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GRAHAME, N. J., T. J. PHILLIPS, S. BURKHARDT-KASCH AND C. L. CUNNINGHAM. Introvenous cocuine 
self-administration in the C57BL/6J Mouse. PHARMACOL BIOCHEM BEHAV 51(4) 827-834, 1995.-Freely behaving 
C57BL/6J mice with intrajugular catheters were trained to nose-poke for cocaine (0.75 mg/kg per 5-~1 infusion) under a 
fixed-ratio-10 schedule of reinforcement. Mice were given a choice between two nose-poke holes on opposite sides of the 
apparatus. Nose-pokes by experimental (0) subjects (operant group) were reinforced on only one side and reinforcer delivery 
coincided with the onset of a 10-s time-out light stimulus. Drug delivery to control subjects (yoked group) was determined by 
the behavior of 0 mice. Nose-poke rate increased in 0 subjects, whereas yoked subjects did not acquire the nose-poking 
response. Moreover, nose-poking was selective for the cocaine-paired side in 0 subjects. When saline infusions were substi- 
tuted for cocaine (i.e., extinction), nose-poking in 0 subjects decreased, whereas yoked controls were unaffected. 0 subjects 
developed a preference for the drug-associated side of the apparatus during extinction. Overall, these data offer strong 
evidence of cocaine-directed behavior in the C57BL/6 inbred mouse strain. More generally, these findings support the 
feasibility of using intravenous self-administration to assess reinforcement in genetically well-defined populations. 
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MICE, relative to other experimental subjects, are an ex- 
cellent model for the study of the genetic basis of alcohol 
and drug use. The existence of a variety of genetically well- 
defined, inbred and recombinant inbred strains allows for the 
identification of genes contributing to various drug-related 
behaviors (4). In addition, a variety of mouse lines exist that 
have been selected for differential responsiveness to drugs 
of abuse, including ethanol (5,12,15), opiates (2), and stimu- 
lants (19). 

Intravenous (IV) self-administration of drugs of abuse has 
long been used as a model for studying drug reinforcement 
(22,23). Extensive work in a variety of species has allowed 
identification of many of the environmental and physiologic 
variables affecting IV drug self-administration (23). Unfortu- 
nately, identification of specific genes that might influence 
this behavior has been hampered, at least in part, by the lack 
of information about IV drug self-administration in well- 
characterized genetic animal models such as the inbred mouse. 

Previous studies have indicated that mice will perform op- 

erant responses to obtain drugs of abuse IV. Two laboratories 
(6,11) used a procedure in which the tail vein served as the IV 
portal. Subjects nose-poking for drugs emitted more nose- 
pokes than yoked (Y) controls. However, these experiments 
required mice to be restrained by their tails during the entire 
self-administration session to prevent disruption of the tail 
vein cannula. Although these experiments provide evidence of 
drug reinforcement in mice, the behavior of these animals may 
have been affected by restraint stress, and restraint clearly 
precluded characterization of behaviors other than the op- 
erant (e.g., general activity). Moreover, although Criswell and 
Ridings (6) attempted to extinguish nose-poking by switching 
from morphine to saline infusions, experimental mice failed 
to decrease the frequency of nose-poke responding. No extinc- 
tion was attempted by Kuzmin et al. (11). 

In a recent report by Carney et al. (3), mice with chroni- 
cally implanted jugular cannulae were allowed to locomote 
freely during drug administration sessions by use of a tetbr- 
ing system. The reinforcing potential of morphine, cocaine, 
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methamphetamine, and pentobarbital in C57BL/6J mice was 
demonstrated by showing that animals increased lever- 
pressing rates when these drugs, but not when saline, were 
made contingent on lever-pressing. However, Y controls, that 
is, mice exposed to the same pattern of drug infusions in a 
non-response-contingent manner [e.g., (16)] were not in- 
cluded. Because the drugs used have well-known activity- 
enhancing effects in mice (18), it is unclear whether the re- 
sponse rate increases seen in these mice were due to these 
drugs’ reinforcing effects or were instead manifestations of 
nonspecific increases in activity. Moreover, because activity 
data were not presented and cannula patency was not verified 
independently, conclusions about whether the animals were 
actually exposed to the planned contingencies are somewhat 
tenuous. Finally, the procedure of switching between vehicle 
and drug infusions in the same group of operant (0) subjects 
does not indicate whether the rate of the operant response 
depends on the response-reinforcer contingency or is instead 
due simply to the presence of the reinforcer. Y controls have 
long been used to assess whether a drug is serving as a rein- 
forcer, and are best used in operant experiments in which the 
experimenter can be sure that the yoked animal receives the 
reinforcer (such as when the reinforcer is delivered by a can- 
nula). 

