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Abstract

BACKGROUND—Escalation of consumption is a hallmark of cocaine addiction. Many animal 

models reveal escalation by increasing the duration of drug access (e.g., 6 to 24 h/day) after longer 

histories of self-administration. We recently developed a method that reveals escalation early post-

acquisition under shorter access conditions. However, whether or not rats will escalate cocaine 

consumption both early post-acquisition under short access (2 h/day) conditions, and later under 

long access (6 h/day) conditions, has not been demonstrated.

METHODS—All rats acquired cocaine self-administration (0.8 mg/kg, i.v.) under 2 h conditions, 

and then continued 2 h self-administration for an additional 13 sessions. Then, rats were assigned 

either to 2 or 6 h conditions, and self-administered cocaine (0.8 mg/kg, i.v.) for an additional 19 

sessions. In addition, four cocaine-induced locomotor activity measurements were taken for each 

rat: before cocaine exposure, after non-contingent cocaine administration, and after escalation in 

the short and long access experimental phases.

RESULTS—Following acquisition, rats displayed a robust escalation of intake during 2 h 

sessions. Rats that self-administered cocaine in continued 2 h sessions exhibited stable intake, 

whereas rats that self-administered cocaine in 6 h sessions further escalated intake. Despite the 

second escalation in 6 h rats, cocaine-induced locomotor activity did not differ between 2 and 6 h 

rats.

CONCLUSIONS—Escalation of cocaine self-administration can occur in the same rats both 

early post-acquisition, and later under long access conditions. Importantly, this early post-

acquisition period provides a new opportunity to determine the mechanisms first involved in the 

escalation phenomenon.
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1. INTRODUCTION

The development of cocaine addiction is highly variable: for example, only 10% to 15% of 

intranasal cocaine users are estimated to develop addiction (Gawin, 1991). Addicted 

individuals, however, play a significant role in the danger that cocaine poses to public 

health. Although heavy cocaine users have been estimated to represent 20% of the cocaine 

using population, they consume two-thirds of the domestic supply of the drug (Rydell and 

Everingham, 1994). Thus, identifying factors that contribute to the transition from 

recreational use to addiction is critical for understanding this devastating disease.

One hallmark of the transition to addiction is an escalation in cocaine consumption. To date, 

several investigators have modeled increases in cocaine consumption in animals (e.g., 

Ahmed and Koob, 1998; Carroll et al., 1989; Fitch and Roberts, 1993; Mantsch et al., 2001; 

Tornatzky and Miczek, 2000). In these models, rats trained to stably self-administer cocaine 

are switched to a condition in which cocaine is available for extended periods of time (e.g., 

from 6 to 24 h/day). During these long access sessions, rats are typically restricted to low to 

moderate doses of cocaine (Carroll et al., 1989); or when high doses are available, the 

number of infusions per hour is restricted (Fitch and Roberts, 1993). In the most widely used 

model, rats gradually escalate their intake of 0.75 mg/kg/i.v. infusion cocaine over time 

when permitted to self-administer cocaine in daily 6 h (“long access” or LgA) sessions. In 

contrast to LgA rats, rats that self-administer the same dose of cocaine under short access 

conditions (i.e., 1 h sessions; ShA) tend to display lower, stable patterns of drug intake over 

many sessions (Ahmed and Koob, 1998).

We have recently developed a model of escalation in cocaine consumption that reveals 

escalation in 2 h sessions very early after acquisition of self-administration (Mandt et al., 

2012a). In this model, rats are trained to self-administer a moderate dose of cocaine (0.6 

mg/kg/i.v. infusion under our conditions) under a fixed ratio 1 (FR1) schedule of 

reinforcement until they meet an intake-based acquisition criterion (three consecutive days 

of at least 4 mg/kg intake). Immediately after acquisition, the self-administered cocaine dose 

is increased to a relatively high dose (1.2 mg/kg/i.v. infusion under our conditions). Using 

this paradigm, rats that undergo a “dose-switch” show an escalation of both intake on a FR1 

schedule of reinforcement and break points (BPs) on a progressive ratio (PR) schedule of 

reinforcement; in contrast, rats that continue to self-administer the training dose (0.6 mg/kg/

i.v. infusion) show neither of these effects (Mandt et al., 2012a). Interestingly, our model 

also reveals escalation early after acquisition in the absence of a “dose-switch”, when the 

dose of cocaine that is self-administered during the acquisition phase is sufficiently high 

(e.g., 0.8 mg/kg/infusion; Mandt et al., 2012b; Simmons et al., 2013). Thus, it appears that 

higher-dose cocaine self-administration results in escalation of cocaine consumption very 

early in the drug-taking process, and may be conflated with “acquisition” (and not reported) 

in most studies.

