (0900—1100 h). A fixed-ratio 1 (FR 1), 20-s
timeout schedule of reinforcement was used. Responding on
the active lever resulted in a cocaine infusion and illumination
of the stimulus lights above the lever for 20 s. During this time,
responses were counted but had no other consequence. Lever
pressing on the inactive lever also illuminated the
corresponding stimulus lights; however, there was no other
programmed consequence. This was done so that conditions on
both levers were the same except for the delivery of the drug.
Thus, responding on the active lever was not an artifact of the
conditioned reinforcing effects of the stimulus lights, rather it
could be attributed to the presence of the drug and its
reinforcing effects. To facilitate lever pressing during training,
the active lever was initially baited with a small amount of
peanut butter (<0.5 g) and rats were given two cocaine priming
injections (i.v.) at the beginning of each training session. When
rats self-administered >20 infusions/day for 3 days and

exhibited active/inactive ratios >2:1, peanut butter and/or
priming injections were discontinued.

2.4.4.2. Maintenance, extinction, and reinstatement. If lever
pressing was maintained (>20 infusions, active/inactive ratio
>2:1) upon discontinuation of the priming injections, rats were
then tested in a reinstatement procedure similar to that
described by deVries et al. (1998), starting the following day.
This procedure was selected because it employs an extended
abstinence period and produces robust cocaine-induced rein-
statement responding in rats (de Vries et al., 1998; Larson et al.,
2005). Under this procedure, rats were allowed to lever press
under a FR 1, 20-s timeout schedule for cocaine for 14 days
during 2-h sessions beginning at 0900 h (maintenance). After
maintenance, saline was substituted for cocaine and self-
administration behavior extinguished over the next 21 days
(extinction). During extinction, all other stimulus conditions
remained the same; therefore, decreases in responding specif-
ically reflected decreases in drug-seeking behavior due to the
absence of cocaine reward (vs. loss of stimulus control due to
the elimination of cocaine-associated cues). This methodology
allows a slower extinction pattern with the potential for
revealing group differences that are not obscured by a floor
effect, as removal of the cues along with saline substitution
tends to result in rapid and complete extinction of responding.
Following extinction, drug pumps and stimulus lights were
unplugged for 3 days to eliminate the potential for cue-
mediated responding. After 3 days of extinction without cues,
reinstatement testing commenced, again without cues. Testing
consisted of 6 days of alternating noncontingent saline and
cocaine (10 mg/kg, i.p.) priming injections. One injection,
either saline (S) or cocaine (C), was given at the beginning of
each 2-h session (0900 h), according to the following sequence:
S C S C S C. Lever responding was counted, but had no
consequence.

2.5. Data analysis

Mean locomotor activity during day 1 and day 2 of testing
was analyzed with a two-way repeated measures ANOVA
(group and time), and the mean overall activity during the
sessions was analyzed using two-tailed student’s ¢-tests. Mean
daily wheel revolutions were analyzed using a two-way
repeated measures ANOVA (group and day), and mean
revolutions/day were analyzed with a one-tailed Student’s -
test. Analysis of wheel running activity during the first and last
3 days of access was done using paired Student’s 7-tests. Mean
locomotor activity after an acute saline or cocaine injection was
analyzed with a three-way repeated measures ANOVA
(priming injection type, group, and time), and the mean overall
activity during these sessions was assessed by paired Student’s
t-tests (one-tailed, as cocaine-induced increases in locomotor
activity were predicted). During maintenance and extinction,
the mean infusions self-administered were assessed using two-
way repeated measures ANOVAs (group and day). During
reinstatement, within group responding on the active lever after
saline- or cocaine-priming injection was analyzed by paired
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Student’s #-tests (one-tailed, as cocaine-induced increases in
active lever responding were predicted). Comparisons of active
and inactive lever responses during all phases were analyzed
using two-way repeated measures ANOVAs. All analyses were
conducted using GB Stat (Dynamic Microsystems, Inc., Silver
Spring, MD). When appropriate, post-hoc comparisons were
analyzed using Bonferroni corrected alpha-levels to control for
type-I error inflation resulting from multiple contrasts. Separate
two-tailed Student’s ¢-tests were used for a priori group
comparisons of cocaine-induced locomotor activity and co-
caine-induced reinstatement of lever responding in HiR and
LoR rats. Results were considered significant if p <0.05.