The purpose of the present experiment was to further de- 
velop the mouse IV self-administration model by addressing 
several of the issues raised in interpreting previous studies. 
Unrestrained C57BL/6J mice with jugular cannulae were 
placed in operant chambers with two nose-poke holes. A rapid 
infusion of cocaine was delivered when experimental mice (0) 
completed a fixed number of nose-pokes [fixed ratio (FR) 
schedule] into one nose-poke hole (designated “correct”). 
Nose-pokes in the opposite hole were not reinforced. Prefer- 
ential nose-poking in the correct hole allowed differentiation 
between cocaine-contingent behavior and cocaine’s locomo- 
tor-stimulating effects. As an additional means of determining 
whether the nose-poking response was contingent on cocaine 
reinforcement, mice in a control group (Y group) received 
cocaine infusions each time their yoked “master” from the 
0 group earned a reinforcer. Although Y subjects might be 
expected to show increased nose-poking as a result of nonspe- 
cific activating effects of cocaine, they would not be expected 
to respond differentially to either nose-poke hole. Group dif- 
ferences in overall nose-poking rate and in preference for the 
0 group-designated correct hole would presumably reflect the 
influence of the response-drug contingency. The experiment 
concluded with an attempt to extinguish the nose-poking re- 
sponse by replacing cocaine with saline. In addition to nose- 
pokes, general activity and side preference were automatically 
recorded during all phases of the experiment to better charac- 
terize this strain’s behavior during cocaine self-administration. 

Subjects 

Eighteen C57BL/6J 
breeding colony at the 
than four generations 

male mice were obtained from the 
Portland VA Medical Center, fewer 
removed from Jackson Laboratory 

stock. These mice were 7-9 weeks old and weighed from 20.4- 
27 g (mean, 24.1 g) at the beginning of the experiment. Prior 
to surgery, mice were housed in groups of four in polycarbo- 
nate cages (27.9 x 9.5 x 12.7 cm), with cob bedding, ad lib 
water and lab chow, and at an ambient temperature of 21 -t 
1 “C. After surgery, mice were housed individually in Thoren 
Shoebox cages (Hazleton, PA) except during operant sessions. 

METHOD 

Surgical Procedure 

Mice were anesthetized with 0.15 ml of a cocktail consisting 
of ketamine (17 mg/ml), acepromazine (3 mg/ml), and xylaz- 
ine (6 mg/ml). Skin overlying the right clavicle and a strip on 
the midline of the dorsal surface were shaved and disinfected 
with Betadine solution (Norwalk, CT). A 0.7-cm incision was 
made in the skin overlying the jugular vein, the vein was ex- 
posed by blunt dissection, and two lengths of 5-O surgical silk 
were threaded under the vein. A 1.5-cm incision was then 
made on the dorsal surface of the thorax, and a subcutaneous 
(SC) mouse saddle (IITC, Woodland Hills, CA) was im- 
planted. The purpose of the saddle was to allow a stable dorsal 
exit for the cannula; without these saddles, mice frequently 
gnawed at the exit point for the cannula. This saddle was 
developed by James R. Weeks after trying numerous other 
methods of stabilizing the exit point for the cannula (James 
R. Weeks, personal communication, 1 November 1994). The 
saddle consisted of a 2-cm, 20-ga horizontal length of stain- 
less-steel hypodermic tubing, with two inverted U-shaped, 
4-cm wire legs mounted on either end of the tube. These legs 
were bent to conform to the shape of each mouse’s thorax. A 
l-cm piece of 27-ga hypodermic tubing, perpendicular to the 
SC horizontal tube, emerged from the animal’s back to allow 
attachment to the drug-delivery tether. Silastic tubing (0.012- 
inch ID, 0.025-inch OD; 602-105; Dow Corning, Medland, 
MI) was run SC from the caudal aspect of the saddle to the 
jugular vein. The silastic cannula was then inserted through 
an incision in the jugular wall and advanced to a point just 
above the right atrium. The cannula was anchored to the vein 
with three lengths of suture, one of which, added after the 
catheter had been inserted, anchored the catheter and vein to 
muscle tissue immediately dorsal to the jugular. Cyanoacry- 
late glue was used to close both the dorsal and ventral skin 
incisions. 

