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Abstract 

The psychostimulant effects of cocaine can be associated with environmental 

stimuli and thus can be easily conditioned in a laboratory setting. In rats, both 

behavioural stimulant and reinforcing effects of cocaine have been induced by 

presentation of stimuli previously paired with cocaine treatment. The stimulant locomotor 

response evoked by contextual stimuli is termed conditioned activity. It is hypothesized 

that haloperidol and the specific D3 receptor antagonist ABT-127 will produce a doubly 

dissociable effect on acquisition vs. expression of cocaine conditioned activity.  Male rats 

received three 1-hr sessions of habituation to activity monitoring chambers (outfitted with 

infrared emitters and detectors), one session each day, over 3 days during which no drug 

was administered. The conditioning phase began on the next day and consisted of three 1-

hr sessions, one every 48 hrs. Rats were pre-treated intraperitoneally (IP) with 

haloperidol (50 µg/kg) or ABT-127 (1 mg/kg) (or vehicle) 1 hr and 0.5 hr before being 

placed into the activity chambers, respectively, and with the indirect-acting dopamine 

agonist cocaine (10 mg/kg) or saline immediately before placement into the chambers. 

The expression phase took place 48 hrs following the last conditioning session. Animals 

received a single injection of haloperidol, ABT-127 (or vehicle) 1 hr or 0.5 hr prior to 

placement in the activity chambers and saline was administered immediately before. 

Analyses revealed a significant interaction of drug by phase. In agreement with my 

hypothesis, haloperidol given during the conditioning phase blocked the acquisition of 

conditioned activity but failed to block the expression of conditioning when given on the 

test day. In contrast, ABT-127, when given before cocaine during conditioning failed to 
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block the acquisition of conditioned activity but blocked the expression of conditioning 

when administered on the test day. Results suggest that D2 receptors are necessary for 

acquisition but not initial expression and D3 receptors are required for expression but not 

acquisition of cocaine conditioned activity.  
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Chapter 1 

Introduction 

The present thesis focused on neural mechanisms of reward-related learning and 

more precisely on the role of dopamine D2 and D3 receptors in conditioned activity 

based on cocaine. I will begin with a definition of reward and the rationale for examining 

reward from a behavioral and neuronal standpoint. Subsequently, I will introduce 

dopamine and its receptor subtypes with particular emphasis on their role in conditioned 

activity and I will argue that conditioned activity involves reward-related learning. 

Further, I will establish the rationale for investigation of dopamine D2 and D3 receptors 

in conditioned activity based on cocaine, including the hypothesis for this research 

project. 

1.1 Reward-Related Learning 

Reward-related (incentive) learning involves the acquisition by neutral stimuli of 

an enhanced ability to elicit approach and/or other responses following conditioning to a 

primary reinforcer such as food or psychostimulants such as cocaine and amphetamine 

(Beninger, 1983; Wise, 2002; Wise & Rompre, 1989). Organisms must learn the stimuli 

that predict food and other resources for bodily needs. The reward system mediates this 

learning. Both stimuli that signal biologically important events or are associated with 

addictive drugs such as psychostimulants activate this system, implying that 

psychostimulants may also activate the neural loci and transmitter systems that are 

responsible for natural rewards. Also, it is believed that responses to natural rewards and 
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psychostimulants exhibit many commonalities such as rapid learning of both predictive 

cues and efficient behavioral sequences aimed at obtaining the reward (Di Chiara et al., 

1998; Hyman, 2005). However, unlike natural rewards, addictive substances tend to 

become overvalued at the cost of other more beneficial rewards and are detrimental to 

health and functioning. Thus, it is possible that psychostimulants are able to “hijack” the 

natural reward system causing the narrowing of life goals to obtaining and using these 

drugs.  

The parallels between natural rewards and drug addiction led to the development 

of animal models to identify and understand the neural basis of reward and reward-

related learning. In pioneer studies of reward using intracranial self-stimulation, Olds 

(1956) reported that rats maximally pressed a lever in an operant chamber to stimulate 

electrodes implanted in lateral hypothalamic regions, a structure implicated in sexual 

function, feeding and drinking. This effect was not seen when electrodes were implanted 

in brain areas associated with sensory and motor function (Olds, 1956). Moreover, 

addictive substances such as cocaine were found to alter the threshold for intracranial 

self-stimulation responding (Kenny, 2007), suggesting a link between reinforcing 

properties of pleasurable/hedonic behaviors and that of drugs of abuse.  

1.2 Dopamine and Reward  

The initial search for reward circuits in the brain began with the lateral 

hypothalamus, but attention since has shifted to other structures especially the 

mesolimbic dopaminergic system and the nucleus accumbens (NAc), a major structure of 



 

  3 

the ventral striatum that is considered to moderate the flow of information between 

limbic and motor systems (Mogenson et al., 1980). Investigations using diverse methods 

have converged on the conclusion that natural rewards and addictive drugs influence 

behavior as a result of their ability to increase synaptic dopamine in the NAc (Di Chiara, 

1998). The NAc is primarily populated by medium spiny neurons that receive 

dopaminergic inputs from ventral tegmental area (VTA).  

The role of dopamine in reward-related learning (Berridge & Robinson, 1998; 

Miller et al., 1990) has been further supported by results suggesting that the rewarding 

effects of the psychostimulants cocaine and amphetamine are primarily mediated by 

enhanced dopamine transmission within the NAc (Brown & Fibiger, 1992; Brown et al., 

1992b; Vallone et al., 2000). Cocaine and amphetamine increase dopamine levels in the 

synaptic cleft by blocking the activity of the dopamine transporter, and in the case of 

amphetamine, by reversing its action (Jones et al., 1998; Wise & Rompre, 1989). 

Conversely, it has been suggested that the dorsal striatum is responsible for the 

consolidation of efficient action repertoires aimed at obtaining rewards. This region 

receives dopamine from substantia nigra, a structure contiguous within the midbrain with 

the VTA (Joyce & Gurevich, 1999). 

In spite of extensive research on dopamine, there is still no consensus on what 

information is encoded by dopamine release in NAc. Initially, dopamine was believed to 

act as the internal representation of a hedonic state (pleasure). However studies that block 

dopamine signaling, either by pharmacological manipulations or by lesions have shown 

that animals can still exhibit positive hedonic responses in the absence of dopamine 
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(Berridge & Robinson, 1998). Based on this framework, reward can be dissociated into 

two distinct concepts of “liking” and “wanting”. “Liking” is described as being more 

closely related to pleasure or hedonia. On the other hand, “wanting” is reflected in the 

tendency of the organism to approach a stimulus or to work to gain access to a stimulus. 

Based on such considerations, Berridge & Robinson (1998) have proposed that dopamine 

transmission in the NAc mediates the assignment of “incentive salience” to rewards and 

reward-related cues, such that these cues can subsequently trigger a state of “wanting” for 

the goal object. The disruption of “wanting” without affecting the “liking” gives insight 

into what is learned during reward-related learning. Subsequently, it is possible to further 

break down the modulation of incentive salience into two components, namely: the 

acquisition vs. expression of incentive salience. This distinction is vital in studies using 

animal models when discussing manipulations of the “reward” system either via 

administration of psychostimulants, natural reinforcers, or agents targeting 

neurotransmitter systems that have been implicated in reward. 