Mandt et al. Page 2

Drug Alcohol Depend. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to escalation, cocaine sensitization (e.g., locomotor sensitization) is also thought 

to contribute to the transition to addiction. Although behavioral sensitization is a well-

documented phenomenon (e.g., Kalivas and Duffy, 1993; Post, 1980; Sabeti et al., 2003), 

the relationship of behavioral sensitization and self-administration (i.e., contingent cocaine 

exposure) is less clear. In particular, studies of escalation in cocaine self-administration and 

sensitization have contradictory findings. Whereas some studies found that animals develop 

sensitization regardless of whether or not escalation occurs, other studies found that 

escalation under various schedules of reinforcement produces tolerance to cocaine-induced 

locomotor activity (Ahmed and Cador, 2006; Calipari et al., 2014; Lack et al., 2008).

The escalation revealed with the LgA procedure occurs well after animals have acquired 

self-administration, and data from the acquisition phase are rarely reported. We have argued 

previously that the escalation of higher dose cocaine self-administration early post-

acquisition may be conflated with acquisition in traditional escalation studies. We have not 

yet determined, however, whether or not escalation can occur in the same animals both early 

post-acquisition, and later in self-administration when the duration of access in increased. 

Thus, the present study sought to determine whether or not escalation revealed early post-

acquisition during short access 2 h sessions precludes escalation that develops during long 

access 6 h sessions. Additionally, we sought to determine the effect of long access self-

administration, relative to short access self-administration, on established cocaine locomotor 

sensitization. Specifically, we used our new method for analyzing escalation under 2 h 

conditions (Mandt et al., 2012b) and a traditional 6 h model of escalation (Ahmed and Koob, 

1998) to test the hypothesis that escalation can occur both early and late in an animal's self-

administration history.

2. MATERIALS AND METHODS

2.1. Animals

Outbred male Sprague–Dawley rats (n = 24) weighing between 225 and 250 g were 

purchased from Harlan Industries (Indianapolis, IN, USA). Rats were housed individually 

with ad libitum access to food and water in an animal care facility at the University of 

Colorado Denver – Downtown Campus (CU Denver). Rats were housed on a 12-h light/dark 

cycle (lights on at 0700 hours), and all testing was conducted during the light cycle. All 

animal care and use procedures were in strict accordance with the NIH Guide for the Care 

and Use of Laboratory Animals and were approved by the CU Denver Institutional Animal 

Care and Use Committee.

2.2. Catheter Construction and Placement

Intravenous catheters were constructed in the laboratory and surgically implanted into the 

right jugular vein under ketamine (100 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.) anesthesia 

using established procedures (Thomsen and Caine, 2005). Rats received carprofen as an 

analgesic (5 mg/kg, s.c.) 24 h pre- and 48 h post-surgery. Rats recovered from surgery for at 

least one week before testing began. Catheters were flushed with 0.3 ml of bacteriostatic 

0.9% sodium chloride containing heparin (33 U/ml) before and after each self-
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administration session. Catheter patency was verified with methohexital sodium (10 mg/kg, 

i.v.) as necessary throughout the experiments and at the end of the study.

2.3. Cocaine-induced locomotor activity

Cocaine-induced locomotor activity testing was conducted as previously described (e.g., 

Mandt et al., 2012b). Briefly, rats were taken to the behavioral testing room in their home 

cages and allowed to habituate for 60 min. At the start of the behavioral recording session, 

rats were placed in open field activity chambers consisting of Plexiglas boxes (43.2 × 43.2 × 

43.2 cm) fitted with photobeam frames (16 beams per dimension; MED Associates, St. 

Albans, VT). After acclimation to the novel environment for 90 min, rats were injected with 

cocaine (10 mg/kg, i.p.) and returned to the chamber for an additional 30 min. Locomotor 

activity was quantified by using the automated consecutive horizontal photobeam 

interruptions converted to distance traveled (cm) and summed into 5-min bins. Cocaine-

induced locomotor activity was defined as the sum of distance traveled over the 30-min 

post-cocaine period. Cocaine-induced locomotor activity was tested on four separate 

occasions: 1) prior to catheter surgery (i.e., in a drug naïve state), 2) 72 h following five 

once-daily non-contingent cocaine infusions (0.8 mg/kg, i.v.) in the self-administration 

context, 3) 48 - 72 h after 10 days of active cocaine-self-administration, and 4) 48 - 72 h 

after the final self-administration session.

