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Abstract

We have previously shown that extended-access subjects exhibit heightened motivation for

cocaine in the runway model, as reflected by reduced number of retreats (Ben-Shahar et al., 2008).

This heightened motivation could reflect either an increase in cocaine-induced reward or a

decrease in cocaine-induced aversion. The current experiment was therefore devised to assess the

cocaine-induced reward and aversion in extended access rats using a place conditioning test. Rats

trained to lever-press for IV cocaine (0.25 mg/infusion) were provided 6-h daily access to the drug

over 10 days. Lever-pressing in control subjects produced IV infusions of saline. Following drug

self-administration, subjects underwent place conditioning for the immediate or delayed effects of

cocaine (1.0 mg/kg or 2.5 mg/kg, IV). In control subjects, the immediate effects of the low dose of

cocaine produced conditioned places preferences (CPPs) while the delayed effects produced

conditioned place aversions (CPAs). In contrast, the 6-h animals receiving the low cocaine dose,

exhibited place aversions but not preferences; an effect that was reversed when the dose of cocaine

was increased. Additionally, in the 6-h group, delayed conditioning was associated with a

reduction in zif-268 immunoreactivity in the medial prefrontal cortex and nucleus accumbens shell

while immediate conditioning was associated with an increase in zif-268-positive cells in the

central nucleus of the amygdala. Collectively, these data suggest that extended daily access to

cocaine produces a shift in the subject’s perceived reward threshold that is paralleled by

alterations in the activity of both the reward and stress pathways.
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Introduction

Cocaine is an extremely powerful reinforcer, inducing strong euphoria and addiction in

humans (e.g. Fischman et al., 1976; Gawin, 1991; Resnick & Resnick, 1984). However,

addicts also describe profound levels of anxiety, agitation, depression, and fatigue

(commonly known as the “crash”) once the euphoric effects of the drug have subsided

(Gawin, 1991; Resnick & Resnick, 1984; Smith, 1986; Washton, Gold, & Pottash, 1983;

Williamson et al., 1987). These aversive effects of cocaine, however, are not restricted to the

experiences associated with drug withdrawal. For example, the acute effects of cocaine have

been shown to elicit panic attacks (Aronson & Craig, 1986; Roy-Byrne & Udhe, 1988) and

exacerbate post-traumatic stress disorder symptoms in war veterans (Hamner, 1993). Such

positive and negative effects of cocaine have also been demonstrated in laboratory animals.

While rodents readily selfadminister the drug (sometimes even ingesting a lethal overdose)

(e.g. Deneau, Yanagita, & Seevers, 1969; Johanson, Balster, Bonese, 1976) and exhibit

robust cocaine-induced conditioned place preferences (CPPs) (Mucha et al., 1982; Mueller

& Stewart 2000; Spyraki, Fibiger, & Phillips, 1982), cocaine has been reported to potentiate

the avoidance of inherently aversive stimuli in several different behavioral tests (Costall et

al., 1989; Erb, Kayyali, & Romero, 2006; Fontana & Commissaris, 1989; Rogerio &

Takahashi, 1992; Simon, Dupuis, & Costentin, 1994; Yang et al., 1992).

These dual and opposing actions of acute cocaine administration have been further

examined in a drug self-administration runway task. In this model, animals trained to

traverse a straight-alley and enter a goal box for a single daily infusion of cocaine, develop

an approachavoidance conflict behavior (described as “retreats”) about entering the cocaine-

paired goal-box (Ettenberg & Geist, 1991). These retreats provide a reliable index of the

subject’s ambivalence about entering an environment paired with a mixed positive and

negative reinforcer (for review, see Ettenberg, 2004; 2009). Pretreatment with anxiolytics, or

reversible lidocaine-induced lesions of brain areas involved in fear and anxiety (i.e., the

central nucleus of the amygdala [CeA], bed nucleus of the stria terminalis [BNST], or the

dorsal raphé) were found to effectively reduce the frequency of this conflict behavior

(Ettenberg & Geist, 1991; Ettenberg et al., 2011; Wenzel et al., 2011a). In other studies,

both the positive and aversive effects of acute cocaine have also been demonstrated using

place conditioning methodology. Drug naïve rats were found to develop preferences (CPPs)

for environments paired with the immediate and presumably rewarding effects of cocaine,

but conditioned place aversions (CPAs) for environments coupled with the delayed and

presumably aversive effects of cocaine (Ettenberg et al., 1999). Consistent with the results

obtained in the self-administration runway, CPAs were similarly attenuated by pretreatment

with the administration of anxiolytic drugs (e.g., buspirone; Ettenberg & Bernardi, 2007)

and disruption of neuronal function within the CeA (Su et al., 2010; Wenzel et al., 2012).