During and immediately after surgery, mice were kept at 
an internal body temperature of about 36OC (measured by 
rectal probe) using heating pads, until normal thermoregula- 
tion resumed. Shoebox cages were warmed with heating pads 
for 24 h after surgery. During recovery from surgery, cannulae 
were closed off with a cap placed over the external portion of 
the saddle, except during daily infusions of 0.02 ml heparin 
solution, given to reduce the probability of blood clotting in 
the cannulae. Furthermore, cannula patency was verified 48 h 
after surgery by infusion of Brevital (0.02 ml methohexital 
sodium, 10 mg/ml, Indianapolis, IN), an ultrashort, ultrafast- 
acting barbiturate. Mice that exhibited a delayed response to 
this infusion were eliminated from the study (see Results). 
Cannula patency was verified in this manner periodically (ev- 
ery 2-5 days), and at the end of each phase of training. This 
procedure was used because it was not always possible to with- 
draw blood from cannulae, even when patency was verifiable 
with Brevital. Animals generally recovered readily from this 
surgery and adapted well to the saddles, as demonstrated by 
rapid return to normal grooming and locomotor behavior. 
Training began 72 h after surgery. 

Apparatus 

Four identical acrylic and aluminum boxes (30 x 15 x 30 
cm) were enclosed in separate, ventilated, light- and sound- 
attenuating enclosures. Infrared light sources and photodetec- 
tors (a total of six sets) were mounted opposite each other at 
5-cm intervals on the long walls of each box, 2.2 cm above the 
floor. Three sets of photodetectors monitored activity on one 
half of the long (30 cm) side of the apparatus, whereas the 



MOUSE IV ADMINISTRATION 

other three sets detected activity on the opposite half. A mouse 
was considered to have moved from one half to the other 
when all photobeams on one side were released and at least 
one beam on the opposite side was occluded. Total activity 
and time spent on each side were recorded automatically by 
computer. 

One nose-poke hole with a diameter of 2.3 cm was 
mounted 1.5 cm above the floor in each of the 15cm-wide 
aluminum ends of the box. A set of infrared light sources and 
photodetectors was mounted 1.5 cm inside each nose-poke 
hole. A response consisted of occlusion of the beam for at 
least 100 ms followed by cessation of beam interruption for at 
least 10 ms before the next response. A GE 47 bulb (powered 
by 5 VDC; Cleveland, OH) mounted behind the nose-poke 
hole provided indirect illumination of the hole during the 10-s 
time-out period following each drug infusion. 

Subjects were tethered by Tygon tubing (Akron, OH) to a 
fluid swivel mounted in the center of the chamber lid, but 
were able to freely locomote around the boxes. Drug was 
advanced to the end of the tubing at the beginning of each 
session, and two drug deliveries were given at the beginning of 
each session to advance drug to the end of the IV cannula and 
give one priming dose of the drug. 

Procedure 

Subjects were randomly assigned to either 0 or Y groups. 
At the start of the experiment, squads consisted of three or 
four animals, with at least one subject from each group repre- 
sented in each squad. One or two yoked animals were assigned 
to each operant subject. Following recovery from surgery, 
subjects were run in l-h daily sessions between 1000 h and 
0100 h in a test room separate from their colony rooms. Re- 
inforcement consisted of 0.75 mg/kg cocaine dissolved in 5 
~1 saline delivered in < 1 s using a pneumatic syringe pump 
(IITC). Drug solutions were replaced to account for changes 
in the animal’s weight when the infusion dose exceeded 0.80 
mg/kg or was co.70 mg/kg. 

