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Abstract 

 Operant acquisition, operant expression, and decision-making differentially rely 

on brain areas that are differentially affected by antipsychotic and other dopaminergic 

drugs.  The purpose of this thesis was to test if the known differential pharmacological 

and location of action of antipsychotic and other dopaminergic drugs predict the drug 

effects on operant acquisition, operant expression, and decision-making.  Clozapine and 

to a lesser extent, risperidone but not metoclopramide or haloperidol affect the prefrontal 

cortex (PFC); haloperidol, metoclopramide, and to a lesser extent, risperidone affect the 

dorsolateral striatum (DLS).  We used amphetamine as a broadly-acting indirect 

dopamine (DA), serotonin (5-HT), and norepinephrine agonist. 

 We found that all antagonists altered operant acquisition and expression, but in 

different ways.  The DA D2-like receptor antagonists blunted reinforcement impact 

during operant acquisition and induced an extinction-like decline in expression whereas 

the atypical antipsychotics with high PFC 5-HT-2A affinity maintained inactive lever 

presses during acquisition, but produced tolerance in expression.  Curiously, risperidone 

and metoclopramide, but not clozapine or haloperidol, more potently suppressed lever 

pressing in acquisition than expression.  In contrast, amphetamine suppressed operant 

expression, but not acquisition, at a dose range that increased locomotion and induced 

conditioned place preference.  Amphetamine decreased sensitivity to reward presentation 

and inactive lever pressing during operant acquisition, but had the opposite effects during 

expression. 

A very different pattern was found in the rodent gambling task (rGT), a model of 

the 4- choice (deck) Iowa Gambling Task used in humans.  The rGT puts small, 
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immediate rewards that are advantageous in the long-term due to generally fewer and 

shorter associated penalties in conflict with large, immediate rewards that are 

disadvantageous in the long-term due to generally more and longer associated penalties.  

Two antipsychotics (risperidone, haloperidol) but not the anti-emetic (metoclopramide) 

enhanced performance by shifting preferences towards advantageous options, but the 

antipsychotic that induces PFC Fos (clozapine) impaired performance.  Amphetamine 

decreased discrimination among different decks in the rGT.  

 These data demonstrate the differential effects of clinically relevant drugs on 

decision-making and different stages of operant learning.  The differential effects on 

operant responding and decision-making of different antipsychotic drugs provide 

important information regarding their therapeutic and side-effect profiles. 
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Chapter 1: General Introduction 

Overview 

 This thesis is concerned with the effects of clinically-relevant dopaminergic 

drugs, with particular focus on antipsychotics, on learning and performance of food-

rewarded tasks in rats.  In the following, I present a brief overview of schizophrenia and 

the pharmacological action of selected antipsychotics with specific reference to neural 

regions of action that are known or suspected to be involved in the behavioural tasks of 

this thesis: operant acquisition, operant expression, and gambling performance.  I then 

explain how dopamine’s normal selective synapse strengthening underlies reward-related 

behaviour including incentive learning and operant responding.  I then combine the 

contrasting pharmacological profiles of amphetamine, clozapine, risperidone, 

haloperidol, and metoclopramide with the known literature on operant expression, 

operant acquisition, the Iowa Gambling Task (IGT) in humans, and the small literature of 

a recently-developed IGT analog in rodents called the rodent gambling task (rGT).  I 

point out the strengths and weaknesses of the current rGT and explain the modifications I 

performed to improve the rGT.  Finally, I present hypotheses based on the contrasting 

pharmacological action of the selected drugs and the contrasting neural basis of the 

selected behavioural tasks.  This thesis focuses on clinically-relevant dopaminergic drugs, 

specifically antipsychotics used to treat psychosis, so we will begin by understanding the 

reason many people utilize these drugs: treating symptoms of schizophrenia. 

Schizophrenia and Typical Antipsychotics 

 Schizophrenia is a psychotic mental disease characterized by positive symptoms 

(such as hallucinations and delusions), negative symptoms (such as anhedonia, avolition, 
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blunted affect, and social withdrawal), and cognitive impairment.  Schizophrenic patients 

are prescribed antipsychotic drugs that help alleviate their psychotic/positive symptoms.  

The first antipsychotic drugs to be prescribed, such as chlorpromazine and haloperidol, 

are called first-generation or typical antipsychotics.  Typical antipsychotics induce 

extrapyramidal side-effects (EPS), a form of Parkinson-like motor impairment at 

clinically effective antipsychotic doses.  The clinical efficacy and side-effects of typical 

antipsychotics are closely associated with their affinity for dopamine (DA) D2-like 

receptors, which are concentrated in the striatum (Seeman, Lee, Chau-Wong, & Wong, 

1976).  The striatum is part of the basal ganglia and is important for initiating voluntary 

(internally or externally motivated) motor movements and reward-related learning (for a 

review see Beninger, Baker, Florczynski, & Banasikowski, 2010).  Typical and atypical 

antipsychotics typically are active in the ventral striatum (VS), but typical antipsychotics 

are more active in the dorsal striatum (DS) and atypical antipsychotics are more active in 

the prefrontal cortex (PFC; for a review see Beninger et al.) 

Atypical Antipsychotics 

Subsequent antipsychotic development produced drugs with reduced EPS 

likelihood and these drugs were found to have lower D2-like receptor blockade at 

clinically effective doses.  These second-generation, or atypical antipsychotics, such as 

clozapine, olanzapine, and risperidone, have more diverse binding profiles.  One usual 

characteristic of atypical antipsychotic drugs is stronger antagonism of serotonin (5-HT) 

2A receptors that are located in more diverse brain areas, including the PFC.  Early 

reports claiming atypical antipsychotics alleviated the negative symptoms of 
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schizophrenia were likely due to differences in dosing between atypical and typical 

antipsychotics (for a review, see Leucht, Kissling, & Davis, 2009; Beninger et al., 2010).   

Although the terms “typical” and “atypical” have utility for describing the EPS 

likelihood of antipsychotic drugs, the terms do not refer to homogenous groups.  

Clozapine was the prototypical atypical antipsychotic with a very diverse binding profile 

and very little reported incidence of EPS.  Atypical antipsychotics, especially clozapine, 

tend to antagonize 5-HT-2A receptors, which counteracts the EPS induced by D2-like 

receptor antagonism (Kapur, Remington, Zipursky, Wilson & Houle, 1995; McOmish, 

Lira, Hanks, & Gingrich, 2012).  Haloperidol is a typical antipsychotic that has high D2-

like receptor antagonism and induces EPS at clinically relevant doses.  Risperidone, 

while classified as an atypical, shares characteristics of both classes of antipsychotic, 

making it somewhat of a typical-like atypical.  Risperidone’s affinity for the 5-HT-2A 

receptor is higher than haloperidol’s and lower than clozapine’s whereas risperidone’s 

affinity for D2-like receptors is less than haloperidol’s and higher than clozapine’s 

(Schotte, Janssen, Megens, & Leysen, 1993; Schotte et al., 1996; for a review See 

Beninger et al., 2010).  Risperidone tends to have the highest EPS liability of the atypical 

antipsychotics (Leucht, Pitschel-Walz, Abraham, & Kissling, 1999; Leucht, Wahlbeck, 

Hamann, & Kissling, 2003; Leucht et al., 2009). 

Antipsychotic Neural Locations of Action 

The immediate early gene c-fos product Fos is used as a sign of neuronal 

metabolic activity and metabotropic receptor signaling (Morgan & Curran, 1989; Sheng 

& Greenberg, 1990).  Fos immunoreactivity does not indicate that a drug is acting 

directly in that region, but it does indicate that region is affected by the drug directly or 
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indirectly.  Fos can be induced by a variety of stimuli including depolarization, 

neurotrophic factors, neurotransmitters, and N-methyl-D-aspartate (NMDA) activation 

that may be downstream of our pharmacological manipulations (Morgan & Curran).  

Antipsychotics tend to induce Fos in the nucleus accumbens (NAc; part of the VS) and 

the dorsomedial striatum (DMS; Robertson, Matsumura, & Fibiger, 1994; reviewed in 

Beninger et al., 2010).  Atypical, but not typical, antipsychotics tend to induce Fos in the 

PFC (Robertson et al.; Beninger et al.,).  Conversely, typical, but not atypical, 

antipsychotics tend to induce Fos in the dorsolateral striatum (DLS; Robertson et al.; 

Beninger et al.).   

Typical and atypical antipsychotic drugs induce differential patterns of 

localization from Fos, electrophysiological, microdialysis, structural magnetic resonance 

imaging , blood oxygen level-dependent (BOLD) response, behavioural response to 

central injection studies, and cognitive abilities known to differentially rely on these brain 

regions (Reviewed in Beninger et al., 2010).  Acute haloperidol increases neuronal firing 

in both the dopamine cell-rich ventral tegmental area and substantia nigra, increasing DA 

outflow in the VS and DS, respectively, but acute clozapine only increases neuronal 

firing in the ventral tegmental area and increases DA outflow in the NAc and PFC 

(Beninger et al., 2010).  Similarly, typical antipsychotic drugs and high doses of 

risperidone, but not the atypical antipsychotic drugs clozapine and olanzapine, increase 

striatal volume, decrease PFC gray matter, and decrease VS BOLD signal in a reward-

related task. In contrast, atypical antipsychotic drugs tend to increase BOLD signal in the 

PFC.  Typical, but not atypical, antipsychotic drugs can induce catalepsy and block 

stereotypy in a DS-dependent manner, but both typical and atypical antipsychotic drugs 
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decreases locomotion in a VS-dependent manner.  Typical, but not atypical, antipsychotic 

drugs impair performance on striatal-dependent tasks and atypical, but not typical, 

antipsychotic drugs impair performance on some PFC-dependent tasks (reviewed in 

Beninger et al.).   We selected drugs with contrasting actions to infer the neural basis of 

behaviour: metoclopramide, haloperidol, clozapine, risperidone, and amphetamine. 

 

 

Clozapine Risperidone Haloperidol Metoclopramide 

D2 Antagonism Low Moderate High High 

PFC 5-HT-2A Antagonism High High No/weak No/weak 

NAc Shell Fos Yes 

 

Yes No 

NAc Core Fos N.S. 

 

Yes 

 NAc (Whole) Fos Yes Yes Yes Yes 

DMS Fos No/Weak Yes Yes Yes 

DLS Fos No/Weak Yes Yes Yes 

PFC (medial) Fos Yes No No No 

Table 1: Summary of Antagonist Drug Action.  Data are compiled from references in text.  

Empty cells indicate lack of data. 

 

Metoclopramide  

 Metoclopramide is widely used to treat gastrointestinal dysfunctions and other 

disorders (for a review see Rao & Camilleri, 2010).  It was utilized here for its D2-like 

receptor antagonism that induces Fos in the nucleus accumbens (likely core), DMS, DLS, 

but not the PFC or NAc shell (Deutch, Lee, & Iadarola, 1992).  The ability to induce Fos 

in the NAc shell may be related to antipsychotic efficacy and metoclopramide does not 

demonstrate either well (Deutch et al.,; Stanley, Lautin, Rotrosen, Gershon, & Kleinberg, 

1980).   

Haloperidol 

Haloperidol is a first generation antipsychotic medication that is still widely used 

for treating psychoses and other disorders including, for example, Tourette’s and delirium 
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(for reviews see Beninger et al., 2010; Weisman, Qureshi, Leckman, Scahill, & Bloch, in 

press; Campbell et al., 2009).  It has a similar binding and Fos profile to metoclopramide, 

but induces Fos in the NAc shell (Deutch et al., 1992).  Haloperidol has a high affinity for 

D2-like receptors and much lower affinity at other receptors, with other receptor effective 

doses (ED50s) above the dose range tested here (Schotte et al., 1993; Schotte et al., 

1996).  

Clozapine 

Clozapine is used as an antipsychotic medication (Leucht et al., 1999; Leucht et 

al., 2003; Leucht et al., 2009).  It demonstrates low D2-like receptor affinity (ED50 

above the dose range tested), very high histamine H1 receptor affinity, high serotonin (5-

HT)-2A receptor affinity, and induces Fos in the PFC and NAc, weak or no effect in the 

DMS, and no effect in the DLS (Deutch et al., 1992; Deutch & Duman, 1996; Robertson 

et al., 1994 Schotte et al., 1993; Schotte et al., 1996).  Clozapine’s ability to induce PFC 

(specifically the more ventral prelimbic and infralimbic areas, but not the more dorsal 

medial precentral areas) Fos is not dependent on D1, D2, 5-HT-2A, 5-HT-2C, D2-5-HT-2 

interactions, α-1 adrenergic, or muscarinic cholinergic receptors (Deutch & Duman).   

Risperidone 

Risperidone is classified as an atypical antipsychotic with high 5-HT-2A receptor 

affinity and less EPS likelihood and D2-like receptor affinity than typical antipsychotics, 

but relatively more EPS (Leucht et al., 2009) and D2-like receptor affinity (Schotte et al., 

1993; Schotte et al., 1996) than other atypical antipsychotics, e.g., clozapine.  Despite 

being classified as an atypical antipsychotic, risperidone induces Fos in brain areas 
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similar to those affected by typical antipsychotics: NAc, DMS, and DLS, but not the PFC 

(Deutch & Duman, 1996; Robertson et al., 1994).   

Amphetamine 

Amphetamine is an indirect DA, 5-HT, and NE agonist that augments the 

neurotransmitter signals at low doses, but occludes the signals by increasing synaptic 

concentrations of the neurotransmitters at higher doses (Kuczenski et al., 1995; for 

reviews see Fleckenstein et al., 2007; Sulzer et al., 2005).  It has been used clinically as a 

decongestant and to increase wakefulness and attention.  The discovery that chronic use 

can lead to psychoses has led to a reduction in its clinical use (Sulzer et al.).  

Amphetamine produces widespread Fos activation (Rotllant, Marquez, Nadal, & 

Armario, 2010), so we do not make regional selectivity claims regarding amphetamine. 

Comparing Drug Effects to Infer Neural Basis 

 Comparing these drug effects allows us to better infer the basis of changes in 

behaviour.  Metoclopramide and haloperidol effects alone suggest D2-like receptor and 

possibly DLS effects, but not PFC or 5-HT-2A receptor effects.  Haloperidol but not 

metoclopramide effects alone suggest a NAc shell or other antipsychotic action not 

attributable to D2-like receptors or DLS action.  Metoclopramide, haloperidol, and 

risperidone effects suggest a DLS effect and possibly a D2-like receptor-sensitive effect, 

particularly if the risperidone effect is weaker.  Risperidone and clozapine effects suggest 

5-HT-2A receptor involvement.  Clozapine effects without risperidone suggest a PFC-

dependent effect that possibly is free from 5-HT-2A or D2-like receptors or the DLS.  