2.4. Cocaine in the Self-Administration Context

Non-contingent (i.e., experimenter delivered) and contingent (i.e., self-administration) 

cocaine administration both occurred in 16 Plexiglas and metal operant conditioning 

chambers (29 × 24 × 21 cm; MED Associates) housed within sound-attenuating cabinets. 

Each chamber had two retractable levers on the front wall with stimulus lights positioned 6 

cm above each lever. A tone presentation speaker (Sonalert Tone Generator, 2900 Hz; MED 

Associates) and a white noise speaker (90 dB) were mounted 12 cm above the floor on the 

wall opposite the levers. A house light (100 mA) was mounted 6 cm above the tone speaker, 

and a computer-controlled syringe pump delivered all cocaine infusions. All behavioral 

events were monitored and controlled by a personal computer using MED-PC for Windows 

software (MED Associates). All sessions began with the extension of the retractable levers, 

white-noise activation, and stimulus-light illumination on the right side of the chamber.

One-second after non-contingent session initiation, an i.v. cocaine infusion (0.8 mg/kg in a 

volume of 0.2 ml delivered over 5–7 s, based on the weight of the rat) was delivered 

coinciding with lever retraction, stimulus-light extinction, and 15-s tone-house light stimulus 

complex presentation. Non-contingent cocaine sessions were 30 min in duration, and the 

second locomotor activity test was conducted 72 h after the fifth session.

Self-administration training began 48 h after the second locomotor activity test. One-second 

after session initiation, a cocaine priming infusion was delivered (0.8 mg/kg/i.v. infusion in 

a volume of 0.2 ml over 5–7 s, based on the weight of the rat). During this priming infusion 

and all subsequent self-administered infusions (0.8 mg/kg/i.v. infusion in a volume of 0.2 ml 

over 5–7 s, based on the weight of the rat), the stimulus light over the active lever was 
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turned off, and the tone-house light stimulus complex was activated for the 15 s coinciding 

with a “timeout” period.

Acquisition sessions were 2 h in duration, and testing was conducted 5 days a week. 

Responses on the active lever were reinforced with a cocaine infusion according to a FR1 

schedule of reinforcement. Responses emitted on the active lever during cocaine infusion 

and stimulus complex presentation (i.e., timeout) were not reinforced and were recorded 

separately from reinforced responses. Responses on the inactive lever were recorded, but 

had no programmed consequence. Acquisition in these experiments was defined as the first 

of three consecutive sessions during which a rat consumed at least 4 mg/kg cocaine; the first 

of the three sessions is designated x, the day of acquisition (Mandt et al., 2012a, 2012b; 

Simmons et al., 2013). In our work, rats that meet these criteria have clearly acquired self-

administration; and these criteria are similar to intake-based acquisition criterion used by 

other laboratories (e.g., Carroll and Lac, 1997; Mantsch et al., 2001). Immediately following 

acquisition (i.e., x+2), rats were given an additional thirteen 2 h FR1 sessions (i.e., x+3 to x

+15).

At the completion of this initial phase, rats were assigned to either a 2 or a 6 h group. Group 

assignments were matched based on acquisition day and cocaine intake during the initial 

self-administration phase. Rats in the 2 and 6 h groups continued to self-administer cocaine 

(0.8 mg/kg/i.v. infusion) according to a FR1 schedule for an additional 19 sessions. The only 

testing difference between groups was session duration (i.e., 2 or 6 h).

2.5. Exclusions and Exceptions

Seven of the 24 rats used in this study were excluded from final data analyses. Six rats were 

excluded from all analyses: one rat had catheter patency failure during the acquisition phase; 

two rats did not acquire self-administration; and three rats had catheter patency failure 

during the 2 h access escalation phase. An additional rat (2 h group) was excluded only from 

the 6 h access escalation and locomotor sensitization analyses, because his responding was 

unstable only during this final escalation phase of the study.

