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Abstract Food deprivation has been shown to increase 
the self-administration of a wide variety of drugs in a 
number of different species. However, the effects of food 
deprivation on other phases of drug taking have not been 
established. The purpose of the present study was to 
evaluate the effects of food deprivation on reinstatement 
of responding for cocaine. Rats trained to self-administer 
0.2, 0.4, or 1.0 mg/kg cocaine intravenously (IV) under a 
fixed-ratio 1 schedule for the first 2 h during daily 7-h 
sessions were fed either before or after the experimental 
session. During hours 3-7, rats self-administered saline. 
Saline replaced cocaine in the infusion pumps at the be- 
ginning of hour 3 and a priming injection of either saline 
or cocaine (0.32, 1.0, or 3.2 mg/kg IV) was administered 
at the beginning of hour 4. The number of infusions that 
was self-administered was measured throughout the 7-h 
session. During hours 1 and 2 when cocaine was avail- 
able, the number of infusions was inversely related to co- 
caine dose. During hour 3, rats typically self-adminis- 
tered several infusions of saline, which gradually de- 
creased to near-zero levels by hours 4-7 (extinction re- 
sponding). A priming injection of cocaine administered 
at the beginning of hour 4 reinstated responding in a 
dose-related manner. The magnitude of extinction re- 
sponding during hour 3 and reinstatement of responding 
during hour 4 were similar regardless of cocaine mainte- 
nance dose. However, responding during hour 4 did in- 
crease in all cocaine maintenance dose groups when rats 
were fed before versus after the session. The effects of 
food deprivation level (8-12 g, 20 g, unlimited food) and 
time of feeding (before versus after the session) were 
also assessed in rats maintained at 0.4 mg/kg cocaine. 
While the magnitude of reinstatement of responding dur- 
ing hour 4 did not vary as a function of" food level, ex- 
tinction responding during hour 3 was significantly in- 
creased in rats maintained at the lowest food level 
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(8-12 g) when feeding occurred after the session. These 
results suggest that food deprivation level and time of 
feeding, but not cocaine maintenance dose, are important 
variables in altering extinction and reinstatement of re- 
sponding. 
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Introduction 

Several studies have shown that food deprivation has an 
important influence on drug self-administration in labo- 
ratory animals (Carroll and Meisch 1979, 1984; Carroll 
et al. 1981; de la Garza and Johanson 1987; Files et al. 
1993). A high rate of comorbidity between eating disor- 
ders, such as anorexia and bulimia, and drug abuse in hu- 
mans has also been noted by several investigators (Jonas 
and Gold 1987; Jonas et al. 1987; Zweben 1987; McE1- 
roy and Mirin 1992). Approximately one-third of callers 
to the National Cocaine Hotline who met DSM-III crite- 
ria for cocaine abuse also met DSM-III criteria for bu- 
limia and/or anorexia nervosa, a rate more than double 
that of the normal population (Jonas et al. 1987). Al- 
though comorbidity does not imply causality, the rela- 
tionship between eating disorders and drug abuse is in- 
teresting to note. Furthermore, early studies showed that 
humans increased coffee consumption and intake of to- 
bacco products (Franklin et al. 1948), as well as coca- 
leaf chewing (Hanna and Hornick 1977), when they were 
maintained under restricted diets. Studies by Hall and 
coworkers (1986) and Niaura (1992) also showed that 
cigarette consumption increased as a result of food re- 
striction, and Bulik and Brinded (t994) showed that the 
total amount of time spent working for cigarettes in- 
creased after a period of food deprivation. 

More extensive research on the effects of food depri- 
vation on drug self-administration has been conducted in 
laboratory animals. Several variables including schedule 



of reinforcement, dose of drug that is self-administered, 
and route of drug administration influence the degree to 
which self-administration is altered by food deprivation 
(for review, see Carroll and Meisch 1984). The magni- 
tude of the tood deprivation effect also depends on body 
weight, daily food allotment, and method of food depri- 
vation. In general, self-administration of drugs that 
readily serve as reinforcers (e.g., cocaine, opiates, and 
PCP) increases under food deprivation conditions, while 
self-administration is not altered by food deprivation 
when the maintenance drug (e.g., diazepam) is not readi- 
ly self-administered (Carroll et al. 1981; de la Garza and 
Johanson 1987). The generality of the food-deprivation 
effect is denoted by the fact that the self-administration 
of drugs from a wide range of pharmacological classes, 
in a number of different species, under several different 
schedules of reinforcement increases under food-depri- 
vation conditions (Carroll and Meisch 1984). In addition 
to the maintenance phase of drug self-administration, 
food deprivation also affects the acquisition (Carroll et 
al. 1989; DeVry et al. 1989; Carroll and Lac 1993) and 
withdrawal (Canoll and Carmona 1991) phases of drug 
taking. 

Of particular importance to the current study is anoth- 
er important phase in the drug addiction process: relapse 
to drug use. Several studies have shown that environmen- 
tal stimuli associated with drug self-administration can 
profoundly influence drug-seeking behaviors (Wikler 
and Pescor 1967; Goldberg et al. 1969, 1979; Goldberg 
1970, 1973). In one model used in both rats and mon- 
keys, drug self-administration is extinguished by replac- 
ing drug with saline (Stretch and Gerber t973; Davis and 
Smith 1974, 1976; Gerber and Stretch 1975; de Wit and 
Stewart 198t, 1983; Comer et al. 1993). In this model, 
the presentation of exteroceptive stimuli, such as lights 
or tones, previously associated with drug reinstates re- 
sponding during the extinction period (e.g., Davis and 
Smith 1974, 1976). An analogous situation has been not- 
ed in abstaining human drug abusers who often relapse 
following exposure to drug-abusing peers, drug para- 
phernalia, or locations where previous drug use occurred 
(O'Brien 1976; Gawin 1991). 