Although the selected drugs act on other receptors, these are the locations and receptors 

that are not saturated at the lowest doses (e.g. H1 and clozapine) and have an ED50 
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within the dose range tested (Schotte et al., 1993; Schotte et al., 1996). Amphetamine was 

used as a general augmentation of these signals at low doses, but a general indirect 

agonist at higher doses (Kuczenski et al., 1995; for reviews see Fleckenstein et al., 2007; 

Sulzer et al., 2005). 

These complementary and contrasting drug effects are useful predictors of 

behaviour (for a review see Beninger et al., 2010).  Of particular interest are the 

behaviours of operant acquisition, operant expression, and gambling expression, which 

are known to differentially rely on these receptors and areas.  These behaviours are 

central to this thesis. 

Neural Systems Implicated in Operant Acquisition, Operant Expression, and 

Gambling Decision-Making 

Prior research has implicated DA receptors in the VS and PFC in operant 

acquisition, the DLS in operant expression, and DA and 5-HT receptors and PFC in 

gambling decision-making. These brain areas and neurotransmitter systems are important 

for reward and are the topic of this thesis. 

Midbrain Dopamine, Prefrontal Cortex, and the Striatum 

The PFC and VS receive dopaminergic input from the ventral tegmental area via 

the medial forebrain bundle whereas the DS receives dopaminergic input from the 

substantia nigra.  Dopaminergic ventral tegmental area neurons increase firing rate 

preferentially for non-predicted rewards, stimuli predicting reward, and rewards larger 

than predicted (Schultz, 2010).  Predicted rewards can still increase firing but to a lesser 

degree and a pause in firing is observed when an expected reward is not received 

(Schultz).  The striatum receives glutamatergic input from the cortex and thalamus, which 
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can be strengthened by burst firing of DA cells (See Beninger & Gerdjikov, 2004 for a 

review). 

Molecular Mechanisms of the Dopamine Signal Selectively Strengthening 

Synapses 

Beninger and Gerdjikov (2004) have explained the intracellular signaling 

cascades that underlie DA-strengthening of recently active striatal glutamatergic 

synapses. NMDA receptor activation by glutamate causes a calcium influx that when 

combined with D1-like receptor activation of adenylyl cyclase produce a synergistic 

intracellular signaling cascade that increases synaptic strength.  This cascade involves 

cyclic adenosine monophosphate (cAMP), cAMP-dependent protein kinase, cAMP-

regulated phosphoprotein-32, and mitogen-activated protein kinases (including 

extracellular signal-related kinase 1/2).  This cascade results in insertion of new 2-amino-

3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA) receptors into the synapse, 

phosphorylation-sensitization of AMPA receptors in the synapse, increased calcium-

dependent protein kinase, increased cAMP response element binding protein, increased 

DNA transcription and gene expression, and production of new proteins and receptors, 

such as AMPA receptors.  At first, it may seem paradoxical that calcium influx through 

NMDA receptors would result in both an indirect strengthening of synapses by calcium-

calmodulin-dependent protein kinase (CaMKII), as well as an opposing inhibitory role of 

calmodulin and protein phosphatase-1.  This apparent paradox can be explained by 

calcium spike-dependent plasticity; strong NMDA receptor activation from synchronized 

glutamatergic inputs and phosphorylation from DA activation results in calcium 

concentration spikes that preferentially increase CaMKII and increase synaptic strength 
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whereas less synchronized glutamatergic inputs and less NMDA phosphorylation results 

in lower calcium concentrations over a longer period of time, which would result in 

calmodulin activation and weaker synaptic strength (Bi & Rubin, 2005).  The recently 

active synapses may be tagged by molecular markers that allow the newly formed 

proteins and receptors to be selective in their location (Frey & Morris, 1997; Kandel, 

2012).  Thus, coincident activation of cortical glutamatergic inputs and mesolimbic DA 

activation selectively increases the strength of the recently active glutamatergic inputs.  

The implication is that the information present in the cortex at the time of reward is given 

increased control over the striatum whereas disruption of these processes can impair 

learning, as explained in the following section.  This cortical information could be related 

to sensory/perceptual information, thoughts, or actions.  

Behavioural Consequences of the Dopamine Signal Selectively Strengthening 

Synapses 

When corticostriatal connections transmitting sensory information predicting 

reward are strengthened, we would expect the stimulus itself to take on reward-like 

properties.  Reward prediction has been argued to be the basis of the mesolimbic DA 

burst activity (Schultz, 2010), but it is the ability of stimuli to elicit reward-like responses 

that correlates with DA burst activity, not reward prediction itself (Flagel et al., 2011).  

This distinction can be made by exposing rats to a predictive stimulus (e.g., a lever 

presentation) followed by an unconditioned stimulus (e.g., food reward) as Pavlovian 

conditioning.  When the predictive stimulus is presented, some rats will attend to and 

touch the predictive stimulus (sign-tracking) whereas other rats will attend to and touch 

the unconditioned stimulus location (goal-tracking). Both sign-trackers and goal-trackers 
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learn the lever predicts reward, but only sign-trackers will have DA burst firing to the 

predictive stimulus (Flagel et al.).  Similarly, only sign-tracking development is 

prevented by dopaminergic blockade (Flagel et al.).  This suggests that DA release is 

necessary to increase the incentive value of reward-predictive cues, but not reward 

prediction itself (Flagel et al.). 

Actions that result in reward are reward-predicting in that they are contiguous 

with reward.  Skinner (1948) demonstrated that it is the behavioural contiguity, not 

contingency, that is the basis of reinforcement.  For example, Skinner found repetitive 

“superstitious” behaviour would become more frequent with reinforcement schedules that 

were not dependent on the animal’s behaviour.  However, if an action happened to 

precede reinforcement, that behaviour became more likely to be repeated in the future 

and consequently became more likely to be performed prior to future reinforcement.  This 

positive-feedback loop of superstitious behaviour demonstrates that reinforcement relies 

on contiguity, not contingency.  Actions have their own sensory information as the 

individual has both collateral discharge from motor efferent pathways and sensory 

feedback during the action itself, and the motoric signals go through the striatum.  If 

actions hold the same properties as reward-predictive stimuli, then actions resulting in 

reward should be sensitive to dopaminergic blockade. 

Behavioural Consequences of Dopaminergic Blockade 

Consistent with this prediction, animals demonstrate an extinction-like decline in 

lever pressing following the D2-like receptor-preferring antagonists pimozide (Sanger, 

1986; Wise, Spindler, DeWit, & Gerber, 1978), metoclopramide (Beninger et al., 1987, 

Sanger), haloperidol (Salamone, 1986; Varvel, Vann, Wise, Philibin, & Porter, 2002; 
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Sanger), and other similarly acting drugs (Sanger; Varvel et al.), suggesting that intact 

DA signaling is necessary for maintaining the reinforcing effects of food.  A variety of 

drugs decrease spontaneous locomotion and lever pressing for food reward, but only the 

drugs with high D2-like receptor affinity induce an extinction-like decline in lever press 

rate (Beninger et al.; McOmish et al., 2012; Salamone; Sanger et al.; Varvel et al.).  The 

extinction-like decline in lever press rate produced by haloperidol is dissociable from 

decline in lever press rate from extinction via non-reinforcement (Salamone).  Non-

reinforcement produces longer latencies between bursts of lever presses whereas 

haloperidol produces a more constant, less burst-like decrease in lever presses 

(Salamone).  This suggests that D2-like receptor antagonism is not perfectly synonymous 

with blocking reward, in line with the resistance of goal-tracking to DA antagonism 

(Flagel et al., 2011).  In contrast, clozapine or risperidone that have low to moderate D2-

like receptor affinity demonstrate initial suppression of lever pressing but then tolerance 

with repeated administration (Varvel et al.).  Tolerance is the decreased response to the 

drug in the testing environment (e.g. decreased suppression) with repeated testing and 

this may or may not be specific to the testing conditions.  These studies demonstrate that 

D2-like receptor antagonism results in an extinction-like effect that is similar to non-

reinforcement, but dissociable from non-reinforcement upon closer inspection.  This 

highlights the need for behavioural testing sufficiently sensitive to detect these 

dissociations. 

Neural Basis of Operant Acquisition and Expression 

The D2-like receptor antagonists that produce the extinction-like decline in lever 

press expression also have preferential action in the DLS, which is implicated in 
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established lever pressing.  As animals acquire instrumental learning, the most important 

neural regions within the network are the VS in the early acquisition, then the DMS as 

acquisition stabilizes and finally the DLS with extended training (Baldwin, Sadeghian, 

Holahan, & Kelley, 2002; Shiflett, Brown, & Balleine, 2010; McKee, Kelley, Moser, & 

Andrzejewski, 2010; Lingawi & Balleine, 2012; Yin, Knowlton, & Balleine, 2004, 2005; 

for a review see Belin, Jonkman, Dickinson, Robbins, & Everitt, 2009; Balleine & 

O’Doherty, 2010).  Other areas where DA, NMDA, or protein synthesis disruption 

impairs operant acquisition, in comparison to expression, are the basolateral amygdala 

(BLA), central amygdala (CeA), anterior cingulate cortex (ACC), medial PFC (mPFC), 

and possibly the orbitofrontal cortex (OFC; Andrzejewski, Sadeghian, & Kelley, 2004; 

Andrzejewski, Spencer, & Kelley, 2006; Baldwin, Holahan, Sadeghian, & Kelley, 2000; 

Baldwin, Sadeghian, & Kelley, 2002; Kelley, Smith-Roe, & Holahan, 1997; McKee et al. 

Jonkman & Everitt, 2009).  However, some studies have found lesions of the BLA, CeA, 

NAc shell, or NAc core to have no effect on acquiring responding on a fixed interval30-s 

schedule (Hall, Parkinson, Connor, Dickinson, & Everitt, 2001).  It is also important to 

note that BLA, CeA, and ACC are important for learning that food is safe to eat and 

reward revaluation (Jonkman & Everitt; Wang, Ostlund, Nader, & Balleine, 2005;  

Wassum, Cely, Balleine, & Maidment, 2011) 

Systemic Antipsychotics and Operant Acquisition 

Little research has investigated the effects of systemic drugs on lever press 

acquisition.  Wise and Schwartz (1981) demonstrated that the D2-like receptor antagonist 

pimozide suppresses lever press acquisition, but they did not subsequently test rats while 

in a drug-free state to dissociate between general response suppression (e.g., locomotor 
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suppression or lack of motivation) in the drug state and reinforcement blunting (the 

decreased impact or efficacy of reinforcement) as tested by lever press rate while in a 

drug-free state.   

Tombaugh, Tombaugh and Anisman (1979) tested the effects of pimozide during 

lever press acquisition, and subsequently tested rats while drug free, but their lever press 

protocol lacked the behavioural range necessary to properly test for reinforcement 

blunting.  Rats that received pimozide during acquisition subsequently acted more like 

rats that received no training than rats that received vehicle during acquisition, yet their 

conclusion was that pimozide did not impair acquisition. 

It remains to be determined if D2-like receptor antagonism blunts lever press 

reinforcement or if suppression is due to other actions of the drugs.  The central injection 

studies utilize methods that generally produce a robust lever press acquisition that is 

necessary to test for blunted reinforcement (see lever press acquisition methods in 

Chapter 2), but they do not test for reinforcement blunting.  If food reinforcement during 

operant acquisition is dependent on D2-like receptors, then drugs that block D2-like 

receptors should blunt reinforcement and drugs that do not strongly block D2-like 

receptors should not blunt reinforcement.  However, operant acquisition is dependent on 

the NAc and mPFC, where risperidone and clozapine are active, so these drugs may also 

affect operant acquisition, but possibly in a different way than stronger D2-like receptor 

antagonists.  This difference may be detectable in a sensitive behavioural analysis, similar 

to how the D2-like receptor antagonist-produced extinction-like decline is dissociable 

from non-reinforcement (Salamone, 1986).  In a complementary manner to the effects of 
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D2-like receptor antagonists, augmentation of the DA signal by amphetamine may 

increase the reinforcement impact during acquisition.   

Systemic Amphetamine and Operant Acquisition 

Amphetamine increases synaptic DA, 5-HT, and norepinephrine (NE).  It may do 

this by inhibiting reuptake starting at a lower range of doses and much stronger 

neurotransmitter release into the synapse at higher doses (Kuczenski, Segal, Cho, & 

Melega, 1995; for reviews see Fleckenstein, Voltz, Riddle, Gibb, & Hanson, 2007; 

Sulzer, Sonders, Poulsen, & Galli, 2005).  These dose-dependent effects result in an 

augmentation of signals at lower doses due to reuptake blockade, but occlusion at higher 

doses due to action potential-independent neurotransmitter release.  Amphetamine was 

selected over receptor agonists for the low-dose neurotransmitter signal augmentation 

whereas direct receptor agonists partially occlude the neurotransmitter signal at low 

doses.  Previous research suggests amphetamine can increase operant acquisition for 

water reinforcement (LeSage, Byrne, & Poling, 1996), but this augmentation occurred 

after vehicle-treated rats already slowed their operant rates during an 8-hr session and 

these results are better explained by the diuretic effects of amphetamine (Speller & 

Streeten, 1964) resulting in a compensatory increase in water intake.  We have previously 

demonstrated that amphetamine can augment Pavlovian-to-instrumental transfer, but only 

for the first session and this is independent of primary reinforcer devaluation (Gerdjikov, 

Baker, & Beninger, 2011).   One of the goals of this thesis is to determine the effects of 

amphetamine on operant acquisition.  To best identify the effects of amphetamine on 

operant acquisition and expression, it is important to understand the effects amphetamine 

has on locomotion and conditioned place preference.   
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Systemic Amphetamine, Conditioned Activity, and Conditioned Place Preference 

Amphetamine increases locomotion, which sensitizes with repeated 

administration in the same environment (for a review see Pierce & Kalivas, 1997) and 

reliably produces conditioned place preference (CPP; for a review see Tzschentke, 1998,  

2007).  CPP is observed as an increase in time spent in an environment previously paired 

with a drug.  I tested a range of doses of amphetamine in CPP in this thesis to provide 

complementary locomotor and Pavlovian conditioning (CPP) data for comparison to the 

effects of amphetamine on lever pressing and decision-making.  The locomotor 

comparison determines if lever press rate can be explained by general locomotor effects 

whereas the CPP determines if lever pressing or decision-making can be explained by 

rewarding or adverse effects of amphetamine itself.  