2.6. Data Analysis

Statistical analyses were conducted with PASW Statistics, version 21.0 (IBM Corp., 

Somers, NY, USA) and GraphPad Prism, version 5.0f (GraphPad Software, Inc., La Jolla, 

CA, USA). Cocaine intake during phase one (i.e., 2 h sessions) was analyzed with two-way 

repeated measures ANOVA (RMANOVA). Subsequent access condition (2 or 6 h) and 

session (within subjects variable) were treated as independent variables, and intake was 

treated as the dependent measure. Cocaine intake during phase two (i.e., either 2 and 6 h 

sessions) was analyzed with separate one-way RMANOVAs; intake during the first 2 h was 

analyzed with two-way RMANOVA. Cocaine-induced locomotor activity on the four 

separate tests was compared by two-way RMANOVA. Access condition (2 or 6 h) and test 

(within subjects variable) were treated as independent variables, and the 30-min sum of 

cocaine-induced locomotor activity was treated as the dependent measure. Sensitization 

scores (ratio of subsequent test activity to initial activity) and escalation scores (ratio of final 

intake to initial intake) were compared with linear regression and correlational analysis. 
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When main or interaction effects were revealed, one-way RMANOVA with either Dunnett's 

or Bonferroni's multiple comparison tests were used for post-hoc analyses. When the 

assumption of sphericity was violated for a particular repeated-measures analysis, as 

revealed by Mauchly's test statistic, tests of significance were based on the more 

conservative Huynh-Feldt corrected degrees of freedom. The symbol, a, indicates Huynh-

Feldt corrected values throughout the text. Data are presented as mean values ± SEM and 

the level of statistical significance was set at p < 0.05.

2.7. Drugs

The National Institute on Drug Abuse (Bethesda, MD) generously provided the (−)cocaine 

hydrochloride used in these studies. For i.p. injections, cocaine was dissolved in sterile 

saline (0.9% sodium chloride) at a concentration of 10 mg/ml and administered in a volume 

of 1 ml/kg. For i.v. infusions, cocaine also was dissolved in sterile saline. Methohexital 

sodium (10 mg/kg; Sigma-Aldrich, St. Louis, MO) was administered intravenously. 

Ketamine was purchased from MWI (Boise, ID, USA), and xylazine was purchased from 

Sigma-Aldrich. Drug weights refer to the salt.

3. RESULTS

3.1. Acquisition

Over 20 acquisition sessions, 21/23 rats acquired self-administration in an average of 3.2 ± 

0.6 days. Average days of acquisition for rats subsequently separated into the 2 or 6 h access 

conditions were 4.0 ± 1.4 and 3.1 ± 0.9, respectively (p = 0.607). Analysis of intake during 

acquisition with two-way RMANOVA revealed a main effect of session [F(3, 24) = 25.3, p < 

0.001], but no other significant effects. Relative to the session prior to acquisition (i.e., x–1), 

rats consumed significantly more cocaine on sessions x to x+2 (Fig. 1A, left panel). It is 

noteworthy that this statistically significant difference was revealed despite the fact that 11 

rats were dropped by the statistical analysis of acquisition intake, because they acquired on 

the first session and did not have intake values for session x–1. Whereas active to inactive 

lever responding was equivalent prior to acquisition, rats displayed an 83.7% ± 5.9% 

preference for the active to inactive lever upon acquisition (i.e., session x+2; Fig. 1B, left 

panel).

3.2. 2 h Access Escalation

Immediately following acquisition, all rats were given 13 additional 2 h self-administration 

sessions. Analysis of intake in rats subsequently assigned to either 2 or 6 h conditions with 

two-way RMANOVA revealed a main effect of session [aF(12, 180) = 5.8, p < 0.001], but no 

other significant effects. Dunnett's multiple comparisons test revealed that relative to the 

first of these sessions (x+3), rats consumed significantly more cocaine from the fourth 

session onward (i.e., x+6 to x+15), and increased intake 35% by the end of testing (Fig. 1A, 

right panel).

3.3. 6 h Access Escalation

At the completion of the 2 h access testing, rats were divided into either a 2 or a 6 h access 

group. Rats then self-administered cocaine under 2 or 6 h conditions for an additional 19 
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sessions. In the 2 h group, analysis of intake with one-way RMANOVA revealed a main 

effect of session [F(18, 126) = 1.8, p = 0.038]. Dunnett's multiple comparisons test revealed 

that relative to the first session, cocaine intake was significantly greater only in the last 

session (Fig. 2A). In the 6 h group, analysis of intake with one-way RMANOVA revealed a 

main effect of session [F(18, 144) = 2.7, p = 0.001]. Dunnett's multiple comparisons test 

revealed that cocaine intake in the 6 h group was significantly greater than the first session 

beginning with the fifth session, and increased 31% by the end of testing (Fig. 2A). 