To understand the dynamics between the opposing positive and negative effects of cocaine

in a “dependent” animal, the runway model was employed in subjects that were previously

exposed to extended daily access to cocaine self-administration (i.e., an animal model of

“addiction” developed by Ahmed & Koob, 1998). Extended-access subjects exhibited

significantly fewer approach-avoidance retreat behaviors in the runway and entered the goal

box significantly faster than saline control groups — suggesting an enhanced motivation to
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seek the drug in putatively “dependent” subjects. However, compared to controls, both

“dependent” and “non-dependent” subjects (those respectively having had prior extended

daily access or limited daily access to cocaine self-administration) exhibited comparable

heightened cocaine-induced anxiety in the elevated plus maze (Ben-Shahar et al., 2008).

Thus, the heightened motivation to seek cocaine in subjects with a prior history of extended

drug access was not accompanied by a change in responsiveness to the unconditioned

anxiogenic effects of the drug.

It remains unclear, however, whether or not the conditioned aversive effects of cocaine are

similarly unaltered in the extended access animal. The current experiment was therefore

devised to assess the sensitivities of such animals to the dual and opposing effects of the

drug using a conditioned place test. Additionally, tissue from extended access subjects was

collected and stained with zif-268 antibodies, an indirect marker of neuronal activity (Sheng

& Greenberg, 1990), to identify changes in the function of brain regions thought to be

involved in producing the positive and negative effects of cocaine on the basis of prior

runway and place conditioning results (e.g., Guzman et al., 2009; Su et al., 2010; Wenzel et

al., 2011a; 2011b; 2012).

Materials and Methods

Subjects—Adult male Sprague-Dawley rats (n=72), weighing 330–360g at the time of

surgery, served as subjects (Charles River Laboratories, Wilmington, MA). Subjects were

group housed in plastic cages (two rats/cage) within a temperature-controlled (23° C)

vivarium maintained on a reverse 12-hour light-dark cycle (lights off at 0800 h). Unless

otherwise stated, animals were provided ad libitum access to food (Purina rat chow) and

water throughout the experiment. All animal handling and experimental procedures adhered

to the NIH Guide for the Care and Use of Laboratory Animals and were reviewed and

approved by the University of California at Santa Barbara’s Institutional Animal Care and

Use Committee.

Surgery—Catheters consisted of a stainless steel guide cannula (Item 313G; Plastics One,

Roanoke, VA, USA) that was affixed to polyethylene tubing, which was encased in a thicker

tubing to provide additional support (13 mm long, 0.3 mm inner tubing and 0.64 mm outer

tubing diameters; Dow Corning Corp, Midland, MI, USA). The cannula was in turn affixed

with dental cement to a 2 cm square of Mersilene surgical mesh (Bard; Warwick, RI). To

implant the catheter, each rat was deeply anesthetized via isoflurane gas inhalation (4% for

induction and 1.5–2.5% for maintenance). To prevent respiratory congestion and reduce

post-surgical pain, rats were treated with atropine (0.04 mg/kg, intramuscularly) and the

non-opiate analgesic flunixin meglumine (Phoenix Pharmaceuticals, Belmont, California,

USA; 2 mg/kg, subcutaneously). Each catheter was inserted into the right jugular vein and

secured in place by silk sutures. The other end of the catheter (with the guide cannula

attached) was passed subcutaneously to a 2mm hole located on the midline of the animal’s

back so that the guide cannula protruded through the hole and the mesh laid flat against the

subdermal tissue. Following surgery, rats received the antibiotic, ticarcillin disodium/

clavulanate potassium (Timentin; 50 mg, i.v.) and 0.1 ml of heparin (6.0 IU/ 0.1 ml prepared

in 0.9% physiological saline, i.v.) to maintain catheter patency.
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Subjects were given 1-week to recover from surgery during which the catheters were flushed

daily with 0.1 ml of 0.9% physiological saline containing the antibiotic Timentin (20 mg/0.1

ml) and 0.1 ml of saline containing 6 units of heparin. Once a week, catheter patency was

confirmed by observing the behavioral impact of an i.v. injection of the fast-acting

barbiturate, methohexital sodium (Brevital; 2.0 mg/kg/0.1 ml). Animals that did not lose

their righting reflex in response to Brevital were re-implanted with a new catheter using the

left jugular vein and given additional days for recovery.