If amphetamine augments operant rate, it would be important to understand how 

much of that augmentation might be attributable to conditioned and unconditioned 

locomotor augmentation.  Conversely, if only low doses of amphetamine augment 

operant acquisition or expression, with suppression at moderate or high doses, then we 

can dissociate the operant dose-response from the low- and medium- dose locomotor 

augmentation dose-response.  Low doses of amphetamine have demonstrated conditioned 

place aversion in our laboratory (unpublished data), so a low-dose conditioned place 

aversion and low-dose operant augmentation would demonstrate an important counter-

intuitive dissociation between operant reinforcement augmentation despite contextual 

Pavlovian aversion. 
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The Iowa Gambling Task 

The IGT is a 4-choice, complex, decision-making task in which the participant 

chooses between two low-risk, low-reward, long-term advantageous options and two 

high-risk, high-reward, long-term disadvantageous options, usually for play money 

(Bechara, Damasio, Damasio, & Anderson, 1994), but use of real money decreases 

between-subject differences in healthy volunteers (Bowman & Turnbull, 2003).  This 

task was designed to better represent the complex decisions that are made in the real 

world and has been suggested to be dependent on the ventromedial (vm)PFC (Bechara et 

al.).  Patients with vmPFC or dorsolateral (dl)PFC lesions are impaired on this task, but 

the vmPFC lesion impairment is due to an inherent reversal-learning bias in the 

reinforcement/punishment order within the task (Fellows & Farah, 2005).  The decks are 

front-loaded with rewards, so the large reward magnitude disadvantageous decks are 

actually advantageous at first.  Normal performance in the IGT is initial preference for 

the disadvantageous decks, which gradually changes into a preference for the 

advantageous decks over 100 trials.  vmPFC lesion patients are impaired on reversal 

learning and show no improvement within or between sessions, unless the reversal 

learning element is removed from the decks, but dlPFC lesion patients are impaired 

regardless of reversal learning (Fellows & Farah).  The “Deck B phenomenon” is the 

selection of the disadvantageous high-risk, high-reward deck that only has a 10% chance 

of a massive punishment.  Since the original deck order puts this one massive punishment 

towards the back, people select deck B since this deck is very advantageous for the first 8 

choices (+$800 compared to -$150, +$100, and +400 for the other three decks) before the 

-$1200 punishment on the 9
th

 choice.  Right, but not left, hemisphere frontal lesions 
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outside the vmPFC are associated with poorer IGT performance, but left hemisphere 

lesions were associated with erratic choices (Clark, Manes, Antoun, Sahakian, & 

Robbins, 2003).  This poorer performance (choosing the disadvantageous decks on the 

left) in right hemisphere lesion patients is in direct opposition to what would be expected 

from the left-side visual neglect from similar PFC lesions (Husain & Kennard, 1996).  

Clozapine induces PFC Fos expression and increases PFC BOLD response (see Beninger 

et al., 2010 for a review) and impaired acquisition of the IGT was seen in schizophrenic 

patients treated with clozapine relative to schizophrenic patients treated with risperidone 

and typical antipsychotics that do not induce PFC Fos (Wasserman et al, 2012).  To more 

easily determine if these IGT performance deficits were likely due to alleviation of 

schizophrenia symptoms or due to IGT performance enhancements or impairments 

caused by the drugs themselves, animal models of the IGT are used in this thesis. 

Rodent Versions of the Iowa Gambling Task 

The utility of the IGT in humans and the strong need for animal tasks that match 

human tasks as closely as possible (Markou, Chiamulera, Geyer, Trickbank, & Steckler, 

2009) has inspired researchers to develop similar rodent gambling tasks (rGTs), each 

with their own strengths and weaknesses (see de Visser et al., 2011 for a review). These 

rGTs take quite different approaches to modeling the IGT.  Pais-Vieira, Lima, and 

Galhardo (2007) used 2 levers with differential reward magnitude and reward probability 

that result in similar long-term payoffs, which is quite unlike the conflict between reward 

magnitude and long-term payoff that is critical to the IGT.  Van den Bos, Lasthuis, den 

Heijer, van der Harst, and Spruijt (2006) used a 4-option maze with 2 empty arms and 2 

arms baited with differential number and probability of palatable sucrose or bitter quinine 
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pellets.  Rivalan, Ahmed, and Dellu-Hagedorn (2009) tested rats on their ability to 

acquire a discrimination between two 1-pellet, equally advantageous decks (nose poke 

holes) and two 2-pellet, equally disadvantageous decks.  One of each type had a rarer, but 

longer timeout, whereas the other option had a more common, but shorter timeout. 

Timeouts served as punishment because rewards were unavailable during these timeouts 

and the task had a time limit.  This rGT most closely resembles the human IGT.  Another 

rGT provides a stable baseline that allows repeated testing, such as the pharmacological 

manipulations we are interested in, but also allows us to test if baseline performance 

interacts with the pharmacological manipulations.  Zeeb, Robbins, and Winstanley (2009) 

presented 4 decks (nose poke holes) each having distinctive attributes of reward 

magnitude (number of pellets dispensed on a win trial), reward/punishment probability, 

punishment magnitude (timeout duration on a loss trial), and the resulting overall payoff 

(theoretical total number of pellets earned in a session if only that deck were to be 

chosen).   

The Zeeb et al. Rodent Gambling Task 

Zeeb et al. (2009) used multiple choices, but the choices did not systematically 

differ from one another to allow measurement of the preferences independent of each 

other.  Instead, the Zeeb et al. deck choices can be reduced down to 2 high 

reward/punishment probability, low-reward magnitude, low punishment magnitude, long-

term advantageous and the contrasting 2 low reward/punishment probability, high-reward 

magnitude, high-punishment magnitude, long-term disadvantageous options.  As such, a 

shift between these two deck types could be attributed to any of: reward/punishment 

probability, reward magnitude, punishment magnitude, or overall payoff. D2-like 



20 

 

receptor antagonism using eticlopride produced a shift from disadvantageous to 

advantageous decks. We created a deck configuration that allows dissociation of these 

deck attributes, and then we tested the effects of drugs to determine the likely neural basis 

of the attributes involved in rGT decision-making. 

Neural Basis of the Zeeb et al. Rodent Gambling Task 

Very little is known about the neural basis of the rGT developed by Zeeb et al. 

(2009). Bilateral BLA or OFC lesions prior to training slowed the normal development of 

preference for the most advantageous deck, but did not affect end preferences.  Post-

acquisition BLA, but not OFC, lesions increased preference for the disadvantageous 

decks (Zeeb & Winstanley, 2011).  Socially isolated or enriched rats were slower than 

pair-housed rats to acquire the task, but only socially isolated rats were impaired on 

baseline performance (Zeeb, Wong, & Winstanley, 2012).  D2-like receptor antagonism 

using eticlopride shifted preferences to safer, higher payoff decks (Zeeb et al., 2009), but 

this effect depended on pair-housing and did not interact with the effects of amphetamine 

(Zeeb et al., 2012).  D1-like receptor antagonism had no significant effect (Zeeb et al., 

2009) or interaction with housing or amphetamine (Zeeb et al., 2012).  Amphetamine 

itself shifted preferences from the optimal 2-pellet option to the similar 1-pellet option 

(Zeeb et al., 2009), an effect that may have been due to decreased discrimination between 

similar options.  D1-like or D2-like receptor agonism had no effect (Zeeb et al., 2009).  5-

HT-1A receptor agonism decreased optimal choices, which was blocked by 5-HT-1A 

receptor antagonism, which had no effect by itself (Zeeb et al., 2009). 
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General Approach of Thesis 

We selected the atypical antipsychotic clozapine for its diverse binding profile, 

including the ability to induce Fos and bind strongly to 5-HT-2A receptors in the PFC 

while having little affinity for D2-like receptors and not inducing Fos in the DLS (Deutch 

& Duman, 1996; Deutch et al., 1992; Robertson et al., 1994; Schotte et al., 1993; Schotte 

et al., 1996)..  Risperidone is also an atypical antipsychotic that binds strongly to 5-HT-

2A receptors, but does not induce Fos in the PFC (Deutch & Duman; Robertson et al.; 

Schotte et al., 1993; Schotte et al., 1996).  Risperidone has a higher affinity than 

clozapine for D2-like receptors and induces Fos in the DLS (Deutch & Duman; 

Robertson et al.; Schotte et al., 1993; Schotte et al., 1996).  Haloperidol is a typical 

antipsychotic that has little affinity for PFC 5-HT receptors and does not induce PFC Fos, 

but has strong D2-like receptor affinity and induces Fos in the DLS (Deutch & Duman; 

Deutch et al.; Robertson et al.; Schotte et al., 1993; Schotte et al., 1996).  

Metoclopramide is similar to haloperidol, but is not generally used as an antipsychotic 

due to stronger motoric impairments at effective antipsychotic doses and it does not 

induce NAc shell Fos like clozapine and haloperidol (Deutch et al.).  Amphetamine is an 

indirect DA, 5-HT, and NE agonist and was used as a general augmentation to contrast 

the suppression of the other drugs.  By comparing these drugs, we are able to infer the 

likely mechanism driving the drug effects while using drugs familiar to human use. 

The overarching goal of my research is to understand the role played by brain 

neurotransmitters in the control of behavior.  The specific objective of the studies 

presented here was to compare the complimentary action of a variety of dopaminergic 

agents on the acquisition and expression of reward-related learning and decision making.  



22 

 

In the broadest sense, I expected the same agent might affect operant acquisition, operant 

expression, and decision-making differently and that different agents might affect each of 

these measures differently, which can be characterized by appropriate behavioural 

analysis and can likely be attributed to the differential binding profiles.  By considering 

the known receptor profiles of the agents under study and their differential actions in 

brain regions in conjunction with the known functional specializations of those brain 

regions, I hoped to better understand how dopaminergic agents affect reward-related 

learning.  An additional positive outcome of these studies might be a better understanding 

of the desirable and undesirable effects of the dopaminergic medications currently used in 

psychiatry to treat mental illnesses. This information can be used to make better informed 

decisions on medication choices. 

Hypotheses 

 I hypothesized that drugs with stronger PFC action (risperidone and particularly 

clozapine) would disrupt operant acquisition in a manner distinct from reinforcement 

blunting.   I hypothesized that the drugs that block DA D2-like receptors (haloperidol and 

metoclopramide) would blunt reinforcement impact during operant acquisition and 

produce an extinction-like decline during operant expression.  It is unclear if PFC action 

or D2-like antagonism will produce stronger suppression during acquisition , but these 

drugs should produce dissociable effects in acquisition microstructure.  I hypothesized 

that amphetamine will produce a CPP, enhance operant acquisition, impair operant 

expression, and produce effects in the rGT that are not explained by shifts in deck 

attribute preferences themselves, although other explanations are considered.  I 

hypothesized that clozapine will impair rGT performance compared to risperidone, 
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haloperidol, and metoclopramide which will have no effect or enhance rGT performance.   

I hypothesized that amphetamine will produce satiety-like effects in the rGT whereas 

haloperidol and metoclopramide will produce extinction-like effects.  I will test the 

effects of satiation, extinction, and unsignalled punishment in the rGT for parametric 

testing and for statistical comparison to drug effects.  This will determine if rats respond 

similarly to drugs as satiation, extinction, and unsignalled punishment. 
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Chapter 2: Antipsychotics and Dopamine Antagonists in Operant Acquisition and 

Expression 

Introduction 

The effects of many dopamine (DA) receptor-blocking drugs on established lever 

pressing (lever press expression) are well researched.  Animals demonstrate an 

extinction-like decline in lever press expression following the DA D2-like receptor-

preferring antagonists pimozide (Sanger, 1986; Wise et al., 1978), metoclopramide 

(Beninger et al., 1987, Sanger), haloperidol (Salamone, 1986; Sanger; Varvel et al., 

2002), and other similarly acting drugs (Sanger; Varvel et al.), suggesting that intact DA 

signaling is necessary for the reinforcing effects of food.  Haloperidol, risperidone, 

metoclopramide, olanzapine, remoxipride, clozapine, sertindole, thioridazine, pimozide, 

(+)-butaclamol, chlordiazepoxide, clonidine, morphine, methocarbamol, and quetiapine 

all decrease spontaneous locomotion and lever pressing for food reward, but only the 

drugs with high D2-like receptor affinity induce an extinction-like decline  (Varvel et al.; 

Sanger et al.; Salamone; Beninger et al.).  In contrast, clozapine or risperidone that have 

low to moderate D2-like receptor affinity demonstrate tolerance with repeated 

administration (Varvel et al.).  These studies have only investigated the effect of the 

drugs on lever press expression. 

Wise and Schwartz (1981) reported that pimozide suppressed lever press 

acquisition.  They did not test rats post-acquisition in a drug-free state to test for learned 

effects, such as lever pressing after blunted reinforcement, nor did they compare drug 

potency during acquisition and expression.  Tombaugh et al. (1979) demonstrated that 

pimozide suppressed lever press acquisition, but they reported no lasting effect of 
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pimozide once the rats were tested drug-free.  This may be explained by a ceiling effect 

as their task could not distinguish between rates higher than 0.75 presses per min, which 

is approximately 10% of the rate our rats respond in their first 15 min.  This suggests the 

task used by Tombaugh et al. lacked the range necessary to detect lasting effects.  

Tombaugh et al. tested pimozide in lever press expression, but did not use the same task 

as lever press acquisition, so the relative potency of pimozide between acquisition and 

expression is unknown.    

Antipsychotic and similar drugs tend to induce the immediate early gene FOS 

product Fos in the ventral (VS) and DMS (Deutch & Duman, 1996; Deutch et al., 1992; 

Robertson et al., 1994; Schotte et al., 1993; Schotte et al., 1996; For a review see 

Beninger et al., 2010).  Metoclopramide, haloperidol, and other typical antipsychotics 

tend to induce higher or similar levels of Fos in the DLS compared to the VS (Deutch & 

Duman; Deutch et al.; Robertson et al.; Schotte et al.; Schotte et al.; For a review see 

Beninger et al.).  In contrast, clozapine and other atypical antipsychotic drugs (except 

risperidone) tend to induce Fos preferentially in the VS and prefrontal cortex (PFC; 

(Deutch & Duman; Deutch et al.; Robertson et al.; Schotte et al.; Schotte et al.; For a 

review see Beninger et al.).  Risperidone preferentially induces Fos in the VS compared 

to the DLS, but does not induce Fos in the PFC despite a high affinity for PFC 5HT-2A 

receptors ((Deutch & Duman; Deutch et al.; Robertson et al.; Schotte et al.; Schotte et al.; 

For a review see Beninger et al.).   