All 0 subjects were started at FR-3; nose-poking was rein- 
forced on only one side of the chamber, counterbalanced be- 
tween animals in group 0. Nose-pokes on the side in which 
reinforcement was available were considered to be “correct” 
nose-pokes. A partial reinforcement schedule was used from 
the start of the experiment because pilot studies indicated that 
a substantial number of nose-pokes were emitted as part of 
general exploratory activity on the first experimental day. Re- 
inforcer delivery coincided with onset of a 10-s time-out pe- 
riod, during which responses were counted but had no sched- 
uled effect. The time-out was signaled by illumination of the 
nose-poke hole light on the same side as that in which rein- 
forcement was available. Otherwise, reinforcement was al- 
ways available during acquisition sessions without any explicit 
signal of the contingency. Y subjects received drug administra- 
tion and the light signal at the same time and on the same side 
as the paired 0 subject. For the purposes of graphing and 
statistical analysis, correct nose-pokes and time on reinforced 
side for group Y were considered to be nose-pokes on the 
same side as the light signaling reinforcement for each subject. 
There was no limit on the number of drug infusions possible 
during the session. The FR was incremented or decremented 
depending on each operant animal’s behavior, until FR-10 was 
reached. Stable behavior was defined as L 3 days of respond- 
ing on the FR-10 schedule with < a 20% change over the 3 
days in the number of reinforcers obtained by each 0 subject. 
Following the acquisition of stable behavior, both groups were 
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switched from cocaine to saline infusion to measure behavior 
during extinction of the nose-poke response. 

RESULTS 

Subject Attrition 

Three subjects were eliminated from the experiment be- 
cause their cannulae failed before experimental day 7. Fifteen 
mice (eight 0 and seven Y) completed at least 7 days of acqui- 
sition training and their data were used in the acquisition anal- 
yses reported subsequently. Six of those subjects were elimi- 
nated before completing the extinction phase, either because 
of cannula failure (n = 2), being yoked to an eliminated op- 
erant subject (n = 2), or poor health (n = 2). However, their 
cannulae were patent at least through day 7, as measured by a 
positive response to Brevital after day 7. Subjects eliminated 
as a result of poor health were eliminated more than 3 days 
after day 7, so that their illness likely had minimal impact on 
data collected up to day 7. The remaining nine subjects (five 
0 and four Y) completed the entire experiment and showed a 
positive response to Brevital after the final session. Therefore, 
all mice were in good health and had cannula patency verified 
before being included in any data analyses. 

Acquisition 

The primary dependent variables during each of the first 7 
days of acquisition were: total nose-pokes, percent correct 
nose-pokes, time spent on the correct side, total activity 
counts, and number of reinforcers. Some of these data are 
shown in Figs. l-3; also see Table 1. Each dependent measure 
was analyzed by a separate Group x Session analysis of vari- 
ance (ANOVA). 

Total nose-pokes during each of the first seven acquisition 
sessions are depicted in Fig. I. Group 0 increased total nose- 
pokes relative to group Y as a function of training sessions, 
providing between-groups evidence that nose-poking 
depended on the nose-poke-drug contingency. This finding 
was supported by an interaction of Group x Session [F(6,78) 
= 4.1, p < O.OOl], as well as a main effect of group [F(l, 
13) = 11.4, p < 0.011. Separate follow-up analyses for each 
group indicated that the increase in nose-poking over sessions 
was significant for group 0 [F(6, 42) = 5.7, p < O.OOl] but 
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FIG. 1. Mean total nose-pokes emitted by subjects on both the rein- 
forced and nonreinforced sides during each 60-min daily session. 0, 
group 0; 0, group Y. Bars denote standard error of the mean. 
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FIG. 2. Mean percent of nose-pokes emitted on the side reinforced 
with cocaine. Cl, group 0; 0, group Y. Bars denote standard errors. 
The line at 50% represents chance responding. 

not for group Y (F < 1). Increased nose-poking might be 
expected, in part, to result from the increasing FR demand. 
On day 1, the FR requirement was 3 for all group 0 subjects. 
By day 7, four subjects were at FR-10, one subject was at 
FR-6, and three subjects were at FR-4. 