In addition to the presentation of external stimuli dur- 
ing the extinction period, the effects of interoceptive 
stimuli on reinstatement of responding was also exam- 
ined. For example, Carroll (1985) showed that when rats 
were food-deprived during the extinction period, rein- 
statement of responding occurred. It was concluded that 
the interoceptive stimuli produced by food deprivation 
became associated with the reinforcing effects of co- 
caine, resulting in a reinstatement of drug-taking behav- 
iors (i.e., lever-pressing). Non-contingent, experimenter- 
administered (priming) injections of drug also produce 
interoceptive stimuli that result in a reinstatement of re- 
sponding. The magnitude of the reinstatement of re- 
sponding that occurs following priming injections of 
drug during the extinction period varies depending on 
the dose, as well as the pharmacological class of the 
priming drug (Gerber and Stretch 1975; de Wit and 
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Stewart 198t, 1983; Slikker et al. 1984; Comer et al. 
1993; Worley et al. 1994). To date, however, no studies 
of relapse have investigated how the maintenance dose of 
the reinforcer or how different levels of food deprivation 
may alter reinstatement of responding produced by prim- 
ing injections of drug. The purposes of the present study 
were to evaluate the effects of priming injections of co- 
caine (0.32, 1.0 and 3.2 mg/kg IV) administered during 
an extinction period in rats trained to self-administer 0.2, 
0.4 or 1.0 mg/kg per injection cocaine when they were 
maintained under three different feeding conditions 
(8-12 g food, 20 g food, and food satiation). The vari- 
ables were also compared under conditions where the 
rats were fed before or after the daily 7-h session to ex- 
amine the difference between acute and chronic food 
deprivation/satiation. 

Materials and methods 

Subjects 

Experimentally naive, male Wistar rats (Harlan Sprague-Dawley, 
Madison, Wisc.) were initially housed in individual stainless-steel 
cages in a temperature-controlled room (24°C; lights on at 
6:00 a.m., off at 6:00 p.m.) for at least 3 days following arrival in 
the laboratory. Food and water were freely available during this 
acclimation period. Rats weighed an average of 408.3 (+7.9) g at 
the beginning of the experiment. Following the acclimation period, 
each rat was surgically implanted with a chronic indwelling can- 
nula into the left jugular vein, as originally described by Weeks 
(1972) and modified by Carroll et al. (198t), and placed in indi- 
vidual operant chambers where they were housed for the duration 
of the experiment. The experimental protocol was approved by the 
University of Minnesota Institutional Animal Care and Use Com- 
mittee under protocol number 8910037. 

Apparatus 

Octagonally shaped experimental chambers consisting of alternat- 
ing walls of Plexiglas and stainless-steel (see Carroll et al. 1981 
for a detailed description of the chambers) were used. Each exper- 
imental chamber was enclosed in a sound-attenuating box contain- 
ing a ventilation fan. Two response levers (Coulbourn Instruments, 
Lehigh Valley, Pa.), a tongue-operated, solenoid-driven drinking 
device, and a food receptacle, were located on separate stainless- 
steel walls of the chamber. Three colored stimulus lights (4.76 W) 
were located 5 cm above the response levers. A white light 
(4.76 W) located above the drinking device indicating water avail- 
ability and a white house light (4.76 W) located above the right re- 
sponse lever were constantly illuminated, except for a 30-min 
time-out period immediately prior to the start of the experimental 
session during which time all lights were turned off and respond- 
ing had no programmed consequences. During the time-out peri- 
od, data from the previous day were collected, food and water in- 
take from the previous day was measured, and a cocaine pump re- 
placed the saline pump. The start of the experimental session was 
signaled by the illumination of the house light and the drinking 
light. Responding on one lever (the "active" lever) activated the in- 
fusion pump and the stimulus lights above that lever. Responding 
on the other lever (the "inactive" lever) activated the stimulus 
lights above that lever but not the infusion pump and was used to 
measure nonspecific changes in activity. Infusion pumps (Fluid 
Metering, RHSYOCKC, Oyster Bay, N.Y.) delivered either drug 
or saline through Tygon tubing (Fisher Scientific, Springfield, 
N.J.; inner diameter 0.51 mm, outer diameter 152 ram) to a swivel 
(Alice King Chatham, 050-0022, Hawthorne, Calif.). The swivel 
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Fig. 1 Diagram of the priming procedure and session events 

was in turn connected to a spring-covered plastic cannula (Plastics 
One, Roanoke, Va.) that was attached to the rat by cannula guides 
anchored to the skin near the scapulae. Microcomputer Control 
SysterrLs (Micro Interfaces, Minneapolis, Minn.) computers were 
used for prograrmning and data collection. 