Evidence suggests that as animals acquire instrumental learning, the most 

important neural regions within the network are the VS in the early acquisition, then the 

DMS as acquisition stabilizes and finally the DLS with extended training (Belin et al., 
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2009; Balleine & O’Doherty, 2010).  Other areas important for operant acquisition, in 

comparison to expression, are the medial PFC (mPFC), basolateral amygdala (BLA), and 

central amygdala (CeA; Andrzejewski et al., 2004; Andrzejewski et al., 2005; Baldwin et 

al., 2000; Kelley et al., 1997).  We propose that the differential binding of systemically 

administered drugs in certain brain structures (reviewed in Beninger et al., 2010) 

involved in lever press acquisition and expression will predict the differential action of 

those drugs on lever press acquisition and expression. 

Consistent with this prediction, typical antipsychotics and metoclopramide that 

block DA D2-like receptors preferentially in brain areas responsible for established lever 

pressing, specifically the DLS, produce extinction-like declines. In contrast, atypical 

antipsychotics such as clozapine do not produce an extinction-like decline in lever 

pressing (Varvel et al., 2002), consistent with the idea that well-trained lever pressing is 

less sensitive to drugs that are less active in the DLS.  The action of atypical 

antipsychotics in the VS and PFC (Robertson et al., 1994) suggests that they may 

preferentially disrupt the neural circuits involved with lever press acquisition compared 

to expression.   

We have 3 novel research questions:  1) What are the effects of systemically 

administered clozapine, metoclopramide, haloperidol and risperidone during lever press 

acquisition? 2) How do the drugs affect subsequent drug-free operant responding 

compared to acquisition? and 3) How do the drug effects during acquisition compare to 

effects during expression?  

To assess drug effects on lever press acquisition and subsequent drug-free 

responding, we modified existing lever press acquisition protocols (e.g., Andrzejewski et 
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al., 2004; Andrzejewski et al., 2005; Baldwin et al., 2000; Kelley et al., 1997).  We 

administered the drugs prior to 15-minute free-operant sessions for 4 days followed by 5 

days of drug-free sessions.  We focused our drug-free analysis on the first drug-free 

session to assess the drugs’ effects on previous reinforcement while rats are able to 

respond in a state free of performance effects.  We then trained rats extensively and tested 

the drugs’ effects on lever press expression so that we could compare the relative potency 

(% vehicle lever press rate) of drugs during acquisition to expression. 

We hypothesized that all drugs will initially suppress lever press expression, but 

the suppression magnitude due to haloperidol and metoclopramide will increase over 

days.  In contrast, we expected the suppression magnitude due to clozapine and 

risperidone to decrease over days.   We hypothesized that metoclopramide and 

haloperidol, drugs with higher D2 affinity and preferential action in the DS and VS will 

block the learned acquisition of lever pressing, showing lower day-5 lever pressing per 

previous reinforcement.  Similarly, we expected that clozapine, with lowest D2 affinity 

and preferential action in the PFC and VS will suppress acquisition in a manner free of 

reinforcement blunting, showing normal day-5 lever pressing per previous reinforcement; 

risperidone with moderate D2 receptor affinity and less robust action in the PFC will 

behave similar to clozapine, but may also show weak blocking of learned effects similar 

to haloperidol and metoclopramide.  We hypothesized that all drugs will be equally or 

more potent during acquisition, compared to expression.  Finally, we evaluated the 

microstructure of behavior, looking at the types of responses that preceded or followed 

lever presses or nose pokes into the feeder dispenser to further dissect differential 

behavioral effects of the drugs. 
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Method 

Subjects. Male Wistar rats (N = 240; Charles River, St. Constant, QC) weighed 

225-250 g on arrival.  Seventeen rats were removed from the experiment due to technical 

difficulties such as lever or feeder malfunction.   Clear plastic home cages (40 x 25 x 22 

cm high) contained 2 rats, an approximately 10-cm long black polyvinyl chloride tube for 

enrichment, and the floors were lined with 4-cm-deep Beta Chip bedding (Northeastern 

Products Corp., Warrensberg, NY).  Home cages were kept in an environmentally 

controlled room on a reversed 12-hr light/12-hr dark cycle with lights off from 7:00 a.m. 

to 7:00 p.m.  Rats had water available ad libitum but were food restricted 23 hours a day, 

allowing 1-hr free-access to lab chow (Purina Lab Diet 5001, St. Louis, MO) beginning 

30-60 min after their daily sessions.  All procedures were conducted in accordance with 

the guidelines of the Canadian Council on Animal Care and the Animals for Research 

Act, and were approved by the Queen’s University Animal Care Committee. 

Apparatus.  We trained the rats in four operant chambers (26.5 x 22 x 20 cm 

high).  The back and sidewalls of each chamber were stainless steel; the front wall and 

ceiling were clear Plexiglas.  Each chamber was fitted with a floor of 3-mm diameter 

stainless steel rods spaced 11 mm apart parallel to the side walls, two retractable levers 

3.5 cm wide were mounted on opposing side walls equidistant from the front and back of 

the chamber and a feeder magazine was centered on the back wall 2.5 cm above the floor.  

The feeder dispensed 45 mg dustless food pellets (Bioserv, Frenchtown, NJ) into the 

feeder magazine that was equipped with a beam to detect nose pokes into the magazine.  

Two cue lights were mounted 8 cm above the feeder magazine and 6 cm from the side 
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walls.  Half the chambers had the left lever active and right lever inactive whereas the 

other half had the reverse assignment. 

The operant chambers were housed in painted, wooden enclosures.  A fan 

mounted on the side of each enclosure provided air circulation and helped mask outside 

noise.  We could view a subject through the 15 x 15 cm window in the door of each 

enclosure. 

Drugs.  Clozapine, haloperidol, and risperidone (Sigma, Oakville, ON) were 

dissolved in 0.3% tartaric acid and 0.9% saline solution.  Haloperidol was heated until 

dissolved.  Metoclopramide (Sigma, Oakville, ON) was dissolved in distilled water.  

Drug administration was intraperitoneal (i.p.) at an injection volume of 1 mL/kg.  

Clozapine (0.0–3.0 mg/kg) was injected 30 min prior to sessions, whereas haloperidol 

(0.000-0.200 mg/kg), metoclopramide (0–10.0 mg/kg), and risperidone (0.00–0.80 

mg/kg) were injected 60 min prior to sessions.  Drug doses and injection times were 

based on previous behavioural studies (Banasikowski et al., 2010; Beninger et al., 1987; 

Dunn & Killcross, 2006; Goetghebeur & Dias, 2009; Varvel et al., 2002).  Clozapine and 

risperidone induced dose-dependent sedation, lethargy, and poor muscle tone whereas 

haloperidol and metoclopramide did not induce these symptoms by experimenter 

observation (See McOmish et al., 2012 for published locomotor and catalepsy data). 

Procedure.  Our lever press acquisition protocol was based on protocols 

previously used by other researchers (Andrzejewski et al., 2004; Andrzejewski et al., 

2005; Baldwin et al., 2000; Baldwin, Sadeghian, & Kelley, 2002; Baldwin, Sadeghian, 

Holahan, & Kelley, 2002; Hernandez, Andrzejewski, Sadeghian, Panksepp, & Kelley, 

2005; Hernandez, Sadeghian, & Kelley, 2002; Kelley et al., 1997; Kelley & Holahan, 
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1997; Smith-Roe & Kelley, 2000).  We began food restriction 3-4 days prior to magazine 

training and continued for the duration of the experiment.  Following 3 days of magazine 

training, rats were trained on lever press acquisition for 10 daily 15-min sessions 

(injections on days 1-4, and day 10).  Rats then received 5 daily 30-min sessions without 

injections.  We re-assigned doses for the subsequent 5 daily 15-min expression sessions 

with injections (see Over-training below). 

Magazine training.  Rats habituated to the operant chambers in 3 daily 15-min 

sessions.  During these sessions levers were retracted and pellets were presented 

according to a random time (RT) 30-s schedule.  Throughout the experiment, the cue 

lights turned on for 500 ms prior to pellet presentation.  We measured nose poke rate in 

the magazine, as well as rats’ relative preference to nose poke following a pellet 

compared to no pellet, measuring rats’ association of the light and feeder click predicting 

reward in the magazine.  Doses in acquisition were assigned balancing nose poke rate, 

chamber, and time of testing. 

Acquisition.  This phase consisted of 10 daily 15-min lever press sessions.  With 

the exception of non-injected control rats, all rats received injections on days 1-4 and on 

day 10.  Sessions began when both levers were inserted and a pellet was dispensed.  One 

lever was inactive and had no programmed consequence, whereas the other lever was 

active on continuous reinforcement (CRF) for the first 20 pellets of each session, then 

random-ratio 2 (RR 2; each lever press has a 1 in 2 probability of producing 

reinforcement) for the remainder of the session.  Both levers retracted at the completion 

of the session.  We placed crushed pellets on both levers during days 1-2 to aid rapid 

lever press acquisition, but crushed pellets were not used at any other time.  Response 
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shaping was never used.  We measured active lever presses, inactive lever presses, and 

nose pokes.  We also measured what occurred prior to these behaviours (non-reinforced 

active lever press, reinforced active lever press, inactive lever press, or nose poke) to 

understand the microstructural pattern of behaviour. 

Over-training.  This phase consisted of 5 daily 30-min lever press sessions.  The 

purpose of this phase was to over-train the rats and to allow drugs from acquisition to 

wash out.  Expression doses were assigned balancing lever press rate during these 

sessions, along with running time, chamber (and active lever), and acquisition doses.   

Expression. This phase consisted of 5 daily 15-min lever press sessions.  All rats 

received injections during this phase.  These sessions were identical to acquisition 

sessions. 

Data analysis 

General analysis.  We use polynomial contrasts for analyses over days.  

Polynomial contrasts have the advantage of detecting overall patterns in the data that 

might not be detected by other analyses.  In addition, polynomial contrasts allow 

characterization of changes over days: linear indicates a steady increase or decrease, 

quadratic indicates a “U-shaped” or inverted “U-shaped” pattern, and cubic indicates an 

“S-shaped” or inverted “S-shaped” pattern.  These patterns can coexist in data.  In 

addition, sphericity of variance is not an assumption of polynomial contrasts (Glass & 

Hopkins, 1996).  Unless specified otherwise, we have used dose as a covariate because 

dose is a scale variable, differing in degree, not differing in type.   

Acquisition-expression potency comparison.  We wanted to compare the effects 

of these drugs in acquisition to expression.  Direct dose analyses on raw lever press rate 
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are problematic due to differences in lever press rate between acquisition and expression.  

To account for this we converted each rats’ response rate into percent vehicle, including 

vehicle rats, which then can be used to directly compare between acquisition and 

expression.   We reassigned doses between acquisition and expression, so a repeated 

measures analysis becomes unwieldy.  For this reason, we compared acquisition to 

expression utilizing a between-subjects comparison with each rat represented 

independently in each phase.   

In a standard 2 X 2 between-subjects analysis of variance (ANOVA), the reported 

main effect magnitudes of nominal variables (distinct groups) are not reduced by 

concurrently analyzing the interaction.   However, analyzing the interaction between a 

scale variable (dose) and a nominal variable (acquisition vs. expression) places the 

variance accounted for by each in competition with each other and can result in the 

reported main effect magnitudes being absorbed by concurrently analyzing the interaction 

(Dawson & Richter, 2006).  This is one reason for separately analyzing the interaction 

and main effects of dose and phase. 

The second reason is we set both acquisition and expression vehicle means at 

100%.  It would then be illogical to include vehicle doses in analyses comparing main 

effects of acquisition vs. expression.  Therefore, we conducted separate analyses for the 

drug potency interaction (all doses including vehicle) and drug potency main effect (all 

doses excluding vehicle).  Conducting the analyses in this manner gives an output 

interpreted similarly to traditional analyses of main effects and interactions.   

Acquisition day 4 and expression day 4 (experimental day 19) were selected for 

comparison to equate recent injection history (4 days) and to allow analysis of acquisition 
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with room for suppression, i.e., to avoid possible floor effects.  Analysis over 4 days of 

acquisition to the first 4 days of expression yielded similar interpretations as analysis of 

acquisition day 4 and expression day 4 (data not shown).  For simplicity, we present only 

the acquisition day 4 and expression day 4 analyses.  Some higher doses of some drugs 

resulted in floor effects and were removed from analysis where indicated.  It is tempting 

to compare acquisition day 4 with day 10, but these days differ on amount of previous 

training and recent drug history, so these analyses were not conducted.  We compared 

day 9 (drug free) to day 10 (with drug) in order to test the acquisition doses on 

established, but not yet over-trained, lever pressing. 

Reinforcement impact analysis.  We wanted to determine if the drugs were 

suppressing reinforcement impact (learning) itself, or if drugs were having a more 

general suppressing effect on actions or motivations, so we analyzed drug-free 

responding on day 5.  Drug-free responding allows measurement of learned 

reinforcement impact free of concurrent drug effects.  An initial problem arises in 

comparisons on day 5 because of differential reinforcement history resulting from lever 

press suppression during previous drug sessions.  To statistically control for 

reinforcement history, we calculated the mean cumulative pellets earned prior to day 5 

for each dose group.  Next, for each dose group, we identified the acquisition day of each 

vehicle rat on which the mean cumulative pellets earned best matched (lowest absolute 

difference to) the dose mean.  That is to say, we matched the reinforcement history of 

each dose group using vehicle rats in earlier acquisition days.  Having matched 

reinforcement history, we then compared lever presses in the next session for vehicle rats 

with lever presses on day 5 for each dose group.   
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Microstructural analysis.  The first 4 days of acquisition were included in these 

analyses.  We analyzed active lever presses (AL), nose pokes (NP), and inactive lever 

presses (IL) as dependent variables and added the dimension of what occurred just prior 

to the response: active lever press resulting in reinforcement (ALR), active lever press 

resulting in no reinforcement (ALNR), IL, or NP.  Thus, ALR-NP reads as, “reinforced 

active lever press followed by a nose poke.”  We used custom contrasts to compare the 

events that occurred prior to a behaviour: 1) reinforced active lever presses vs. non-

reinforced active lever presses, 2) non-reinforced active lever presses vs. inactive lever 

presses, and 3) nose pokes vs. the mean of all lever presses (L).  The first compares the 

rats’ sensitivity to reinforcement, given they pressed the active lever.  The second 

compares the rats’ sensitivity to lever, given the lever press did not produce 

reinforcement.  The third compares the rats’ preference to perform an action after a nose 

poke or lever press regardless of lever or reinforcement.  The third comparison also helps 

balance contrast weightings.  