Drugs—Cocaine hydrochloride was dissolved in sterile 0.9% physiological saline. Animals

were trained to self-administered cocaine (0.25 mg/infusion i.v. delivered in a volume of 0.1

ml delivered over 4.6 sec) and were non-contingently (experimenter) delivered cocaine

during the place conditioning portion of the experiment (1.0 mg/kg or 2.5 mg/kg i.v. in a

volume of 0.1ml delivered over 4.2 sec). The doses selected for this study were based on

prior studies showing that these doses result in escalation of drug intake over trials as well as

enduring behavioral adaptations (Ahmed & Koob, 1998; Ben-Shahar et al., 2005; 2008;

Paterson & Markou, 2003) and in robust conditioned place preferences and aversions

(Ettenberg & Bernardi, 2007; Ettenberg et al., 1999; O’Dell et al., 1996; Nomikos &

Spirakyi, 1988). Cocaine was generously provided by the National Institute of Drug Abuse.

Operant Self-Administration Chambers—Ten operant chambers enclosed in sound

attenuating boxes (29 cm W × 25 cm L × 30 cm H; Med Associates, St. Albans, VT) were

employed for food training and self-administration. Each box contained two levers that were

positioned 7 cm above the chamber floor and two cue lights (2.8 W) one situated above each

lever (note that only the right cue light was used in the current study). A food trough was

located 2.0 cm above the floor in-between the two levers. Noyes 45mg food pellets were

delivered to the trough via a food dispenser located outside of the box. A liquid swivel

(375-22PS, Instech Laboratories Inc., Plymouth Meeting, PA) permitted free movement

within each chamber. The swivel was connected on one end by polyethylene tubing (outer

diameter 0.127 cm, inner diameter 0.058cm; Plastics One, Wallingford, CT) to a 10 ml

syringe that was seated in an automated syringe pump (Med Associates Inc., St. Albans, VT)

and on the other end via additional PE tubing (encased in a flexible metal covering) to the

guide cannula/catheter on the animal’s back. A desktop computer running Med Associates

software (MED-PC for Windows, Version 1.17) executed all behavioral testing and data

collection.

Place Conditioning Apparatus—Two identical CPP apparatuses consisted of wood-

constructed rectangular enclosures (156 cm long × 34 cm wide × 30 cm high) that could be

divided into three compartments: two larger chambers (61 × 30 cm) that were separated by a

smaller intermediate chamber (34 × 30 cm). One of the larger compartments was painted

black and had an acrylic (Plexiglas ®) flooring that was mildly scented with acetic acid (2%

solution, swabbed 25 cm above the compartment floor). The other larger chamber was

unscented, painted white and had the floor surface covered with soft gray bedding

(Carefresh; Absorption Corp, Ferndale, Washington, USA). The smaller intermediate

chamber had a bare wood surface that was painted gray. These procedures yielded two

conditioning environments (the white and dark compartments) for which rats exhibit no
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reliable inherent preferences prior to conditioning. Situated above each apparatus was a

digital camera that detected and recorded the precise location of the animal in real time via a

desktop computer running Any-Maze software (Stoetling Co, Wood Dale, IL, USA).

Operant Training—In order to facilitate the learning of operant responding for cocaine,

all animals were initially trained to respond for food. Subjects were food-deprived 24-hrs

prior to the start of food training and maintained on a strict diet (15g of Purina brand chow/

day) throughout training. During 2-hr food-training sessions, depressing the right (active)

lever resulted in the delivery of a 45 mg Noyes food pellet and the illumination of the right

cue light for 1 sec. Once animals met the food-training criterion (at least 100 reinforcers

earned across two consecutive sessions), they were again provided ad libitum access to food

and allowed 2–3 days before undergoing i.v. catheterization.

Cocaine self-administration was initiated a week after the catheterization surgery. Saline

control animals experienced daily 1-hr self-administration sessions over 17 consecutive

days, while cocaine-reinforced animals experienced 1-hr self-administration sessions for 7

trials and then transitioned to extended 6-hr sessions for 10 additional trials/days. Lever

presses on the active lever resulted in a single injection of saline (0.1 ml) or cocaine (0.25

mg/0.1 ml/infusion) followed by a 20-sec time out-period during which the cue light was

illuminated. Responses emitted during this 20-sec window were recorded but did not result

in additional reinforcer delivery. Responses on the inactive lever were also recorded, but

produced no programmed consequences.

