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Abstract
Rationale—Research suggests that age and sex are vulnerability factors for drug abuse.
However, few studies have systematically examined their interaction.

Objective—The purpose of the present study was to examine male and female, adult and
adolescent rats under a procedure that measures responding during periods of signaled availability
and nonavailability of iv cocaine and food reinforcers.

Methods—Adolescent and adult rats lever pressed for iv infusions of cocaine or food pellets
under a procedure with three components of signaled availability of the reinforcer alternating with
two components of signaled nonavailability. Adolescent rats were removed and then later retested
under the same conditions as adults, and a group of adult rats was also removed and retested after
a similar number of days. A subset of rats earning cocaine infusions under the initial test was later
retested with food pellets under the same behavioral task to assess the influence of prior cocaine
exposure on subsequent responding for a nondrug reinforcer.

Results—Adolescents (vs. adults) made more responses during periods of signaled iv cocaine
availability and nonavailabiltiy, and adult females responded more than adult males during these
periods. Responding during periods of signaled nonavailability of iv cocaine and food did not
differ between the initial and subsequent retest conditions in adult rats. Further, adult males and
females exposed to cocaine during adolescence responded more during periods of food availability
compared to cocaine-naïve adults.

Conclusion—These results indicate that sex and age are vulnerability factors in cocaine abuse,
and cocaine exposure during critical developmental stages can have long-lasting effects.
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Introduction
Individuals who abuse drugs early in life also have an increased likelihood of developing a
lifelong problem with drug abuse and of suffering from long-term behavioral and cognitive
problems (Brunswick and Messeri 1986; Newcomb and Bentler 1987). Thus, it is imperative
to gain an understanding of adolescent drug abuse in order to develop and implement
effective treatments that can prevent the progression of this disorder into adulthood. There
are several features of adolescence that are thought to increase susceptibility to abuse drugs,
such as heightened stress reactivity (Chung and Maisto 2006; Lopez et al. 2005; Rao et al.
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1999; Spear 2009), increased proclivity to seek natural rewards (Casey et al. 2008; Spencer
et al. 2007), and poor inhibitory control (Casey et al. 2008; Spencer et al. 2007). These
factors may converge to enhance drug abuse vulnerability and may explain why adolescents,
compared to adults, are more likely to initiate and maintain drug use, are more likely to
binge and relapse (Winters and Lee 2008), and are more resistant to treatment (Dennis et al.
2004; Perepletchikova et al. 2008; Winters et al. 2000).

Sex differences also exist in drug abuse. Despite a larger number of men vs. women abusing
most drugs, the progression from initial use to abuse (Chen and Kandel 2002), from stable
intake to bingeing (Mann et al. 2005; Randall et al. 1999), and from abstinence to relapse is
more rapid in women compared to men (Ignjatova and Raleva 2009). There is a trend
toward equal prevalence of drug abuse in male and female adolescents (SAMHSA 2010);
however, relatively little is known as to whether female and male adolescents differ on
various aspects of drug abuse in humans.

Results from animal studies lend cross-species support to these findings with humans and
suggest that age and sex may interact to produce additive vulnerability. Similar to findings
with humans, adolescent rats self-administered greater amounts of several drugs of abuse
(Anker and Carroll 2010a; Chen et al. 2007; Fullgrabe et al. 2007; Levin et al. 2007;
Shahbazi et al. 2008; Vetter et al. 2007), showed greater persistence in responding for
cocaine (cocaine-seeking behavior), and were more sensitive to the facilitating effects of
stress on drug seeking (Anker and Carroll 2010a). In further support of clinical work, results
from several animal studies indicate that females outperform males across several phases of
the drug abuse process that mark transitions in drug use (Anker and Carroll 2010c; Craft
2008; Lynch 2006), and they suggest there are sex differences in drug abuse vulnerability
during adolescence. In two recent studies, females (vs. males) and adolescents (vs. adults)
acquired drug self administration faster and responded more for drug infusions under a
progressive-ratio schedule for both cocaine (Lynch 2008) and nicotine (Lynch 2009). These
results suggest that adolescents and females may have a predisposition for drug abuse, but it
has yet to be determined if sex and age interact to produce additive vulnerability. One of the
aims of the present study was to examine a potential interaction between age and sex on to
cocaine seeking and intake.

One way to measure cocaine seeking in animal models is to measure responding during
periods of signaled nonavailability of self-administered iv cocaine (Deroche-Gamonet et al.
2004). In a study by Deroche-Gamonet et al. (2004), responding during periods of signaled
nonavailability of self-administered cocaine infusions was highly correlated with other
addiction-like behaviors such as continuing to respond for cocaine infusions despite an
aversive consequence (i.e., infusions paired with foot shock) and high motivation to take
drug as measured by a progressive-ratio schedule. These factors strongly predicted behavior
in animal models of relapse and cocaine bingeing (Deroche-Gamonet et al. 2004). However,
it has not yet been reported whether responding occurs during the beginning (i.e., extinction
responding) or the end (i.e., anticipatory/premature responding) of the period of signaled
nonavailability of cocaine. In the present study, we sought to differentiate extinction and
anticipatory responding by examining the time course of responses occurring during periods
of signaled nonavailability of an iv cocaine reinforcer. We expected that responding during
the beginning of these periods would reflect an inability to inhibit a previously reinforced
response; hence, a measure of extinction responding, while responding occuring at the end
of the signaled nonreward periods, would measure anticipation of the upcoming period of iv
cocaine availability.