The percentage of correct nose-pokes was calculated by 
dividing nose-pokes on the reinforced side (including nose- 
pokes during the time-out periods) by total nose-pokes. As 
can be seen in Fig. 2, group 0 emitted a greater proportion of 
nose-pokes on the side reinforced with cocaine than did group 
Y, which tended to poke about equally often in both nose- 
holes. This observation was supported by a Group x Session 
interaction [F(6, 77) = 4.1, p < O.OOl] and by a main effect 
of group [F(l, 13) = 7.0, p < 0.051. For one mouse on day 5 
in group Y, a zero nose-poke score made the percent score 
indeterminate, and this score was replaced by the median of 
the remaining subjects in that group on that day. Follow-up 
analyses showed that the increase in percent correct nose- 
pokes across sessions was significant in group 0 [F(6, 42) = 
5.3, p < O.OOl] but not in group Y. The finding that group 0 
mice poked more frequently in the correct hole than in the 
incorrect hole provides additional (within-group) evidence of 
the control exerted by the nose-poke-drug contingency. 

Figure 3 shows mean activity counts and mean reinforcers 
delivered over the first seven sessions. Locomotor activity of 
groups 0 and Y was similar, as indicated by a lack of a main 
effect of Group or a Group x Session interaction [each 
F < 11. However, activity increased as a function of training 
sessions [F(6, 78) = 3.6, p < 0.011. A one-way, repeated 
measures ANOVA was used to determine the effect of training 
on the number of reinforcers earned by group 0 subjects. 
This analysis showed no change in the number of reinforcers 
delivered across acquisition sessions (F < 1). 

Time spent on the reinforced side of the operant chamber 
was not greatly affected by group assignment. In general, 
group 0 mice tended to spend more time on the reinforced 
side during acquisition than group Y mice (data not shown). 
However, the group effect did not reach significance [F(l, 13) 
= 3.5, 0.05 < p < 0.101. On day 7, mean time (+ SEM) on 
the reinforced side was 2121 f 136 s for group 0 and 1747 + 
94 s for group Y, out of a total of 3600 s. 

The behavior of individual subjects for various response 

measures on day 7 is indicated in Table 1. These data indicate 
that most subjects in group 0 were nose-poking for cocaine, 
as demonstrated by a greater number of nose-pokes combined 
with more selective nose-poking than typical of subjects in 
group Y. 

Extinction 

The nine subjects who completed the entire experiment re- 
quired 11-13 days to achieve the acquisition stability criterion 
on the FR-10 schedule. All subjects that maintained patent 
cannulae in group 0 for at least 2 weeks were able to meet the 
criterion for stable cocaine self-administration. To determine 
the effect of replacing cocaine with saline during the extinction 
phase, mean performance of each subject over its final 3 days 
of acquisition (“baseline”) was compared to performance mea- 
sured on each of the first 3 extinction days using Group x 
Session ANOVAs. Data for total nose-pokes, percent correct 
nose-pokes, and activity counts with number of reinforcers 
are shown in Figs. 4-6, respectively. 

Figure 4 shows that extinction reduced nose-poking in 
group 0, without affecting this behavior in group Y. ANOVA 
yielded significant main effects of Group [F(l, 7) = 16.22, p 
< O.OOS] and Session [F(3, 21) = 4.1, p < 0.051 as well as 
a Group x Session interaction [F(3, 21) = 3.1, p < 0.051. 
Follow-up comparisons indicated that group 0 differed from 
group Y during the final three acquisition sessions (i.e., base- 
line) [F(l, 7) = 74.3, p < O.OOl] but not on the 3rd day of 
extinction (p > 0.30). Moreover, within-group contrasts be- 
tween baseline and the 3rd day of extinction revealed a signifi- 
cant decrease in nose-poking in group 0 [F(l, 21) = 15.29, p 
< O.OOl] but not in group Y (F < 1). 