Drugs 

Cocaine HCI, obtained from the National Institute on Drug Abuse 
(Research Triangle Institute, Research Triangle Park, N.C.), was 
dissolved in sterile saline. Cocaine and saline were stored outside 
the experimental chambers in 500-ml aspirator bottles covered 
with surgical mask material to prevent dust and other debris from 
contaminating the solutions. Either cocaine or saline was delivered 
by the infusion pump at a rate of 0.03 ml/s. Infusion duration was 
1 s/100 g body weight (i.e., between 4 and 4.5 s), resulting in a 
volume of approximately 0.125 ml per infusion. Maintenance dose 
was manipulated by changing the concentration of cocaine in the 
aspirator bottle. 

Procedure 

Acquisition of cocaine self-administration occurred under a fixed- 
ratio (FR) 1 schedule with 12-h access to 0.2 mg/kg cocaine. Ex- 
perimental sessions began at 1000 hours each morning. A food 
hopper placed above the active response lever, as well as a food 
pellet taped to the lever were initially used to facilitate drug self- 
administration. Once animals were reliably self-administering at 
least 100 infusions of cocaine per day, the daily food allotment 
was decreased to 20 g, obtainable through food receptacles re- 
cessed into one wall of the chamber. Access to cocaine was gradu- 
ally decreased from 12 to 2 h, over an average of 25.4 (-+4.6) days. 
The dose of cocaine was gradually increased from 0.2 to 
0.4 mg/kg over an average of 17.3 (+1.8) days or from 0.4 to 
1.0 mg/kg over an average of 13.2 (_+2.5) days. Rats ultimately had 
access to cocaine during the initial 2 h of a 7-h session under a FR 
1 schedule (see Fig. 1). At the beginning of the 3rd hour, the co- 
caine infusion pump and the tubing up to the swivel were changed 
and saline was made available for the remaining 5 h of the session. 
The 3rd hour was when most of the extinction responding oc- 
curred. After the 7-h session ended, automatic infusions of saline 
were delivered every 30 min to prevent occlusion of the catheter, 
but lever-press responses had no programmed consequences dur- 
ing the 17-h intersession period. Before the start of the experimen- 
tal session, the saline pump was exchanged for a cocaine pump 
and cocaine was made available for the first 2 h of the session. 
Thus, pumps were changed immediately before the start of the 
session and 2 h after the start of the session. 

When the saline pump was replaced by the cocaine pump at 
the start of the session, the saline in the "dead" space between the 
swivel and the rat was not cleared, Thus, the first three to four in- 
fusions during the 1 st hour of the session delivered saline to the rat 

instead of cocaine. Similarly, when the cocaine pump was re- 
placed by saline at the beginning of the 3rd hour of the session, 
the cocaine in the dead space was not cleared and so the first three 
to four infusions during the 3rd hour of the session delivered co- 
caine instead of saline. Although it would have been preferable to 
clear the dead space when pumps were changed, the required dis- 
connection of the cannula fittings would have increased the chance 
of introducing air and/or bacteria to the catheter system, thereby 
shortening catheter life by increasing the probability of clotting 
and infection. 

Priming injections 

Rats received an experimenter-administered priming injection of 
either saline or cocaine (0.32, 1.0 or 3.2 mg/kg IV) at the begin- 
ning of the 4th hour of the session. The volume of drug adminis- 
tered was between 0.1 and 0.5 ml, followed by a 0.5-ml saline 
flush to ensure that the entire cocaine dose was delivered to the 
rat. A saline injection of approximately equal volume was admin- 
istered by the experimenter at the beginning of the 4th hour on 
days when test drugs were not administered. Priming injections 
were administered in nonsystematic order. At least 2 days of stable 
behavior elapsed between priming injections of cocaine. 

Feeding conditions 

Rats were maintained under three different food levels: one group 
was given 8-12 g food to maintain body weight at 80% of free- 
feeding weight, a second group was given 20 g food per day, and a 
third group was given unlimited access to food. Rats with unlimit- 
ed access to food ate an average of 24.5 (_+0.6) g food per day. Un- 
der each condition, rats were fed either 30 min prior to the start of 
the session or at the end of the 7-h session. Although priming dos- 
es were administered in nonsystematic order, each priming injec- 
tion was administered when rats were fed before the session and 
then, on a separate day, when rats were fed after the session. The 
next priming dose was then administered, again when rats were 
fed before and then after the session, On days when priming doses 
were not administered, rats were fed before the start of the experi- 
mental session. Thus, the effects of acute (before versus after ses- 
sion feeding) and chronic (8-12 g versus 20 g versus unlimited 
food) deprivation were evaluated. 

Approximately every 5th day, sodium methohexital (1.25 mg/ 
kg IV) was administered intravenously to check catheter patency. 
A catb.eter was considered patent if  the rat was immediately anes- 
thetized following administration of sodium methohexital. If the 
catheter was not patent, a new catheter was implanted into the 
right jugular vein or a leaking cannula connection was repaired, 
and the experiment was resumed after the animal recovered from 
surgery and baseline levels of cocaine, food and water intake had 
been re-established. Methohexital injections were scheduled so as 
not to interfere with experimental protocols. 