Experiment 1: Cocaine Place Conditioning – 1.0 mg/kg dose—The place

conditioning procedure was initiated 24 hrs following the last self-administration session

and consisted of a preconditioning preference test (baseline), eight drug-place conditioning

trials, and a final preference/avoidance test. For baseline, the interior walls separating each

compartment were removed, subjects were placed into the middle gray section of the

apparatus, and the time spent in each of the three compartments was recorded over for 15-

min. Each rat then completed eight conditioning trials. Subjects each received an injection of

either vehicle (0.1 ml physiological saline) or cocaine (1.0 mg/kg, i.v.) followed by

placement into either the white or black compartment for 5-mins. On the following day,

each rat received the alternate treatment and was placed in the alternate colored

environment. This continued until each subject had experienced four cocaine pairings with

one compartment and four saline pairings with the second compartment. Half the animals

were placed into the conditioning chambers immediately after their i.v. injections and the

remaining half were placed into the chambers 15-min post-injection. Following the

completion of place conditioning, animals were given a single 15-min preference test

identical to that described for the baseline. The order in which subjects received the drug or

vehicle, as well as the side of the apparatus paired with a given treatment were

counterbalanced across all animals and between groups (i.e., an unbiased place conditioning

design was employed; see Carr et al., 1988). Preferences and aversions were defined as a

shift from baseline performance and reflected as positive and negative difference score

values, respectively. Difference scores were calculated by subtracting time spent in the

cocaine-paired compartment on test-day from baseline. Thus, positive scores denoted
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increased preferences for the drug-paired environment and negative scores reflected

decreased preferences or avoidance of the drug-paired environment. An additional group of

animals (n=12) served as an immunostaining saline control. These animals received an

identical treatment to that of the saline control group described above with two exceptions:

they experienced only 10 saline selfadministration sessions, and were only administered

saline during place conditioning training.

Experiment 2: Cocaine Place Conditioning – 2.5 mg/kg dose—Koob & LeMoal

(1997, 2001) have proposed an “allostatic” theory of cocaine addiction in which a

consequence of chronic daily exposure to the drug is a functional dampening of the brain’s

reward system and a consequent reduction in the magnitude of the “normal” hedonic

response to the drug. Following this theory, we hypothesized that “dependent” animals will

not develop CPP to the minimal established dose of cocaine required to induce reliable CPP

in naïve rats (i.e. 1.0 mg/kg; exp. 1; Allen et al., 2007; Ettenberg & Bernardi, 2007;

Feduccia & Duvauchelle, 2010; Nokimos & Spyraski, 1988; O’Dell et al., 1996), but will

require a larger dose (i.e. 2.5 mg/kg; the maximal dose that induces CPP – difference score

of 250 sec – in naïve rats and does not cause convulsions or death; O’Dell et al., 1996;

Nomikos & Spyraki, 1988) of cocaine to achieve CPP (Exp 2.). Another group of animals

was therefore treated identically to the 6-hr extended-access cocaine group described in

Experiment 1 above except that for place conditioning a higher 2.5 mg/kg dose was

employed.

Immunohistochemistry—One hour after completion of their final preference test, 6-hr

extended access animals and saline immunostaining controls were deeply anesthetized with

sodium pentobarbital (Euthasol; 40 mg, i.v.) and transcardially perfused with 60 mL of

phosphate buffered saline (PBS; 0.1 M) followed by 120 mL of 4% paraformaldehyde in

(0.1 M) PBS. The brains of these subjects were removed and a Leica CM1800 cryostat used

to collect 40 µm sections of tissue, which were mounted on 1.5% gelatin-coated slides.

Using the Paxinos and Watson (1998) brain atlas as a guide, the following areas were

sampled: prelimbic prefrontal cortex (2.7 mm anterior to bregma), nucleus accumbens core

and shell (1.2 mm anterior to bregma), bed nucleus of stria terminalis (BNST; 0.3 mm

posterior to bregma), and central nucleus of the amygdala (CEA; 2.12 mm posterior to

bregma). The slides were washed twice with Tris-buffered saline (TBS; 0.05 M, pH 7.6 at

room temperature) between the different treatments and were stained using the ABC

method. Sections were treated with 0.25% Triton X-100 (Sigma #X-100 St. Louis, MO) and

5% dimethyl sulfoxide (DMSO; Sigma D-5879); and were then incubated for 1 hr in 20%

normal goat serum (NGS; Sigma G6767) + 1% bovine serum albumin (BSA-Fract V; Fisher

Scientific, Los-Angeles, CA, BP1605-100) to block nonspecific binding. Slides were then

incubated for 24 hr in the zif-268 primary antibody 1:1000 (c-19 anti-zif 268; Santa Cruz

Biotechnology, Santa Cruz, CA) + 0.5% Triton X-100 + 1% NGS. Next, sections were

incubated for 1 hr in the secondary antibody Anti Rabbit IgG (Elite-Anti Rabbit Vector Kit,

Vector labs PK6101, Burlingame, CA), and for 30 min in the avidin–biotin–horseradish-

peroxidase complex (Elite-Anti Rabbit Vector Kit, Vector labs PK6101). Staining was

visualized using the chromogen DAB (Sigma D-5637) + 0.01% H2O2 (Fisher H325–500).