1.3 Dopamine Receptor Subtypes 

  Five subtypes of dopamine receptors have been cloned and differentiated into two 

families based on their pharmacological profile, function and homology: the D1-like 

receptor family, which includes the D1 and D5 receptors, and the D2-like receptor 

family, which includes the D2, D3, and D4 receptors. D1-like receptors are post-synaptic 

receptors and are coupled to stimulatory G proteins that activate adenylate cyclase, and 

consequently, cyclic adenosine monophosphate (cAMP) (Stoof & Kebabian, 1981). They 

are found primarily in the cortex and hippocampus however there are also D1 receptors in 
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the caudate and NAc. Conversely, dopamine D2, D3, and D4 receptors are coupled to 

inhibitory G proteins, which inhibit adenylate cyclase and in turn cAMP production. The 

D2, D3, and D4 receptors are found in the caudate, putamen and NAc. Dopamine D3 

receptors are found primarily in limbic regions with high concentrations in the Isles of 

Calleja and NAc, amygdala, and olfactory tubercle (Levant, 1997; Vallone et al., 2000). 

Unlike dopamine D1, D4, or D5 receptors, D2 and D3 receptors are thought to function 

both pre- and post-synaptically. In the following, I will examine the role of dopamine D2 

and D3 receptors in reward-related learning. 

1.4 Interactions among Dopamine Receptor Subtypes 

Dopamine D2 and D3 receptors exhibit compartmentalized expression in the 

striatum (Bouthenet et al., 1991). Recent co-localization studies have revealed that the D1 

and D2 receptors form heterooligomeric units and their subsequent co-activation produce 

different intracellular effects from the effects seen when either D1 or D2 receptor are 

activated alone (Lee et al., 2004; Paul et al., 1992; Pollack, 2004). In addition, majority of 

D3 expressing neurons in Isles of Calleja and NAc also express D1 receptor mRNA 

(Ridray et al., 1998; Schwartz et al., 1998) suggesting a possible receptor co-localization. 

However, further studies are necessary to reveal any intracellular function following D1 

and D3 receptor subtype co-activation. In summary, these findings demonstrate that a 

more complex functional interrelationship between D1, D2 and D3 receptors may exist 

than previously considered. 
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1.5 Mechanism of Action for Dopamine Receptor Subtypes 

There are numerous signal transduction pathways activated by dopamine 

receptors. However, to date the best described effects mediated by dopamine are the 

activation and inhibition of the cAMP pathway and modulation of calcium (Ca
2+
) 

signaling. cAMP is a nucleotide that is synthesized from ATP within neurons in response 

to G protein activation and second messenger signaling. The stimulation of D1 receptors, 

activation of cAMP and subsequent phosphorylation of multiple protein kinases, 

including the cAMP – dependent protein kinase A, Ca
2+  
- dependent protein kinase C and 

calcium/calmodulin dependent protein kinase type IV leads to activation of the cAMP 

response element-binding protein (CREB) (Dudman et al., 2003). The expression of a 

large number of genes, including c-fos, depends on the transcription factor CREB (Ginty, 

1997). Further, it is thought that CREB might act as a coincidence detector due to its 

converging intracellular signaling, thus its activation has been seen as a candidate for 

involvement in long-term potentiation and in associative memory (Silva et al., 1998).  

As a member of the immediate early gene family, c-fos is a transcription factor 

that shows very rapid, but transient, induction in response to diverse types of stimuli, thus 

it can be used as a marker for neuronal activity. Studies using acute cocaine 

administration have revealed an increase in CREB phosporylation and expression of c-fos 

in the NAc (Konradi et al., 1994), suggesting that these proteins could contribute to the 

initial remodeling of synapses that may occur during conditioning and reward-related 

learning. Studies using D1 receptor mutant mice failed to show induction of c-fos in the 

striatum following cocaine and amphetamine treatment suggesting that D1-like receptors 



 

  7 

are involved for this process (Moratalla et al., 1996). However, D1 receptors are not 

solely responsible for c-fos activation. It has been shown that haloperidol, a D2- receptor 

preferring antagonist induces c-fos expression in the striatum of wild-type as well as D1 

mutant mice. Moreover, both D2 and D3 mutant mice show blunted increase in c-fos 

mRNA following treatment with D1 receptor agonist SCH23390 (Jung & Schmauss, 

1999), suggesting that both D2 and D3 receptors modulate the induction of c-fos 

expression following D1 receptor stimulation and the dopamine receptor subtypes 

contribute in the induction of c-fos. Taken together, functional D1 receptors appear to 

play a central role in the control of neurotransmitter-regulated immediate early gene 

induction. However, inactivation of either D2 or D3 receptors leads to a decrease in 

responsiveness of D1 receptors to agonist stimulation, suggesting that D1, D2 and D3 

receptors work in synergy to ensure maximum immediate early gene expression and 

subsequent synaptic remodeling. 

1.6 Conditioned Activity as Reward-Related Learning 

Conditioned activity refers to a behavioral paradigm that can be understood as 

involving reward-related learning.  The procedure involves injecting rats with a pro-

dopamine drug (Burechailo & Martin-Iverson, 1996; Franklin & Druhan, 2000b; 

Hotsenpiller & Wolf, 2002b; Martin-Iverson et al., 1997) and then placing them into a 

distinct testing environment for a period of time (e.g., 60 min).  After several drug-

environment pairings, experimental animals are injected with saline and again placed into 

the test environment. The animals that received drug-environment pairings (PAIRED) are 

observed to be more active than control animals with a similar history of placement in the 
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environment and a similar history of pro-dopamine drug injections but without having 

received them in the test environment (UNPAIRED).  This effect is termed "conditioned 

activity”(Adams et al., 2001; Brown & Fibiger, 1992; Carey et al., 2003, 2005; Mazurski 

& Beninger, 1988; Sutton et al., 2000).  From a reward-related learning point of view, the 

environment paired with pro-dopamine drug and, therefore, increased dopamine 

neurotransmission, acquired an increased ability to elicit approach and other responses 

during conditioning (acquisition) that manifests as conditioned activity during testing 

(expression) (Beninger, 1983).   

The conditioning procedures used in this paradigm also can be seen as Pavlovian. 

Thus, cocaine is the unconditioned stimulus and activity the unconditioned response.  The 

conditioned stimulus is the distinct environment and the conditioned response is activity 

in that environment (Adams et al., 2000).  In spite of this apparent similarity, some 

authors have shown that the conditioned response does not strongly resemble the 

unconditioned response as is usually assumed in Pavlovian conditioning (Ahmed et al., 

1996, 1998; Martin-Iverson & Fawcett, 1996).  Regardless of the theoretical 

interpretation, conditioned activity is a reliable behavioral phenomenon that depends on 

dopamine and can be used to assess the role of dopamine receptor subtypes in learning 

via pharmacological manipulations.  