3. Results

3.1. Assessment of locomotor response to novelty and baseline
locomotor activity

Fig. 2 illustrates the locomotor activity in the circular track
across the 45-min testing period for the 2 days prior to wheel
running exposure. Insets represent the mean (+S.E.M.) overall
activity during this time. The upper frame shows the locomotor
response to novelty (day 1) and the lower frame represents
baseline locomotor activity (day 2) in rats that subsequently
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Fig. 2. Locomotor response to novelty (day 1, upper frame) and baseline

locomotor activity (day 2, lower frame) are represented for HiR (closed circles)

and LoR (open circles) rats. Each data point represents the mean (+£S.E.M.)

number of activity counts in 5-min intervals. The insets represent the mean
(£S.E.M.) overall activity across the 45-min testing period.

became HiR or LoR. On day 1, there was a significant effect of
time [ F(s125)=54.92, p<0.05], and both HiR and LoR rats’
locomotor activity decreased across the 45-min testing period.
During this time, there was a trend for higher locomotor
activity in the novel environment in rats that subsequently
became HiR compared to LoR rats (5/7 HiR rats were also high
novelty responders); however, the effect did not reach
statistical significance [ F'(; 125)=4.27, p=0.061].

Since there was a significant reduction in locomotor activity
in the circular track from day 1 to day 2 (t,7,=4.24, p<0.05),
day 2 activity was analyzed independently and was considered
to reflect baseline activity levels (Fig. 2, lower panel). Similar
to day 1, locomotor activity in the circular track decreased
across the 45-min testing period [F(s 125=26.60, p<0.05].
Analysis revealed no significant differences in locomotor
activity between HiR and LoR rats on day 2 of testing.

3.2. Wheel running

After initial locomotor testing, rats were given access to the
running wheels for 21 days, and the group was subsequently
divided into HiR and LoR subgroups by a median split. Fig. 3
shows the wheel running patterns for HiR and LoR rats across
the 21-day access phase. The inset depicts the mean wheel
revolutions/day during this time. As expected by the selection
process (median split), HiR rats ran on the wheels more than
the LoR rats (113=—4.16, p<0.05). Mean (+S.E.M.) revolu-
tions/day were 336.0+50.4 (range 104.0-505.5 rev/day) for
LoR rats and 1238.8+211.0 (range 701.5—-1984.3 rev/day) for
HiR rats. Analysis of wheel running activity across the 21 days
revealed a group effect [ F'(; 293y=22.86, p <0.05], a day effect
[ F(20293y=5.80, p<0.05], and a group xday interaction
[ F(20203y=4.87, p<0.05]. Post-hoc analyses (Bonferroni)
showed that HiR rats had more wheel revolutions than LoR
rats on days 15, 17, 19, 20, and 21. Paired ¢-tests of wheel
running activity in the beginning (days 1-3) and end (days
19-21) of wheel access revealed that HiR rats escalated their
wheel running across the 21-day access period, as indicated by
a significant increase in wheel revolutions during the final 3
days compared to the first 3 days (t,=—3.62, p<0.05).
Conversely, LoR rats maintained more steady levels of wheel
running over the 21-day access period, and they did not show
significant changes from the first to the last 3 days.

As wheel running can affect feeding (Afonso and Eikel-
boom, 2003), and differential food intake can influence
subsequent drug self-administration (Carroll, 1999), food
intake, water intake, and body weights during the wheel
running phase were also analyzed to determine whether HiR
and LoR rats differed on these measures. Analyses revealed no
significant differences in food and water intake or body weight
during the wheel running phase of the experiment. HiR and
LoR groups consumed a mean of 23.87 (£1.8) and 24.82
(£2.3) g food/day, and they consumed an average of 35.96
(£2.6) and 35.78 (+2.6) ml water/day, respectively. Rat weights
varied some during wheel running, but there were no
significant differences in weights between HiR and LoR
groups (285.82+2.4 and 287.75+9.4 g, respectively).
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Fig. 3. Mean (+S.E.M.) daily wheel revolutions for HiR (closed circles) and
LoR (open circles) rats during the wheel access phase. The inset depicts the
mean (+S.E.M.) wheel revolutions/day during this phase. Asterisks indicate
days where HiR rats ran more than LoR rats (p <0.05). The double asterisks
over the bar represent that the final 3 days of wheel running were significantly
greater than the first 3 days of wheel running in HiR rats (p <0.05).