Additionally, cumulative cocaine intake analysis revealed clear differences in the slope of 

the intake curves for the 2 and 6 h rats (slope = 22.2 ± 0.8 vs. 72.9 ± 1.5 mg/kg/session for 

the 2 and 6 h rats, respectively; 95% confidence = 20.6 to 23.8 vs. 70.0 to 75.8 mg/kg/

session for 2 and 6 h rats, respectively; Fig. 2B). Analysis of cumulative cocaine intake 

during the first 2 h with two-way RMANOVA revealed an interaction [F(18, 270) = 4.7, p < 

0.001]. Pairwise comparisons revealed that with the exception of session 17, cumulative 

intake during the first 2 h was significantly greater in 6 h than in 2 h rats from session 10 

onward (data not shown).

3.4. Cocaine-induced Locomotor Activity

Cocaine-induced (10 mg/kg, i.p.) locomotor activity was tested on four separate occasions: 

1) in a drug naïve state, 2) following five once-daily non-contingent cocaine infusions (0.8 

mg/kg, i.v.) in the self-administration context, 3) after 10 active cocaine self-administration 

sessions (i.e., x+10), and 4) at the end of the study (Figs. 3A and B). Analysis of cocaine-

induced locomotor activity with two-way RMANOVA revealed a main effect of test 

[aF(3, 45) = 6.9, p = 0.001], but no other significant effects. Bonferroni's multiple 

comparisons test revealed that relative to the initial cocaine-induced locomotor activity test, 

rats exhibited significantly greater cocaine-induced locomotor activity on every subsequent 

test; there were no significant differences, however, between locomotor activity tests 2 thru 

4 (Fig. 3B). Furthermore, correlational analysis did not reveal significant relationships 

between the magnitude of cocaine-induced locomotor sensitization and escalation of 

consumption under either 2 or 6 h conditions: sensitization scores at session x+12 (test 3) vs. 

escalation scores at session x+12, Pearson's r = 0.418, r2 = 0.175, p = 0.107; final 

sensitization scores (test 4) vs. escalation scores at escalation session 19, Pearson's r = 

0.080, r2 = 0.006, p = 0.836.

4. DISCUSSION

In the present study, we determined the effect of an escalation of cocaine consumption early 

post-acquisition under short access conditions on subsequent escalation under long access 

conditions. Similar to our previous reports (Mandt et al., 2012a, 2012b; Simmons et al., 

2013), again we observed an escalation of cocaine consumption very early after acquisition 

of higher dose cocaine self-administration. Following this initial escalation, rats allowed to 

self-administer cocaine in 6 h sessions displayed a second escalation of consumption. In 

contrast to 6 h sessions, rats that self-administered cocaine in continued 2 h sessions did not 

display further increases in cocaine intake. Despite the second escalation of consumption 

and high levels of cocaine exposure in 6 h rats, cocaine-induced locomotor activity did not 

differ between 2 and 6 h rats. Thus, these findings demonstrate that escalation can occur 
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both early and late in an animal's self-administration history, and highlight this early post-

acquisition period as a new target for investigating the escalation phenomenon.

Similar to our previous studies (Mandt et al., 2012b; Simmons et al., 2013), we observed an 

escalation of intake early after acquisition when rats self-administered a higher cocaine dose 

(0.8 mg/kg/i.v. infusion; Fig. 1A). Although we define acquisition as a relatively short 

period of time (i.e., three active self-administration sessions; x to x+2), we are confident that 

rats meeting our criteria have truly learned to self-administer cocaine. Despite dose-

dependent differences in the number of responses required to satisfy our intake-based 

criteria, rats show clear lever discrimination, even when the number of responses required is 

as low as four (e.g., 1.2 mg/kg/infusion; Mandt et al., 2012b). This also was the case in the 

present study: upon meeting acquisition criterion (i.e., session x+2) rats displayed an 83.7% 

preference for the active to inactive lever, and averaged a 97.7% preference for the active to 

inactive lever over the duration of the 2 h testing phase (i.e. session x+3 to x+15; Fig. 1B). It 

is clear that this early escalation of intake is not simply part of the acquisition process, as 

rats clearly discriminate the active from inactive lever before escalation occurs, and 

escalation does not occur with lower cocaine doses (e.g., 0.6 mg/kg, i.v.; Mandt et al., 

2012a).