Other paradigms such as conditioned place preference (CPP) and cocaine-seeking 

behavior will be mentioned throughout this paper in support of the conditioned activity 

data. CPP occurs when a history of drug administration in a particular environment and a 

history of vehicle administration in a different discriminable environment results in a 
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preference for the drug-paired side when access is permitted to both drug- and vehicle-

paired sides during a drug-free test. On the other hand, the cocaine-seeking paradigm 

involves training rats to self-administer cocaine by lever-pressing while simultaneously 

associating discriminative stimuli coupled with, and predictive of fixed-interval central 

cocaine infusions. In a test situation, the stimuli predictive of cocaine infusion can elicit 

reliable cocaine-seeking behavior measured by increased lever-pressing in the absence of 

further drug availability. All three paradigms are suitable and valid for evaluating reward-

related learning in experimental settings. 

1.7 Pharmacological Manipulation of Dopamine Transmission During 

Reward-Related Learning 

A large body of literature suggests that dopamine receptors appear to be involved 

in the conditioning and maintenance of reward-related learning. Support for this 

observation is based on pharmacological manipulations using preferential and specific 

dopamine receptor subtype agonists and antagonists which have been found to alter 

reward-related learning in a number of paradigms (Anderson & Pierce, 2005; Wise & 

Rompre, 1989). Studies using conditioned activity, CPP, self-administration and drug-

seeking have assed the role of various dopaminergic agents in reward-related learning.  

Previous research from our lab has shown that conditioned activity can be 

obtained by treatment with the dopamine D1-like agonist SKF 38393, indirect acting 

dopamine agonists amphetamine or cocaine, and the dopamine D2/D3 agonist quinpirole 

and the dopamine D2 agonist apomorphine (Beninger & Herz, 1986; Mazurski & 

Beninger, 1991). Rats conditioned with cocaine (Cervo & Samanin, 1996; Fontana et al., 
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1993), amphetamine (Mazurski & Beninger, 1991) and apomorphine (Dias et al., 2006) 

failed to show conditioned activity following pretreatment with the D1-like receptor 

antagonist SCH 23390 during conditioning. There are conflicting results on the effects of 

the SCH 23390 during the conditioned activity test. Adams et al. (2001) reported a 

reduction of conditioned activity expression with SCH 23390 (0.03-0.1 mg/kg), however, 

Fontana et al. (1993) did not block expression of conditioned activity with SCH 23390 

(0.02 mg/kg). In CPP studies, Cervo & Samanin (1995) found that SCH23390 blocks 

CPP acquisition and Adams et al. (2001) reported no effect on expression of cocaine 

CPP. Taken together these findings suggest that D1 receptors play an important role 

during the acquisition of conditioned activity and CPP and perhaps, dose-dependent role 

during expression of conditioned activity.  

D2-like receptor antagonist drugs given during pro-dopamine drug pairing days 

were also shown to disrupt acquisition of conditioned behaviors. Treatment with the D2-

preferring receptor antagonists, pimozide (Beninger & Hahn, 1983; Beninger & Herz, 

1986), haloperidol (Martin-Iverson & Reimer, 1994), raclopride (Fontana et al., 1993), 

but not metaclopramide (Mazurski & Beninger, 1991) or sulpiride (Cervo & Samanin, 

1996; Dias et al., 2006), prevented the stimuli associated with psychomotor stimulants 

from acquiring and subsequently generating conditioned activity. However, during the 

expression test, pimozide (Beninger & Herz, 1986), haloperidol (Martin-Iverson & 

Reimer, 1994), and raclopride (Adams et al., 2001) but not sulpiride (Cervo & Samanin, 

1996) failed to block the expression of conditioned activity suggesting that D2 receptors 

may only be crucial during the conditioning phase. In agreement, haloperidol was shown 
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to block the acquisition of amphetamine CPP (Mithani et al., 1986). However, sulpiride 

failed to block acquisition or expression of cocaine CPP (Cervo & Samanin, 1995).  In 

general, dopamine D2 receptors are thought to be important for the acquisition but not 

expression of conditioned behaviors. 

The role of dopamine D3 receptors in reward-related learning has been unknown 

due to the lack of selective pharmacological agents. More recently, the dopamine D3 

receptor-preferring partial agonist BP897, a drug that acts as a partial dopamine D3 

receptor antagonist (Cervo et al., 2006a; Cervo et al., 2003; Cervo et al., 2006b; Wicke & 

Garcia-Ladona, 2001) was shown to block the expression but not acquisition of 

amphetamine and cocaine - induced conditioned activity in rats (Aujla & Beninger, 2004; 

Aujla et al., 2002) and mice (Le Foll et al., 2002; Le Foll et al., 2005). The selective D3 

antagonist SB-277011 was shown to significantly attenuate the expression of conditioned 

activity based on cocaine in mice (Le Foll et al., 2002). In agreement with conditioned 

activity data, BP 897 failed to affect the acquisition of a CPP based on cocaine, morphine 

or amphetamine (Aujla & Beninger, 2005; Duarte et al., 2003; Gyertyan & Gal, 2003). 

However, BP 897 blocked the expression of cocaine-, and amphetamine- induced CPP 

(Aujla & Beninger, 2005; Gyertyan & Gal, 2003). Similarly, the selective D3 receptor 

antagonist SB-277011 blocked cocaine-, or nicotine-induced CPP (Le Foll et al., 2003; 

Vorel et al., 2002).   

Pilla et al. (1999) found that BP 897 reduced responding for conditioned stimuli 

associated with cocaine during the first 15-min interval of the session. However, BP 897 

did not affect responding in a subsequent interval of the experimental session suggesting 
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that BP 897 was able to block drug seeking behavior without affecting drug taking. 

Similar results have been reported with SB-277011 treatment, where it failed to affect 

cocaine self administration but decreased cocaine seeking behavior (Alleweireldt et al., 

2003; Cervo et al., 2003; Gal & Gyertyan, 2006). These results suggest that D3 receptors 

may be involved in the expression but not acquisition of conditioned behaviors. 

1.8 Dopamine, Reward-Related Learning and Schizophrenia 

Mesolimbic dopamine acting at D2-like receptors has been strongly implicated in 

schizophrenia and reward-related learning (Beninger & Miller, 1998). It is further 

suggested that schizophrenia may be recharacterized as aberrant reward-related learning 

resulting from hyperfunctioning of mesolimbic dopamine. Therefore, positive symptoms 

such as hallucinations and delusions experienced by schizophrenics can be understood as 

inappropriate approach behavior directed towards trivial stimuli. Furthermore, in the 

framework of reward-related learning, the delayed therapeutic effects of many 

antipsychotic medications can be seen as a process which involves “unlearning” or 

extinction of the approach behaviors from these trivial stimuli. 

1.9 Pharmacological Profiles ABT-127 and Haloperidol 

ABT-127 (2,3-di-tert-butyl-6-{4-[3-(4,5-dimethyl-4H-[1,2,4] triazol-3-

yisulfanyl)-propyl]-piperazin-1-y1}-pyrimidine hydrochloride) is a novel selective D3 

receptor antagonist. ABT-127 displays a high affinity for the human dopamine D3 

receptor (Ki = 0.98 nM) and a 148-fold selectivity over the human dopamine D2 receptor 

(Ki = 145 nM) (Unger et al., 2005). ABT-127 was shown to lack agonist properties at 
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either D2 or D3 receptors, thus it is considered to be a full dopamine D3 receptor 

antagonist. Further, ABT-127 at doses significantly above effective levels did not evoke 

extrapyramidal side effects such a catalepsy (Gross et al., 2005), a known characteristic 

of many D2-receptor preferring antipsychotic drugs. Taken together, ABT-127 a selective 

dopamine D3 receptor antagonist, shows potential as future treatment for psychiatric 

disorders such as schizophrenia and drug abuse. 