3.3. Locomotor response to acute cocaine administration

The upper panel of Fig. 4 illustrates locomotor activity in
the circular track for the 45-min after a priming injection of
saline (day 31) or 10 mg/kg cocaine (day 32) for HiR and LoR
rats. Mean (:SEM) overall activity during these sessions is
depicted in the lower panel. A three-way repeated measures
ANOVA revealed that rats had more locomotor activity after
cocaine than saline [ F(j 251y=7.97, p<0.05] and that activity
decreased as a function of time [/F(g2s1)=24.23, p<0.05].
There was no group effect, and no group x time nor priming
injection type x group x time interaction; however, there was a
priming injection type x time interaction [F(g2s51y=3.45,
p<0.05]. Paired #-tests of the overall activity during the 45-
min sessions revealed that locomotor activity was increased
after cocaine as compared to saline in the LoR, but not the HiR
group. Furthermore, a two-tailed 7-test of the locomotor activity
after cocaine showed no significant group differences; thus, the
a priori hypothesis that HiR rats would have greater cocaine-
induced locomotor activity than LoR rats was not supported by
the data.

3.4. Self-administration

There were no significant differences in the number of
training days needed to produce criterion cocaine self-
administration (>20 inf/day) in HiR (24.86+7.6) and LoR
(17.86£5.7) rats. Fig. 5 shows the mean (£S.E.M.) number of
cocaine infusions self-administered across the 14-day mainte-
nance period, and the mean (£S.E.M.) infusions/session are
shown in the inset. A repeated-measures ANOVA revealed a
significant group effect [F(; 195)=5.512, p<0.05], indicating
that HiR rats self-administered more cocaine infusions than
LoR rats during maintenance. Although the number of cocaine
infusions self-administered each day was higher in HiR
compared to LoR rats, post-hoc analyses (Bonferroni) revealed
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mean (£S.E.M.) overall locomotor activity across the 45-min testing period for
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that this was not significant on any particular day. There were
no group differences in inactive lever pressing, and responding
was higher on the active lever than the inactive lever for both
HiR [F(1,195): 11.59, p<0.05] and LoR [F(1’195)2262.31,

120
® —e— HiR 78 i
5 —o— LoR 50
3 100 25
& o
© LoR HiR
£ 80
[
Q
o
o
s 60 -
w
»
H
= 40 |
©
Q
=

20

0 2 4 6 8 10 12 14
Maintenance Day

Fig. 5. The mean (£S.E.M.) number of cocaine infusions self-administered

across the 14-day maintenance period are shown for HiR (closed circles) and

LoR (open circles) rats. The mean (+S.E.M.) infusions self-administered/
session are shown in the inset. ¥*p<0.05 HiR vs. LoR.
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p<0.05] rats. There was no escalation of cocaine self-
administration under the limited access conditions (2-h ses-
sions), as indicated by the lack of a day effect on the number of
infusions self-administered. Also, there was no treatment x day
interaction.

3.5. Cocaine-seeking behavior during extinction

Fig. 6 shows the mean (£S.E.M.) number of saline
infusions self-administered across the 21-day extinction
period. The inset represents the mean (+S.E.M.) saline
infusions self-administered/session. Both HiR and LoR rats
extinguished their self-administration behavior across the 21
days, as indicated by a significant day effect [ F'(20203)=14.84,
»<0.05] and the low-stable responding over the last 4 days.
However, there were no group differences between HiR and
LoR rats for saline self-administration across the extinction
phase and no group x day interaction. Similarly, there were no
group differences in inactive lever responding during this
phase (data not shown).

3.6. Cocaine-seeking behavior during reinstatement

Fig. 7 depicts the mean (+£S.E.M.) number of responses on
the active lever following priming injections of saline or
cocaine during reinstatement testing in HiR and LoR rats.
There were no group differences in responding on the active
lever after priming injections of saline, and both HiR
(t¢=—2.34, p<0.05) and LoR rats (t,=—6.75, p<0.05)
increased their responding on the active lever after cocaine
priming injections. In support of the a priori hypothesis, a two-
tailed ¢-test revealed that reinstatement of active lever
responding was greater in HiR compared to LoR rats
(t1,=—5.87, p<0.05). Compared to when they were given
saline priming injections, HiR rats had a 7.1-fold increase in
their active lever pressing after cocaine priming injections,
while LoR rats only had a 3.2-fold increase. There were no
group differences in inactive lever responding after saline or
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Fig. 7. Reinstatement of cocaine-seeking behavior after priming injections of
saline (open bars) or 10 mg/kg cocaine (closed bars) for HiR and LoR rats. Bars
represent the mean (+S.E.M.) number of responses on the previously active
lever. Asterisks represent a significant increase in lever responding after
cocaine primes compared to saline primes (p<0.05). The pound symbol
represents that HiR rats had significantly more responses after cocaine primes
than LoR rats (p <0.05).