In a recent study, female (vs. male) rats engaged in more responding during a period of
signaled nonavailability of self-administered iv cocaine infusions under a procedure similar
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to that used by Deroche-Gamonet et al. (2004) (Anker et al. 2008). Previous work also
indicates that female rats are more likely to engage in binge-like cocaine intake (Roth and
Carroll 2004) and are more sensitive to relapse (Kerstetter et al. 2008; Lynch and Carroll
2000) compared to male rats. Together, these results suggest that increased vulnerability to
cocaine abuse in females may be associated, in part, with enhanced cocaine seeking during
periods of signaled nonavailability of cocaine. However, it is unknown whether age
influences cocaine seeking during these periods or whether sex and age interact to produce
an additive effect on this measure. Thus, an additional aim of the present study was to assess
cocaine seeking during periods of signaled availability and nonavailability of self-
administered iv cocaine in adolescent and adult, male and female rats.

The final aim of the present study was to examine long-term effects of adolescent cocaine
exposure on behavior reinforced by a drug (cocaine), a nondrug (food pellets) reward, and a
sweet saccharin solution. Relatively little is known of the long-term behavioral
consequences of adolescent drug exposure. However, results from animal studies indicate
that early exposure to stimulants can have a lasting impact on several behavioral measures.
For example, previous studies have shown that exposure to stimulants during adolescence
increases stress reactivity, produces a depression-like state characterized by reduced intake
of natural rewards such as food and sweet solutions (Bolanos et al. 2003, 2008; Carlezon et
al. 2003), and increases sensitivity to stimulants during adulthood (Brandon et al. 2001;
Brandon et al. 2003; Crawford et al. 2007).

Materials and methods
Subjects

Eighty Wistar rats served as subjects in the present study. Forty-one rats began testing
during adolescence [postnatal day (PND) 23; female 18 and male 23], and 39 rats began
testing during adulthood (PND 90; female 21 and male 18). Rats were bred at the University
of Minnesota from parents obtained from Harlan Sprague–Dawley, Inc. (Madison, WI,
USA) and housed in temperature- (24°C) and humidity-controlled rooms under a constant
light/dark cycle (12/12 h with room lights on at 6:00 am) where they had ad libitum access
to food and water. Female rats are considered adults on PND 55, and males are considered
adults on PND 60 (Ojeda et al. 1980; Spear 2000a, b); thus, adolescence was defined as
PND 21 to 55 for females and PND 21 to 60 for males. Estrous cycle was not monitored in
the present study, and it was allowed to vary across a range of hormonal conditions. During
the experiment, rats had free access to water, and they were fed 16 g (females) or 20 g
(males) of ground food (Purina Formula 5001, St. Louis, MO, USA) after cocaine sessions.
The amount earned during food sessions was subtracted from these totals. During
experimental training, rats lived in their operant conditioning chambers. As soon as stability
was achieved on the operant tasks, adolescent rats were removed from the operant
conditioning chambers and housed in plastic bins until they were retested on the cocaine- or
food-maintained procedures as adults at PND 75 (about 30 days). Other adult rats were also
removed and housed in plastic bins for an equivalent length of time as a control for repeated
testing. The experimental protocol (1008A87755) was approved by the University of
Minnesota Institutional Care and Use Committee, and the experiments were conducted in
accordance with the Principles of Laboratory Animal Care (National Research Council
2003). All laboratories were accredited by the American Association for the Accreditation of
Laboratory Animal Care.

Apparatus
Cocaine and food self administration—Custom-made operant conditioning chambers
were used in the present study as previously described (Carroll et al. 2002). A 35-ml syringe
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pump (Model PHM-100, Med Associates Inc., St. Albans, VT, USA) located adjacent to the
chamber delivered response contingent iv cocaine in the cocaine condition. For the food
condition, a food hopper (Coulbourn Instruments, Allentown, NJ, USA), mounted to the
outside of the chamber, was used to dispense grain-based 45-mg food pellets (PJA1-0045,
Research Diets Inc., New Brunswick, NJ, USA) into a recessed food delivery trough. The
experiment was programmed, and data were recorded with Med-PC software
(MedAssociates, Inc.) and PC computers.

