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Abstract

The incentive sensitization theory of addiction posits that repeated exposure to drugs of abuse, like 

cocaine, can lead to long-term adaptations in the neural circuits that support motivated behavior, 

providing an account of pathological drug seeking behavior. Although preclinical findings provide 

strong support for this theory, much remains unknown about the conditions that support incentive 

sensitization. The current study examined whether the mode of cocaine administration is an 

important factor governing that drug's long-term impact on behavior. Separate groups of rats were 

allowed either to self-administer intravenous cocaine or were given an equivalent number and 

distribution of unsignaled cocaine or saline infusions. During the subsequent test of incentive 

motivation (Pavlovian-to-instrumental transfer), we found that rats with a history of cocaine self-

administration showed strong cue-evoked food seeking, in contrast to rats given unsignaled 

cocaine or saline. This finding indicates that the manner in which cocaine is administered can 

determine its lasting behavioral effects, suggesting that subjective experiences during drug use 

play a critical role in the addiction process. Our findings may therefore have important 

implications for the study and treatment of compulsive drug seeking.
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Introduction

One explanation for the development of addiction is that repeated drug exposure results in a 

persistent change in the way drugs and drug-related stimuli motivate behavior, allowing 

such stimuli to elicit intense “craving” and provoke compulsive drug-seeking (Robinson and 

Berridge, 1993). It is known that virtually all classes of abused drugs can stimulate and, with 

repeated exposure, sensitize dopamine neurotransmission in the mesotelencephalic system 
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(Carboni et al., 1989; Di Chiara and Imperato, 1988; Pierce and Kalivas, 1997; Rowell et al., 

1987; Wise, 1984), which is a critical substrate of cue-evoked incentive motivation (Ikemoto 

and Panksepp, 1999; Lex and Hauber, 2008; Ostlund and Maidment, 2012; Wassum et al., 

2011). Furthermore, preclinical studies have demonstrated that animals pre-treated with 

abused drugs, including psychostimulants, such as amphetamine and cocaine, exhibit 

heightened levels of incentive motivation (Deroche et al., 1999; Harmer and Phillips, 1998; 

Mendrek et al., 1998). Such effects also appear to extend to behaviors motivated by natural 

rewards, including food (Harmer and Phillips, 1998; Mendez et al., 2009; Nocjar and 

Panksepp, 2002; Nordquist et al., 2007; Ranaldi et al., 2009; Taylor and Jentsch, 2001; 

Wyvell and Berridge, 2001). For instance, studies using the Pavlovian-to-instrumental 

transfer paradigm (PIT), a behavioral assay of Pavlovian incentive motivation (Balleine and 

Ostlund, 2007; Berridge and Robinson, 2003; Rescorla and Solomon, 1967), have shown 

that rats pre-treated with experimenter-administered amphetamine (Wyvell and Berridge, 

2001) or cocaine (LeBlanc et al., in press) exhibit more vigorous instrumental food-seeking 

behavior in the presence of a separately trained food-paired cue than saline-treated rats.

While these studies demonstrate that experimenter-delivered drugs produce long-lasting 

neurochemical and behavioral alterations, voluntary drug taking in humans can be more 

directly modeled in rodents by allowing the subjects to actively self-administer drug. It has 

recently been shown that rats with a history of cocaine self-administration exhibit greater 

food-seeking behavior in response to food-paired cues than cocaine-naive rats (Saddoris et 

al., 2011). While this finding indicates that cocaine self-administration can result in 

potentiated cue-induced incentive motivation, it is not clear what role the mode of drug 

delivery played in this effect. Specifically, it remains unknown whether a subject's 

experience controlling their cocaine intake is an important factor in determining the degree 

of incentive sensitization supported by that drug or whether this effect can be more directly 

attributed to the purely pharmacological effects of the drug. Other lines of evidence suggest 

that the mode of drug delivery may play an important role. For instance, self-administered 

cocaine is more potent in stimulating dopamine release (Hemby et al., 1997; Kimmel et al., 

2005; Lecca et al., 2007) and can support stronger and more persistent adaptations in the 

circuitry controlling dopamine signaling (Chen et al., 2008; Stefański et al., 2007) than 

passively administered intravenous cocaine. Given the role of the dopamine system in 

incentive motivation, one should therefore expect active and passive cocaine administration 

to support differential effects on motivated behavior. The current study investigates this 

question, examining whether the sensitizing impact of intravenous cocaine on Pavlovian 

incentive motivation depends on the mode of cocaine delivery.