Following staining, sections were dehydrated and cover slipped. Zif-268-positive cell counts
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were recorded by visual inspection under 40× magnification. Cells were counted from two

adjacent sections and restricted to an area defined by a 0.25 mm2 grid. Two trained

individuals, blind to the treatment condition of the animals, conducted the counts (each from

only one of the adjacent sections) and the means of their scores served as the final data

points.

Results

Two animals were removed from the study because they did not meet the self-administration

criterion of at least 50 earned infusions during at least five of the 6-hr sessions. Following

place conditioning, one additional animal was removed from the high dose group because its

difference score was more than two standard deviations away from the group mean. This

produced final sample sizes of n=12 (saline SA) and n=10 (cocaine SA) for the 0-min delay

(1.0 mg/kg cocaine group); n=12 (saline SA) and n=13 (cocaine SA) for the 15-min delay

(1.0 mg/kg group); n=10 (0-min delay) and n=6 (15-min delay) for the 2.5 mg/kg cocaine

group. An additional vehicle control group was utilized to serve as immunostaining controls

(n=12). Twotailed repeated measures t-tests performed on the baseline data confirmed that

in each group subjects did not exhibit an initial bias for either the cocaine- or saline-paired

chambers prior to drug-place conditioning (p > .05).

Cocaine Self-Administration—The drug intake of subjects in the self-administration

phase of the study is depicted in Figure 1. A two-factor Trial × Group analysis of variance

(ANOVA) computed on these data yielded main effects for both Trial (F(1, 61) = 17.065, p

< .01) and Group (F(1, 61) = 500.096, p < .01), as well as a Trial × Group interaction (F(1,

61) = 15.055, p < .01). Cocaine-reinforced subjects produced a pattern of escalated intake

across sessions that was not observed in salinereinforced controls (Figure 1). Post-hoc one-

tailed paired sample t-tests comparing the infusions earned by animals in the 6-h group

during the first day versus the last day of testing confirmed that cocaine-reinforced animals

escalated their cocaine intake over days during the 1st hour of the session (i.e., compare the

middle two bars of Figure 1; t(63) = −6.853, p < .01) and across the whole session (i.e.,

compare the two bars on the right side of Figure 1; t(63) = −5.007, p < .01). Saline-

reinforced animals, however, did not increase their saline intake across sessions (comparing

the two bars on the left side of Figure 1; trial 8 vs 17, p >.05).

Experiment 1: Place Conditioning (1.0 mg/kg dose)—Following self-

administration, all animals proceeded to the place conditioning portion of the experiment to

assess the effects of prior drug history on the magnitude of CPPs and CPAs (see Fig 2).

Difference scores were computed by subtracting time spent in the cocainepaired chamber on

test-day from that spent there prior to conditioning on baseline; thus positive values indicate

CPPs (shifts toward the cocaine-paired side) whereas negative values denote CPAs (shifts

away from the cocaine-paired side). Pre-planned one-sample t- tests to directly assesses

whether the magnitude of each group’s shift from baseline was significantly different from

zero confirmed that, subjects’ without a history of prior cocaine self-administration history

(see the left side of Figure 2) developed preferences for the compartment paired with the

immediate effects of cocaine (t(10) = 2.233, p < .05) and aversions for the side paired with

the effects present 15-min post-injection (t(11) = −2.031, p < .05). In contrast, animals with
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extended prior access to cocaine (see the right side of Figure 2) the positive effects of the

drug were no longer present (p > .05) but the negative effects remained intact (t(12) =

−2.148, p < .05).

Experiment 2: Place Conditioning (2.5 mg/kg dose)—In subjects with a history of

prior extended daily access to cocaine, place conditioning with a higher dose (2.5 mg/kg) of

cocaine re-asserted the positive effects of the drug while eliminating its negative effects

(Figure 3). One-sample one-tailed t-tests confirmed that the difference score (i.e., the shift

from baseline) was significantly greater than zero in the immediate cocaine group (t(9) =

1.855, p < .05), but not in the 15-min delay group. Thus, the 2.5 mg/kg dose produced CPPs,

but not CPAs, in animals with an extensive cocaine history.

Zif-268 Immunohistochemistry Results—An additional group of animals (n=12) was

employed to establish baseline zif-268 activity in animals without any prior cocaine

experience. As expected, these zif-268 saline control subjects did not exhibit CPPs or CPAs

and there were no differences between animals that were placed into the CPP apparatus

immediately or following a 15-min delay (data not shown, p > .05). Hence, the saline

subjects were combined into one group for data analysis.