Data analysis 

A repeated measures analysis of variance (ANOVA) was used to 
evaluate the effects of the independent variables (amount of  food 
available, time of feeding, cocaine priming dose, and cocaine 
maintenance dose) on the number of infnsions self-administered 
during the experimental session (see Table 1 for a summary of the 
experimental design). Identical analyses were conducted to evaIu- 
ate the number of responses on the inactive lever. Five groups of 
rats were used to complete the study. Due to catheter failure, only 
a subset of rats in each group received all of the cocaine priming 
injections. Therefore, only data from those rats that received all of 
the cocaine priming injections were analyzed for the hour 4 data. 
In the first analysis (data shown in Fig. 2, left column), the effects 
of cocaine maintenance dose, time of feeding, and session hour on 
the number of infusions self-administered were analyzed in rats 
that received cocaine maintenance doses of 0.2, 0.4, or 1.0 mg/kg 



Table 1 Experimental design 

Cocaine maintenance n n 
Group dose mg/kg) Food (h 1, 2, 3) (h 4) 

l 0.2 8-12 g 5 4 
2 0.4 8-12 g 5 5 
3 0.4 20 g 6 4 
4 0.4 Unlimited 5 4 
5 1.0 8-12 g 6 5 

during hours 1 and 2, and saline infusions during hour 3. Mainte- 
nance dose was a between-subjects variable, while time of feeding 
(8-12 g before versus after) and session hour (1, 2, and 3) were 
within-subjects variables. In the second analysis (data shown in 
Fig. 2, right column), the effects of cocaine maintenance dose 
(0.2, 0.4, or 1.0 mg/kg), time of feeding (8-12 g before versus af- 
ter) and cocaine priming dose (saline, 0.32, 1.0, 3.2 mg/kg) on the 
number of saline infusions self-administered during hour 4 of the 
session were evaluated. Maintenance dose was a between-subjects 
variable, and both time of feeding and cocaine priming doses were 
within-subjects variables. In the third analysis (data shown in 
Fig. 3, left column), the effects of mnount of food available, time 
of feeding, and session hour on the number of infusions self-ad- 
ministered were analyzed in rats that received a cocaine mainte- 
nance dose of 0.4 mg/kg. The amount of food available (8-12 g, 
20 g, or unlimited access) was a between-subjects variable, while 
time of feeding (before versus after) and session hour (1, 2, and 3) 
were within-subjects variables. In the fburth analysis (data shown 
in Fig. 3, right column), the effects of the amount of food available 
(8-12 g, 20 g, or unlimited access), time of feeding (before versus 
after), and cocaine priming dose (saline, 0.32, 1.0, 3.2 mg/kg) on 
the number of infl~sions self-administered during hour 4 were 
evaluated. The amount of food available was a between-subjects 
variable, while time of feeding and cocaine priming dose were 
within-subjects variables. For comparison purposes, data from 
group 2 (0.4 mg/kg cocaine, 8-12 g food) were presented in Fig. 2 
(middle row) as well as in Fig. 3 (top row). A level of P<0.05 was 
used to indicate statistical significance. 

Results 

Figure 2 (left column) shows the mean number of infu- 
sions self-administered during hours 1 and 2 of the ex- 
perimental session when 0.2 (upper panel), 0.4 (middle 
panel), or 1.0 (lower panel) mg/kg cocaine was available. 
Responding on the active lever during hour 3 resulted in 
saline, instead of cocaine, deliveries. Rats in each co- 
caine dose group were fed 8-12 g food either immediate- 
ly before or after the 7-h session. During hours 1 and 2, 
rats self-administering the lowest dose of cocaine 
(0.2 mg/kg) received an average of 39.7 (_+5.5) infusions 
per hour. The number of infusions self-administered dur- 
ing hours 1 and 2 by rats receiving 0.4 and 1.0 mg/kg co- 
caine progressively decreased to 28.5 (_+3.6) and 12.2 
(_+2.3) per hour, respectively. Although the number of in- 
fusions decreased with increases in maintenance dose, 
the total amount of cocaine that was self-administered 
increased with increases in maintenance dose: rats self- 
administered a total of 7.9, 11.4 or 12.2 mg/kg cocaine 
during hours 1 and 2 when the maintenance dose was 
0.2, 0.4 or 1.0 mg/kg, respectively. The main effect of 
cocaine maintenance dose was statistically significant 
[F(2, 13)=6.5, P<0.05]: the mean number of infusions 
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Fig, 2 Left panels: pattern of responding when either cocaine 
(hours 1 and 2) or saline (hour 3) was available in the infusion 
pumps. Right panels: reinstatement of responding produced by a 
priming injection of either saline (0) or cocaine (0.32, t,0, or 
3.2 mg/kg, IV) administered at the beginning of  the 4th hour when 
saline was available in the infusion pumps. Each bar represents the 
mean number of infusions delivered when 0.2 (upper panel), 0.4 
(middle panel), or 1.0 (lower panel) mg/kg was available during 
the first 2 h of the session. Rats were fed 8-12 g food either before 
(open bars) or after (striped bars) the 7-h session. Data represent 
means averaged across rats. Error bars represent_+l SEM 

self-administered by rats receiving 0.2 mg/kg cocaine 
was significantly greater than the number of infusions 
self-administered by rats receiving 1.0 mg/kg IF(I, 
13)=12.1, P<0.05], but not 0.4 mg/kg. 