On the other hand, haloperidol (-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-1-

(4-fluorophenyl)-butan-1-one ) is a dopamine D2-receptor preferring antagonist. 

Haloperidol displays a preferential affinity for the human dopamine D2 receptors (Ki = 

0.58 nM) (Millan et al., 1998) and a 33 fold selectivity over the human D3 receptor (Ki = 

19.4 nM) (Vanhauwe et al., 1999). Haloperidol is used to treat positive symptoms of 

schizophrenia and its effectiveness against hallucinations and delusions is thought to lie 

in its ability to block dopamine D2 receptors in the mesolimbic dopaminergic system 

(Kapur & Remington, 2001). At high doses and with chronic treatment haloperidol, like 

many other typical antipsychotics, results in extrapyramidal side effects. 

1.10 Hypothesis 

Extensive literature suggests that the acquisition and expression of reward-related 

learning are mediated by dopamine. The goal of the study is to compare ABT-127, a 

selective dopamine D3 receptor antagonist, and haloperidol, a dopamine D2-preferring 

receptor antagonist, in acquisition and expression of conditioned activity based on 

cocaine. The automated conditioned activity paradigm was chosen for its ability to 
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measure animal locomotor activity in a distinct environment and contrast the role of D2 

and D3 receptors during the acquisition and expression of incentive salience to cocaine-

associated cues. I hypothesized that systemic treatment with haloperidol will block 

acquisition but not expression of conditioned activity. On the other hand, I hypothesized 

that systemic injections with ABT-127 will block the expression but not the acquisition 

of conditioned activity based on cocaine, thus illustrating a behavioral dissociation 

between the actions of the two dopamine receptor subtypes in reward-related learning. 
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Chapter 2 

Methods 

2.1 Subjects 

Treatment of rats was in accordance with guidelines of the Animals for Research 

Act, the Canadian Council on Animal Care, and was approved by the Queen’s University 

Animal Care Committee. Experimentally naïve albino Wistar rats (N = 161) weighing 

200-225 g upon arrival from Charles River Canada were housed in pairs in clear 

Plexiglas shoe-box-style cages (45.0 cm x 25.0 cm x 22.0 cm). Average temperature in 

the colony room was 21º C, humidity 40-70 % with reversed light-dark cycle (lights off 

from 0700 to 1900 hr). Rats were handled for about 1 min every day for 5 days prior to 

starting the experiment and were maintained on a free feeding (LabDiet 5001, PMI 

Nutrition International, Brentwood, MO, USA) and drinking schedule. 

2.2 Drugs 

Cocaine hydrochloride (Sigma, St. Louis, MO, USA) was dissolved in 0.9 % 

isotonic saline at a dose of 10 mg/kg. 4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]- 

1-(4-fluorophenyl)-butan-1-one  (haloperidol; Sigma, St. Louis, MO, USA) in a dose of 

either 0.1, 1.0, 25, 50, 75 or 150 µg/kg and 2,3-di-tert-butyl-6-{4-[3-(4,5-dimethyl-4H-

[1,2,4] triazol-3-yisulfanyl)-propyl]-piperazin-1-y1}-pyrimidine hydrochloride (ABT-

127; Neuroscience Discovery Research, Abbott Labs, Ludwigshafen, Germany) in a dose 

of 1.0 or 10 mg/kg was dissolved in a solution of 20 % DMSO (Dimethyl sulfoxide 

≥99.5% (GC), Sigma, St. Louis, MO, USA) and distilled H20. Control IP injections 
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consisted of either 0.9 % isotonic saline or 20% DMSO in an equivalent volume. 

Injections were administered intraperitoneally (IP) and made in a volume of 1.0 mg/ml. 

2.3 Apparatus 

Behavioral data were collected using six automated activity chambers. Each 

chamber was made of clear Plexiglas, measuring 41 x 50 x 37 cm and housed in a 

wooden, Styrofoam-insulated, outer box. A set of seven infrared emitters and detectors 

was positioned at a height of 5.0 cm above the metal rod floor (three on each 41-cm side, 

four along the 50-cm front and back walls) spaced 10 cm apart. The photocells formed a 

matrix of 20 squares of equivalent dimensions (approximately 10 x 10 cm) over the 

chamber surface. The rat had to travel the full distance between the beams for an activity 

count to be recorded. Each chamber was illuminated with a 2.5 W incandescent bulb and 

ventilated by a small fan that also provided background noise. Beam breaks were 

recorded on an experimenter-controlled circuit board connected to a 1 GHz IBM 

compatible computer. For further details of the apparatus see Beninger, Cooper, and 

Mazurski (1985). 

2.4 Behavioral Procedure 

The experimental protocol consisted of three phases: habituation (3 sessions), 

conditioning (3 sessions in experiment 1; 4 sessions in experiment 2) and testing (1 

session). All sessions were 1-hr long and occurred during the dark phase (0700-1900 

hours). Rats were randomly assigned to each treatment and control group. In experiment 

2, the conditioning and test phases were repeated several times (see below). 
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Please refer to Table 1 for group descriptions and drug treatment design. All injections 

were given intraperitoneally. 

Experiment 1 

Animals in all groups (N = 143) received three 1-hr habituation trials, one each 

day, over three days during which no drug was administered.  The conditioning phase 

began on the next day and consisted of three 1-hr sessions, conditioning days 1-3, one 

every 48-hrs. The single 1-hr test session took place 48-hrs following conditioning day 3. 

Experiment 1A investigated the establishment of conditioned activity based on 

cocaine (10 mg/kg) and the role of the haloperidol during the acquisition of conditioned 

activity. Animals were pretreated with haloperidol (0, 0.1, 1.0, 25, 50, 75 or 150 µg/kg; n 

= 9 for each group) or vehicle 1-hr before being placed in to the activity chamber. 

Immediately before placement in the activity chambers rats received cocaine (10 mg/kg).  

On the test day all animals received saline immediately before placement in the activity 

chambers. To maintain the same drug history, rats injected with cocaine (paired) or saline 

(unpaired) during conditioning immediately before placement in the activity chambers 

received another injection in their homecage 1 hr following the end of each session. Thus 

rats conditioned with cocaine received saline and rats conditioned with saline received 

cocaine in their homecages, respectively.    

Experiment 1B examined the effect of ABT-127 on the expression of conditioned 

activity. During conditioning, rats (n = 18) received cocaine (10 mg/kg) immediately 

before placement in the activity chambers. One hour following the end of each 
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conditioning session rats received a saline injection in their homecage. On the test day 

animals were pretreated with ABT-127 (1.0 or 10 mg/kg) 30 min before being injected 

with saline and placed in the activity monitors and no injection upon return to their 

homecages.  