A separate one-way ANOVA was conducted on mean zif-268 cell counts for each of the five

anatomical areas of interest (mPFC, NAcc core and shell, BNST and CeA) across each of

the following groups 1-hr after the completion of the CPP/CPA test: saline controls (0

mg/kg cocaine dose), 0-min delay (1.0 mg/kg cocaine dose), 15-min delay (1.0 mg/kg dose),

0-min delay (2.5 mg/kg dose), 15-min delay (2.5 mg/kg dose). The statistical analyses

identified significant group differences in zif-268 accounts for the prelimbic PFC (F(4, 41) =

9.316; p < .01), NAcc shell (F(4, 38) = 5.095; p < .01), and CeA (F(4, 39) = 5.372; p < .01),

but not for the NAcc core or BNST (p > .05) (Figure 3). Compared to the saline control

group, LSD post-hoc tests confirmed that subjects expressing CPAs when conditioned with

the low dose of cocaine (i.e., 15-min delay conditioned with the 1.0 mg/kg dose) exhibited

decreased activity in the prelimbic PFC (p < .01) and NAcc shell (p < .01). In contrast,

cocaine-induced CPPs in the high dose group (i.e., 0-min delay subjects conditioned with

the 2.5 mg/kg dose) were associated with an elevation of zif-268 immunoreactivity in the

CeA (p < .05). Sample pictures of group differences in zif-268 immunostaining are shown in

Figure 5.

Discussion

The current experiment was designed and executed to assess the effects of prior 6-hr cocaine

access on the sensitivities to the rewarding and anxiogenic actions of cocaine in a

conditioned place test. As previously reported, animals provided extended access to cocaine

self-administration developed over trials a pattern of escalated cocaine intake (see Figure 1)

(Ahmed & Koob, 1998; Ben-Shahar et al., 2005, 2008). When subjects transitioned to the

place conditioning portion of the study, the data confirmed previous findings that animals

without this history of extended daily access to cocaine spent more time in an environment

paired with the immediate rewarding effects of cocaine and less time in a compartment

associated with the delayed anxiogenic effects of the drug (Figure 2, left panel; Ettenberg et.
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al., 1999). A novel and interesting aspect of the current project was the demonstration that

prior 6-hr cocaine access attenuated the resulting CPPs to the immediate effects of the drug

without affecting the delayed negative effects of the drug (Figure 2, right panel). It would

seem then, that the positive but not the negative effects of cocaine were compromised in

animals with a strong prior history of cocaine use. However, CPPs were re-established when

extended access subjects were administered a higher 2.5 mg/kg dose during place

conditioning (see Figure 3). While the administration of the 2.5 mg/kg dose in animals

without a prior history of extended cocaine self-administration was not executed in the

current study, others have previously reported that this dose produces robust CPPs (O’Dell

et al., 1996; Nomikos & Spyraki, 1988). Lastly, expression of CPAs was accompanied by a

reduction in zif-268 immunoreactive cells in the mPFC and the NAcc shell while zif-positive

cell counts in subjects expressing preferences did not differ from saline control subjects. In

contrast, the re-established CPPs observed in the high-dose condition was paralleled by

increases in immunoreactivity in the CeA relative to that observed in those subjects

exhibiting CPAs (Figure 4).

Collectively, the behavioral results of the current experiment suggest that prior extended

access to cocaine self-administration diminished the reward value of the drug and thus a

higher dose of cocaine was needed to re-establish CPPs. These data align nicely with Koob

and LeMoal’s (1997, 2001) “Allostatic Theory”, which postulates that repeated and

extensive cocaine exposure produces neuroadaptations that act to elevate the hedonic

threshold in the brain’s reward system while concurrently activating an opposing

“antireward” system that is associated with anxiety, drug cravings and other negative effects

of cocaine. Hence, neuroadaptations that occur within both of these systems induce a

negative affective state that fuels the motivation to seek cocaine to relieve these aversive

symptoms (i.e., negative reinforcement). Animals attempt to compensate for this diminished

reward threshold by taking more drug, as indicated by the escalated pattern of drug intake

over successive trials (Ahmed & Koob, 1998). Furthermore, extended-access subjects are

more motivated to work for cocaine under a progressive ratio schedule of reinforcement

(Paterson & Markou, 2003), to seek cocaine in a self-administration runway task (Ben-

Shahar et al. 2008), and to endure aversive stimuli in order to obtain the drug

(Vanderschuren & Everitt, 2004; Deroche-Gemonet, Belin, & Piazza, 2004). In addition, 6-

hr cocaine access renders the animal tolerant to the locomotor effects of an intraperitoneal

cocaine challenge at 60 days of withdrawal (Ben-Shahar et al. 2005).