cocaine priming injections (data not shown). Inactive lever
pressing was higher after cocaine than saline priming injections
[F,55=10.45, p<0.05]; however, post-hoc analysis showed
that active lever responding was higher than inactive lever
pressing on cocaine (p <0.05), but not on saline days.

3.7. Cocaine self-administration and cocaine-seeking behavior
in high and low novelty responders

Although it was not an aim of the present study to examine
the relationship between novelty responding and subsequent
cocaine-mediated behaviors during different phases of drug
abuse, nor was it originally planned to determine the
relationship between novelty responding and wheel running,
interesting relationships emerged and were considered. We
conducted an analysis of the data when rats were divided (via a
median split) into high and low novelty groups. We found no
significant differences between these groups in their cocaine-
induced locomotor activity, cocaine self-administration in
maintenance, or cocaine-seeking behavior during extinction.
However, a significant difference was found between high and
low responders to novelty in cocaine-seeking behavior during
reinstatement. That is, high novelty responders had a signifi-
cantly greater number of responses on previously active lever
than low responders after cocaine priming injections
(t1o,=—2.42, p<0.05, data not shown).

4. Discussion

The goal of the present study was to test the hypothesis
that higher (vs. lower) rates of wheel running are subse-
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quently associated with elevated cocaine-induced locomotor
activity, as well as maintenance, extinction, and reinstatement
of cocaine-seeking behavior. We found that, compared to LoR
rats, HiR rats had greater cocaine self-administration during
maintenance and more cocaine-induced reinstatement of lever
responding than LoR rats. These differences seem to reflect
differences in wheel running avidity in HiR and LoR rats, as
rats did not differ in their locomotor response in a novel
environment or in their basal locomotor activity. The results
presented here indicated that individual differences in wheel
running predicted the subsequent vulnerability for cocaine
self-administration and reinstatement in rats. It also suggests
that HiR rats are more motivated for cocaine-seeking during
ongoing self-administration, as well as under extended
abstinence conditions (reinstatement).

Contrary to what was hypothesized, HiR rats were not more
sensitive than LoR rats to the locomotor-activating effects of
cocaine. Although the results shown in Fig. 4 suggest that HiR
rats may have actually been /less sensitive to cocaine’s
locomotor-activating effects than LoR rats, analysis revealed
no statistically significant differences between HiR and LoR
groups in their locomotor response to acute cocaine adminis-
tration. This result was unexpected, and is not consistent with
previous studies that compared high and low responders for
novelty (Piazza et al., 1989; Sell et al., 2005) or sugar intake
(Sills and Vaccarino, 1994); however, the ability to predict
sensitivity to the psychomotor effects of stimulants in high and
low responders may be dependent on the behavior being
examined (e.g., wheel running, novelty, etc.). It may also
depend on the hormonal state in females at the time of testing
(Sell et al., 2005), which was not measured or controlled in our
study. Furthermore, much of the previous work examining
differences between high and low responders has been
conducted in male rats. Since female rats generally show
greater drug-mediated behavior than males (Roth et al., 2004),
it is possible that the present results were influenced by a
ceiling effect in the females.

While greater avidity for wheel running in HiR rats was not
associated with an enhanced response to the locomotor
activating effects of cocaine, it was associated with enhanced
cocaine self-administration during maintenance. As hypothe-
sized, HiR rats self-administered more cocaine infusions than
LoR rats, which is consistent with other studies showing that
high responders (to nondrug events) are more vulnerable to the
self-administration of drugs of abuse compared to low
responders (e.g., Piazza et al., 1990, 1991; Gosnell et al.,
1995; Dess et al., 1998; Carroll et al., 2002). Together, these
findings suggest that a predisposition for behaviors mediated
by nondrug rewards is associated with enhanced vulnerability
for drug abuse, and individuals that are high responders for
nondrug rewards are more motivated than low responders to
self-administer psychostimulant drugs such as cocaine.