Drugs
Cocaine HCl was supplied by National Institute of Drug Abuse (Research Triangle Institute,
Research Triangle Park, NC), dissolved in 0.9% NaCl at a concentration of 1.6 mg cocaine
HCl/1 ml saline and refrigerated. Heparin (1 ml/200 ml saline) was added to the cocaine
solution to prevent catheter occlusion from thrombin build-up. The flow rate of each cocaine
infusion was 0.025 ml/s, and the duration of pump activation (1 s/100 g of body weight) was
adjusted to maintain rats at a dosage of 0.4 mg/kg cocaine. The infusion duration was
adjusted approximately every 3 days in order to maintain the 0.4 mg/kg cocaine dose during
rapid weight gain in the adolescent groups.

Procedure
Surgical procedure—On PND 23 for adolescents (female and male) and 90 for adults,
rats were implanted with a polyurethane intravenous catheter by methods described
previously (Carroll and Boe 1982) and fitted with a soft plastic infusion harness (C3236,
Plastics One, Roanoke, VA, USA). Following the surgical procedure, rats were allowed a 3-
day recovery period during which antibiotic and analgesic medications were administered
following guidelines outlined by the University of Minnesota IACUC. After the recovery
period, catheters were flushed with saline for adolescents or a heparinized saline solution for
adults at 8:00 am daily to prevent catheter blockage, and every 3 days, weights were taken at
3:00 pm. Catheter patency was checked every 7 days by injecting a 0.1-ml solution
containing ketamine (60 mg/kg), midazolam (3 mg/kg), and saline. If a loss of the righting
reflex was not manifest upon this patency check, a second catheter was implanted in the left
jugular vein.

Cocaine-maintained operant procedure—Three days following surgery, 27
adolescent (female 12 and male 15) and 29 adult (female 16 and male 13) rats were trained
to self-administer 0.4 mg/kg iv cocaine under a fixed ratio 1 (FR 1) schedule of
reinforcement during a procedure modified from Deroche-Gamonet et al. (2004) and
previously used in Anker et al. (2008). Each session took place from 9:00 to 11:45 am and
consisted of three 45-min periods of signaled availability of self-administered iv infusions of
cocaine separated by two 15-min periods of signaled nonavailability of iv cocaine. The
cocaine availability periods were signaled by the illumination of the house light, and a
response on the active lever produced an infusion of cocaine and illuminated stimulus lights
above the lever. Responses during an infusion were recorded but had no consequence. A
response on the inactive lever illuminated the lever lights only and was considered a
measure of general activity. During the cocaine nonavailability periods, the house light was
extinguished, and a green LED light above the active lever was lit. Responses on the active
lever and the inactive lever did not activate the infusion pump or illuminate the stimulus
lights during this period. Initially, the active lever was baited with a small amount of peanut
butter (0.5 g), and each session began with three experimenter-delivered cocaine-priming
injections. Once rats began self-administering drug, these measures were discontinued.
Stability was defined as three consecutive sessions of over 20 infusions earned per session
with no increasing or decreasing trend in infusions and a difference of no more than eight
infusions across the 3 days. A subset of adolescent (female 6 and male 7) and adult (female
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10 and male 6) rats were retested on a food-maintained operant procedure (described below)
to assess the effects of previous cocaine exposure on food-maintained responding.

Food-maintained operant procedure—Fourteen adolescent (female 6 and male 8) and
10 adult (female 5 and male 5) rats were trained to earn food pellets. The experimental
procedure was identical to that described for cocaine with the exception that rats did not
undergo catheterization surgery and did not receive have their lever baited or receive
experimenter-delivered cocaine-priming injections. Stability was achieved when rats earned
at least 30 food pellets per session over three consecutive sessions with no increasing or
decreasing trend in pellets earned. As with the cocaine-maintained procedure, rats were
removed from the operant conditioning chamber following stability of operant responding
until being retested on the food-maintained procedure approximately 30 days later.

Saccharin preference test
As another test of the effects of cocaine exposure on subsequent intake of a nondrug
substance, adult female and male rats that were either exposed (trained to self-administer
cocaine) or naïve to cocaine (trained to self-administer food) during adolescence or
adulthood were allowed to drink several concentrations of a saccharin solution. When rats
reached stability during the retest condition under either the cocaine- or food-maintained
operant procedure, they were again removed from the operant conditioning chambers. Under
conditions of food satiation, rats began a series of saccharin preference tests 48 h following
the final stable session. In order to obtain a dose–response function of saccharin preference,
four saccharin concentrations (0.03%, 0.1%, 0.3%, and 0.6% w/v) were presented
concurrently with water. Each concentration was presented one at a time in nonsystematic
order for three consecutive days, and intake of saccharin solutions was compared to intake
of water alone to calculate a saccharin preference score [(24 h saccharin intake ml–24 h
water intake (ml))/(body wt. (grams)×100)] as described previously (Anker et al. 2008;
Badia-Elder et al. 1996; Carroll et al. 2008).

Data analysis
The primary dependent measures were reinforced and nonreinforced active lever responses,
infusions, food intake (number of pellets), inactive lever responses, and saccharin score.
Dependent measures were averaged across 3 days of stable responding, compared between
groups, and analyzed using separate two-factor analyses of variance (ANOVAs) with sex
and age as the between-subject factors. Mixed-factor ANOVAs with sex as the between-
subjects factor and testing condition as the repeated measure (test vs. retest) were used to
compare rats that were retested.