Experiment 1C was a direct comparison of the effects of haloperidol, and ABT-

127 in acquisition and expression of conditioned activity. Groups were pretreated with 50 

µg/kg haloperidol (1 hr before the session; n=9), 1.0 mg/kg ABT-127 (30 min before the 

session; n=9) or vehicle before each conditioning session. Immediately before placement 

in the testing apparatus rats received cocaine (paired) or saline (unpaired). 1hr following 

the end of each conditioning session paired rats received a saline injection and unpaired 

rats received cocaine in their homecages. On the test day rats were administered 50 µg/kg 

haloperidol (1 hr before the session; n=18), 1.0 mg/kg ABT-127 (30 min before the 

session; n=17) or vehicle and no injection upon return to their homecages. All groups 

received saline immediately before placement in the activity chambers.  

Experiment 2 

The purpose of this experiment was to investigate the effects of haloperidol and 

ABT-127 in a counterbalanced repeated measures design. Only the effects of dopamine 

receptor antagonism on expression were the focus of this experiment. Thus, rats received 

dopamine antagonists only before the saline test session but not during the conditioning 

phase. Groups of rats (n = 18) received three 1-hr habituation sessions over three 

consecutive days. The conditioning phase began on the next day and consisted of 1-hr 
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sessions, one each day. On conditioning days 1-4 (wk 1), 6-9 (wk 2), 11-14 (wk 3), 16-19 

(wk 4), and 21-24 (wk 5), rats received either cocaine (10 mg/kg; n = 9) or saline (n = 9) 

immediately before being placed in the activity chambers. Following each conditioning 

session the unpaired group received cocaine in their homecages and the paired group 

received saline.  

On test days 1 (wk 1) and 2 (wk 2), all rats received a saline injection prior to 

placement in activity chambers and no injection upon return to their homecages. On test 

day 3 (wk 3) rats from cocaine (n = 5) and rats from control (n = 5) groups were 

pretreated with haloperidol (50 µg/kg), 1 hr before saline injection and placement in the 

activity chamber. The remaining animals were pretreated with ABT-127 (1.0 mg/kg), 30-

min prior to the saline injection and placed in the activity chambers. Test day 4 (wk 4) 

was like test days 1 and 2. Test day 5 (wk 5) was like test day 3 (wk 3) except that 

animals which were previously pretreated with haloperidol received ABT-127 and rats 

previously pretreated with ABT-127 prior to the test session received haloperidol. This 

counterbalanced drug administration design assured that all animals had the same drug 

history but a different conditioning history in the testing environment.  

2.5 Statistical Analysis 

In experiment 1, horizontal activity data for each study was analyzed using one-

way analyses of variance (ANOVA). In experiment 2, horizontal activity data was 

analyzed using one-way and repeated-measures ANOVA. The between-subjects factor 

was group (eg. paired/sal, unpaired/sal) and the within-subjects factors included days (eg. 
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conditioning session 1,2,3,4). All statistical tests were calculated using SPSS 12.0 for 

Windows. Hypothesis tests were completed using α = 0.05 and post-hoc comparison were 

made with Tukey’s HSD test. 
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Chapter 3 

Results 

Experiment 1: 

On the last habituation day, mean (±SEM) activity counts ranged from 667.8 

(±54.6) to 950.2 (±72.2). ANOVA revealed no significant effect of group on activity 

levels [F(15,126) = 1.72, non-significant (n.s).; see Table 1].  

 

 

Conditioning  Test  Habituation Day 3 

unpaired sal 775.2 (±39.3) 

unpaired 50.0 µg/kg hal + sal 751.2 (±68.8) 

unpaired 1.0 mg/kg ABT-127 +sal 801.6 (±67.1) 

unpaired 50.0 µg/kg hal / 1.0 mg/kg ABT-127 + sal 830.9 (±44.3) 

paired sal 735.9 (±70.9) 

paired 50.0 µg/kg hal + sal 950.2 (±72.2) 

paired 1.0 mg/kg ABT-127 + sal 856.1 (±60.6) 

1.0 mg/kg ABT-127 + paired sal 885.3 (±79.6) 

paired 10 mg/kg ABT-127 + sal 706.8 (±33.5) 

paired 50.0 µg/kg hal / 1.0 mg/kg ABT-127 + sal 700.4 (±27.8) 

0.1 µg/kg hal + paired sal 789.9 (±43.2) 

1 µg/kg hal + paired sal 667.8 (±54.6) 

25 µg/kg + paired sal 732.2 (±64.9) 

50 µg/kg hal + paired sal 862.0 (±89.1) 

75 µg/kg hal + paired sal 702.8 (±64.9) 

150 µg/kg hal + paired sal 669.4 (±95.9) 
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Table 1: Baseline locomotor activity counts. Mean (±SEM) activity counts in 1 hr session during 

the last of three drug-free habituation sessions. Abbreviations: hal = haloperidol, sal = saline, 

ABT = Abbott-127. 
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Figure 1: Effects of haloperidol during conditioning across sessions 1-3. Mean (±SEM) activity 

counts averaged across three 1-hr conditioning sessions for unpaired/sal, paired/sal, and all doses 

of haloperidol plus 10 mg/kg of cocaine. ***, significant (p<0.001) difference from unpaired/sal. 

Abbreviations: hal = haloperidol, sal = saline. 

 

In experiment 1A, activity averaged across the three conditioning sessions among 

the six groups conditioned with cocaine plus the 0.1, 1.0, 25, 50, 75 or 150 µg/kg dose of 
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haloperidol revealed a dose-dependent effect on the unconditioned stimulant properties of 

cocaine (see Fig. 1). ANOVA revealed a significant effect of group [F(7,64) = 19.13, 

p<0.001]. Post-hoc pair-wise comparisons found that haloperidol 0.1, 1.0, 25, and 50 

µg/kg but not 75 and 150 µg/kg significantly differed from the unpaired/sal group 

(p<0.0001) but did not differ from the paired/sal group.  

During the test session, the paired/sal group exhibited higher activity counts than 

groups conditioned with cocaine plus haloperidol or the unpaired/sal control group. The 

magnitude of the conditioned activity effect appeared to decrease with increasing dose of 

haloperidol during conditioning (see Fig. 2). A one-way between-subjects ANOVA 

revealed a significant group effect [F(7, 64) = 7.73, p<0.001]. Post-hoc pair-wise 

comparison found that groups pretreated with cocaine plus 0.1, 1.0, 25 µg/kg but not 50, 

75 or 150 µg/kg haloperidol during conditioning were significantly different from  

unpaired/sal controls (p<0.01). Further examination revealed that the paired/sal group  

significantly differed from groups conditioned with cocaine plus 50, 75 and 150 µg/kg 

(p<0.05) but not 0.1, 1.0 and 25 µg/kg haloperidol. The shown results in Figs. 1 and 2 

indicate that 50 µg/kg haloperidol did not block the unconditioned stimulant effect of 

cocaine during conditioning but significantly attenuated the strength of conditioned 

activity during the test session. This dose was used in the subsequent studies. 