The percent correct nose-poking data (Fig. 5) indicate that 
group 0 emitted a greater percentage of their nose-pokes on 
the reinforced side than did group Y [F(l, 7) = 22.6, p < 
O.OOS]. Somewhat unexpectedly, however, extinction did not 
diminish preference in group 0 -that is, there was no effect of 
Session, or a Group x Session interaction (each p > 0.30). 
Rather, both groups remained at about the same level of re- 
sponding as during the baseline phase. Thus, despite showing 
a reduction in total nose-pokes during extinction, group 0 
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FIG. 3. Shaded bars indicate mean reinforcers administered to both 
groups, plotted on the left Y axis; lines depict mean activity scores for 
each group, plotted on the right Y axis. 0, group 0; 0, group Y. 
Bars denote standard errors. 
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TABLE 1 

PERFORMANCE OF INDIVIDUAL SUBJECTS ON DAY 7 

Group 0 % Con. Time on 
Subject Total NP* NW Reinf. Side$ R&f. FR 

S/l 87 4.5 1413 8 4 
5/3 197 79.2 2478 14 10 
6/2 89 93.2 2433 18 4 
6/4 114 61.4 2182 17 4 
8/2 91 80.2 1878 7 10 
7/l 39 71.8 1808 2 10 
9/l 277 78.7 2425 20 10 
9/3 191 87.9 2354 26 6 

Group Y Yoked to 
Subject Subject 

5/2 6 66.7 1982 5/3 N/A 
514 9 44.4 2160 5/3 N/A 
8/l 19 47.4 1689 8/2 N/A 
813 38 63.2 1777 8/2 N/A 
6/3 133 26.2 1464 614 N/A 
7/2 48 37.5 1520 7/l N/A 
914 25 36.0 1636 913 N/A 

*NP denotes nosepokes. 
tPercent of total nosepokes on the side where cocaine was available. 
STime on the side where cocaine was available; session duration was 3600 s. 

mice continued to display a preference for the nosehole pre- 
viously associated with cocaine delivery. 

Activity data, presented in Fig. 6, were also affected by 
extinction. As might be expected, substitution of saline for 
cocaine decreased activity levels, as shown by a main effect of 
Session [F(3, 21) = 18.8, p < O.OOl]. There was no main ef- 
fect of Group or Group x Phase interaction (eachp > 0.10). 
Number of saline infusions administered by group 0 during 
baseline and extinction was analyzed by repeated measures 

BASELINE El E2 E3 

SESSION 

FIG. 4. Mean total nose-pokes emitted on both the reinforced and 
nonreinforced side during the final three acquisition sessions on the 
FR-10 schedule (Baseline) and each of three daily extinction sessions 
(El, E2, and E3). Cl, group 0; 0, group Y. Bars denote standard 
errors; where not visible, error bars are entirely contained within the 
plot symbol. 

ANOVA. This analysis revealed a significant decrease over 
sessions in number of infusions [F(3, 12) = 3.5, p < 0.051. 

On the other hand, time spent on the reinforced side was 
affected by switching from cocaine to saline infusion. Specifi- 
cally, analysis of extinction data revealed a preference in 
group 0 for the side on which cocaine had previously been 
available. In contrast, group Y decreased time spent on the 
side associated with the cocaine signal. Group O’s mean base- 
line score ( f SEM) followed by scores on extinction days l- 
3, respectively, were 2108 f 182, 2480 f 99, 2322 f 253, 
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FIG. 5. Mean percent of total nose-pokes emitted on the reinforced 
side during the final three acquisition days (Baseline) and each of 
three extinction days (El, E2, and E3). 0, group 0; 0, group Y. Bars 
denote standard errors. The line at 50% represents chance responding. 
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FIG. 6. Shaded bars indicate mean infusions (cocaine during baseline 
and saline during extinction) administered to both groups, plotted on 
the left Y axis; the lines depict mean activity scores for each group, 
plotted on the right Y axis. Data from the final three acquisition 
sessions (Baseline) and each of three extinction sessions are plotted. 
0, group 0; 0, group Y. Bars denote standard errors. 