To date, the LgA model is the most widely used model of escalation (Ahmed and Koob, 

1998). Typically, rats given access to cocaine (0.75 mg/kg/i.v. infusion) for 6 h display a 

gradual escalation of cocaine consumption over time, but rats that continue to self-

administer cocaine in 1 h sessions do not (e.g., Ahmed and Cador, 2006; Ahmed and Koob, 

1998; Ben-Shahar et al., 2004). However, these studies do not present acquisition data or do 

not distinguish acquisition from an early escalation during “training”. It is notable that the 

0.75 mg/kg/i.v. infusion dose of cocaine typically used with the LgA model is similar to the 

dose of cocaine used here (0.8 mg/kg/i.v. infusion), with which we again observed 

escalation early post-acquisition; however, we had not previously tested whether or not the 

same rats would demonstrate both an early escalation under short access conditions, and 

further escalation under long access conditions. In agreement with other reports, rats in the 

current study given access to cocaine in daily 6 h sessions escalated intake over the course 

of 19 additional sessions, whereas rats self-administering cocaine during 2 h sessions did not 

(Fig. 2A). It is worth restating, however, that all rats exhibited a robust escalation of intake 

during the initial phase of the study (i.e., sessions x+3 to x+15; Fig. 1A) prior to assignment 

to 2 or 6 h conditions. Thus, it appears that escalation early post-acquisition under short 

access conditions and escalation under long access conditions are not mutually exclusive 

phenomenon. Furthermore, and most importantly, escalation early post-acquisition provides 

an opportunity to determine the mechanisms that first regulate changes in drug-taking 

behavior not possible with the extensive training of the LgA procedure.

Our study is not the first, however, to suggest that escalation can occur under short access 

conditions. Indeed, escalation in cocaine intake (0.1 or 0.25 mg/kg/infusion) has been 

revealed during 1 h sessions when rats trained to self-administer cocaine in 10 min sessions 

are given access to cocaine for 60 min (Beckmann et al., 2012). That study also found that 

escalation only occurred when 6 h sessions were signaled by discrete cues, suggesting that 

escalation under those conditions was a learned effect. Together, these findings led the 
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authors to conclude that escalation resulting from a switch in duration of access actually 

reflects “normal discrimination learning rather than dysregulated, addiction-like behavior” 

(Beckmann et al., 2012). Although our current study and the Beckmann et al. (2012) study 

appear similar (i.e., escalation under short and long access conditions), they are actually 

quite distinct. First, the short access escalation revealed here occurred very early post-

acquisition without any additional manipulations; in contrast, the Beckmann et al. (2012) 

study still increased duration of access (i.e., 10 to 60 min) to reveal short access escalation, 

and did so only later in training (e.g., 12 acquisition sessions prior to 14 escalation sessions; 

Beckmann et al., 2012). Second, although the Beckmann et al. (2012) study assessed the 

effects of cues on escalation within the same animals, rats still only escalated under 6 h 

conditions; we demonstrate that escalation can occur in the same animals under short, and 

then, long access conditions. Thus, we believe that the early post-acquisition escalation 

under short access conditions observed here, and previously (Mandt et al., 2012a, 2012b; 

Simmons et al., 2013), is unique from escalation revealed by increasing duration of access.

Regardless of when it occurs (i.e., early or late), the mechanisms underlying escalation (e.g., 

sensitization and/or tolerance to some effect of cocaine, etc.) are debatable. For example, 

sensitization to cocaine's pharmacological effects might be predicted to reduce, rather than 

increase, self-administration. Many studies report that well-trained animals titrate intake 

when the cocaine dose is increased or decreased (Gerber and Wise, 1989; Lynch et al., 1998; 

Panlilio et al., 2003; Pickens and Thompson, 1968). Thus, heightened sensitivity to cocaine's 

pharmacological effects would be the equivalent of increasing dose, resulting in decreased 

intake; conversely, tolerance to cocaine's pharmacological effects would be expected to 

increase intake (i.e., escalation). Sensitization also develops to the “motivational” effects of 

cocaine, however, and animals that are more motivated to consume cocaine also could be 

expected to increase intake (Lack et al., 2008; Mandt et al., 2012a; Morgan et al., 2006). 