Materials and Methods

Subjects

Adult male Long Evans rats (mean weight: 322±5.9g) were used in this experiment. Rats 

were housed in a climate-controlled vivarium and were kept on a food restriction regimen 

(∼12g home chow per day) throughout training and testing to maintain them at 

approximately 85% of their free feeding bodyweight, but were provided ad libitum access to 

tap water in the home cage. All procedures were approved by the Animal Research 
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Committee of University of California, Los Angeles, and were performed in accordance 

with National Research Council's Guide for the Care and Use of Laboratory Animals.

Apparatus and Training

Rats were trained in eight identical Med Associates (East Fairfield, VT) operant chambers 

housed within sound- and light-resistant shells. The chambers contained two retractable 

levers on one of the two aluminum end-walls that could be inserted into the chamber to the 

left and right side of a recessed food magazine, into which grain-based food pellets (45mg, 

Bioserv, Frenchtown, NJ) could be delivered. Magazine entries were detected by using a 

photobeam sensor that crossed the front of the food magazine. During self-administration 

training, the boxes were outfitted with a nosepoke manipulandum (Med Associates) on the 

opposite wall from the levers (which were retracted) and magazine. A 3-W, 24-V houselight 

was mounted on the top center of the opposite end wall and provided illumination during 

training sessions, with the exception of cocaine administration sessions. The chambers were 

also equipped with devices for generating the tone (3 kHz, 75dB) and clicker (2Hz, 75dB) 

stimuli.

Drugs

Cocaine hydrochloride, provided by the NIDA Drug Supply program, was dissolved in 

sterile saline (0.9% NaCl) and filtered-sterilized prior to administration.

Instrumental Training

Before instrumental training began, subjects received two magazine training sessions during 

each of which they received 20 food pellets on a fixed time 1-minute schedule. Magazine 

training was followed by 14 days of instrumental training, consisting of 30-minute sessions 

with continuous access to an active and inactive lever. Pressing on the active lever (either 

left or right) resulted in the delivery of grain pellets, while pressing on the inactive lever was 

monitored but was without consequence. The schedule of reinforcement used for the active 

lever was modified over days. On the first day rats were continuously reinforced, but were 

then shifted to a random interval (RI) schedule for the rest of training, with one day at RI-5s, 

one day at RI-15s, one day at RI-30s, followed by 10 days at RI-45s.

Pavlovian Training

Rats were then given Pavlovian training, which consisted of 14 daily 30-minute sessions. 

For the first 11 sessions, the presentation of one of the two auditory stimuli (CS+; either the 

tone or clicker; 30-s duration) was followed immediately by the delivery of 3 pellets. Each 

session consisted of 10 CS+ presentations, delivered on a variable time 150s schedule. The 

last 3 sessions were identical to previous sessions except for the addition of two non-

reinforced presentations of the alternative auditory stimulus (CS−), which were made at the 

middle and end of the sessions (i.e., after the 5th and 10th CS+ presentation). Magazine 

entries were recorded to monitor acquisition of conditioned approach behavior.
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Catheter surgery

Cather surgery was performed as described previously (Leblanc et al., 2012). Briefly, rats 

were deeply anesthetized with isoflurane, and a silicon catheter was placed into the right or 

left jugular vein. Rats were given 5 days to recover from surgery and catheters were 

maintained with twice daily heparin injections (0.1 ml of 10 units/ml) for the duration of the 

experiment. Any catheter of questionable patency was tested by evaluating the sedative 

effectiveness of 0.2ml of 1% propofol. Any subject not sedated was excluded. One subject 

died during surgery (yoked saline group).