Active-lever responses during the first and last 5 min of each of the three periods of signaled
availability of iv cocaine or food and the first and last 5 min for the two signaled periods of
nonavailabiltiy to each reinforcer were analyzed using separate two-factor repeated-
measures ANOVAs with period (e.g., first, second, and last period of cocaine or food
availability or first and last period of nonavailabilty of the reinforcer) and 5 min (first or
last) as the repeated measures. This was done to determine if there were any within-group
differences in responding between different periods of cocaine or food availability and
nonavailability and to identify any group trends in responding between the beginning vs. the
end of each condition. Saccharin scores were analyzed using a three-factor ANOVA with
sex and reinforcer history (food or cocaine) as the between-subjects factors and saccharin
concentration as the within-subjects factor. Post hoc tests were conducted using Fisher’s
least significant difference protected t tests. All data analyses were conducted using GB Stat
(Dynamic Microsystems, Inc., Silver Spring, MD, USA).
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Results
Table 1 shows the mean number of days for adolescent and adult rats to reach stability under
both reward conditions in addition to the mean age, food intake, and weight during the three
stable days during the initial and retest conditions under the behavioral procedures. Results
from a mixed-factor ANOVA indicated a significant main effect of sex (F1, 167 =7.00, p
<0.01), age (F1, 167=18.28, p <0.01), and condition (food or cocaine) (F1, 167 =36.00, p
<0.01), and a significant interaction between age and reinforcer (food or cocaine) condition
(F1, 167 =36.00, p<0.01) on the number of days for rats to reach stability. Post hoc analyses
indicated that adolescents took significantly fewer days to reach cocaine self-administration
than adults (p<0.05) and that adult rats reached the acquisition criteria faster for food than
for cocaine (p<0.05). In addition, adult rats acquired the operant task faster during retesting
for both cocaine infusions and food pellets (p<0.05), but there was no difference between
the test and retest conditions for adolescents. Comparison of food intake between adolescent
and adult rats indicated that all adult female and male rats consumed more food than their
adolescent counterparts (p< 0.05) with the exception of the adolescent female groups
compared to their retest conditions. Weights also differed between groups. All adults
weighed more than adolescents, and adult males weighed more than adult females (p<
0.025). There was no significant difference in weight due to reinforcer history for either
adolescents or adults.

Cocaine condition
Figure 1 depicts the mean number of responses during periods of signaled availability (left
panels) and nonavailability (right panels) of self-administered iv infusions of cocaine.
Adolescent female and male rats responded more during periods of cocaine availability than
when they were retested under this condition during adulthood (F1, 59=8.32, p<0.01) (Fig.
1a, c), and they made more cocaine-reinforced responses than a separate group of adult rats
(F1, 58 =10.67, p<0.01) (Fig. 1a, c vs Fig. 1e, g). In addition, adult rats with previous cocaine
testing during adolescence made more reinforced responses than adult rats that received
initial cocaine testing as an adult (F1, 27=6.89, p<0.05) (Fig. 1a, c vs Fig. 1e, g). Adult
female and male rats also showed diminished reinforced responding during the retest (F1, 57
=14.10, p<0.01) (Fig. 1e, g). There were no sex differences in reinforced responding in the
adolescent groups. In contrast, adult females made more responses during periods of
signaled availability of iv cocaine than adult male during the initial and subsequent retest
(F1, 57 =6.26, p<0.05) (Fig. 1e, g). There were no significant differences in mean cocaine-
reinforced responses between adults that were previously tested during adolescence and
adults that received their initial testing during adulthood. Thus, adolescents responded more
than adults for iv infusions of cocaine and adult (but not adolescent) females responded
more than males.

The right panels of Fig. 1 shows the mean responses during periods of signaled
nonavailability of cocaine by female and male adolescent and adult rats. Adolescent female
and male rats made significantly more nonreinforced responses as adolescents compared to
when they were retested as adults (F1, 59 =7.24, p <0.05) (Fig. 1b, d) and when they were
compared to adults in a separate group (F1, 58 =9.38, p <0.01) (Fig. 1b, d vs Fig. 1f, h). In
contrast, there were no differences in responding during signaled nonavailability of cocaine
by rats that were tested as adults compared to when they were retested 30 days later. As with
reinforced responding, adult females made more responses during periods of cocaine
nonavailability than adult males (F1, 57=7.41, p <0.05) (Fig. 1f vs h), and this difference was
not observed in the adolescent rats (Fig. 1b vs d). There were also no differences between
responses during signaled nonavailability of cocaine by adult rats that were tested during
adolescence compared to the separate group of adult rats. Thus, adolescents made more
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nonreinforced responses relative to adults, and adult females made more nonreinforced
active-lever responses than adult males. This was not due to a practice effect as adults
responded similarly during nonreinforced periods when they were retested.