Indeed, this premise underlies the incentive-sensitization theory of addiction, which 

postulates that addiction arises from increased “drug-wanting”, without a change, or even a 

decrease, in “drug-liking” (e.g., Robinson and Berridge, 1993, 2001, 2008); parsing these 

effects in animal models, however, can be difficult.

The vast majority of escalation studies, including the present study, measure escalation in 

cocaine consumption with simple FR1 schedules of reinforcement. Data obtained under 

these conditions alone do not allow for conclusions about the reinforcing effectiveness of 

cocaine and the underlying mechanisms that drive escalation: increased intake could arise 

from sensitization to the “motivational” effects of cocaine, tolerance to the pharmacological 

effects of cocaine, a combination of both, or something entirely different. The original study 

with the LgA escalation procedure concluded that LgA animals display an upward shift in 

the cocaine dose-response curve (i.e., neither sensitization nor tolerance, but a shift in 

“hedonic set point”; Ahmed and Koob, 1998). Previously, however, we demonstrated that 

self-administration of high dose cocaine (1.2 mg/kg, i.v. infusion) immediately post-

acquisition not only results in escalation of intake on a FR1 schedule of reinforcement, but 

also escalation of BPs on a PR schedule of reinforcement, suggesting sensitization to the 

“motivational” effects of cocaine (Mandt et al., 2012a). The similar time-course of increases 

in intake on the FR schedule and BPs on the PR schedule (i.e., over the first five post-
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acquisition sessions) suggested that the escalation in intake likely was not the result of 

tolerance to the reinforcing effects of cocaine (Mandt et al., 2012a). Further supporting this 

conclusion, rats that escalated intake on the FR schedule exhibited increased BPs when 

subsequently tested on the PR schedule (Mandt et al., 2012a). Without conducting post-

escalation assessments (e.g., dose-consumption testing, PR testing), however, our current 

ability to directly compare the behavioral mechanisms underlying an early escalation and 

later long access escalation in the same rats is limited, leaving these questions to be 

addressed by future studies.

Studies that have directly assessed the development of cocaine locomotor sensitization 

following escalation have inconsistent findings. For example, studies have found a lack of 

differences in locomotor sensitization between ShA and LgA rats (Ahmed and Cador, 2006; 

Knackstedt and Kalivas, 2007), greater locomotor sensitization in LgA than ShA rats 

(Ferrario et al., 2005), or no locomotor sensitization in LgA rats (Ben-Shahar et al., 2004). 

The primary conclusion of these studies is that locomotor sensitization is not associated with 

the “transition to addiction” represented by an escalation of drug intake. However, in each of 

these cases, locomotor sensitization was observed in ShA rats. As previously stated, studies 

with the LgA model typically train their rats to self-administer cocaine until “stable” 

responding develops. Thus, it is possible that locomotor sensitization is associated with an 

escalation of intake that occurs earlier in self-administration (e.g., during training in these 

studies). Because we induced sensitization prior to self-administration, the current study 

cannot determine whether or not an early escalation results in locomotor sensitization, 

unfortunately, and additional studies are needed to fully address this possibility.

It is also possible that inducing locomotor sensitization prior to self-administration produced 

a ceiling effect that masked any further increase in locomotor activity resulting from self-

administration; we believe this is unlikely, however. For example, mean cocaine-induced 

locomotor activity for all rats was ~11,000 cm/30-min on each of the different sensitization 

tests. However, maximal activity detected in individual rat's on each of those tests was 

~23,000 cm/30-min. Thus, rats were capable of emitting, and our system was capable of 

detecting, greater cocaine-induced locomotor activity than the mean activity levels on each 

of those tests. To thoroughly rule out the possibility of a ceiling effect, however, future 

studies will need to include groups of rats in which cocaine locomotor sensitization is not 

induced prior to assessing escalation of cocaine self-administration.