The main effect of hour was significant [F(2,26)=3.5, 
P<0.05], as was the main effect of time of feeding 
[F(1,13)=11.7, P<0.05]. The interactions between hour 
and cocaine doses [F(2,26)--3.4, P<0.05], and hour and 
time of feeding [F(2,26)=33.4, P<0.05] were also statis- 
tically significant. However, the interaction between time 
of feeding and cocaine doses was not statistically signifi- 
cant. Collapsing across cocaine doses, the number of in- 
fusions self-administered during the first 2 h of the ses- 
sion (when cocaine was available) was not significantly 
different when rats were fed either before or after the 
session. Rats fed before the session self-administered 
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Fig. 3 Left panels: pattern of responding when either 0.4 mg/kg 
cocaine (hour 1 and 2) or saline (hour 3) was available in the infu- 
sion pumps. Right panels: reinstatement of responding produced 
by a priming injection of either saline (0) or cocaine (0.32, 1.0, or 
3.2 mg/kg, IV) administered at the beginning of the 4th hour when 
saline was available in the infusion pumps. Each bar represents the 
mean number of infusions delivered when either 8-12 g (upper 
panel), 20 g (middle panel), or unlimited (lower panel) food was 
available either before (open bars) or after (striped bars) the 7-h 
session. Data represent means averaged across rats. Error bars re- 
present _+1 SEM 

significantly fewer infusions during the 2nd hour that co- 
caine was available, compared to the 1st hour 
[F(1,26)=7.5, P<0.05]. During hour 3 (when saline was 
available), the mean number of infusions more than dou- 
bled when rats were fed after the session [F(1,26)=115.6, 
P<0.05], compared to before-session feeding. However, 
responding on the inactive lever during hour 3 was also 
significantly greater when feeding occurred after, com- 
pared to before, the session [F(1,26)=14.5, P<0.05; data 
not shown]. 

Figure 2 (right column) shows the number of saline 
infusions self-administered during hour 4 when a prim- 
ing dose of cocaine (0.0, 0.32, 1.0, or 3.2 mg/kg) was ad- 
ministered at the beginning of the 4th hour when rats 
were fed either before or after the session. Priming doses 
were administered to rats maintained on 0.2, 0.4 or 

1.0 mg/kg cocaine during hours 1 and 2, although in 
hour 4 they were maintained on saline. The main effect 
of cocaine maintenance dose was not statistically signifi- 
cant, and the interaction between cocaine maintenance 
dose and priming dose was also not statistically signifi- 
cant. However, the main effect of priming dose was sig- 
nificant [F(3,33)=28.2, P<0.05]. A dose-related increase 
in the number of infusions that were self-administered 
occurred as a result of the cocaine priming injections, 
compared to priming injections of saline. Collapsing 
across cocaine maintenance dose and time of feeding, 
priming doses of 1.0 [F(1,33)=16.4, P<0.05] and 3.2 
[F(1,33)=73.1, P<0.05], but not 0.32, resulted in the self- 
administration of significantly more infusions than after 
a saline priming dose. The main effect of time of feeding 
was also significant IF(l,11)=13.0, P<0.051: rats self-ad- 
ministered significantly more infusions during the 4th 
hour when they were fed after the session, compared to 
before the session. The number of infusions self-admin- 
istered during hour 5 was also higher when rats were fed 
after, compared to before, the experimental session (data 
not shown). Responding during hours 6 and 7 was gener- 
ally near-zero, so the data from hours 6 and 7 will not be 
discussed further. The interactions between time of feed- 
ing and cocaine maintenance dose, as well as time of 
feeding and priming dose, were not statistically signifi- 
cant. The main effects of cocaine maintenance dose, time 
of feeding, and priming dose were not statistically signif- 
icant for responses on the inactive lever during hour 4. 

Figure 3 (left column) shows the mean number of in- 
fusions self-administered during hours 1, 2, and 3 in rats 
self-administering 0.4 mg/kg cocaine when they were 
fed either 8-12 g food (upper panel) or 20 g food (mid- 
dle panel), or had unlimited access to food (lower panel). 
The main effect of food groups (8-12, 20, or unlimited) 
was not statistically significant: during hours t and 2, 
rats self-administered approximately 25-30 infusions re- 
gardless of the amount of food available. However, the 
main effect of hour was significant [F(2,26)=22.9, 
P<0.05]: rats self-administered significantly more infu- 
sions during hour 1 than during hour 2 or 3. The main ef- 
fect of time of feeding was also significant 
[F(1,13)=11.1, P<0.05], as were the interactions between 
time of feeding and food group [F(2,13)=4.5, P<0.05], 
time of feeding and hour [F(2,26)=19.7, P<0.05], and 
hour and food group [F(4,26)=16.8, P<0.05]. During 
hours 1 and 2, rats in all food groups self-administered 
slightly more infusions when fed after the session than 
when fed before the session. During hour 3, when saline 
replaced cocaine in the infusion pumps, the number of 
infusions self-administered increased dramatically in rats 
that were fed 8 - t 2  g food after the session, increased 
slightly in rats that were fed 20 g, and did not increase at 
all in rats with unlimited access to food. The main effect 
of hour was also statistically significant for responses on 
the inactive lever [F(2,26)=5.7, P<0.05]: responses were 
significantly greater during hour 3 compared to hour 1 
[F(1,26)=5.6, P<0.05] or 2 [F(1,26)=t0.7, P<0.05]. 
However, the main effects of food groups and time of 



feeding were not statistically significant for responses on 
the inactive lever.. 