It is possible that both the increased, escalated levels of
wheel running and higher levels of cocaine self-administration
in maintenance shown in HiR compared to LoR rats may
reflect a relative decrease in reward function in these animals.
Both wheel running (Afonso and Eikelboom, 2003) and

cocaine self-administration (Lynch and Carroll, 2001) are self-
regulated behaviors; thus, increased performance may reflect
an attempt to compensate for tolerance to the rewarding
aspects of these behaviors. For example, LoR rats had lower,
steady levels of wheel running across the 21-day access
phase, while HiR rats more elevated and escalated (increasing
over time) patterns of wheel running activity. Escalation of
drug self-administration is a key feature of drug addiction,
and escalation has been shown to increase the subsequent
motivation to take drugs, presumably due to reward tolerance,
or a decrease in reward function (Ahmed and Koob, 1998,
1999). Escalation is usually discussed in terms of drug self-
administration; however, it is apparent from the present
results and others (Lattanzio and Eikelboom, 2003; Colan-
tuoni et al., 2001) that escalation is a phenomenon that may
occur with nondrug rewards such as wheel running and
glucose intake, respectively. Therefore, HiR rats may have
escalated their wheel running over time in order to
compensate for decreased hedonic effects; thus, these rats
may have been relatively “reward addicted” even prior to
their drug exposure. Thus, when allowed to self-administer
cocaine, HiR may have needed to consume more cocaine than
LoR rats in order to achieve similar effects. However, HiR
rats may have also self-administered more cocaine in
maintenance to compensate for higher levels of deprivation
of the wheel reward (or reward contrast), which would be
consistent with other findings of increased drug self-admin-
istration during deprivation from nondrug reward access
(Carroll and Boe, 1982).

While no group differences were found in cocaine-seeking
(saline self-administration) behavior during extinction, avidity
for wheel running predicted cocaine-seeking behavior during
reinstatement, as HiR rats had more cocaine-induced reinstate-
ment of lever responding than LoR rats. To our knowledge, this
is the first study to show that wheel running predicts
vulnerability to the reinstatement of drug-seeking behavior
after an extended abstinence period. These and other data
suggest that high responders may be more motivated for
cocaine-seeking than low responders under multiple conditions
(e.g., acquisition, maintenance, reinstatement). Similar to what
was discussed for cocaine self-administration in maintenance, it
is possible that the escalation of wheel running in HiR rats
influenced subsequent reinstatement responding in these
animals, which is consistent with studies that show escalation
to be associated with enhanced reinstatement of drug-seeking
behavior (Ahmed and Koob, 1998; Ahmed et al., 2000).
However, it is also possible that HiR rats had greater
reinstatement of cocaine-seeking behavior because they were
more sensitive to the incentive-motivational properties of
cocaine. Robinson and Berridge (1993) have proposed that,
upon continued drug use, the incentive value of drugs and their
associated stimuli (e.g., cues) are enhanced, leading to
increased motivation for drug-seeking and drug-taking behav-
ior. Sensitization of brain reward systems is thought to persist
even after long abstinence periods, and similar to escalation,
sensitization has been associated with an increased propensity
for reinstatement of drug-seeking after re-exposure to cocaine
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(deVries et al., 1998, 2002). However, it is important to note
that the mechanisms underlying reinstatement behavior are still
poorly understood, and differences between HiR and LoR rats
may reflect other processes besides incentive-salience (e.g.,
incentive learning).

A potential weakness of the present study was that we used
only one dose of cocaine (10 mg/kg) to assess the psychomotor
and motivational effects of cocaine, and we were not able to
generate dose—effect functions to specifically assess the
relative reinforcing effects of cocaine in HiR and LoR rats.
Thus, we cannot make any definitive conclusions about
whether the enhanced motivation for cocaine seeking was
due to rats overcoming a reduced hedonic value of cocaine
(caused by escalation of wheel running) or due to an increase in
the incentive-salience of cocaine (caused by sensitization of
brain reward). Examination of multiple doses would have
greatly increased the length of this study, and it would have
required counterbalancing dose order, which could have been
differentially affected in HiR and LoR rats. Therefore, we
chose to examine only one (10 mg/kg) dose as it is at the peak
of the dose—response curve for cocaine-induced reinstatement
of lever responding in rats (Schenk and Partridge, 1999), and it
produces significant, but not maximal increases in locomotor
activity in rats (Sell et al., 2000; Antoniou et al., 1998). Other
studies that have examined dose—response functions for high
and low responders on nondrug measures have typically found
that dose—response curves are shifted upward in high
compared to low responders (e.g., Dess et al., 1998; Piazza
et al., 2000; Brennan et al., 2001; DeSousa et al., 2000). This
indicates that high responders may not be more tolerant or
sensitive to the psychomotor or rewarding effects of drugs, but
they are more motivated to consume drugs than low responders
at all doses tested.