In experiment 1B, rats were conditioned with 10 mg/kg of cocaine for three 

sessions and pretreated with a dose of ABT-127 (1.0 or 10.0 mg/kg) on the saline test 

day. ANOVA revealed no significant difference in activity among the groups conditioned 

with cocaine (paired/sal, paired/10 mg/kg ABT+sal and paired/1 mg/kg ABT+sal) across 
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the three conditioning sessions [Mean (±SEM) = 1068.52 (±146.3), 1147.11 (±76.77), 

1100.19 (±83.21), respectively; F(2,24) = 0.261, n.s.]. 
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Figure 2: Effects of haloperidol conditioning on acquisition of cocaine conditioned activity. 

Mean (±SEM) activity counts during the 1 hr saline test sessions for unpaired/sal, paired/sal, and 

groups previously conditioned with a dose haloperidol. ***, significant (p<0.001) difference from 

unpaired/sal. +, significant (p<0.05) difference from paired/sal. Abbreviations: hal = haloperidol, 

sal = saline. 
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On the test day, rats pretreated with either dose of ABT-127 exhibited an 

attenuation of activity compared to the group tested with saline alone (Fig. 3). ANOVA 

showed a significant group effect [F(3, 32) = 12.11, p<0.001]. Post-hoc pair-wise 

comparisons found that the groups pretreated with 1.0 and 10.0 mg/kg ABT-127 were 

significantly different from the paired/sal group (p<0.01) but not significantly different 

from the unpaired/sal controls group indicating that both doses of ABT-127 blocked 

conditioned activity during the test session. Both doses effectively blocked the expression 

of conditioned activity therefore the lower dose (1.0 mg/kg) was used in subsequent 

studies.  

Experiment 1C was a direct comparison of haloperidol and ABT-127 on 

acquisition and expression of conditioned activity. During conditioning, activity means 

averaged over the three conditioning days for 50 µg/kg hal+paired/sal and 1 mg/kg 

ABT+paired/sal did not differ significantly from each other [Mean (±SEM) = 1392.66 

(±158.77), 1204.17 (±128.88), respectively; F(1,16) = .835, n.s.]. Haloperidol given 

during conditioning and ABT-127 given during expression were minimum doses that 

blocked the conditioned activity effect in experiments 1A and 1B. Results revealed that, 

during conditioning, the groups pretreated with haloperidol but not ABT-127 and tested 

with saline showed a block of conditioned activity. Conversely, ABT-127 administered 

before the saline test blocked conditioned activity, but haloperidol did not (Fig. 4). 

ANOVA revealed a significant treatment x group interaction [F(3,31) = 6.15, p<0.05] 

and a significant group effect [F(7, 63) = 7.99, p <0.001].  
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Figure 3: Effects of ABT-127 on expression of cocaine conditioned activity. Mean (±SEM) 

activity counts during the 1 hr saline test sessions for paired/1 ABT and paired/10 ABT 

groups.**, significant (p<0.001) difference from unpaired/saline, paired/1 ABT and paired/10 

ABT. Abbreviations: ABT = ABT-127, sal = saline. 
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The interaction revealed a greater test-day activity in the group that received 

ABT-127 during conditioning compared to the group that received haloperidol during 

conditioning, and a greater test day activity in the group that received haloperidol on the 

test day compared to the group that received ABT-127 on the test day. Thus, haloperidol 

during conditioning, but not test, blocked conditioned activity and ABT-127 during test, 

but not during conditioning, blocked conditioned activity. Further, results showed that 

unpaired/sal, unpaired/50 µg/kg hal + sal and unpaired/1 mg/kg ABT+sal groups did not 

differ significantly on the test day from one another [Mean (±SEM) = 644.11 (± 29.93), 

683.44 (± 91.10), 639.22 (± 32.3817), respectively; F(2, 26) = 0.08, n.s.]. These findings 

suggest that animals conditioned with saline and given haloperidol and ABT-127 during 

testing did not exhibit motor impairments. 

 The purpose of experiment 2 was to examine the effects, in the same animals, of 

haloperidol and ABT-127 during expression of conditioned activity using a 

counterbalanced repeated measures design. The groups did not exhibit significant 

differences on horizontal activity during the last day of habituation [F(1,16) = 1.26, n.s.]. 

Rats conditioned with cocaine across week 1-5 showed greater activity in comparison to 

rats conditioned with saline [Mean (±SEM) = 1320.57 (± 57.36), 628.98 (± 55.10), 

respectively; F(1,16)=75.60, p<0.001]. On the saline test at the end of week 1, 2, and 4, 

the group conditioned with cocaine exhibited significantly higher activity than the group 

conditioned with saline suggesting conditioned activity. A repeated-measures ANOVA 

revealed a significant group effect [F(1,16)=11.14), p<0.01].  
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Figure 4: Effects of haloperidol and ABT-127 during acquisition and expression of conditioned 

activity (a drug by phase interaction). Mean (±SEM) activity counts during the 1-hr saline test 

sessions for 1 mg/kg ABT+paired/sal, paired/1 mg/kg ABT+sal, 50 µg/kg hal+paired/sal and 
paired/50 µg/kg hal+sal. ANOVA revealed significant treatment x group interaction (p<0.05) 
among 1 mg/kg ABT+paired/sal, paired/1 mg/kg ABT+sal, 50 µg/kg hal+paired/sal and paired/50 
µg/kg hal+sal. Abbreviations: hal = haloperidol, ABT = ABT-127, sal = saline. 
Experiment 2: 

On test week 3 and 5, rats were administered haloperidol or ABT-127 in a 

counterbalanced fashion depending on the week. Averaged activity between the groups 
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across the two test sessions yielded a significant treatment x conditioning interaction 

[F(1,16) = 5.57, p<0.05, see Fig. 5] and a significant group effect [F(1, 16) = 7.52, p 

<0.01] for the haloperidol and ABT-127 challenge at the end of weeks 3 and 5.  

Further, ANOVA found a significant difference between paired/50 µg/kg hal+sal 

and unpaired/50 µg/kg hal+sal groups [F(1,8) = 8.61, p<0.05]. No significant difference 

was observed between paired/1 mg/kg ABT+sal and unpaired/1 mg/kg ABT+sal groups. 

These results show that pretreatment with ABT-127, but not haloperidol, before the test 

blocks the effect of conditioned activity based on cocaine in rats. 
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Figure 5: Effects of haloperidol and ABT-127 during expression of cocaine conditioned activity 

(a drug by phase interaction). Mean (±SEM) activity counts during the 1-hr saline test sessions 

for unpaired/1 mg/kg ABT+sal, paired/1 mg/kg ABT+sal, unpaired/50 µg/kg hal+sal and 
paired/50 µg/kg hal+sal. ANOVA revealed significant treatment x group interaction (p<0.05) for 
unpaired/1 mg/kg ABT+sal, paired/1 mg/kg ABT+sal, unpaired/50 µg/kg hal+sal and paired/50 
µg/kg hal+sal. * , significant (p<0.05) difference from paired/50 µg/kg hal+sal. 
Abbreviations: hal = haloperidol, ABT = ABT-127, sal = saline.  
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Chapter 4 

Discussion 

The results can be summarized as follows. Animals receiving cocaine during 

conditioning and saline in the test were more active in the test than control animals that 

had never received cocaine in the test environment. Co-administration of cocaine plus 