Cocaine sensitization

Subjects were divided into three groups: a master group (n = 8) that self-administered 

cocaine, a yoked cocaine group (n = 8), in which rats were noncontingently administered 

cocaine using intervals set by their counterparts in the master group, and a yoked saline 

group (n = 7), in which rats received saline based on the intervals of their master 

counterparts. Thus, each master rat set the cocaine delivery times for one rat and the saline 

delivery times for another. To facilitate discrimination between training phases, no house 

light illumination was provided during this phase of the experiment. The chambers were also 

distinguished by adding a punched stainless steel floor plate, side-wall panels with black-

and-white vertical lines (1″ wide), and an odor cue (0.1ml of 10% almond extract, placed on 

a paper towel positioned below floor plate). An LED light positioned within the nose poke 

hole was used to signal cocaine availability for the master group; this light was never 

illuminated for rats in the yoked groups. For the master group, each nosepoke resulted in the 

delivery of 0.23mg of cocaine over 4.35s followed by a 20-s time out during which the 

nosepoke light was extinguished. All groups received 14 once- daily sessions. Sessions 

lasted for 2 h or until 30 outcomes had been earned by a master group rat. Although 

locomotor sensitization was not assessed in the current study, it should be noted that similar 

cocaine-administration protocols have been shown to support locomotor sensitization 

(Hooks et al., 1994; Knackstedt and Kalivas, 2007; Phillips and Di Ciano, 1996; Sutton et 

al., 2000). One rat (yoked cocaine group) was excluded from the rest of the study due to a 

lack of catheter patency. One set of rats (a master rat and his yoked cocaine and yoked saline 

counterparts) was eliminated from the study because the master rat failed to meet criterion 

for adequate self-administration (at least 50 cocaine infusions over the 14-d period). After 

sensitization, rats were withdrawn for 10 d during which they remained in their homecages. 

One rat (master group) died before testing.

Pavlovian-to-instrumental transfer testing

The cocaine administration cues were removed from the chamber for the remainder of 

training and testing. Rats (n=6 for all groups) were retrained for 3 d on the instrumental 

response on a RI-45s schedule. On the following day, rats received a 30-min extinction 

session in which both levers were available but produced no rewards, which was done to 

suppress lever press rates to facilitate detection of the PIT effect. A PIT test was conducted 

on the following day. All lever presses were recorded during this session but no rewards 

were delivered. The two auditory cues (CS+ and CS−) were noncontingently presented 4 

times each in strict alternation (tone, click) using a 2.5-min ITI to assess their ability to 
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influence lever press performance. We subtracted the average number of presses performed 

on each lever during the 30-sec CS period from the average number of presses occurring 30-

sec before cue onset (Pre-CS) to generate difference scores (CS – Pre-CS), which reflect the 

cue-related changes in lever press performance.

Results

All rats acquired the instrumental response for food reward, with no significant difference in 

lever pressing behavior between groups on the last two days (Masters: 30.24 ± 4.63, yoked 

cocaine: 24.30 ± 3.05, yoked saline: 25.35 ± 4.06). A one-way between-subjects ANOVA 

found no effect of group (F (2,17) = 0.64, p > 0.05). All subjects also learned to discriminate 

between the CS+ and CS− by the last two days of Pavlovian conditioning. Because our 

analysis of baseline (pre-CS) magazine entries found no main effect of CS (F (1,15) = 0.015, 

p > 0.05) or group (F (1,15) = 1.84, p > 0.05), and found no evidence of a CS by group 

interaction (F (1,15) = 0.31, p > 0.05), we used a difference score (see Methods) to quantify 

conditioned approach behavior. As shown in Table 1, on the final 2 days of training rats in 

all groups showed higher rates of magazine entry during the CS+ compared to the CS−. A 

mixed group × CS (CS+, CS−) ANOVA found a significant main effect of CS (F (1,15) = 

13.72, p = 0.002), but no CS by group interaction (F (1,15) = 0.231, p > 0.05) and no main 

effect of group (F (1,15) = 0.077, p > 0.05), demonstrating that all groups learned the 

Pavlovian conditioned approach response.

All but one rat in the master group learned to self-administer cocaine by nosepoking. Group 

average nosepoke rates (pokes per minute) at the end of training (last 2 days) reveal that the 

groups displayed very different levels of nosepoke behavior, with rats in the master group 

responding at a high rate (19.25 ± 2.64), rats in the yoked cocaine group responding at a low 

rate (5.08 ± 3.57), and rats in the yoked saline group showing no nosepoke behavior (0 ± 0). 