Results 

Lever pressing 

Clozapine  

 Acquisition.  Clozapine (Fig. 1A) had a mild but significant overall suppressive 

effect during the first 4 days of acquisition (F(1, 63) = 9.74, p = .003) and overall lever 

pressing increased over days (Linear: F(1, 63) = 385.13, p < .001; Quadratic: F(1, 63) = 

25.03, p < .001).  Although the data suggest that the effects of clozapine increased over 

days 1-4, the interaction only approached significance (F(1, 63) = 3.32, p = .073). 
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 Clozapine did not have a significant residual effect on day 5 (F(1, 63) = 1.20, p = 

.277) or the entire day 5-9 period (F(1, 63) = 0.21, p = .648).  Lever pressing increased 

over days 5-9 (Linear Day: F(1, 63) = 35.75, p < .001) and there was an interaction with 

clozapine dose (4
th

 order Day X Dose: F(1, 63) = 7.25, p =.009) suggesting that higher 

doses that suppressed responding in earlier days resulted in a “bounce-back” effect 

peaking at day 6 before leveling off.    

  

Figure 1: Clozapine suppresses operant acquisition and expression.  Clozapine 

significantly suppressed lever presses (Mean ± SEM) per 15-min session during the first 

4 days of acquisition (A; N = 65) and 5 days of expression (B; N = 113).  During 

acquisition (A), clozapine (n’s = 11-14 for each dose) suppressed lever pressing more 

potently in later days, which is likely due to the increase in lever press rate from rats 

given 0.0 mg/kg.  During expression (B), clozapine (n’s = 21-24 for each dose) 

suppressed lever pressing more potently in early days, suggesting tolerance in later days.  

Some (N = 48) rats did not receive injections during acquisition and responded similar to 

rats that received vehicle in acquisition (data not shown) and these previously non-

injected rats were used to test clozapine expression. 
 

 Day 10 vs. drug-free day 9.  There was a significant day X dose interaction (F(1, 

63) = 141.37, p < .001) indicating that clozapine doses of 0.5 mg/kg and above 
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suppressed lever pressing on day 10 compared to day 9 (All F’s > 7.65, all p’s < .020; 

Fig. 1A), but 0.3 mg/kg did not (F(1,13) = 0.45, p = .516).  The vehicle rats showed a 

near-significant increase (F(1,13) = 4.38, p = .057).  

Days 11-15 over-training.  Thirty-min sessions were administered daily for 5 

days to over-train all rats.  There was no residual main effect of any drug over these days 

(data not shown; all F’s < 1.00, All p’s > .440).  Dose re-assignments of the drugs were 

performed in a manner that balanced responding on these 5 days (data not shown; All F’s 

< 1.00, All p’s > .400). 

 Expression.  Additional control groups (n = 48) did not receive injections during 

acquisition (data not shown), but received injections during expression. Results revealed 

similar effects of clozapine to those seen in the groups injected during acquisition so the 

groups were pooled. To conserve animals we did not use non-injected rats for testing the 

effects of the other drugs in expression. 

Clozapine had an overall suppressive effect (F(1, 111) = 43.34, p < .001; Fig. 1B) 

and overall rats increased lever pressing over days (Linear: F(1, 111) = 5.393, p = .022), 

but rats developed tolerance, demonstrating less suppression in the later days (Clozapine 

X Linear Day interaction:  F(1, 111) = 26.50, p < .001).   

 Acquisition-expression potency comparison. For percent vehicle on days 4 and 

19 there was no significant clozapine dose X phase interaction (F(1, 174) = 0.44, p = 

.507; Fig. 2A) or main effect of phase (F(1, 137) = 1.37, p = .245), indicating that the 

potency of clozapine was similar during acquisition and expression.  
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Figure 2: Operant acquisition vs. expression receptor antagonist potencies.  Dose-

dependent suppression of % vehicle lever press rate on the 4
th

 day of injection during 

acquisition (Day 4) and expression (Day 19).  Metoclopramide (B) and risperidone (D) 

suppressed lever pressing relatively more potently during acquisition than expression, but 

clozapine (A) and haloperidol (C) did not.  n’s are the same as the respective figures 1-4. 

 

 Summary.  Clozapine suppressed lever pressing in acquisition and expression 

with similar potency.  Rats developed tolerance to clozapine during expression. 

Clozapine did not appear to suppress instrumental learning itself, but rather seemed to 

have other general suppressive effects that gradually diminished, showing tolerance.  

Metoclopramide  

 Acquisition.  Metoclopramide (Fig. 3A) had an overall suppressive effect during 

the first 4 days (F(1, 22) = 65.25, p < .001) and overall lever pressing increased over days 

(Linear: F(1, 22) = 179.48, p < .001; Quadratic: F(1, 22) = 20.17, p < .001).  There was 

an interaction (Linear: F(1, 22) = 73.85, p < .001) due to acquisition of lever pressing 

over days in the 0, 1 and 5 mg/kg dose groups (All F’s > 34.00, all p’s <.003) but not the 

10 mg/kg group (Linear: F(1, 5) = 2.33, p = .187).  
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Figure 3: Metoclopramide suppresses operant acquisition and expression.  

Metoclopramide significantly suppressed lever presses (Mean ± +- SEM) per 15-min 

session during the first 4 days of acquisition (A; N = 24) and 5 days of expression (B; N = 

24).  During acquisition (A), metoclopramide (n’s = 6 for each dose) suppressed lever 

pressing more potently in later days, which is likely due to the increase in range from rats 

given 0.0 mg/kg.  During expression (B), metoclopramide (n’s = 6 for each dose) 

suppressed lever pressing dose-dependently over all days.  

 

 Prior exposure to metoclopramide suppressed lever pressing on day 5 (F(1,22) = 

43.54, p <.001; Fig. 3A) but this finding was confounded by a history of fewer 

reinforcements (F(1, 22) = 71.01, p <.001; data not shown).  When we matched for 

reinforcement history, vehicle rats lever pressed at similar rates to rats previously injected 

with 1 mg/kg (F(1, 10) = 0.01, p = .932; Fig. 4A) or 10 mg/kg metoclopramide (F(1,10) 

= 0.58, p =.462; Fig. 4C) but pressed more than 5 mg/kg rats (F(1,10) = 22.8, p =.001; 

Fig. 4B).  The interaction approached significance (F(1,8) = 4.165, p =.076) implying 

that for each previous pellet earned, vehicle rats lever pressed more than 5 mg/kg rats.  

This suggests that the reinforcing (learning) properties of food reward were blunted in the 

5 mg/kg group. 
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Figure 4: Metoclopramide reinforcement blunting.  Metoclopramide decreased the 

reinforcing impact of previous food reward.  Rats that received vehicle were matched on 

cumulative pellets previously earned to rats that received metoclopramide during 

acquisition days 1-4.  Responses on the subsequent drug-free day were significantly 

lower for rats that previously earned pellets while on 5 mg/kg metoclopramide (B).  Steep 

slope of the regression line indicates strong reinforcement impact.  Metoclopramide (5 

mg/kg) decreased this slope, indicating blunted reinforcement impact.  Data points are 

individual rats. 

 

 Previous exposure to metoclopramide resulted in reduced lever pressing on days 

5-9 (F(1, 22) = 42.21, p < .001; Fig. 3A).  Lever pressing increased over days 5-9 (Linear 

Day: F(1, 22) = 24.66, p < .001) but rates were still lower on day 9 (F(1, 22) = 6.88, p = 

.016); there was an interaction with metoclopramide dose (Linear Day X Dose: F(1, 22) = 

19.69, p <.001) suggesting that higher doses that suppressed responding in earlier days 

led to increased lever pressing at a faster rate than lower doses.  

Day 10 vs. drug-free day 9.  There was a significant day X dose interaction (F(1, 

22) = 122.88, p < .001) indicating that lever pressing was suppressed from day 9 to day 

10 by 10 mg/kg (F(1, 5) = 319.67, p < .001) and 5 mg/kg (F(1, 5) = 9.93, p = .025) but 

not 1 mg/kg (F(1, 5) = 0.06, p = .824) or vehicle (F(1, 5) = 0.29, p = .615; Fig. 3A).   
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 Expression.  Metoclopramide had an overall suppressive effect (F(1, 22) = 

178.74, p < .001; Fig. 3B) and rates did not change significantly over days (All F’s < 

1.10, All p’s > .310).   

 Acquisition-expression potency comparison.  For percent vehicle scores (Fig. 

2B) it appeared there was a floor effect using 10 mg/kg so we removed this dose from the 

analyses.  Metoclopramide was more potent during acquisition (Main effect of phase: 

F(1,21) = 10.94, p = .003). 

 Summary.  Metoclopramide suppressed lever pressing in acquisition more 

potently than expression.  Metoclopramide suppressed acquisition lever pressing more 

potently in later days compared to early days, suggesting sensitization over days.  

Metoclopramide also decreased the slope of the reinforcement history-drug-free-

responding regression line, suggesting this was at least in part due to metoclopramide 

suppressing lever press learning by blunting the reinforcing effects of the pellets. 

Haloperidol  

 Acquisition.  Haloperidol (Fig. 5A) had an overall suppressive effect during the 

first 4 days (F(1, 39) = 66.94, p < .001) and overall rates increased over days (Linear: 

F(1, 39) = 139.39, p < .001; Quadratic: F(1, 39) = 2.42, p = .128).  There was a 

haloperidol X day interaction (Linear: F(1, 39) = 56.42, p < .001) due to acquisition of 

lever pressing over days in doses 0.075 mg/kg and lower (All F’s > 7.00, all p’s <.045) 
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but not in doses of 0.100 mg/kg and higher (All F’s < 3.50, all p’s > .130). 

 

Figure 5: Haloperidol suppresses operant acquisition and expression.  Haloperidol 

significantly suppressed lever presses (Mean ± SEM) per 15-min session during the first 

4 days of acquisition (A; N = 30) and 5 days of expression (B; N = 41).  During 

acquisition (A), haloperidol (n’s = 4-6 for each dose, n = 11 for 0.000 mg/kg) suppressed 

lever pressing more potently in later days, which is likely due to the increase in range 

from rats given 0.0 mg/kg.  During expression (B), haloperidol (n’s = 3-6 for each dose, n 

= 11 for 0.000 mg/kg) suppressed lever pressing more potently in later days, suggesting it 

was blocking reinforcement.  

 

 Previous haloperidol exposure decreased lever pressing on day 5 (F(1, 39) = 

32.40, p <.001).  Vehicle rats matched on reinforcement history lever pressed more than 

rats given 0.200 mg/kg (F(1, 13) = 4.85, p = .046; Fig. 6F), and the 0.100 mg/kg, but not 

the other groups, showed a similar but non-significant effect (F(1, 14) = 3.25, p = .093; 

Fig. 6D).  For each pellet earned by rats that received 0.150 mg/kg vehicle rats lever 

pressed more (Interaction: F(1,12) = 9.24, p =.010; Fig. 6E).  This suggests that the 

reinforcing properties of food reward were blunted in the 0.150 mg/kg group. 
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Figure 6: Haloperidol reinforcement blunting.  Haloperidol decreased the reinforcing 

impact of previous food reward.  Rats that received vehicle were matched on cumulative 

pellets previously earned to rats that received haloperidol during acquisition days 1-4.  

Responses on the subsequent drug-free day were significantly lower for rats that 

previously earned pellets while on 0.200 mg/kg haloperidol (F).  Steep slope of the 

regression line indicates strong reinforcement impact.  Haloperidol (E; 0.150 mg/kg) 

decreased this slope, indicating blunted reinforcement impact.  Data points are individual 

rats. 

 

We used the slope difference with vehicle at each dose as individual data points 

and found a significant correlation with dose (r = .948, p = .004; Fig. 7A), suggesting that 

haloperidol suppressed the reinforcing impact of pellets in a dose-dependent manner. 
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Figure 7: Haloperidol and risperidone dose-response reinforcement blunting.  

Haloperidol decreased the reinforcing impact of previous food reward whereas 

risperidone did not.  Individual data points are the slope difference between vehicle rats 

and respective doses of haloperidol (A) and risperidone (B) and are based on the same 

data as figures 6 and 7.  Positive slope differences indicate drug suppression of 

reinforcement impact.  Error bars are for visual aid only and indicate the pooled SEM of 

the regression calculation.  Haloperidol produces a significant dose-dependent 

impairment in reinforcement impact while risperidone does not. 

 

 Previous exposure to haloperidol resulted in reduced lever pressing on days 5-9 

combined (F(1, 39) = 11.66, p = .002; Fig. 5A).  Lever pressing increased over days 5-9 

(Linear Day: F(1, 39) = 6.63, p = .014) and there was an interaction with previous 

haloperidol dose (Linear Day X Dose: F(1, 39) = 27.37, p < .001, Quadratic Day X Dose: 

F(1, 39) = 6.07, p = .018); previous haloperidol dose had no significant effect by day 9 

(F(1, 39) = 1.34, p = .253). 

 Day 10 vs. drug-free day 9.  There was a significant day X dose interaction (F(1, 

39) = 84.77, p < .001) indicating that lever pressing was suppressed from day 9 to day 10 

significantly by 0.200 mg/kg (F(1, 3) = 35.15, p = .010) and 0.150 mg/kg (F(1, 4) = 

31.25, p = .005), marginally by 0.075 mg/kg (F(1, 5) = 4.81, p = .080), but not by other 

doses (Fig. 6A). 
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 Expression.  Haloperidol had an overall suppressive effect (F(1, 39) = 148.44, p < 

.001; Fig. 5B) and overall rates did not significantly change over days (All F’s < 1.35, All 

p’s > .250).  The significant dose X day interaction (Linear: F(6, 34)= 7.40, p < .001; 

Quadratic: F(6, 34)= 2.97, p = .019) reflected significant or suggestive increases in lever 

pressing over days in the vehicle (Linear: F(1, 10)= 5.55, p = .040) and 0.025 mg/kg dose 

(Linear: F(1, 5)= 6.21, p = .055) and decreases in the 0.050 (Linear: F(1, 4)= 50.76 , p = 

.002), 0.100 (Linear: F(1, 2)= 10.65, p = .082) and 0.200 mg/kg doses (Linear: F(1, 4)= 

4.79, p = .094).  Some of these within-subject decreases over days only approach 

significance due to small sample sizes and being compared to no change when the 

appropriate comparison (vehicle) increased significantly over days. 