Figure 3 (right column) shows the mean number of 
saline infusions self-administered during hour 4 in rats 
tested under the three food levels (8-12 g, 20 g, or un- 
limited) and a maintenance dose of 0.4 mg/kg cocaine. A 
priming injection of cocaine (0.0, 0.32, 1.0, or 
3.2 mg/kg) was administered at the beginning of the 4th 
hour when food was given either before or after the ex- 
perimental session. The main effect of cocaine priming 
dose was statistically significant [F(3,30)=16.2, P<0.05]: 
collapsing across food levels and time of feeding, prim- 
ing doses of 1.0 [F(1,30)=20.2, P<0.05] and 3.2 
[F(1,30)=34.5, P<0.05], but not 0.32, resulted in the self- 
administration of significantly more infusions than a 
priming dose of saline. However, the main effects of 
food group and time of feeding were not statistically sig- 
nificant for responses on the active lever, nor were any of 
the interactions statistically significant. The main effects 
of food groups, priming dose and time of feeding were 
also not statistically significant for responses on the inac- 
tive lever. 

Discussion 

The pattern of cocaine self-administration as a function 
of maintenance dose described here has been reported 
previously in rats self-administering IV morphine (Smith 
et al. 1976), etonitazene (Carroll and Boe 1984), or co- 
caine (Carroll and Lac 1992), and appears to be a general 
phenomenon in IV drug self-administration experiments. 
Namely, the number of cocaine infusions that were self- 
administered during hours 1 and 2 decreased with in- 
creases in maintenance dose (0.2, 0.4, or 1.0 mg/kg co- 
caine), but the total amount of cocaine that was self-ad- 
ministered increased. In contrast, extinction responding 
during hour 3 was similar regardless of cocaine mainte- 
nance dose. An earlier study examining the effects of 
maintenance dose on the pattern of extinction responding 
in rats trained to self-administer different doses of am- 
phetamine IV showed that while the number of respons- 
es to extinction was not different as a function of mainte- 
nance dose, the time to extinction was greater in rats 
self-administering higher doses of amphetamine (Yokel 
and Pickens 1976). In the present study-, the number of 
infusions during hour 3 was approximately one-half, 
two-thirds, and double the number of infusions self-ad- 
ministered during hours 1 and 2 in rats maintained on 
0.2, 0.4, and 1.0 mg/kg cocaine, respectively. 

When rats were fed 8-12 g food before versus after 
the experimental session, self-administration during 
hours 1 and 2 was not changed. The lack of increase in 
cocaine self-administration during hours 1 and 2 was in- 
consistent with a number of studies showing that drug 
self-administration is increased following food depriva- 
tion conditions (e.g., Carroll and Meisch 1984). One 
variable that may have contributed to the difference be- 
tween these earlier studies and the present one was the 
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fact that rats typically had 24-h access to cocaine in the 
previous studies, and only 2-h access in the present ex- 
periment. Two hours may not be a sufficient amount of 
time for feeding effects on cocaine self-administration to 
become apparent. One study showed that the number of 
responses in rats with 24-h access to cocaine was similar 
under food satiation and deprivation conditions during 
the first few hours of the session, and that increases in 
responding in food deprived rats did not occur for at 
least 8 h (Carroll et al. 1981). Furthermore, although rats 
were chronically maintained under relatively stringent 
food deprivation conditions (8-12 g food), the before- 
session versus after-session feeding conditions represent- 
ed only a 7-h difference in time of feeding. Thus, if rats 
were food deprived for a longer period of time, increases 
in cocaine self-administration behavior during hours 1 
and 2 may have been observed. 

Although self-administration during hours 1 and 2 did 
not change when rats were fed before versus after the 
session, extinction responding during hour 3 increased 
when rats were fed after the session. There were no sys- 
tematic increases as a function of cocaine maintenance 
dose in the number of infusions self-administered during 
hour 3 when rats were fed after the session. Given that 
responding on the inactive lever during hour 3 was sig- 
nificantly greater than hours 1 or 2, the increase in re- 
sponding during hour 3 may simply reflect a general in- 
crease in activity in these rats. During hour 4, priming 
doses of cocaine produced a dose-related increase in re- 
instatement of responding. These results were similar to 
previous experiments showing that the magnitude of re- 
sponding increased with increases in the cocaine priming 
dose (de Wit and Stewart 1981; Comer et al. 1993). In 
addition to priming injections of drugs, other stimuli 
such as electrical brain stimulation also appear to in- 
crease reinstatement of operant responding, and the mag- 
nitude of this increase varies as a function of the intensi- 
ty of the stimulus (for discussion, see Stewart and de Wit 
1987). The fact that the magnitude of the reinstatement 
of responding was consistently greater when rats were 
fed after the session compared to before the session sug- 
gests that in addition to the intensity of the stimulus, 
food deprivation is another important variable that modi- 
fies relapse-like behavior. These results suggest that ex- 
tinction responding, which may be viewed as a model for 
drug craving, as well as reinstatement of responding, or 
relapse-like behaviors, are more sensitive than drug self- 
administration to interoceptive stimuli. 

While the number of infusions self-administered dur- 
ing hours 1 and 2 varied with cocaine maintenance dose, 
it did not vary with changes in the daily food allotment: 
rats self-administered approximately the same amount of 
cocaine (0.4 mg/kg) during hours 1 and 2 whether they 
were maintained on 8-12 g, 20 g, or unlimited food. Ex- 
tinction responding during hour 3 was also similar in all 
three food groups when rats were fed before the session. 
However, the 8- to 12-g food group emitted dramatically 
more responses when fed after the session, the 20-g food 
group emitted slightly more responses, and the unlimited 
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food group emitted the same number of responses when 
fed after, compared to before the session. Thus, acute 
changes in time of feeding had a much greater effect on 
responding in rats that were maintained on the least 
amount of food. 