Figure 2 shows representative cumulative records from individual rats during signaled
availability and nonavailability of self-administered iv cocaine. Comparison of the first and
last 5 min of responding during the first, second, and third periods of cocaine availability
indicated that groups responded similarly during each period. However, responding differed
between the beginning vs the end of each cocaine availability period with significantly more
responses occurring during the first 5 min compared to the last 5 min for all groups
(F2, 131=10.06, p<0.01). This indicates that groups loaded on cocaine infusions during the
beginning of each period of cocaine availability and subsequently diminished their cocaine
intake towards the end of the period.

Figure 2 also indicates a trend showing that a majority of responses during periods of
signaled nonavailabilty of iv cocaine occurred toward the end of the period compared to the
beginning. Analysis of responses during the first and last 5 min for each of these periods
indicated that male adolescents and male and female adults responded more during the last 5
min compared to the first 5 min of signaled nonavailability of cocaine (F1, 87=33.44, p
<0.01). When retested under the same experimental conditions 30 days later, all groups
exhibited a similar trend toward heightened responding during the end of the period of
cocaine nonavailability; however, this result was not significant (females, p=0.08; males,
p=0.07) (Fig. 2).

Compared to the separate group of adults, adolescents made significantly more inactive
lever responses (p<0.05), but they made a comparable number of inactive lever responses
when retested as adults (data not shown). Results with cocaine infusions parallel the results
with reinforced responses and indicate that adolescents (vs. adults) and adult females (vs.
adult males) showed greater cocaine intake.

Food condition
Figure 3 shows the mean number of active lever responses for food pellets during signaled
food availability (left panels) and nonavailability (right panels) by female and male
adolescent and adult rats. Analysis of reinforced responses during adolescence and later
during adulthood indicated a significant effect of age (F1, 27 =13.00, p<0.01) (Fig. 3a, c).
There was a significant interaction between sex and age (F1, 27 =6.69, p<0.05), and a
subsequent post-hoc test revealed that adult males responded more during periods of food
availability than when they were adolescents (p<0.01) and compared to adult females
(p<0.05) (Fig. 3a, c). A similar comparison in the adult group that was retested
approximately 30 days later indicated no significant sex or retest differences nor an
interaction between the two factors (Fig. 3e, g). Between-subject comparisons of adolescents
and a separate group of adults indicated that adults responded more than adolescents during
periods of food availability (p<0.05), but there were no significant sex differences. Adults
that were previously tested during adolescence responded a comparable number of times
during the food availability periods as adults that began the study as adults. Results from the
food condition suggest that enhanced responding during periods of nonavailability of a
reinforcer in the adolescent (vs. adult) and adult female (vs. adult male) groups is specific to
the cocaine condition under this procedure.

For responses (right panels) during periods of signaled nonavailabilty of food, there were no
significant main effects, but there was a significant interaction between sex and testing
condition/age in adolescent rats that received retesting as adults (F1, 27 =6.20, p <0.05). Post
hoc analyses indicated that adult males made more nonreinforced responses on the active
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lever than adult females (p<0.01) (Fig. 2d). However, there were no differences in non-
reinforced responding between the test and retest conditions in adult female and male rats
(Fig. 2f, h). Responding during periods of availability and nonavailability of a reinforcer
under the iv cocaine and food conditions was compared across subjects, and rats from all
groups made more responses during signaled nonavailability of iv cocaine than food
(F1, 75=17.41, p <0.01).

Rats earned fewer food pellets during adolescence than when they were retested as adults
(F1, 27=13.36, p<0.01) (data not shown); however, there were no sex differences in this
measure in adolescents. In adults, there were no differences in the number of pellets earned
during the test and retest conditions, but adult male rats earned more food pellets than adult
female rats (F1, 19 =5.40, p<0.05). All food pellets were eaten during the food condition. In
addition, there were no age/testing or sex differences in inactive lever responding for food
pellets (data not shown).

Responding for cocaine and retest with food
Figure 4 shows the mean number of active lever responses during signaled availability (left
panels) and nonavailability (right panels) of food by rats that either responded for food or iv
cocaine as adolescents or adults during initial testing. Results indicated that adult female and
male rats exposed to cocaine during adolescence responded more during periods of food
availability than adults that previously earned food pellets as adolescents (F1, 26 =5.55,
p<0.05) (Fig. 4a, c), and males made more reinforced responses than females (F1, 26 =7.23,
p <0.05) (Fig. 4c vs a). In contrast, in adult rats, there were no differences in reinforced
responses due to reinforcer history (iv cocaine vs food) (Fig. 4e, g); however, males
responded more than females during periods of food availability (Fig. 4g vs e) (F1, 25=7.64,
p<0.05). There were no significant differences in responding during periods of
nonavailability for food between any of the groups (Fig. 4b, d, f, and h). Inactive lever
responding was comparable between all groups (data no shown). These data indicate that
rats exposed to cocaine during adolescence (but not during adulthood) made more reinforced
responses for food pellets during adulthood than their cocaine-naïve food-trained
counterparts.