 Acquisition-expression potency comparison.  For percent vehicle haloperidol 

was similarly potent during acquisition and expression (Phase: F(1, 38) = 0.84, p = .365; 

Interaction: F(1, 59) = 2.26, p = .138; Fig. 2C) . 

 Summary.  Haloperidol showed similar potency during acquisition and 

expression.  During acquisition, haloperidol blocked lever press learning in a manner that 

suppressed the reinforcing properties of the pellets.  Some doses of haloperidol produced 

an extinction-like decline in expression.  

Risperidone  

 Acquisition.  Risperidone had an overall suppressive effect over the first 4 days 

(F(1, 43) = 60.63, p < .001; Fig. 8A) and overall rats acquired lever pressing over days 

(Linear: F(1, 43) = 175.33, p < .001; Quadratic: F(1, 43) = 12.78, p = .001).  The 

interaction (Linear: F(1, 43) = 28.85, p < .001) indicated that risperidone was more 

potent later in acquisition. 
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Figure 8: Risperidone suppresses operant acquisition and expression.  Risperidone 

significantly suppressed lever presses (Mean ± SEM) per 15-min session during the first 

4 days of acquisition (A; N = 45) and 5 days of expression (B; N = 45).  During 

acquisition (A), risperidone (n’s = 4-6 for each dose, n = 12 for 0.00 mg/kg) suppressed 

lever pressing more potently in later days, which is likely due to the increase in range 

from rats given 0.00 mg/kg.  During expression (A), risperidone (n’s = 4-6 for each dose, 

n = 12 for 0.00 mg/kg) suppressed lever pressing more potently in early days, suggesting 

tolerance in later days.  The exception is the 0.80 mg/kg dose that suppressed lever 

pressing early, allowing presses to peak at day 3, then suppressed in later days. 

 

Previous risperidone exposure decreased lever pressing on day 5 (F(1, 43) = 

26.03, p <.001).  Vehicle rats matched on reinforcement history lever pressed more than 

rats given 0.80 mg/kg (F(1, 14) = 8.59, p = .011; Fig. 9F) or 0.40 mg/kg (F(1, 16) =4.72, 

p = .045; Fig. 9D).  
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Figure 9: Risperidone reinforcement blunting.  Risperidone did not decrease the 

reinforcing impact of previous food reward.  Rats that received vehicle were matched on 

cumulative pellets previously earned to rats that received risperidone during acquisition 

days 1-4.  Responses on the subsequent drug-free day were significantly lower for rats 

that previously earned pellets while on 0.40 mg/kg (D) or 0.80 mg/kg (F) risperidone.  

Steep slope of the regression line indicates strong reinforcement impact.  No dose of 

risperidone decreased this slope.  Data points are individual rats. 

 

We used the slope difference from vehicle at each dose as individual data points 

and found no significant correlation with dose (r = .063, p = .904; Fig. 7B).  

Previous exposure to risperidone resulted in reduced lever pressing on days 5-9 

(F(1, 43) = 10.97, p = .002; Fig. 8A).  Lever pressing increased over days 5-9 (Linear 

Day: F(1, 43) = 13.88, p = .001) and there was a significant interaction (Linear Day X 
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Dose: F(1, 43) = 26.77, p < .001; Quadratic F(1, 43) = 6.46, p = .015); groups no longer 

differed significantly on day 9 (F(1, 43) = 2.63, p = .112). 

 Day 10 vs. drug-free day 9.  There was a significant day X dose interaction (F(1, 

39) = 84.77, p < .001; Fig. 8A) indicating that lever pressing was suppressed on day 10 

significantly by all doses (All F’s > 17.30, All p’s <.026) except 0.60 mg/kg which was 

nearly significant (F(1, 5) = 5.578, p = .065); vehicle did not change significantly (F(1, 

11) = 0.08, p = .782). 

 Expression.  Risperidone had an overall suppressive effect (F(1, 43) = 112.60, p 

< .001; Fig.8B) and overall rates increased over days (Linear: F(1, 43) = 8.51, p = .006; 

Quadratic: F(1, 43) = 12.95, p = .001).  Tolerance developed to risperidone (Interaction: 

Linear: F(1, 43) = 6.05, p = .018; Quadratic: F(1, 43) = 6.55, p = .014).  Nearly all groups 

increased significantly over days (All F’s > 8.90, All p’s < .035) with the exception of 

near-significant increases in the 0.30 mg/kg (Linear: F(1, 5) = 5.79, p = .061) and vehicle 

(Linear: F(1, 11) = 4.74, p = .052) groups.  The 0.80 mg/kg group showed a significant 

increase and decrease, peaking at day 3 (Quadratic: F(1, 4) = 21.23, p = .010). 

 Acquisition-expression potency comparison. For percent vehicle there was a 

significant dose X phase interaction (F(1, 86) = 4.65, p = .034; Fig. 2D) and a main effect 

of phase (F(1, 63) = 7.37, p = .009), indicating risperidone is more potent during 

acquisition.   

 Summary.  Risperidone was more potent in acquisition than expression.  

Risperidone seemed to have a general suppressive effect during acquisition, as there was 

no evidence of blunted reinforcement learning.  This suppression appeared stronger is 

later acquisition days, which may have been due to vehicle rats increasing lever press rate 
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over days.  Rats developed tolerance to risperidone over expression days.   Overall lever 

pressing results from the four drugs are summarized in Table 2.  

 Potency in 

acquisition vs. 

expression 

Acquisition Learning Expression Pattern 

Clozapine Equipotent No Effect Tolerance 

Metoclopramide Acquisition 

greater 

Blocked/suppressed None meaningful 

Haloperidol Equipotent Blocked/suppressed Sensitization at 0.050 mg/kg 

Risperidone Acquisition 

greater 

No Effect Tolerance (except highest 

dose) 

Table 2: Summary of Drug Effects in Operant Acquisition and Expression.  Potency in 

acquisition vs. expression, effects during acquisition, and effects during expression of 

clozapine, metoclopramide, haloperidol and risperidone on lever pressing in rats. 

 

Microstructure 

 To make the presentation more readable, p values for all comparisons discussed in 

the following are shown in Table 3 (drug-free acquisition) and Table 4 (drug-affected 

acquisition).  Microstructural analyses were conducted to determine the nature of the 

drug effects on operant responding including specificity of active lever press suppression, 

sensitivity to outcome, and the ability to decrease non-optimal behaviours like inactive 

lever presses or repeatedly nose poking into the food magazine. 

Drug-Free Acquisition 

 Active lever presses.  Total AL increased over days (Fig. 10).  ALNR-AL 

occurred more than ALR-AL and IL-AL and both these differences increased over days. 

NP-AL were significantly higher than the LP-AL and this difference increased in later 

days. 

 Nose pokes.  Total NP increased significantly over days (Fig. 10).  ALR-NP 

occurred significantly more than ALNR-NP which occurred more than IL-NP and these 

difference increased over days.   LP-NP occurred more than NP-NP and this difference 

increased over days. 
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 Inactive lever presses.  Total IL decreased significantly over days (Fig. 10).  

Although both occurrences were very rare (< once per session), ALNR- IL appeared to 

occur more often than ALR- IL, which was most pronounced on day 2, likely reflecting 

the presence of crushed pellets on both levers, but this comparison only approached 

statistical significance.  IL-IL occurred significantly more often than ALNR-IL, but this 

difference decreased over days.   LP-IL was significantly higher than NP-IL, but this 

difference decreased over days. 

 Summary.  Early in acquisition rats were less selective in their actions, but as rats 

acquired lever pressing they developed a predictable pattern:  they pressed the active 

lever until a pellet was dispensed, then nose poked (to obtain the pellet), then returned to 

pressing the active lever.  Inefficient actions, such as repeated nose pokes or inactive 

lever presses decreased with training. 
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Figure 10:  Injection-free lever press acquisition microstructure. 
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        SEQUENCE (S) 

CONTRASTS 

    

BEHAVIOUR (B) ANOVA ALR-B VS. ALNR-B ALNR-B VS. IL-B NP-B VS. LP-B  

 DAY S DAY x S S DAY x S S DAY x S 

         

DRUG FREE 

ACQUISITION 

         

ACTIVE LEVER L: p < 

.001 

p < .001 L: p < 

.001 

p < .001 L: p < 

.001 

p < .001 L: p < .001 

NOSE POKE L: p < 

.001 

p < .001 L: p < 

.001 

p < .001 L: p < 

.001 

p = .001 L: p < .001 

        Q: p < 

.001 

  Q: p = .002 

INACTIVE 

LEVER 

L: p < 

.001 

p = .002 C: p = 

.066 

p < .001 L: p < 

.001 

p < .001 L: p < .001 

  Q: p = 

.015 

          C: p = .012 

Table 3: Drug-Free Acquisition Microstructure Statistical Values. Abbreviations: 3-

WAY: day x dose x sequence interaction; ALR: active lever presses reinforced; ALNR: 

active lever presses non reinforced; ANOVA: analysis of variance; B: second behavior in 

the sequence, indicated in the left column; C: cubic trend; IL: inactive lever press; L: 

linear trend; LP: lever press; NP: nose poke; ns: not significant; Q: quadratic tend; S: 

sequence. 

Clozapine 

 Active lever presses.  Clozapine suppressed total active lever presses and appeared 

more potent in later days, but this change over days only approached significance (Fig. 

11).  Clozapine appeared to suppress ALNR-AL more than ALR-AL, but this only 

approached significance, and did not change significantly over days.  Clozapine 

suppressed ALNR-AL significantly more than IL-AL which became significantly more 

pronounced over days.  Clozapine had no significant main effect on NP-AL compared to 

LP-AL, but this changed significantly over days with a relative suppression of NP-AL 

from day 2 to 3. 

 Nose pokes.  Clozapine did not significantly affect total nose pokes over days 1-4 

(Fig. 11).  Clozapine did not significantly alter ALNR-NP compared to ALR-NP or IL-

NP.  Clozapine suppressed LP-NP significantly compared to NP-NP but this suppression 

lessened significantly over days.  
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Inactive lever presses.  Clozapine did not have a significant main effect on total 

inactive lever presses or the sequence in which inactive lever presses occurred (Fig. 11).  

Clozapine significantly maintained inactive lever presses on day 2, which was 

significantly preferential to IL-IL rather than ALNR-IL, but not other sequences.  

Summary.  Clozapine suppressed active lever pressing and slightly increased the 

proportion of nose pokes preceding other nose pokes.  Clozapine slightly delayed the 

normal decrease in inactive lever presses, specifically inactive lever presses that followed 

other inactive lever presses, but this effect was most pronounced when crushed pellets 

were on the levers (days 1-2).  
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Figure 11: Clozapine lever press acquisition microstructure. 
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Metoclopramide. 

 Active lever presses.  Metoclopramide significantly suppressed AL which was 

significantly more pronounced in the later days (Fig. 12).  Metoclopramide suppressed 

ALNR-AL significantly more than ALR-AL and IL-AL both of which were strongest in 

later days.  Metoclopramide suppressed NP-AL significantly more than LP-AL which 

was strongest in later days.    

Nose pokes.   Metoclopramide significantly suppressed nose pokes, which was 

significantly stronger in later days (Fig. 12).  Metoclopramide suppressed ALR-NP 

significantly more than ALNR-NP and suppressed ALNR-NP significantly more than IL-

NP, both effects were strongest in later days.  Metoclopramide significantly suppressed 

LP-NP compared to NP-NP, which was strongest in later days.  

Inactive lever presses.   Metoclopramide significantly suppressed total IL, which 

was significantly stronger in the early days and was preferentially due to suppression of 

IL-IL (Fig. 12).  

 Summary.  Metoclopramide suppressed nose pokes, active lever presses, and 

inactive lever presses.  The suppressive effect was more potent in early days for inactive 

lever presses, and more potent in later days for nose pokes and active lever presses.  

Metoclopramide suppressed lever presses, which decreased the number of pellets, which 

decreased the number of nose pokes following pellets, which increased the relative 

number of nose pokes following nose pokes.  In this manner, metoclopramide delayed the 

normal pattern of lever press acquisition.  
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Figure 12: Metoclopramide lever press acquisition microstructure. 
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Haloperidol 

 Active lever presses.  Haloperidol significantly suppressed total AL, which was 

significantly more pronounced in the later days (Fig. 1).  Overall, haloperidol suppressed 

ALNR-AL significantly more than ALR-AL and IL-AL, both of which were significantly 

more pronounced in later days.  Similarly, haloperidol suppressed NP-AL significantly 

more than LP-AL, which was significantly more pronounced in later days. 

 Nose pokes.  Haloperidol significantly suppressed NP, which was significantly 

more pronounced in later days (Fig. 13).  Haloperidol suppressed ALR-NP significantly 

more than ALNR-NP and suppressed ALNR-NP significantly more than IL-NP, both of 

which were significantly more pronounced in later days.  Haloperidol did not have a 

significant main effect on NP-NP compared to LP-NP but haloperidol suppressed LP-NP 

significantly more than NP-NP in later days. 

 Inactive lever presses.  Haloperidol significantly suppressed IL overall and 

preferentially in early days (Fig. 13). This appears to be preferential for IL-IL compared 

to ALNR-IL in early days.   

 Summary.  Haloperidol suppressed nose pokes and active lever presses with some 

suppression of inactive lever presses.  Haloperidol suppressed lever presses, which 

decreased the number of pellets, which decreased the number of nose pokes following 

pellets, which increased the relative number of nose pokes following nose pokes.  In this 

manner, haloperidol delayed the normal pattern of lever press acquisition.  
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Figure 13: Haloperidol lever press acquisition microstructure. 
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Risperidone 

 Active lever presses.  Risperidone significantly suppressed AL, which was 

significantly more pronounced in the later days (Fig. 14).  Risperidone decreased ALNR-

AL significantly more than ALR-AL and IL-AL, both of which were most pronounced in 

later days.  Risperidone suppressed NP-AL significantly more than LP-AL, which was 

significantly more pronounced in later days. 

 Nose pokes.   Risperidone significantly suppressed NP, which was significantly 

more pronounced in later days (Fig. 14).  Risperidone suppressed ALR-NP significantly 

more than ALNR-NP, which was significantly more pronounced in later days.  