Due to the total lack of nosepokes for rats in the yoked saline group, the data from this group 

violated assumptions of normality and equal distribution of variance and was excluded from 

the statistical analysis. Multiple rats in the yoked cocaine group also performed no 

nosepokes, resulting in a non-normal distribution of scores in this group. We therefore used 

a nonparametric test (Mann-Whitney-U), which revealed a significant difference in 

nosepokes between yoked cocaine and master groups (U = 3.5, p < 0.05). As expected, we 

also observed an increase in the mean number of cocaine infusions for rats in the master 

(and yoked cocaine) group over days (First day: 1.38 ± 0.37, Last day: 18.67 ± 2.50). A 

paired-samples t-test revealed that intake significantly increased from the first day to the last 

day of self-administration (t (5) = −6.43, p <0.001).

The rats were then administered a PIT test to evaluate group differences in cue-evoked food 

seeking. Training and testing procedures were based on a previous study (Wyvell and 

Berridge, 2001) that established parameters that support minimal PIT performance in normal 

subjects, facilitating the detection of drug-induced enhancements in this effect. The results 

of this test are presented as a difference score in Figure 1, with baseline (pre-CS) press rates 

reported in Table 2. Consistent with the incentive sensitization hypothesis, we found that 

masters showed a selective increase in their rate of pressing during the CS+, whereas the 

performance of saline-treated rats was generally unaffected by either cue. However, this 
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facilitation of PIT performance in the master group did not appear to be due to the absolute 

pharmacological properties of cocaine, since the yoked cocaine group also showed no 

evidence of the PIT effect. This interpretation was supported by a mixed group × CS 

ANOVA, which found no overall effect of CS (F (1, 15) = 0.448, p > 0.05) or group (F 

(2,15) = 2.82, p = 0.09), but did detect a significant CS by group interaction (F (2,15) = 

5.16, p < 0.05), in line with the hypothesis that the food-paired cue was differentially 

effective in eliciting food-seeking behavior across the various cocaine-exposure conditions. 

To further examine this interaction we conducted planned pairwise comparisons of the CS 

effect (the difference between CS+ and CS−scores) between the three groups. Whereas the 

master group significantly differed from the yoked saline group (t (15) = 2.65, p <0.05) and 

the yoked cocaine group (t (15) = 2.89, p = 0.01), no difference was detected between the 

yoked cocaine and yoked saline groups (t (15) = −0.24, p > 0.05). Further analysis (paired, 

2-tailed t-tests) found that the CS+ was significantly more effective in eliciting lever 

pressing than the CS− in the master group (t (5) = 3.78, p = 0.01) but not in the yoked saline 

(t (5) = 1.28, p > 0.05) or yoked cocaine (t (5) = 1.00, p > 0.05) group.

Discussion

We found that self-administered intravenous cocaine exposure enhances Pavlovian incentive 

motivation and facilitates expression of cue-evoked reward seeking. We extend a previous 

finding (Saddoris et al., 2011) by showing that this long-lasting consequence of self-

administered cocaine cannot be fully understood by the simple pharmacological properties 

of that drug, in that rats given passive (noncontingent) intravenous cocaine injections using a 

yoking procedure showed no evidence of incentive sensitization. Instead, it appears that the 

subjective experience of taking cocaine (e.g., being able to predict and/or regulate drug 

intake) is a critical variable in this process. These differential behavioral effects of self-

administered and yoked cocaine intake coincide with previous findings showing that self-

administered cocaine is more effective than yoked cocaine in eliciting dopamine release 

(Hemby et al., 1997; Kimmel et al., 2005; Lecca et al., 2007) and in supporting long-lasting 

adaptations in the neural circuitry controlling dopamine release (Chen et al., 2008; Stefanski 

et al., 1999). Given the role of the dopaminergic system in incentive motivation (Robinson 

and Berridge, 2008), this increased ability of response-contingent cocaine to provoke 

changes in dopaminergic circuitry could account for the observed increase in cue-evoked 

reward-seeking reported here.