0.1, 1.0, 25 50, but not 75 or 150 µg/kg doses of haloperidol did not have a significant 

effect on the unconditioned stimulant properties of cocaine. However, rats pre-treated 

with cocaine plus 50, 75 or 150 µg/kg doses of haloperidol failed to show conditioned 

activity. Treatment with the 50 µg/kg dose of haloperidol during the test session, 

following conditioning with cocaine, had no effect on the expression of conditioned 

activity. In contrast, treatment with the 50 µg/kg dose of haloperidol during conditioning 

with cocaine, while failing to block the stimulant effect of cocaine, blocked the 

acquisition of conditioned activity. Co-administration of ABT-127 plus cocaine during 

conditioning also had no significant effect on the stimulant properties of cocaine but did 

not disrupt the acquisition of conditioned activity. Treatment with ABT-127 during the 

test session, following conditioning with saline, had no effect on activity but treatment 

with ABT-127 during the test session, following conditioning with cocaine, blocked the 

expression of conditioned activity. Thus, haloperidol blocked the acquisition, but not the 

expression, of conditioned activity based on cocaine, and ABT-127 blocked the 

expression, but not the acquisition, of conditioned activity based on cocaine. The present 

study is the first to show this double dissociation within the same animals. 
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The observation of enhanced activity in a drug-free state in a test environment 

previously paired with cocaine is consistent with previous reports of conditioned activity 

(Beninger & Herz, 1986; Hotsenpiller & Wolf, 2002a; Mazurski & Beninger, 1991; 

Poncelet et al., 1987). In the present study, control groups that received environment-

saline pairings and also received cocaine on conditioning days in their homecage 

environment, did not exhibit increased activity during the test session similar results were 

reported by Mazurski & Beninger (1991). Therefore, the effect of increased activity in 

rats having received environment-cocaine pairings can be attributed to the association of 

environmental stimuli with cocaine rather than a previous history of cocaine treatment. 

The finding that haloperidol, when given during cocaine conditioning, blocked the 

acquisition of conditioned activity is in agreement with other reports using D2-preferring  

receptor antagonists (Beninger & Herz, 1986; Fontana et al., 1993; but not Reimer & 

Martin-Iverson, 1994). The finding that the expression of conditioned activity based on 

cocaine or amphetamine was resistant to the effects of dopamine D2-preferring receptor 

antagonists also is in agreement with previous reports (Adams et al., 2001; Beninger & 

Hahn, 1983; Beninger & Herz, 1986; Martin-Iverson & Reimer, 1994; Poncelet et al., 

1987). Inhibition of the unconditioned stimulant effect of cocaine was not necessary to 

block the acquisition of conditioned activity, as previously reported by Fontana et al. 

(1993). Thus at appropriate dose levels, D2-preferring dopamine receptor antagonists 

block the acquisition but not the initial expression of conditioned activity based on 

amphetamine or cocaine. Furthermore, these antagonists do not need to block the 
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unconditioned stimulant effects of amphetamine or cocaine to effectively block the 

acquisition of conditioned activity. 

The finding that ABT-127 blocked expression but not acquisition of conditioned 

activity is in agreement with results using BP-897 (Aujla et al., 2002; Le Foll et al., 

2002). BP 897 is a D3 receptor-preferring partial agonist that also acts as an antagonist by 

blocking the ability of endogenous agonists to fully activate the receptor (Sokoloff et al., 

2001; Wicke & Garcia-Ladona, 2001). The selective D3 receptor antagonist SB-277011 

also blocked the expression of conditioned activity (Le Foll et al., 2002). Thus, dopamine 

D3 receptor antagonists block the expression but not the acquisition of conditioned 

activity and do so at doses that have no significant effect on unconditioned activity. 

The effects of dopamine D3 receptors have been investigated in a number of 

different reward-related learning paradigms. Conditioned place preference is another 

commonly used technique to evaluate reward-related learning. In this procedure 

preferences for environmental stimuli that have previously been associated with pro-

dopamine drugs such as amphetamine or cocaine are examined. Following amphetamine 

or cocaine injections rats are placed in a particular environment containing distinct cues. 

When tested in a drug-free state, approaches and the amount of time spent in the 

compartments previously associated with the drug serve as an indicator of preference and 

a measure of reward-related learning.  

Our results are consistent with observations from CPP studies. Pre-test systemic 

treatment of BP 897 were shown to block the expression of amphetamine- (Aujla & 
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Beninger, 2005), cocaine- (Duarte et al., 2003) and nicotine- induced CPP (Le Foll et al., 

2005). Further, pre-test injections of SB-277011 blocked the expression of cocaine- 

(Vorel et al., 2002) and nicotine-induced CPP in rats (Le Foll et al., 2005). On the other 

hand, pre-conditioning injections of BP 897 and SB 277011 showed no effect on the 

acquisition of amphetamine- and cocaine- induced CPP (Aujla & Beninger, 2005; 

Gyertyan & Gal, 2003).  

Another experimental procedure thought to involve reward-related learning is the 

cocaine-seeking paradigm. Rats are trained to self-administer cocaine while 

simultaneously learning that discriminative stimuli are associated with, and predictive of 

cocaine availability. Thus, the stimuli predictive of the possibility of cocaine self-

administration can elicit reliable cocaine-seeking behavior in the absence of further drug 

availability. Studies have shown that BP 897 attenuates the expression of cocaine-seeking 

behavior without affecting cocaine-taking responses (Cervo et al., 2003; Pilla et al., 

1999). Systemic administration of the dopamine D3 receptor antagonist SB-277011 had 

no effect on cocaine self-administration however, it blocked cue-induced reinstatement 

following extinction of cocaine administration (Di Ciano et al., 2003; Vorel et al., 2002). 

Moreover, it was found that both BP 897 (Pilla et al., 1999) or SB-277011 (Di Ciano et 

al., 2003) did not affect cocaine-triggered reinstatement. Taken together, results from 

conditioned activity, CPP, drug self-administration studies show that dopamine D3 

receptors are important in the expression of responses to drug-associated stimuli 

associated with conditioning and not in the acquisition of the information about those 

stimuli. 



 

  35 

Dopamine exerts its actions via two families of receptors defined on the basis of 

on their pharmacological profile, function and homology: the D1-like dopamine receptor 

family, which includes the D1 and closely related D5 receptors, and the D2-like 

dopamine receptor family, which includes the D2, D3, and D4 receptors (Vallone et al., 

2000). The stimulation of D1-like receptors leads to activation of the cAMP leading to 

the activation of the cAMP response element-binding protein (CREB), a transcription 

factor that regulates the expression of several genes, including c-fos, which are important 

to brain reward function (Ginty, 1997; Silva et al., 1998). Manipulation of CREB levels 

in rat brains have been shown to affect cocaine reward (Dudman et al., 2003). Like D2 

receptors, D1-like receptors have been shown to be preferentially involved in the 

acquisition versus expression of reward-related learning.  