The shift in the sensitivities to the positive and negative effects of cocaine in extended

access animals was accompanied by specific neural alterations in both the reward and stress

circuitries (see Figure 4). Converging lines of evidence have acknowledged that the mPFC

and NAcc are important components of the reward pathway. For example, rats readily lever

press for electrical stimulation of the mPFC (Corbett, Laferriere, & Milner, 1982; Mora &

Cobo, 1990; Routtenberg & Sloan, 1972) and self-administer cocaine directly into the region

(Goeders & Smith, 1983; 1986; Guzman et al., 2009), while mPFC lesions attenuated

cocaine-induced CPPs (Issac et al., 1989). Similarly, intra-NAcc infusions of the selective

catecholamine toxin 6-hydroxydopamine (6-OHDA) or dopamine (DA) antagonists impair

cocaine self-administration (McGregor & Roberts, 1993; Pettit et al., 1984; Roberts et al.,
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1980) and attenuate cocaineinduced CPPs (Baker et al., 1998; Morency & Beninger, 1986;

Sellings, McQuade, & Clarke, 2006; Spyraki et al., 1982). Moreover, a number of

investigators have demonstrated lower levels of c-fos immunoreactivity in the mPFC and

NAcc shell occurs in response to negative stimuli, including social defeat, restraint stress,

and foot shock (Covington et al., 2005; Jiao et al., 2011; Kerfoot et al., 2007; Shoji &

Mizoguchi, 2010). Hence, the current mPFC and NAcc zif-268 data are consistent with these

findings and corroborate the involvement of the mPFC and NAcc in cocaine-induced CPA.

Unlike the mPFC and NAcc, the CeA is regarded as a neural substrate implicated in fear and

anxiety states (c.f. de la Mora et al. 2010; Paré, Quirk, & Ledoux, 2004; Tanimoto et al.

2003; Walker, Toufexis, & Davis, 2003). Lesions of this region attenuate fear responses

(e.g. Hitchcock & Davis, 1986; LaBar & LeDoux, 1996) and naloxone-precipitated

morphine withdrawal induced an increase in c-fos expression in the CeA (Lucas et al., 2008;

Jin et al., 2005; Veinante et al. 2003). The current CeA immunostaining results seem

contradictory to the wealth of evidence demonstrating the observation that enhanced CeA

activition should produce more stress and anxiety. However, positive stimuli were also

shown to increase synaptic engagement within the CeA. Thus, subjects exposed to positive

social interaction (Varlinskaya, Vogt, & Spear, 2012), a positively-valenced nicotine-paired

environment (Shram et al., 2007), and the administration of anxiolytic compounds

(Blackshear et al., 2007), all produced elevations in CeA c-fos expression. Additionally,

immunohistochemical procedures do not identify the type of cells being stained, For

example, the zif-268 positive cells within the CeA may be inhibitory GABA-ergic inter-

neurons (Pitkanen & Amaral, 1994) whose action could result in a decrease in resident

corticotropin-releasing factor (CRF) neurons (Palkovits et al., 1983) or NE neurons, either or

both of which would be expected to produce a reduction in fear/anxiety (Cecchi et al., 2002;

Leri et al., 2002). Alternatively, the elevated zif-268 cell counts within the CeA could reflect

enhanced activity of CRF-containing neurons known to project to the VTA where they in

turn stimulate dopamine (DA) neurons that project to the NAcc and are presumably required

for cocaine reward (Rodaros et al., 2007; Tagllaferro & Morales, 2008).

Of course, zif-268 expression in the current experiment occurred following exposure to the

cocaine-, neutral-, and saline-paired compartments of the conditioning apparatus during the

15-min place preference test. However, since the saline-paired compartment and the

intermediate chamber were both operationally neutral to the animal (i.e., neither was

associated with the positive or negative effects of the drug), the cocaine-paired side of the

apparatus should have dictated the overall emotional valence of the apparatus on test day.

Hence, subjects exposed to the immediate positive effects of cocaine would be expected to

develop an overall net positive association with the conditioning apparatus while those

animals conditioned to the delayed anxiogenic properties of cocaine would be expected to

perceive the apparatus in a more negative light.

It should also be noted that in some cases, the current results conflict with those reported by

others. For example, exposure to food deprivation or restricted feeding (Moscarello, Ben-

Shahar & Ettenberg, 2009; Mendoza, Angeles-Castellanos & Escobar, 2005), aversive foot-

shock (Duncan, Knapp, & Breese, 1996), psychosocial stress (Singewald et al., 2009), and

drug withdrawal (Harris et al., 2007) have each been associated with increased Fos activity

Su et al. Page 10

Addict Biol. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in the mPFC, NAcc shell, and CeA. In each of these instances, however, the negative

condition involved exposure to an unlearned aversive situation (i.e., foot shock, fearful

places, food deprivation, drug withdrawal, the drug itself). Conversely, the current

experiment is unique in that the observed changes in neural activity (i.e., zif-268 cell counts)

were triggered by positive or negative associative cues and measured in undrugged animals.