This finding indicates that that mode of delivery is a critical factor in determining the impact 

of a drug exposure regimen on incentive motivation. It should be noted, however, that some 

forced (involuntary) drug administration regimens can be effective in sensitizing the 

incentive motivational system (Mendez et al., 2009; Nocjar and Panksepp, 2002; Nordquist 

et al., 2007; Ranaldi et al., 2009; Taylor and Jentsch, 2001; Wyvell and Berridge, 2001). For 

instance we have recently shown that rats given repeated intraperitoneal cocaine injections 

(6d; 15 mg/kg per injection) exhibit a potentiation of the PIT effect (LeBlanc et al., in press). 

Thus both experimenter-delivered and self-administered cocaine can alter food-motivated 

behavior, indicating that the presence of a response-cocaine contingency is not a strict 

requirement for the development of cocaine-induced incentive sensitization. Interestingly, 

Chen et al (2008) showed that both experimenter-administered intraperitoneal cocaine 
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injections and self- administered intravenous injections induce long-term potentiation of 

excitatory (glutamatergic) signaling in dopamine neurons in the ventral tegmental area, 

whereas unsignaled intravenous cocaine injections do not. Such changes would be expected 

to make the dopamine system more responsive to excitatory input and may therefore be the 

mechanism through which these cocaine-exposure regimens enhance the expression of the 

dopamine-dependent PIT effect.

Why yoked cocaine injections do not result in incentive sensitization (or, for that matter, 

long-term potentiation in ventral tegmental dopamine cells) is not entirely clear. One 

possibility is that it is the ability to anticipate and presumably prepare for cocaine intake that 

determines its impact on the incentive motivational system. With both experimenter- and 

self-administered cocaine, receipt of the drug is signaled, either by injection cues (e.g., 

special handling and needle insertion) or by execution of the instrumental action. No such 

signals were provided to rats in the yoked cocaine group. Consistent with this account, 

previous studies have shown that cues signaling drug delivery can influence the drug's acute 

behavioral and neurochemical effects (Cepeda-Benito and Tiffany, 1995; Duvauchelle et al., 

2000; Hinson and Poulos, 1981; Hinson and Siegel, 1982), and are known to play an 

important role in the development of drug sensitization (Browman et al., 1998a, b; Robinson 

et al., 1998). It should be noted, however, that while associative learning and drug 

anticipation may very well contribute to the induction of incentive sensitization, it is also 

possible that the opportunity to actively self-regulate cocaine intake was the determining 

factor between the two cocaine exposure groups in the current study. Although the studies 

mentioned above have shown that forced drug exposure regimens can also induce incentive 

sensitization, the various procedural differences for drug administration between these 

studies and the current experiment (e.g., intraperitoneal injections of a single, high dose drug 

bolus each day vs. multiple relatively low dose intravenous injections distributed over hours 

each day) make direct comparisons problematic.

The current results shed new light on the way drugs of abuse impact motivated behavior and 

may have important implications for our understanding of addiction. For instance, they 

suggest that subjective factors (e.g., ability to prepare for and/or regulate drug intake) play a 

role in determining how influential cues will be in motivating behavior after prolonged drug 

use, which could predict whether experimental drug use will develop into a pathological 

behavior. Such information may be useful for predicting vulnerability to drug abuse and for 

developing novel approaches to prevent and treat drug addiction.
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Figure 1. 
PIT test results, displayed as a difference score (baseline subtracted: CS − pre CS). Averages 

± SEM. * = p < 0.05.
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Table 1

Pavlovian training data – magazine entries. Values are averages ± SEM.

CS+ CS−

Masters 9.63 ± 2.45 2.67 ± 1.94

Yoked cocaine 10.60 ± 3.68 3.17 ± 2.17

Yoked saline 8.25 ± 1.87 3.5 ± 1.73
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Table 2

Pre-CS baseline lever presses. Values are averages ± SEM.

Pre-CS+ Pre-CS−

Masters 1.42 ± 0.42 1.04 ± 0.48

Yoked cocaine 1.58 ± 0.52 1.67 ± 0.50

Yoked saline 2.79 ± 0.45 2.67 ± 0.45
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