Risperidone suppressed ALNR-NP significantly more than IL-NP, which appeared 

strongest in days 2-3, but only approached significance. Risperidone significantly 

suppressed LP-NP compared to NP-NP, which was significantly more pronounced in 

later days. 

 Inactive lever presses.  Risperidone did not significantly affect IL, but risperidone 

significantly maintained IL over days (Fig. 14).  This maintenance appears to be 

preferentially due to IL-IL compared to ALNR-IL, but the comparison only approached 

significance and all other main effects and interactions were non-significant. 

 Summary.  Risperidone suppressed nose pokes, active lever presses, and 

somewhat maintained inactive lever presses.  Risperidone suppressed lever presses, 

which decreased the number of pellets, which decreased the number of nose pokes 

following pellets, which increased the relative number of nose pokes following nose 

pokes.  In this manner, risperidone suppressed the normal pattern of drug-free 

acquisition.  
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Figure 14: Risperidone lever press acquisition microstructure. 
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        SEQUENCE (S) CONTRASTS     

BEHAVIOUR 

(B) 

ANOVA ALR-B VS. ALNR-B ALNR-B VS. IL-B NP-B VS. LP-B 

 DOSE DAY x 

DOSE 

DOSE x 

S 

3-WAY DOSE x 

S 

3-WAY DOSE x 

S 

3-WAY 

                

CLOZAPINE 

  

         

ACTIVE 

LEVER 

p = 

.004 

L: p = .056 p = .068 ns p = .001 L: p = 

.004 

ns C: p = 

.033 

NOSE POKE ns ns ns ns ns ns p = .044 C: p = 

.017 

INACTIVE 

LEVER 

ns Q: p = .017 ns ns ns Q: p = 

.035 

ns ns 

    C: p = .010       C: p = 

.002 

    

          

METOCLOPRAMIDE 

  

         

ACTIVE LEVER p < 

.001 

L: p < 

.001 

 p < 

.001 

L: p < 

.001 

 p < .001 L: p < 

.001 

p < .001 L: p < 

.001 

    Q: p = 

.012 

          Q: p = 

.003 

NOSE POKE p < 

.001 

L: p = 

.001 

 p < 

.001 

L: p = 

.001 

p = .001 L: p = 

.006 

p = .008 L: p < 

.001 

   Q: p = 

.002 

    Q: p = 

.002 

   

INACTIVE 

LEVER 

p = 

.004 

L: p = 

.003 

ns ns p = .014 L: p = 

.011 

ns ns 
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HALOPERIDOL 

  

         

ACTIVE LEVER p < 

.001 

L: p < 

.001 

p = .001 L: p = 

.017 

p < .001 L: p < 

.001 

p = .004 L: p = 

.033 

NOSE POKE p < 

.001 

L: p = 

.010 

p < .001 L: p = 

.001 

p < .001 L: p = 

.005 

ns L: p < 

.001 

INACTIVE 

LEVER 

p = 

.041 

L: p = 

.015 

p = .058 C: p = 

.079 

ns L: p = 

.087 

ns ns 

    Q: p = 

.012 

      Q: p = 

.060 

    

          

RISPERIDONE 

  

         

ACTIVE LEVER p < 

.001 

L: p < 

.001 

 p < 

.001 

L: p < 

.001 

p < .001 L: p < 

.001 

p < .001 L: p = 

.004 

NOSE POKE p < 

.001 

L: p = 

.029 

p < .001 L: p < 

.001 

p < .001 Q: p = 

.058 

p = .009 L: p < 

.001 

INACTIVE 

LEVER 

ns L: p = 

.015 

ns ns ns L: p = 

.053 

ns ns 

Table 4: Drug Acquisition Microstructure Statistical Values. Abbreviations: 3-WAY: day 

x dose x sequence interaction; ALR: active lever presses reinforced; ALNR: active lever 

presses non-reinforced; ANOVA: analysis of variance; B: second behavior in the 

sequence, indicated in the left column; C: cubic trend; IL: inactive lever press; L: linear 

trend; LP: lever press; NP: nose poke; ns: not significant; Q: quadratic tend; S: sequence. 

 

Discussion 

  Results summary.  All drugs suppressed lever pressing during acquisition and 

expression.  As expected, the D2-like receptor antagonists, haloperidol and 

metoclopramide, blocked the reinforcing impact of pellets during acquisition.  Clozapine 

and risperidone maintained inactive lever presses during acquisition whereas haloperidol 
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and metoclopramide suppressed inactive lever presses.  Clozapine increased double-

checking the food magazine.  All other suppression of behaviour can be attributed to 

decreased active lever presses, indicating all rats were still sensitive to the outcome of 

active lever presses.  Metoclopramide and risperidone suppressed acquisition more than 

expression and haloperidol produced a gradual decline in responding over days in 

expression.   

  Lever press expression with systemic drug treatment.  Consistent with 

previous studies of lever press expression (Varvel et al., 2002), rats given risperidone or 

clozapine demonstrated early lever press suppression, but the magnitude diminished over 

days suggesting tolerance to the drugs.  Also consistent with previous studies (Salamone, 

1986; Sanger, 1986; Varvel et al.), rats tested with haloperidol in expression 

demonstrated a decrease in lever pressing over days. Metoclopramide in expression 

suppressed lever pressing, but this suppression did not become significantly stronger over 

all expression days as reported previously by Beninger et al. (1987).  Metoclopramide 

suppressed lever pressing between-session and within-session for the first 2 expression 

days (Data not shown). The D2-like receptor antagonist pimozide produced a gradual 

decrease over days (Wise et al., 1978), suggesting that blocking D2-like receptors 

produces this effect.  This effect is extinction-like, but dissociable from extinction from 

non-reinforcement (Salamone). 

  In general, typical antipsychotics such as haloperidol and pimozide produce a 

gradual decline over days in the expression of lever press responding for food; on the 

other hand, atypical antipsychotics such as clozapine and risperidone fail to produce a 

gradual decline and their response-suppressing effects instead diminish over days.  One 
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difference between these two classes of drugs is their differential effects on the striatum.  

Thus, typical antipsychotics and metoclopramide produce induction of the immediate 

early gene Fos in the DLS whereas atypical antipsychotics do not (Deutch et al., 1992; 

Deutch & Duman, 1996; Robertson et al., 1994).  An exception is the atypical drug 

risperidone that has been reported to induce Fos in the DLS at higher doses (1.0 mg/kg, 

but not 0.5 mg/kg; Robertson et al.).  Risperidone is classified as atypical because it has 

reduced liability to produce extrapyramidal side effects in patients but higher doses have 

been reported to produce EPS like those seen with typical antipsychotic medications 

(Leucht et al., 1999; Leucht et al., 2003; Leucht et al., 2009).  The EPS may be due to DA 

D2 receptor blockade that is partially counteracted by 5HT-2 antagonism (Kapur et al., 

1995).  Perhaps the observation of dorsal striatal Fos induction with risperidone is related 

to higher doses.  Our results with the highest dose (0.8 mg/kg) of risperidone showing an 

initial tolerance-like effect followed by a gradual decline (Fig. 8) may similarly reflect 

this transition to affecting the DLS (Robertson et al.).  From this point of view, gradual 

declines in the expression of responding observed following treatment with DA receptor 

blocking drugs depend on their action on D2-like receptors in the dorsal striatum.  This 

conclusion is consistent with recent reports that acquisition of reward-related learning is 

controlled by the VS (NAc) but the control of established responding is taken over by the 

DLS (Balleine & O’Doherty, 2010; Belin et al., 2009; Beninger & Ranaldi, 1993; 

Beninger, D’Amico, & Ranaldi, 1993).   

  Lever press acquisition with systemic drug treatment.  Wise and Schwartz 

(1981) demonstrated that pimozide, a D2-like receptor preferring typical antipsychotic, 

suppressed lever press acquisition, but they did not test for lasting effects, such as blunted 
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reinforcement impact once rats were drug-free.  Tombaugh et al. (1979) concluded that 

pimozide did not result in lasting drug-free lever press suppression, but rats previously 

trained under the influence of pimozide responded similarly to rats with no previous 

training (0.63 presses per min), which approached the maximum response rate 

measurable in the Tombaugh et al. protocol (0.75 presses per min).  Since rats lacking 

previous training already responded near the response rate ceiling, there is insufficient 

range to measure lasting drug-free suppression.  In contrast, our study allowed for a large 

range of suppression and demonstrated that not only are there lasting effects of the D2-

like receptor antagonists haloperidol and metoclopramide, but these effects are at least 

partially due to blunted reinforcement and not due to differential number of previous 

reinforcers or residual drug effects.  Thus, rats given haloperidol and metoclopramide 

demonstrated a weaker increase in subsequent drug-free lever pressing than predicted by 

their reinforcement histories.  This effect was not simply due to a lack of power when 

testing a regression line against a slope of zero; it was evident by comparing the 

regression line of the drug groups against that of the vehicle groups.  

 This is one of the first demonstrations that D2-like receptor antagonists blunt the 

reinforcing impact of food during operant acquisition and is consistent with our finding 

that the reinforcing impact of food is gradually lost in tests of lever press expression 

following treatment with these drugs.  Also consistent with our lever press expression 

results is the finding that the atypical antipsychotic drugs clozapine and risperidone failed 

to blunt the reinforcing impact of food.  Operant acquisition for food reward is dependent 

on DA D1-like and glutamate NMDA receptors in the NAc, BLA, and mPFC 

(Andrzewski et al., 2004; Andrzewski et al., 2005; Baldwin et al., 2000; Baldwin, 
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Sadeghian, Holahan, & Kelley, 2002;  Baldwin, Sadeghian, & Kelley, 2002; Belin et al., 

2009).  Clozapine, risperidone, haloperidol and metoclopramide all activate Fos in the 

NAc (Robertson et al., 1994).  Thus, the differential effects of the two classes of drugs on 

blunting the reinforcing impact of food cannot be attributed to regional actions in the 

NAc.  Perhaps the observation that all of the drugs reduced responding during acquisition 

can be partially attributed to decreased locomotor activity from decreased action in the 

NAc (For a review see Arnt & Skarsfeldt, 1998; Beninger et al., 2010).   

 Microstructural results.  To our knowledge, our study is the first to examine the 

microstructure of behavior following systemically administered drugs during free operant 

acquisition.  Metoclopramide, haloperidol, and risperidone suppressed active lever 

pressing, which decreased the number of reinforcements, which decreased nose pokes to 

retrieve reinforcements.  Clozapine also suppressed active lever presses, and made nose 

pokes less selective by increasing the proportions of nose pokes that followed other nose 

pokes, which indicates clozapine increased double-checking the presumably empty food 

magazine.  The atypical antipsychotic drugs clozapine and risperidone delayed the 

normal decrease in inactive lever presses early in acquisition, but the D2-preferring 

antagonists, haloperidol and metoclopramide, suppressed inactive lever presses.  This 

may have been related to preferential action by clozapine and risperidone on PFC 

response control mechanisms compared to haloperidol and metoclopramide (McCormick 

et al., 2010; Robertson et al., 1994; Schotte et al., 1993; Schotte et al., 1996).  

 Consistent with the idea that mPFC disruption may underlie the disruptive effects 

of clozapine and risperidone on inactive lever presses during acquisition is the finding 

that mPFC DA increases during acquisition, but not expression (Izaki, Hori, & Nomura, 
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1998).  Blockade of mPFC D1-like receptors and NMDA receptors suppresses lever press 

acquisition at doses that are sub-threshold on their own and do not affect lever press 

expression or food consumption together (Baldwin, Sadeghian, & Kelley, 2002).  The 

same study demonstrated that mPFC disruption of the signaling molecule cyclic 

adenosine monophosphate-dependent protein kinase (PKA) suppressed lever press 

acquisition, but none of these manipulations maintained inactive lever presses during 

acquisition, suggesting clozapine and risperidone are maintaining inactive lever presses 

through a mechanism independent of mPFC D1-like receptors, NMDA receptors, and 

PKA.   

 Clozapine and risperidone bind to mPFC 5HT-2A and α-1 receptors (Schotte et 

al., 1996) and systemic administration of a 5HT-2A receptor antagonist maintained 

responding on the newly inactive lever in reversal learning (Boulougouris,  Glennon, & 

Robbins, 2008), but this effect was not seen when the drug was injected centrally into the 

mPFC or NAc (Boulougouris & Robbins, 2010).  It is possible that clozapine and 

risperidone may be maintaining inactive lever presses via other mPFC receptors, such as 

acting at α-1 receptors directly (Schotte et al., 1996), or as a downstream result of 5HT-

2A antagonism modulating frontal DA and NE release (Gobert & Millan, 1999), or 5HT-

2A receptors located elsewhere, such as on corticopetal neurons in the striatum (Bubser, 

Backstrom, Sanders-Bush, Roth, & Deutch, 2001).  If maintained inactive lever pressing 

uses a similar mechanism for both operant acquisition and reversal learning, then any of 

these mechanisms could explain the clozapine and risperidone effects independent of 

PFC 5HT-2A receptors.  However, inactive lever presses during acquisition are on a 

novel lever whereas inactive lever presses during reversal learning are on a previously 
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active, familiar lever, so it is possible that inactive lever presses during acquisition could 

still require mPFC 5HT-2A receptors.   It is also possible that clozapine and risperidone 

are maintaining inactive lever presses through somewhat different mechanisms as 

clozapine has higher PFC α-1 and 5HT-1C receptor affinity and risperidone does not 

induce PFC Fos (McCormick et al., 2010; Robertson et al., 1994; Schotte et al., 1993; 

Schotte et al., 1996).  