Overall, the topography of responding for food was different than that for cocaine (Fig. 2 vs
Fig. 5). The results of the ANOVAs indicated that all groups responded more during the first
and second periods of food availability compared to the final signaled food availability
period (p< 0.05). In addition, all rats responded more during the first 5 min of the signaled
food availability period compared to the last 5 min. Rats responded very little during the
signaled food nonavailability periods which may be explained by food satiation during the
initial food availability periods. Analysis of responses during the two periods of signaled
nonavailability of food indicated no significant differences between the periods.

Saccharin testing—Following the final operant condition, rats were tested for saccharin
consumption with four different concentrations of saccharin (0.03%, 0.1%, 0.3%, and 0.6%
w/v) to examine how reinforcer history (food vs. cocaine), age of cocaine exposure
(adolescent vs. adult), sex, and saccharin concentration influenced saccharin intake. Initial
results indicated no significant main effects for reinforcer history or age of cocaine exposure
on saccharin intake. However, there was a significant effect of sex (F1, 307 =9.67, p <0.01)
and saccharin concentration (F3, 307 =29.77, p <0.01) and a sex X saccharin concentration
interaction (F3, 307 =17.63, p < 0.01). Given the lack of an effect of reinforcer history and
age, these data were combined and a mixed-factor ANOVA comparing sex and saccharin
concentration was conducted. This yielded a significant effect of sex (F1, 307=5.93, p< 0.05),
saccharin concentration (F3,307=17.72, p<0.01), and a significant sex X saccharin
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concentration interaction (F3, 307 =9.19, p<0.01). Post hoc tests indicated that at the three
highest saccharin concentrations (0.1%, 0.3%, and 0.6%) females achieved higher saccharin
preference scores than males (ps<0.01) (Fig. 6). Also, females consumed less of the highest
(0.6%) and lowest (0.03%) concentrations of saccharin compared to the two middle
concentrations (0.1% and 0.3%) (p<0.05), while male rats consumed the least amount of the
highest concentration of saccharin compared to all lower concentrations (p<0.05). Overall,
females and males preferred the 0.1% saccharin concentration to all others (p<0.05).

Discussion
The interaction between age (adolescent vs. adult) and sex was examined on cocaine- and
food-seeking behavior under intermittent conditions of signaled availability and non-
availability of iv cocaine and food pellets. Adolescents (vs adults) and females (vs males)
made more reinforced responses for cocaine, earned more cocaine infusions, and engaged in
more bouts of cocaine-seeking behavior during signaled nonavailability of cocaine.
However, these differences did not extend to the food condition.

These results suggest that adolescents are more vulnerable to cocaine self-administration
than adults. The present finding supports a growing body of animal literature indicating that
adolescents are more sensitive to the behavioral effects of cocaine and other stimulants. For
example, results from previous studies indicate that adolescent rats were more sensitive to
the psychomotor-activating effects of cocaine (Caster et al. 2005; Parylak et al. 2008;
Snyder et al. 1998) and showed greater cocaine-induced conditioned place preference
(Badanich et al. 2008; Brenhouse and Andersen 2008; Brenhouse et al. 2008; Zakharova et
al. 2009) than adults. In addition, adolescent rats were more likely to acquire (Perry et al.
2007) and reinstate (Anker and Carroll 2010a) cocaine-seeking behavior, and they self-
administered greater amounts of cocaine (Anker and Carroll 2010a) and amphetamine
(Shahbazi et al. 2008) than adult rats. In other self-administration studies that used shorter
periods of drug access or larger doses of cocaine, there were no differences in cocaine self-
administration between adolescent and adult rats (Kantak et al. 2007; Kerstetter and Kantak
2007; Li and Frantz 2009; Schramm-Sapyta et al. 2009). Previous work indicates that long
periods of drug access and smaller doses of cocaine are more likely to reveal individual
differences (e.g., phenotype and sex) (Carroll et al. 2008, 2009; Lynch and Carroll 1999;
Roth et al. 2004), and this may explain differential results between the adolescent studies.

Adolescents made more active-lever responses during periods of signaled nonavailability of
cocaine than adults. This is in line with recent evidence indicating that male adolescent (vs.
adult) rats were more resistant to extinction of lever pressing that was measured over several
days and was previously reinforced with iv cocaine (Anker and Carroll 2010a). Similarly,
under the conditioned place preference paradigm, adolescent (vs. adult) rats required several
more sessions to extinguish cocaine-induced conditioned place preference (Brenhouse and
Andersen 2008). Others have shown that adolescents (vs. adults) are more resistant to
extinction of lever pressing previously maintained by food pellets under a delay-discounting
procedure (Adriani and Laviola 2003). These results suggest that adolescents may have an
impaired ability to discriminate between conditions of signaled availability and
nonavailability of a reinforcer. However, results from the present study indicated no effect
of age on responding during signaled nonavailability of a food reinforcer. Others have
shown a lack of an age difference in responding for nondrug reinforcers. For example, in a
recent study by Li and Frantz (2009), there were no differences between adolescent and
adult rats on the reinstatement of cue-induced sucrose responding. Thus, impaired
discriminatory control of previously reinforced responding in adolescents may be reinforcer-
specific. An additional explanation for increased cocaine seeking in adolescent (vs. adult)
rats may be that adolescent rats were more active than adults. However, during the food
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condition in the present study, there were no age differences in reinforced and non-
reinforced responding, suggesting that adolescents were engaged in goal-directed (i.e.,
cocaine-seeking) behavior.