The mechanism(s) by which food deprivation alters 
these behaviors is unclear based on the results of the pres- 
ent study, although several explanations for these results 
are possible. The interaction between reinforcers has been 
cited as an important variable in drug-taking behaviors. 
For example, a recent study demonstrated that acquisition 
of cocaine self-administration was either reduced or com- 
pletely eliminated in rats with concurrent access to a glu- 
cose and saccharin solution (Carroll and Lac 1993). In 
addition to altering acquisition of drug self-administra- 
tion, concurrent access to a sweet solution coincided with 
a decrease in cocaine intake in both rats and rhesus mon- 
keys maintained on cocaine (Carroll et al. t989; Comer et 
al. 1994). Human drug abusers who were offered alterna- 
tive reinforcers as incentives for continuing abstinence 
also remained drug-free for a longer period of time than 
those who received drug counseling but no incentives 
(Higgins et al. 1991, 1993). Conversely, when subjects 
are deprived of alternative reinforcers, such as a sweet- 
ened solution, drug intake increases (Carroll et al. 1989). 
Thus, it may be that by depriving rats of an alternative re- 
inforcer (i.e., food), drug-seeking behavior increases. The 
fact that reinstatement of responding increased when rats 
were fed after the session could be due to the fact that un- 
der acute food deprivation conditions, the salience of the 
interoceptive stimuli produced by cocaine increased so 
that responding increased after a priming injection. In 
conclusion, although cocaine dose is an important vari- 
able in maintenance responding, its effects on extinction 
and reinstatement of responding are much tess robust. In 
contrast, both acute and chronic food deprivation affect 
extinction and reinstatement of responding. 

Acknowledgements We are grateful to Jennifer Bestman, Eric 
Goetzman, Jennifer Killmer, and Joyce Rawleigh for technical as- 
sistance with the experiments and to Joyce Rawleigh and Joshua 
Rodefer for critically reviewing the manuscript. This research was 
supported by National Institute on Drug Abuse Grants R37 
DA03240 (Dr. Marilyn Carroll, Principal Investigator) and T32 
DA07097 (Dr. Sheldon Sparber, Principal Investigator). 

References 
Brady JV, Griffiths RR, Hienz RD, Ator NA, Lukas SE, Lamb RJ 

(1987) Assessing drugs for abuse liability and dependence po- 
tential in laboratory primates. In: Bozarth MA (ed) Methods of 
assessing the reinforcing properties of abused drugs. Springer, 
New York, pp 45-85 

Butik CM, Brinded EC (1994) The effect of food deprivation on 
the reinforcing value of food and smoking in bulimic and con- 
trol women. Physiol Behav 55[4]: 665-672 

Carroll ME (1985) The role of food deprivation in the mainte- 
nance and reinstatement of cocaine-seeking behavior in rats. 
Drug Alcohol Dep 16:95-i09 

Carroll ME, Boe IN (1984) Effect of dose on increased etonitaz- 
ene self-administration by rats due to food deprivation. Psy- 
chopharmacology 82:151-152 

Carroll ME, Carmona G (1991) Effects of food FR and food depri- 
vation on disruptions in food-maintained performance of mon- 
keys during phencyclidine withdrawal. Psychopharmacotogy 
104:143-149 

Carroll ME, Lac ST (1992) Effects of buprenorphine on self-ad- 
ministration of cocaine and a nondrug reinforcer in rats. Psy- 
chopharmacology 106:439-446 

Carroll ME, Lac ST (1993) Autoshaping IV cocaine self-adminis- 
tration in rats: effects of nondrug alternative reinforcers on ac- 
quisition. Psychopharmacology 110:5-12 

Carroll ME, Meisch RA (1979) Effects of food deprivation on eto- 
nitazene consumption in rats. Pharmacol Biochem Behav 10: 
155-159 

Carroll ME, Meisch RA (1984) Increased drug-reinforced behav- 
ior due to food deprivation. Adv Behav Pharmacol 4:47-88 

Carroll ME, France CR Meisch RA (1981) Intravenous self-ad- 
ministration of etonitazene, cocaine, and phencyclidine in rats 
during food deprivation and satiation. J Pharmacol Exp Ther 
217:241-247 

Carroll ME, Lac ST, Nygaard SL (1989) A concurrently available 
nondrug reinforcer prevents the acquisition or decreases the 
maintenance of cocaine-reinforced behavior. Psychopharma- 
cology 97:23-29 

Comer SD, Lac ST, Curtis LK, Carroll ME (1993) Effects of bu- 
prenorphine and naltrexone on reinstatement of cocaine-rein- 
forced responding in rats. J Pharmacol Exp Ther 267: 
1470-1477 

Comer SD, Hunt VR, Carroll ME (1994) Effects of concurrent 
saccharin availability and buprenorphine pretreatment on de- 
mand for smoked cocaine base in rhesus monkeys. Psycho- 
pharmacology 115:15-23 

Davis WM, Smith SG (1974) Naloxone use to eliminate opiate- 
seeking behavior: need for extinction of conditioned reinforce- 
ment. Biol Psychiatry 9:181-189 

Davis WM, Smith SG (1976) Role of conditioned reinforcers in 
the initiation, maintenance and extinction of drug-seeking be- 
havior. Pavlov J Biol Sci 11 [4]: 222-236 

de la Garza R, Johanson CE (1987) The effects of food deprivation 
on the self-administration of psychoactive drugs. Drug Alco- 
hol Depend 19: t7-27 