Indeed, when one examines the impact of conditioned cues on neuronal activity, the results

are more closely aligned with those reported here. For example, animals exposed to external

stimuli associated with lithium chloride (a compound known to produce conditioned taste

aversions) produced decreased levels of c-fos activity in the mPFC (Mickley et al, 2005) and

NAcc shell (Kerfoot et al., 2007). Additionally, animals expressing cocaine-induced CPPs

that were then isolated in the cocainepaired chamber, exhibited elevated c-fos levels in the

CeA (Fritz et al., 2011).

Taken together, these data demonstrate that subjects without a prior and extensive history of

cocaine self-administration display “normal” responding to the positive and negative effects

of cocaine, while repeated prior exposure (via 6-hr of daily cocaine access) induces an

elevation in the reward threshold that necessitated a higher dose of cocaine for animals to

experience the rewarding properties of the drug. Since re-exposure to contextual cues

induces insatiable craving in human addicts (Ehrman et al., 1992; Foltin & Haney, 2000)

and reinstates drug-seeking behaviors in animals (Alleweireldt, Weber, & Neisewander,

2001; Fuchs et al., 2005; for review, see Crombag et al., 2008), understanding how the

rewarding and anxiogenic properties of cocaine may shift as a consequence of drug history

is important for our understanding of the precise means by which drug-paired cues induce

relapse. The current data suggest that while positive reinforcement processes may underlie

the motivation to re-engage in drug-seeking behavior in the “non-dependent” organism,

negative reinforcement processes become more prominent in motivating drug-seeking

behavior in “addicts.” This transition from positive to negative reinforcement mechanisms is

accompanied by perturbations within the brain’s reward and stress systems.
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Figure 1.
Mean (+SEM) number of cocaine infusions earned during the first day (open bars) and last

day (closed bars) of self-administration testing (corresponding to trials 7 and 17; see

methods for details) for two groups of subjects – a saline self-administration control group

and a cocaine self-administration group. The left two bars reflect the total responses/saline

infusions during a one-hour session for the saline control subjects on the first and last day of

testing; the middle two bars depict responses/cocaine infusions during the first hour of a 6-hr

session on the first and last day of testing; and the right-most bars reflect the total number of

responses/infusions during full 6-hr sessions for the cocaine-reinforced group on the first

and last day of testing ** denotes a significant escalation in responding between the first and

last day of testing p < .01.
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Figure 2.
Conditioned place test results: Mean (+SEM) difference scores (time in cocaine-paired

environment on test day less time spent there during preconditioning baseline) for four

groups of animals: two groups having had no prior cocaine self-administration history (left

panel) and two having had prior 6-hr daily access to cocaine (right panel). All animals were

exposed to a distinct environment paired with either the immediate positive (open bars) or

delayed negative (closed bars) effects of a 1.0 mg/kg dose of i.v. cocaine. Positive values

indicate preferences for the cocaine-paired side while negative values reflect aversions to the

cocaine-paired side. * denotes a difference score that is statistically different from “zero” p

< .05.
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Figure 3.
Conditioned place test results: Mean (+SEM) difference scores (time in cocaine-paired

environment on test day less time spent there during preconditioning baseline) for two

groups of animals having had prior 6-hr daily access to cocaine. All animals were exposed

to a distinct environment paired with either the immediate positive (open bars) or delayed

negative (closed bars) effects of a 2.5 mg/kg dose of i.v. cocaine. Positive values indicate

preferences for the cocaine-paired side while negative values reflect aversions to the
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cocaine-paired side. * denotes a difference score that is statistically different from “zero” p

< .05.
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Figure 4.
Average (+SEM) zif-268 positive cells in five select brain areas collected following a final

place preference test for each of five groups of animals: a no-drug saline control group, two

groups that experienced place conditioning with the immediate (0-min) or delayed (15-min)

effects of 1.0mg/kg i.v. cocaine, and two groups that experienced drug-place pairings

involving the immediate or delayed effects of a larger 2.5mg/kg dose of i.v. cocaine. To the

right of each panel is a schematic diagram (reproduced from Paxinos and Watson, 1998)
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identifying the sampling location for each region. *denotes a statistically significant

difference compared to saline controls p < .05.
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Figure 5.
Sample zif-268 immunoreactivity in the mPFC of two representative animals: a drugnaïve

vehicle control animal (left panels) and a subject with prior extended-access to cocaine

(right panels) under 5x and 10x magnification. The darkened cells in all panels represent

zif-268 positive neurons.
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