During adolescence, the frontal cortical system that mediates behavioral inhibition is
underdeveloped, as indicated by a slower onset of dendritic pruning in the frontal cortex,
and the mesolimbic dopamine system that is involved in reward salience is overdeveloped
(Casey et al. 2008). This may account for increased responding during periods of signaled
nonavailability of cocaine in adolescent rats. According to Casey et al. (2008), the lag in the
maturation of the inhibitory system compared to the reward system results in behavior that is
unhibited and largely driven by the salience of the reward.

Responding during periods of signaled nonavailability of a reinforcer is considered a
measure of an inability to inhibit a previously reinforced response (Anker et al. 2008). In
previous studies, we have described nonreinforced responding following cocaine self
administration under a similar procedure in such terms and attributed it to poor
discriminatory control of behavior following the presentation of a cue that signals
nonavailability of a reinforcer. Thus, in the present study, it was assumed that responses
would be higher at the beginning of each period of signaled nonavailability of iv cocaine and
would subsequently extinguish. However, a microanalysis of the response topography
suggested a more anticipatory-like response during these periods, especially in the adults.
Cumulative record data indicated that responding during periods of cocaine nonavailability
primarily occurred during the last 5 min of the period compared to the first 5 min. The
topography of this responding was similar to the scalloped effect produced by a fixed-
interval 15 min period nonavailability of iv cocaine employed in other studies (Arroyo et al.
1998) and suggests that instead of measuring differences in resistance to extinction, this
procedure measures anticipatory cocaine-seeking behavior or premature responding.
Furthermore, both female and male adult rats engaged in more anticipatory responding at the
end (vs. the beginning) of each 15 min period of cocaine nonavailability, while only males
from the adolescent group did so. In a recent clinical study, activation of the ventral
tegmental area (a structure implicated in assessing reward salience) was higher in
anticipation of an upcoming reward under an operant task in adult compared to adolescent
humans (Geier et al. 2010). This suggests that adults may be more sensitive than adolescents
to time as it relates to the probability of an expected reward.

Chronic exposure to drugs of abuse (Carlezon et al. 2003; Ersche et al. 2008; Guerriero et al.
2006; Wiley et al. 2009) or even a single exposure to a large dose of drug (Caster et al.
2007) can result in long-term changes in behavior maintained by drug and nondrug
reinforcers. In the present study, adults with adolescent cocaine exposure made more
cocaine-reinforced responses than their counterparts that received initial cocaine exposure as
adults, suggesting a sensitization effect. Similar results were seen in adult rats in the food
condition. Adult female and male rats with adolescent cocaine exposure made more
reinforced responses and earned more food pellets than females and males that were exposed
to cocaine as adults. Similar findings were obtained in previous studies showing that
exposure to stimulants during adolescence produced long-term sensitization to cocaine
(Griggs et al. 2010; Guerriero et al. 2006) and amphetamine (Burton et al. 2010) and altered
responding for natural rewards such as food (Bolanos et al. 2003). Together, these results
suggest that adolescence marks a period of increased sensitivity to the long-term effects of
stimulants on addiction-like behaviors maintained by both drug and nondrug reinforcers.

In the present study, adult females responded more during periods of signaled availability
and nonavailability of iv cocaine compared to adult males. Similar results were reported in a
recent study in which female rats responded significantly more than male rats during periods
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of iv cocaine availability and nonavailability under a similar behavioral task (Anker et al.
2008). Together, these findings support other studies reporting enhanced cocaine seeking by
female rats during several phases of the drug abuse process, such as acquisition (Anker and
Carroll 2010c; Jackson et al. 2006; Lynch 2008; Lynch and Carroll 1999), escalation (Roth
and Carroll 2004), extinction (Kerstetter et al. 2008), and reinstatement (Kerstetter et al.
2008; Lynch and Carroll 2000) (for review, see Anker and Carroll 2010c). Several studies
indicate that female gonadal hormones mediate cocaine-seeking behavior (for reviews, see
Anker and Carroll 2010c; Becker and Hu 2008; Carroll et al. 2009); however, in the present
study, the estrous cycle was allowed to vary freely. Future studies may benefit from
examining the effects of estrous cycle phase on cocaine seeking during periods of signaled
nonavailability of cocaine.