Studies from this lab have found that systemic administration of the dopamine 

D1-like antagonist SCH 23390 blocked the acquisition of CPP based on amphetamine or 

the D2-like receptor agonist quinpirole (Hoffman & Beninger, 1989). Similarly, Cervo 

and Samanin (1995) reported that systemic administration of SCH 23390 blocked the 

acquisition, but not the expression, of cocaine CPP. Furthermore, rats conditioned with 

cocaine, amphetamine or apomorphine (Dias et al., 2006; Fontana et al., 1993; Mazurski 

& Beninger, 1991) failed to show conditioned activity following pretreatment with SCH 

23390 during conditioning. Mazurski and Beninger (1991) have also showed that 

conditioned activity can be obtained using either the D1-like receptor agonist SKF 38393, 

the D1- and D2-like receptor agonist apomorhine or the D2-like receptor agonist 

quinpirole. Also, treatment with SCH23390 significantly increased cocaine self-
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administration in rats suggesting the blunting of cocaine reward effects (Britton et al., 

1991). The results suggest that dopamine D1-like receptors, like dopamine D2 receptors 

are important in acquisition but not initial expression of conditioned behaviors in various 

reward-related learning paradigms. 

In support of the above studies there is evidence recently reported by Lee et al., 

(2004) that D1 and D2 receptors expressed on the same neurons may converge to form 

heterooligomeric units. This process requires two neighboring dopamine receptor 

subtypes to form a unitary binding site for dopamine and subsequently, allows for 

concurrent coactivation, cross-phosphorylation between the receptor subtypes and 

subsequent activation of a novel phospholipase C-dependent calcium signaling pathway 

(Lee et al., 2004). Although the role of phospholipase C in reward-related learning has 

not yet been assessed, this finding provides a direction for future research in reward-

related learning and the possible cooperative involvement of D1 and D2 receptors in the 

acquisition of conditioned behaviors. 

  The expression of conditioned activity has been linked to up-regulation of 

dopamine D3 receptors in the forebrain regions. Wallace et al. (1996) found an elevated 

expression of D3, but not D1 or D2 receptors in the striatum and NAc of mice displaying 

conditioned activity. The authors suggested that the increase in D3 density was a result of 

environment-cocaine pairings and not a result of repeated drug treatment since D3 

receptor up-regulation was not seen in mice receiving cocaine in their home cage 

(Wallace et al., 1996). This finding was extended by Le Foll et al. (2002) who reported 

significant increases in D3 receptor mRNA, c-fos gene expression and transcript of brain-
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derived neutrophic factor (BDNF) in the VTA and NAc, following exposure to an 

environment previously paired with cocaine. The augmented co-expression of BDNF 

transcript along with dopamine D3 receptors in the NAc is in agreement with studies that 

link BDNF to regulation of D3 receptors synthesis in the NAc (Guillin et al., 2001). In 

further support for dopamine D3 receptors in reward-related learning, it was found that 

BDNF knockout mice failed to express CPP based on cocaine (Hall et al., 2003) and 

central infusions of a BDNF antibody blocked cocaine-seeking behavior (Graham et al., 

2007). These findings further implicate dopamine D3 receptors in the expression of 

conditioned behaviors. 

Le Foll et al. (2002) reported an increase in c-fos gene expression in the NAc, in 

environment-cocaine paired animals, but not animals receiving cocaine in their 

homecage. c-fos  is a marker for neuronal activation, and this finding is in agreement 

with previous studies (Brown et al., 1992a; Franklin & Druhan, 2000a; Hotsenpiller et al., 

2002). However, whether the increase in c-fos gene expression is a directly caused by the 

exposure to the environment previously paired with cocaine or is correlational due to 

some other mechanism is unknown. Both, c-fos and BDNF in the NAc are induced by 

CREB via local D1 receptor activation in the striatal neurons (Kuppers & Beyer, 2001); 

thus the increase in c-fos expression could result from the indirect activity of BDNF 

transcription and subsequent dopamine D3 receptors synthesis. Nevertheless, Ridray et 

al. (1998) has shown that D1 and D3 receptors co-localize on neurons expressing 

substance P mRNA in the NAc. Perhaps this co-interaction could lead to an increased c-

fos activity in the presence of environmental stimuli previously paired with rewarding 
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effects of cocaine. However, this scenario is unlikely because previous studies in this lab 

and others have shown that D1-like receptor antagonists fail to block the expression of 

conditioned activity (Dias et al., 2006; Mazurski & Beninger, 1991). More research is 

needed to better understand the involvement of CREB-regulated genes and dopamine D1 

receptors in the expression of cocaine-conditioned activity. 

The finding that dopamine D3 receptors act as mediators of the initial expression 

of conditioned behaviors is in agreement with the idea that dopamine modulates 

glutamatergic synapses on the spines of medium spiny striatal neurons (Beninger & 

Gerdjikov, 2004). The medium spiny neurons use gamma-aminobutyric acid (GABA) as 

their principal neurotransmitter, they also receive converging inputs from midbrain 

dopamine neurons and from cortical glutamate neurons. Numerous studies have shown 

that alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)  receptors 

play a crucial role in the maintenance of many learned behaviors (Boudreau & Wolf, 

2005) including the expression of cocaine conditioned activity (Cervo & Samanin, 1996; 

Hotsenpiller et al., 2001), CPP based on cocaine (Cervo & Samanin, 1995; Kaddis et al., 

1995), amphetamine or morphine (Layer et al., 1993) and cocaine-seeking behaviors (Di 

Ciano & Everitt, 2001). Therefore it is possible that the dopamine D3 receptors may 

contribute to the expression of conditioned behaviors by modifying the activity of AMPA 

synapses in the striatal medium spiny neurons. As a result the dopamine D3 receptors 

would change the behavioral impact of associated environmental stimuli that activate 

these synapses, as seen during the expression of conditioned behaviors.  
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The possibility that dopaminergic control of reward-related learning is important 

in the etiology of schizophrenia has been proposed (Beninger, 1983). Beninger and Miller 

(1998) have suggested that the disruption of reward-related learning may underlie some 

of the positive symptoms observed in individuals suffering from schizophrenia. The 

hallucinations and delusions observed in schizophrenic patients may be explained as the 

result of excessive incentive value placed on trivial stimuli in the environment. Further, 

the delayed therapeutic onset of typical antipsychotics, such as pimozide, a dopamine D2-

preferring receptor antagonist, could be better understood if schizophrenia was seen as a 

disorder of reward-related learning (Beninger & Hahn, 1983). This “unlearning” or 

extinction of the acquired significance of such trivial stimuli takes sometime to occur 

which is consistent with the delayed effectiveness of typical antipsychotic agents 

(Beninger & Miller, 1998). The ability of ABT-127, a dopamine D3 receptor selective 

antagonist, to block approach to conditioned stimuli once they are acquired could be used 

to increase the therapeutic actions of current typical antipsychotic agents by preventing 

responding to overlearned stimuli. 

In conclusion, the present thesis examined the role of dopamine D2 and D3 

receptors in the acquisition and expression of reward-related learning using the 

conditioned activity paradigm. Our findings suggest that dopamine D2 receptors play an 

important role during acquisition, but not expression, and D3 receptors are required for 

expression but not acquisition of cocaine-conditioned activity. This double dissociation 

between D2 and D3 receptors in conditioned activity has important implications for 

furthering our understanding of mechanisms of reward-related learning.  
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