DeVry J, Donselaar I, Van Ree JM (1989) Food deprivation and 
acquisition of intravenous cocaine self-administration in rats: 
effects of naltrexone and haloperidol. J Pharmacol Exp Ther 
251:735-740 

de Wit H, Stewart J (1981) Reinstatement of cocaine-reinforced 
responding in the rat. Psychopharmacology 75:134-143 

de Wit H, Stewart J (1983) Reinstatement of heroin-reinforced re- 
sponding in the rat. Psychopharmacology 79:29-31 

Files FJ, Andrews CM, Lewis RS, Samson HH (1993) Effects of 
manipulating food availability on ethanol sell'administration 
by P rats in a continuous access situation. Alcohol Clin Exp 
Res 17:586-591 

Franklin JC, Schiele BC, Brozek J, Keys A (1948) Observations 
on human behavior in experimental semistarvation and reha- 
bilitation. J Clin Psychiatry 4:28-45 

Gawin FH (1991) Cocaine addiction: psychology and neurophysi- 
ology. Science 251:1580-1586 

Gerber GJ, Stret h R (t975) Drug-induced reinstatement of extin- 
guished self-administration behavior in squirrel monkeys. 
Pharmacol Biochem Behav 3:1055-1061 

Goldberg SR (1970) Relapse to opioid dependence: the role of 
conditioning. In: Harris RT, McIsaac WM, Schuster CR (eds) 
Drug Dependence. University of Texas Press, Houston, pp 
170-197 

Goldberg SR (1973) Control of behavior by stimuli associated 
with drug injections. In Bayer Symposium IV, Psychic depen- 
dence. Springer, Berlin, pp 106-113 

Goldberg SR, Woods JH, Schuster CR (1969) Morphine: condi- 
tioned increases in self-administration in rhesus monkeys. Sci- 
ence 166:1306-1307 

Goldberg SR, Spealman RD, Kelleher RT (1979) Enhancement of 
drug-seeking behavior by environmental stinmli associated 



with cocaine or morphine injections. Neuropsychopharmacol- 
ogy 18:1015-1017 

Hall SM, Ginsberg D, Jones RT (1986) Smoking cessation and 
weight gain. J Clin Consult Psychol 54:342-346 

Hanna JM, Hornick CA (1977) Use of coca leaf in southern Peru: 
adaptation or addiction. Bull Narc 29:63-74 

Higgins ST, Delancy DD, Budney AJ, Bickel WK, Hughes JR, 
Foerg F, Fenwick JW (1991) A behavioral approach to achiev- 
ing initial cocaine abstinence. Am J Psychiatry 148:1218-1224 

Higgins ST, Budney AJ, Bickel WK, Hughes JR, Foerg E Badger 
G (1993) Achieving cocaine abstinence with a behavioral ap- 
proach. Am J Psychiatry 150:763-769 

Jonas JM, Gold MS (1987) Naltrexone treatment of bulimia: clini- 
cal and theoretical findings linking eating disorders and sub- 
stance abuse. Adv Alcohol Subst Abuse 7:29-37 

Jonas JM, Gold MS, Sweeney D, Potash ALC (1987) Eating disor- 
ders and cocaine', abusers. J Clin Psychiatry 48:47-50 

McElroy SK, Mirin SM (1992) Eating disorders in hospitalized 
substance abusers. Am J Drug Alcohol Abuse 18:75-85 

Niaura R, Clark MM, Raciti MA, Pera V, Abrams DB (1992) In- 
creased saliva cotinine concentrations in smokers during rapid 
weight loss. J Consult Clin Psychol 60:985-987 

O'Brien CP (1976) Experimental analysis of conditioning factors 
in human narcotic addiction. Pharmacol Rev 27:533-543 

Slikker W, Brocco MJ, Killam KF (1984) Reinstatement of re- 
sponding maintained by cocaine or thiamylal. J Pharmacol 
Exp Ther 22811]: 43-52 

157 

Smith SG, Werner TE, Davis WM (1976) Effect of unit dose and 
route of administration on self-administration of morphine. 
Psychopharmacology 50:103-105 

Stretch R, Gerber GJ (1973) Drug-induced reinstatement of am- 
phetamine self-administration behavior in monkeys. Can J 
Psychol 27:168-177 

Stewart J, de Wit H (1987) Reinstatement of drug-taking behavior 
as a method of assessing incentive motivational properties of 
drugs. In:Bozarth MA (ed) Methods of assessing the reinforc- 
ing properties of abused drugs. Springer, New York, pp 
211-227 

Weeks JR (1972) Long term intravenous infusion. In: Methods in 
psychobiology. Academic Press, London 

Wikler A, Pescor FT (1967) Classical conditioning of a morphine 
abstinence phenomenon, reinforcement of opioid-drinking be- 
havior and "relapse" in morphine-addicted rats. Psychophar- 
macology 10:255-284 

Worley CM, Valadez A, Schenk S (1994) Reinstatement of extin- 
guished cocaine-taking behavior by cocaine and caffeine. 
Pharmacol Biochem Behav 4811]: 217-221 

Yokel RA, Pickens R (1976) Extinction responding following am- 
phetamine self-administration: determination of reinforcement 
magnitude. Physiol Psychol 4:39~42 

Zweben JE (1987) Eating disorders and substance abuse. J Psy- 
choact Drugs 19:181-192 