and 2640 + 216. Scores from the same days for group Y were 
2060 f 95, 1768 + 44, 1937 ? 75, and 1582 k 125. These 
findings yielded a main effect of Group [F(l, 7) = 8.6, p < 
0.051 and a Group x Session interaction [F(3, 21) = 6.9, p 
< 0.011. Follow-up comparisons indicated that group 0 dif- 
fered from group Y during the third extinction session [F( 1, 7) 
= 15.5, p < 0.011 but not during baseline (F < 1). Within- 
group contrasts showed that group 0 spent more time on 
the cocaine-paired side on the 3rd extinction day than during 
baseline [F(l, 21) = 11.7, p < O.OOS], whereas group Y spent 
less time on the cocaine side on the 3rd extinction day than 
during baseline [F(l, 21) = 7.6, p < 0.051. Enhanced expres- 
sion of a latent side preference in group 0 may have been due 
to the lower activity levels seen during extinction than during 
the acquisition phase (see Discussion). 

DISCUSSION 

This experiment provided several kinds of evidence that 
nose-poking in C57BL/6 mice depended on a response- 
reinforcer contingency. First, group 0 mice showed a greater 
increase in total nose-poking over sessions than group Y mice, 
even though both groups were matched for amount and pat- 
tern of drug exposure. This finding indicates behavior of 
group 0 was dependent on a response-reinforcer contingency 
rather than the mere presence of drug. Second, group 0 mice 
showed a selective increase in nose-pokes directed toward the 
correct hole, whereas group Y mice did not. Finally, nose- 
poking by group 0 mice decreased when the response-drug 
contingency was eliminated during the extinction phase. Over- 
all, these data offer strong support for the conclusion that 
nose-poking was maintained by reinforcing pharmacologic ef- 
fects of cocaine and was not caused by nonspecific drug ef- 
fects on general activity (17). To our knowledge, these data 
comprise the first demonstration of IV drug-self administra- 
tion in freely locomoting mice with yoked controls and selec- 
tive responding. 
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The lack of restraint in this experiment allowed character- 
ization of cocaine-related behavior other than nose-poking, 
specifically locomotor activity and preference for the spatial 
location associated with cocaine delivery. Locomotor activity 
stimulated by cocaine increased over acquisition sessions (Fig. 
3) and decreased over extinction sessions (Fig. 6). That the 
increase in activity occurred while the number of reinforcers 
remained constant may indicate sensitization (increased sensi- 
tivity) to the locomotor-activating effects of cocaine. Sensiti- 
zation to the locomotor-activating effects of cocaine has been 
seen reliably in Pavlovian conditioning situations (20), and the 
parameters of the present operant conditioning preparation 
(i.e., reliable pairing of a particular context with drug admin- 
istration) might be favorable to obtaining sensitization. Both 
groups 0 and Y (the latter of which received nonresponse- 
contingent cocaine administration) increased activity during 
the acquisition period. This finding contrasts with studies indi- 
cating that operant control of cocaine administration influ- 
ences the development of changes in sensitivity to other effects 
of cocaine [e.g., toxic effects, see (7)]. 

Another outcome that emerged from the ability to assess 
unrestrained locomotor activity was the observation that dur- 
ing extinction, a preference was observed for the side on which 
cocaine had been available for group 0. Cocaine-induced con- 
ditioned place preference has previously been reported in ex- 
periments involving nonresponse-contingent drug delivery in 
mice (18). In the present study, however, this preference 
emerged from operant training. That the preference was 
stronger during the extinction phase was somewhat unex- 
pected. If side preference were simply a by-product of spend- 
ing more time in the place where the subject nose-poked more 
often, one might have expected the preference to be greater 
during acquisition. However, group 0 mice displayed only a 
modest (nonsignificant) preference for the cocaine-paired side 
during acquisition, and side preference was enhanced rather 
than decreased by extinction. Moreover, this change in spatial 
preference occurred even though there was no change in the 
proportion of nose-poke responses emitted on the correct side 
during extinction. One way of explaining this effect might be 
that a Pavlovian conditioned place preference was formed in 
group 0 as a result of repeatedly receiving cocaine on a partic- 
ular side of the chamber. Although mice presumably experi- 
enced cocaine intoxication on both sides of the apparatus, 
group 0 presumably was more likely to have been on the 
correct side immediately following reinforcement than was 
group Y. During acquisition, the locomotor activity elicited 
by cocaine may have interfered with the expression of this 
preference (21). According to this explanation, the condi- 
tioned place preference was revealed only in extinction be- 
cause locomotor activity levels were lower in the absence of 
cocaine. 