Another consideration is that the higher reinstatement in
HiR rats was not due to a vulnerable phenotype in these
animals, but rather was the product of higher cocaine
consumption during maintenance. This would be consistent
with Sutton et al. (2000) who found that the level of cocaine
intake during self-administration was the strongest indicator of
cocaine seeking behavior during abstinence (i.e., extinction and
reinstatement). However, while HiR rats had increased cocaine-
seeking behavior during reinstatement testing, they did not
differ from LoR rats in their cocaine-seeking behavior during
extinction. Thus, differences in reinstatement do not appear to
be a result of differential cocaine intake in maintenance.
Furthermore, as extinction responding may reflect impulsive-
ness more than the propensity for compulsive drug intake
(Shaham et al., 2000; Jentsch and Taylor, 2001), the lack of
group differences in extinction also suggests that differences in
impulsivity did not underlie the differential reinstatement
behavior seen in HiR and LoR rats.

Interestingly, we found no differences in cocaine-induced
locomotor activity, cocaine self-administration in maintenance,
or cocaine-seeking behavior during extinction when rats were
separated into high and low response groups based on their
locomotor activity in a novel environment. This was surprising,
as higher responses to novelty are typically associated with

enhanced psychomotor responses and self-administration of
stimulant drugs (e.g., Piazza et al., 1989, 1990, 2000; Klebaur
and Bardo, 1999; Sell et al., 2005). However, locomotor
differences after acute stimulant administration in high and low
novelty responders are not always found (Pierre and Vezina,
1997; Djano and Martin-Iverson, 2000; Hooks et al., 1991;
Klebaur and Bardo, 1999), and novelty effects are not typically
seen when rats self-administer higher cocaine doses (Mantsch
et al., 2001; Sutton et al., 2000). Procedural differences may
also account for the lack of an effect of novelty in the present
study. For example, Sell et al. (2005) reported higher cocaine-
induced locomotor activity in female rats that were high
responders to novelty compared to those that were low
responders to novelty. However, the upper and lower 15% of
the group was used for their analyses, while in the present
study we used a median split to divide rats into high and low
responding groups, which may have minimized differences.
Also, due to the goals of the study, we imposed an extended
period of wheel access in between the assessment of novelty
responding and the assessment of cocaine-mediated behaviors
(i.e., locomotor activity, self-administration, reinstatement),
while in previous studies the behavioral assessments were
made shortly after the high/low novelty assessment. It is also
possible that novelty and wheel running interacted in some way
that obscured an observable effect of novelty. This potential
interaction between novelty and wheel running may further-
more be dependent on the measure being examined. For
example, while neither wheel running or novelty predicted
cocaine-induced locomotor activity, wheel running alone
predicted self-administration behavior in maintenance, and
both novelty-responding and wheel running predicted cocaine-
seeking behavior during reinstatement.

In summary, the present study suggests that HiR rats were
more vulnerable than LoR rats to self-administer cocaine and to
reinstate cocaine-seeking induced by priming injections of
cocaine. However, avidity for wheel running did not signifi-
cantly affect cocaine-induced increases in locomotor activity.
The finding of group differences in maintenance and reinstate-
ment, but not during extinction, is consistent with work of
Deroche-Gamonet et al. (2004), who suggests that the
underlying constructs for extinction and those for addictive-
like behaviors (e.g., motivation, drug-seeking, resistance to
punishment) are different and largely independent. Overall,
these findings indicate that, compared with LoR rats, HiR rats
were more motivated for cocaine-seeking, but were not
necessarily more sensitive to the locomotor-activating effects
of cocaine. The results found during maintenance and cocaine-
induced reinstatement suggest that factors related to the
vulnerability to self-administer drugs may also impact the
vulnerability to addiction and relapse. Given the rewarding
nature of wheel running, and the finding that HiR rats escalated
their wheel running during the 21-day access phase, while LoR
rats did not, it could be concluded that some animals may be
predisposed to reward-seeking in general. These results may
lead to screening methods for identifying at-risk human drug
users, and it may aid in developing prevention strategies based
on specific vulnerabilities.
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