In contrast to sensitization, other studies report tolerance to the locomotor stimulating effects 

of cocaine following escalation of either cocaine intake or BPs for cocaine (Calipari et al., 

2014; Lack et al., 2008). In the study investigating escalation of drug intake (Calipari et al., 

2014), however, rats were exposed to high levels of cocaine from the very beginning of 

training (e.g., ~300 mg/kg over the first 5 days). It is therefore possible that the high level of 

initial exposure, and not escalation per se, was responsible for the tolerance revealed in that 

study. We opted to induce locomotor sensitization prior to self-administration in this study 

to control for initial exposure: a variable that is under the animal's control during self-

administration unless infusions are restricted. Here we found that relative to continued 2 h 

self-administration, 6 h escalation did not attenuate rats’ cocaine-induced locomotor activity, 

despite the high levels of cocaine exposure during long access. We cannot rule out the 
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possibility, however, that cocaine self-administration alone decreased the magnitude of 

locomotor sensitization that would have developed if the rats had not self-administered 

cocaine (e.g., compared to rats undergoing abstinence following induction of locomotor 

sensitization). However, because there were not differences in cocaine-induced locomotor 

activity between rats self-administering cocaine under 2 or 6 h conditions, we can conclude 

that escalation of drug intake under 6 h access conditions is not always associated with 

tolerance to the locomotor stimulatory effects of cocaine (e.g., Calipari et al., 2014).

We believe the current study demonstrates three main findings: 1) escalation of cocaine 

consumption occurs early post-acquisition when the cocaine dose is sufficiently high, 2) 

early escalation of consumption does not preclude a second escalation of consumption when 

the duration of drug access is increased, and 3) long access escalation does not always result 

in tolerance to cocaine's locomotor stimulatory effects. However, this study does have 

limitations that we plan to address in the future. In particular, we are interested to know 

whether or not locomotor sensitization develops under the brief exposure of the acquisition 

phase (i.e., x to x+2) as it does with low non-contingent cocaine exposure (e.g., once-daily 

infusions), and the direct effects of an early escalation of consumption on locomotor 

sensitization. Most importantly, though, these data further demonstrate that escalation can 

occur early in the self-administration process, and suggest that this early post-acquisition 

period provides a new opportunity to investigate the behavioral and neurobiological changes 

first associated with an escalation of cocaine consumption.
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Highlights for review

• Escalation of cocaine consumption is observed in a short access self-

administration procedure.

• Escalation during short access self-administration does not preclude escalation 

during traditional long access self-administration.

• Relative to self-administration under short access conditions, escalation under 

long access conditions does not attenuate established cocaine locomotor 

sensitization.

Mandt et al. Page 14

Drug Alcohol Depend. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Cocaine intake during acquisition and escalation during 2 h sessions. A) Cocaine (0.8 

mg/kg/i.v. infusion) intake during the two 2 h FR1 sessions prior to acquisition of cocaine 

self-administration (x-2 and x-1), the three sessions used to define acquisition (x to x+2), 

and the thirteen post-acquisition self-administration sessions. B) Active and inactive lever 

responding over the same sessions shown in panel (A). The vertical dotted line in (A) and 

(B) designates the acquisition (left panel) and escalation (right panel) phases of 2 h self-

Mandt et al. Page 15

Drug Alcohol Depend. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



administration. Data are mean values ± SEM. # p < 0.05 vs. session x+3. X refers to the day 

of acquisition. n = 18.
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Figure 2. 
Cocaine intake during either short or long access self-administration. A) Cocaine (0.8 

mg/kg/i.v. infusion) intake over nineteen 2 or 6 h self-administration sessions. B) 
Cumulative cocaine intake over the same sessions shown in (A). The dashed lines in (A) 
represent the mean intake levels on the first session for the 2 h (n = 8) and the 6 h (n = 9) 

groups. Data are mean values ± SEM. # p < 0.05, intake vs. session 1.
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Figure 3. 
Cocaine-induced locomotor sensitization. A) Locomotor activity over the 90-min pre- and 

30-min post-cocaine (10 mg/kg, i.p.) injection in rats on each of the four separate locomotor 

activity tests. Because there were no effects of access condition (i.e., 2 h vs. 6 h), locomotor 

activity is shown collapsed across groups for clarity. B) Cocaine-induced (10 mg/kg, i.p.) 

locomotor activity over the first 30-min post-injection on each of the four separate 

locomotor activity tests in rats subsequently assigned either to 2 h (n = 9, except for test 4 

where n = 8) or 6 h (n = 9) conditions. Test 4 (right of dashed line) is the only test where 
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self-administration condition differed between groups. LMA 1: drug naïve; LMA 2: 72 h 

post non-contingent cocaine infusions (0.8 mg/kg/i.v. infusion); LMA 3: 48 – 72 h after 10 

active cocaine self-administration sessions (i.e., x+12); LMA 4: 48 – 72 h after the final self-

administration session.
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