In contrast to 0 mice, Y mice decreased time spent on 
the cocaine-paired side during extinction. This effect is more 
difficult to interpret than the effect of extinction on 0 sub- 
jects. One possibility is that the decrease reflects extinction 
of a preference for the side on which the cocaine-associated 
time-out signal appeared. However, group Y’s side preference 
did not differ from chance levels at any time during acquisi- 
tion or extinction, In the absence of an acquired preference, it 
is difficult to argue that group Y demonstrated extinction of a 
preference. At present, therefore, the meaning of the behavior 
change shown by group Y is unclear. 

One Pavlovian conditioning phenomenon that was not ob- 
served in the present experiment was sign-tracking (autoshap- 
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ing). In sign-tracking studies, subjects will learn to approach 
and often contact a localized visual cue paired with nonre- 
sponse-contingent administration of a reinforcer such as food 
(10). In the present experiment, group Y had the opportunity 
to acquire a sign-tracking response because the light presenta- 
tions that signaled the time-out period for group 0 mice also 
signaled drug delivery for group Y mice. However, contrary 
to expectations based on a sign-tracking analysis, group Y 
mice showed no increase in nose-pokes, percentage of nose- 
pokes on the cocaine-paired side, or time spent on the cocaine- 
paired side during acquisition. Because autoshaping has pre- 
viously been shown using food reinforcement in C57BL/6J 
mice (14), the present failure cannot be attributed to an inabil- 
ity to develop sign-tracking in this particular strain. Rather, in 
contrast to the predictions of some authors (13), it may be 
that drug reinforcers are simply unable to induce sign-tracking 
behavior. 

Although group 0 showed several behaviors indicative of 
reinforcement by cocaine, they did not tend to increase the 
number of reinforcers administered across sessions. Although 
one would expect in many situations that acquisition would be 
reflected in a greater number of reinforcers administered over 
time, the present study began with a relatively simple operant 
response (i.e., FR-3 nose-poking), which may have been ac- 
quired quite rapidly by many subjects, perhaps during the first 
session. During subsequent sessions, response requirements 
were increased, but subjects were able to maintain the rate of 
reinforcement seen early in training. According to this view, 
little tolerance or sensitization developed to the reinforcing 
effects of cocaine during the period assessed in this experi- 
ment, so that mice showed a constant level of reinforcement 
across sessions. 

Techniques used in the present experiment may allow fu- 
ture characterization of the genetic bases of drug craving and 
reinforcement. Although genetic differences in cocaine’s rein- 
forcing potential were not assessed in the present experiment, 
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it is hoped that the mouse IV drug self-administration model 
developed here will prove instrumental in assessing genetic 
and other influences on sensitivity to drug reinforcement. 
There are obvious drawbacks to using the IV method of ad- 
ministration shown here, including the difficulty of maintain- 
ing cannula patency, which may or may not decrease with 
additional experience. However, the IV preparation demon- 
strated here as well as by (3) has certain advantages over oral 
self-administration for studying genetic differences in drug 
reward. First, the present procedure allowed the use of yoked 
controls (in addition to an inactive response manipulandum) 
to separate nonspecific activating effects of cocaine on nose- 
poking behavior from behavior resulting from the response- 
reinforcer contingency. Second, the IV procedure used here 
obviated the need to interpret effects caused by taste cues 
in oral self-administration, which can include unconditioned 
rejection of drug flavors before pharmacologic blood levels 
are reached (1). In addition, oral self-administration studies 
often use extensive forced preexposure to the drug solution (9) 
or exposure to combined solutions of ethanol and cocaine 
(8) before assessing cocaine’s reinforcing effects. The present 
experiment assessed cocaine self-administration in drug-naive 
animals. Finally, given that humans in Western cultures tend 
to abuse cocaine via routes other than oral self-admin- 
istration, modeling genetic differences in IV self-administra- 
tion of cocaine in mice may prove a highly valid model for 
cocaine pharmacogenetics. 
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