Given that sex, age, and/or previous exposure to stimulants modulate saccharin and/or
sucrose consumption (Bolanos et al. 2003; Wiley et al. 2009), an additional aim was to
compare males and females with differential reinforcer history (e.g., adults earning cocaine
during adolescence vs. adulthood) on saccharin intake. In a previous study, rats that had a
history of cocaine self administration consumed less 0.1% saccharin than rats with no
history of cocaine self administration (Anker et al. 2008). Long-term decreases in saccharin
intake in rats previously exposed to cocaine are thought to be an indicator of anhedonia
(Ferguson and Boctor 2010). Results of the present study did not support this finding and
indicated no differences between cocaine-exposed and -naïve rats, regardless of whether
they were exposed during adolescence or adulthood. However, consistent with an earlier
study (Anker et al. 2008), we observed that females preferred higher concentrations of
saccharin than males, while both groups equally preferred the lowest concentration of
saccharin. Other studies have reported similar sex differences in sweet preference in rats
(Carroll et al. 2008; Valenstein et al. 1967).

In summary, the present results indicated that adolescents engaged in more cocaine-seeking
(but not food-seeking) behavior during periods of signaled availability and nonavailability of
iv cocaine than adults, and females responded more than males during these periods. Early
exposure to cocaine during adolescence had long-term consequences on behavior
maintained by cocaine and food. Taken together, the results from the present study indicate
that age (adolescence) and sex (females) are vulnerability factors in drug abuse, and
exposure to cocaine during early development can have long-term effects on behavior
maintained by rewards.
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Fig. 1.
Mean (±SEM) responses during signaled availability and nonavailability periods for
cocaine-maintained operant sessions. Left panels (a, c, e, and g) depict responding for
cocaine under signaled availability, while right panels (b, d, f, and h) depict responses under
signaled nonavailability conditions. Panels a–d compare responding maintained cocaine by
females and males during adolescence to responses when retested as adults 30 days later.
Panels e–h depict responses for adult females and males during initial testing and during a
retest 30 days later. Both adolescents and adults responded more during the availability
period during the initial test vs. the retest (a, c, e, and g; *p<0.01), and adolescents also
responded more during the signaled nonavailability period during the initial test vs. the
retest (b and d; *p<0.01). Adolescents responded more during the availability and
nonavailability periods than adults during the initial test (a and c vs. e and g and b and d vs f
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and h; #p<0.01), and among the adults, females responded more than males during both
signaled availability and nonavailability periods for both the initial test and retest (e and f vs.
g and h; †p<0.05). Adults with adolescent cocaine exposure made more cocaine-reinforced
responses than rats that received initial cocaine exposure as adults (a and c vs e and g;
@p<0.01)
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Fig. 2.
Representative cumulative records of responses (vertical steps) and infusions (downward
deflections) during cocaine-maintained operant sessions for adolescents (upper panels) and
adults (lower panels) during the initial test and retest
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Fig. 3.
Mean (±SEM) responses during the signaled availability and nonavailability periods for
food-maintained operant sessions. Left panels (a, c, e, and g) depict responding for food
under signaled availability conditions, while right panels (b, d, f, and h) depict responses
under signaled nonavailability conditions. Panels a–d compare responding maintained by
food for females and males during adolescence to responses when retested as adults 30 days
later. Panels e–h depict responses for adult females and males during initial testing and
during a retest 30 days later. Males responded more during the signaled availability period
when retested as adults vs. their initial test as adolescents (c; *p<0.05) and also responded
more during the signaled availability and nonavailability periods than females retested as
adults (c and d vs. a and b; †p<0.01)

Anker et al. Page 19

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Mean (±SEM) responses during the signaled availability and nonavailability periods for
food-maintained operant sessions. Left panels (a, c, e, and g) depict responding maintained
by food under signaled availability conditions, while right panels (b, d, f, and h) depict
responses under signaled nonavailability conditions. Panels a–d compare responding for
food pellets between groups of adult rats that earned cocaine or food pellets (cocaine-naïve)
during adolescence. Panels e–h compare responding between groups of adult rats that
earned cocaine or food pellets (cocaine-naïve) earlier in adulthood. The cocaine-naïve
groups are the same as the food retest groups in Fig. 3 and are renamed. Adult females and
males exposed to cocaine during adolescence responded more for food during the signaled
availability period than cocaine-naïve adult females and males (a and c; *p<0.05). Further,
males, whether cocaine-naïve or cocaine-exposed during adolescence or adulthood,
responded more than females during the signaled availability period (c and g vs. a and e;
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†p<0.05). Adult female and male rats with adolescent cocaine exposure make more
reinforced responses than females and males that were exposed to cocaine as adults (a and c
vs. e and g; @p<0.05)
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Fig. 5.
Representative cumulative records of responses (vertical steps) and infusions (downward
deflections) during food-maintained operant sessions for adults with previous cocaine
exposure during adolescence (upper panels) or adulthood (lower panels)
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Fig. 6.
Mean (±SEM) saccharin preference scores at 0.03%, 0.10%, 0.30%, and 0.60% (w/v)
saccharin solutions for both females and males. Females had significantly higher saccharin
preference scores than males at the 0.10%, 0.30%, and 0.60% saccharin concentrations
(*p<0.01)
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