 Relative potency between acquisition and expression.  To provide a rigorous 

comparison of drug potency in acquisition to potency in expression, we compared the 4
th

 

day of injection during acquisition to the 4
th

 day of injection in expression.  Despite drugs 

having changing effects over days in acquisition and expression, analysis over days gave 

similar interpretations as our simplified analysis (data not shown).  It is unclear why 

metoclopramide and risperidone, but not haloperidol or clozapine demonstrated stronger 

potency in acquisition compared to expression.  This analysis does not control for 

reinforcement history, so the finding that some drugs were more potent during acquisition 

is not surprising at first.  However, decreased reinforcement history during acquisition is 

an unlikely explanation for increased potency during acquisition because haloperidol 

decreased reinforcement history similar to metoclopramide and risperidone, yet 

haloperidol was not more potent during acquisition than expression.  On the other hand, 

haloperidol, unlike the other drugs, produced a day-to-day decline in responding in 

expression, further complicating comparisons between phases.  Further studies are 

needed to resolve the question of haloperidol’s possible differential potency in 

acquisition and expression. 
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 Conclusion.  Dopamine D2-like receptor antagonists are able to blunt the 

reinforcing impact of food reward during lever press acquisition, but that does not 

necessarily mean that D2-like receptor antagonism will suppress lever press acquisition 

more than lever press expression.  In contrast to typical antipsychotic D2-like receptor 

antagonists, atypical antipsychotics with relatively preferential action in the PFC did not 

blunt reinforcement impact, but did decrease lever pressing selectivity during operant 

acquisition, indicating a possible decision-making deficit. 
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Chapter 3: Amphetamine in Operant Acquisition, Operant Expression, and Conditioned 

Place Preference 

Introduction 

 The effects of many drugs on established lever pressing (lever press expression) 

are well researched.  Many drugs that suppress locomotion also suppress lever press 

expression but drugs that block dopamine (DA) D2-like receptors result in an extinction-

like decline in lever pressing, suggesting intact DA signaling is necessary for the 

reinforcing effects of food reward (Baker & Beninger, in prep.; Beninger et al., 1987; 

McOmish et al., 2012; Salamone, 1986; Sanger, 1986; Varvel et al., 2002; Wise et al., 

1978).  In contrast, some drugs that have lower D2-receptor affinity and higher serotonin 

(5-HT)-2A affinity result in lever press tolerance defined as decreased effect with 

repeated administration (Varvel et al.; Baker & Beninger).  Specifically, this is an early 

suppression in lever press rate, with the suppression magnitude decreasing (lever press 

rate increasing) with repeated administration.   

Amphetamine increases synaptic DA, 5-HT, and norepinephrine.  It may do this 

by inhibiting reuptake starting at a lower range of doses and much stronger 

neurotransmitter release into the synapse at higher doses (Kuczenski et al., 1995; for 

reviews see Fleckenstein et al., 2007; Sulzer et al., 2005).  These dose-dependent effects 

result in an augmentation of signals at lower doses, but occlusion at higher doses.  

Amphetamine’s effect on lever press expression depends on dose and control response 

rate; at lower doses amphetamine decreases high response rates and increases low 

responses rate, but high doses are more likely to decrease all rates.  This can be 

demonstrated between subjects that differ in response rate, within subjects on 
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reinforcement schedules that produce different response rates, within-session using 

multiple schedules, and even within-trial when a fixed interval scallop is present 

(Beecher & Jackson, 1976; Bradshaw, Ruddle, & Szabadi, 1981; De Oliveira & Graeff, 

1972; Glick & Muller, 1971; Graeff & De Oliveira, 1975; Heffner, Drawbaugh, & 

Zigmond, 1974; McKim, 1980; McMillan, 1968; Morley, Bradshaw, & Szabadi, 1985, 

1987; Sanger & Blackman, 1976; Wenger & Dews, 1977).   

Similar rate-dependent effects are not observed with the direct-acting DA receptor 

agonist apomorphine, which reduces operant responding regardless of control rate (De 

Oliveira & Graeff, 1972; Graeff & De Oliveira, 1975). These contrasting profiles of 

amphetamine and apomorphine are enhanced after chronic reserpine-induced 

catecholamine depletion (De Oliveira & Graeff) or DA-selective neurotoxic lesions with 

6-hydroxydopamine of the nucleus accumbens (Robbins, Roberts, & Koob, 1983).  

Effects similar to amphetamine’s rate-dependent effects can be observed with non-

selective adenosine receptor antagonists (caffeine and theophylline; Randall et al., 2011), 

which are known to counteract D2-like receptor antagonist effects on operant expression 

(Salamone et al., 2009), reminiscent of the counteraction between amphetamine and D2-

like receptor antagonists (Morley et al., 1987).  This suggests that amphetamine’s rate-

dependent effects may be dependent on intact DA signaling at the D2-like receptor. 

We (Baker & Beninger, in prep.) have previously demonstrated that lever press 

acquisition is sensitive to DA D2-like receptor blockade by haloperidol and 

metoclopramide by blunting the reinforcing impact of reward while decreasing active and 

inactive lever presses.  In contrast, drugs that preferentially block prefrontal cortical 

(PFC) 5HT-2A receptors (clozapine and risperidone) impair lever press acquisition by a 
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general suppression of active lever presses and a small increase in inactive lever presses 

(Baker & Beninger, in prep.). A low dose (0.08 mg/kg) of the D2-like receptor agonist 

quinpirol nearly completely blocked acquisition of nosepoke for water on a continuous 

reinforcement schedule possibly by acting preferentially at presynaptic DA receptors to 

decrease DA release; in the same study a higher dose (0.6 mg/kg) was without significant 

effect (Kurylo, 2004).  In contrast, 1.0 mg/kg amphetamine appeared to slightly increase 

acquisition for immediate water reinforcement on a CRF schedule, and markedly 

increased responding for delayed water reinforcement, but also increased inactive lever 

pressing and responding with no reinforcement (LeSage et al., 1996).  This suggests the 

increase over the 8-hr session was reinforcement-independent.  Furthermore, vehicle-

treated rats nearly stopped responding in the first 2 hr, but rats treated with 1.0 mg/kg 

amphetamine continued to respond for more water.  This suggests that the apparent 

amphetamine enhancement of operant acquisition (LeSage et al.) is attributable to 

increased fluid intake to maintain homeostasis disrupted by the diuretic effects of 

amphetamine (Speller & Streeten, 1964). It is unclear if amphetamine can augment 

operant acquisition free from problems of satiety and homeostasis.   

Pavlovian-to-instrumental transfer (PIT) is the ability of a previously Pavlovian-

conditioned stimulus to subsequently alter instrumental action.  For example, previously 

pairing a stimulus with food reward (Pavlovian phase) will subsequently increase lever 

pressing for that stimulus (instrumental phase).  The instrumental phase is in the absence 

of the food reward, which allows testing free from reward satiety.  We have previously 

demonstrated that amphetamine can augment PIT, but only for 1 session (Gerdjikov et 

al., 2011).  It is unclear if a similar 1-session augmentation occurred (LeSage et al.) or if 
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there are lasting effects from amphetamine when rats are tested drug-free.  To best 

identify the effects of amphetamine on operant acquisition and expression, it is important 

to understand the effects amphetamine has on reversal learning, locomotion and 

conditioned place preference.   

Reversal learning is the ability to respond effectively when reinforcement 

contingencies reverse.  Responding effectively is inhibiting actions for previously 

reinforced contingencies and initiate actions for previously non-reinforced contingencies.  

Amphetamine induces a reversal-learning deficit (Idris, Repeto, Neill, & Large, 2005).  If 

amphetamine is able to enhance lever press acquisition on a novel contingency, but 

impairs reversal-learning, then it suggests amphetamine may have an underlying 

enhancement of lever pressing on newly active contingencies, but this enhancement is 

overshadowed by a stronger perseveration on the previously active contingency.  We 

tested if this reversal-learning deficit is dissociable from the normal suppression of lever 

press expression in our paradigm.  We expected opposing effects of amphetamine on 

lever press acquisition compared to expression and reversal-learning, with possible 

dependence on dose, so we also tested the locomotor and Pavlovian CPP effects at a 

similar dose range to help determine what amphetamine effects may be linked to 

locomotor or Pavlovian processes. 

Amphetamine increases locomotion, which sensitizes with repeated 

administration in the same environment (for a review see Pierce & Kalivas, 1997) and 

reliably produces conditioned place preference (CPP; for a review see Tzschentke, 1998,  

2007).  CPP is observed as an increase in time spent in an environment previously paired 

with a drug.  Our laboratory has previously demonstrated a conditioned place aversion at 
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low doses of amphetamine (unpublished results), despite null findings in the literature at 

these doses (for a review see Tzschentke, 2007).  Conditioned place aversion has been 

demonstrated with haloperidol, clozapine, and risperidone (for a review see Tzschentke, 

2007) at the doses we tested in operant acquisition, so in the interest of animal 

conservation we did not attempt to replicate.  We used a range of doses of amphetamine 

in CPP in this thesis to provide complementary locomotor and Pavlovian conditioning 

(CPP) data for comparison to the effects of amphetamine on lever pressing.  The 

locomotor comparison determines if lever press rate can be explained by general 

locomotor effects whereas the CPP determines if lever pressing can be explained by 

rewarding or adverse effects of amphetamine in the testing environment.  

If amphetamine augments operant rate, it would be important to understand how 

much of that augmentation might be attributable to conditioned and unconditioned 

locomotor augmentation.  Conversely, if only low doses of amphetamine augment 

operant acquisition or expression, with suppression at moderate or high doses, then we 

can dissociate the operant augmentation dose-response from the low- and medium- dose 

locomotor augmentation.  Low doses of amphetamine have produced conditioned place 

aversion in our laboratory (unpublished data), so a low-dose conditioned place aversion 

and low-dose operant augmentation would demonstrate an important counter-intuitive 

dissociation between operant reinforcement augmentation despite counteracting 

contextual Pavlovian aversion. 

We have 6 novel research questions:  1) What are the effects of systemically 

administered amphetamine during lever press acquisition free of satiety or other effects 

that may occur from lengthy acquisition sessions? 2) How does amphetamine affect 
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subsequent drug-free operant responding compared to acquisition? 3) How do 

amphetamine effects during acquisition compare to effects during expression? 4) Are the 

amphetamine effects on operant acquisition and expression similar to the locomotor 

effects? 5) Are the amphetamine effects on operant acquisition and expression similar to 

the Pavlovian CPP effects? 6) Is the low-dose amphetamine conditioned place aversion 

reliable? 

To assess amphetamine’s effects on lever press acquisition and subsequent drug-

free responding, we modified existing lever press acquisition protocols (e.g., 

Andrzejewski et al., 2004; Andrzejewski et al., 2005; Baldwin et al., 2000; Kelley et al., 

1997).  We administered amphetamine prior to 15-min free-operant sessions for 4 days 

followed by 5 days of drug-free sessions.  We focused our drug-free analysis on the first 

drug-free session to assess amphetamine’s effects on previous reinforcement while rats 

are able to respond in a state free of possible performance effects.  We then trained rats 

extensively and tested amphetamine’s effects on lever press expression so that we could 

compare the relative potency (% vehicle lever press rate) of amphetamine during 

acquisition to expression. 

We hypothesized that amphetamine would augment lever press acquisition and 

suppress lever press expression.  We hypothesized that amphetamine may enhance the 

reinforcement impact of food reward, as measured on the first drug-free lever press day.  

We evaluated the microstructure of behavior, looking at the types of responses that 

preceded or followed lever presses or nose pokes into the feeder dispenser to further 

dissect differential behavioral effects of amphetamine. We focused our CPP doses within 

a narrow low-dose range to test the reliability of these doses in producing conditioned 
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place aversion in our laboratory (unpublished results) while increasing locomotion.  We 

expected low doses of amphetamine to produce effects opposite to moderate or high 

doses in the CPP and lever pressing paradigms.  

Method 

Our subjects, apparatus, and procedure are similar to our previously published 

work on lever press acquisition (Beninger & Baker, in prep) and CPP (Aujla & Beninger, 

2005; Gerdjikov & Beninger, 2005).  

Subjects. Male Wistar rats (N = 84; Charles River, St. Constant, QC) weighed 

225-250 g on arrival.  Twenty-four rats were used in the lever press study and 60 rats 

were used in the CPP study.  Clear plastic home cages (40 x 25 x 22 cm high) contained 2 

rats, an approximately 10-cm long black polyvinyl chloride tube for enrichment, and the 

floors were lined with 4-cm-deep Beta Chip bedding (Northeastern Products Corp., 

Warrensberg, NY).  Home cages were kept in an environmentally controlled room on a 

reversed 12-hr light/12-hr dark cycle with lights off from 7:00 a.m. to 7:00 p.m.  Rats had 

water available ad libitum but were food restricted 23 hours a day, allowing 1-hr free-

access to lab chow (Purina Lab Diet 5001, St. Louis, MO) beginning 30-60 min after 

their daily sessions.  All procedures were conducted in accordance with the guidelines of 

the Canadian Council on Animal Care and the Animals for Research Act, and were 

approved by the Queen’s University Animal Care Committee. 

Drugs.  d-Amphetamine sulphate (Sigma, Oakville, ON) was dissolved in 0.9% 

saline and injected intraperitoneally immediately (CPP) or 15 min (lever pressing) prior 

to testing.  The difference in delay was due to the longer 30-min CPP conditioning 

sessions compared to the 15-min lever press sessions. 
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Lever Pressing 

Apparatus.  We trained the rats in four operant chambers (26.5 x 22 x 20 cm 

high).  The back and sidewalls of each chamber were stainless steel; the front wall and 

ceiling were clear Plexiglas.  Each chamber was fitted with a floor of 3-mm diameter 

stainless steel rods spaced 11 mm apart parallel to the side walls, two retractable levers 

3.5 cm wide were mounted at a height of 2.0 cm on opposing side walls equidistant from 

the front and back of the chamber and a feeder magazine was centered on the back wall 

2.5 cm above the floor.  The feeder dispensed 45 mg dustless food pellets (Bioserv, 

Frenchtown, NJ) into the feeder magazine that was equipped with a beam to detect nose 

pokes into the magazine.  Two cue lights were mounted 8 cm above the feeder magazine 

and 6 cm from the side walls.  Half the chambers had the left lever active and right lever 

inactive whereas the other half had the reverse assignment. 

The operant chambers were housed in painted, wooden enclosures.  A fan 

mounted on the side of each enclosure provided air circulation and helped mask outside 

noise.  We could view a subject through the 15 x 15 cm window in the door of each 

enclosure. 

Procedure 

Our lever press acquisition protocol is based on protocols previously used by 

other researchers (Andrzejewski et al., 2004; Andrzejewski et al., 2005; Baldwin et al., 

2000; Baldwin, Sadeghian, & Kelley, 2002; Baldwin, Sadeghian, Holahan, & Kelley, 

2002; Hernandez et al., 2005; Hernandez et al., 2002; Kelley et al., 1997; Kelley & 

Holahan, 1997; Smith-Roe & Kelley, 2000).  We began food restriction 3-4 days prior to 

magazine training and continued for the duration of the experiment.  Following 3 days of 
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magazine training, rats were trained on lever press acquisition for 10 daily 15-min 

sessions (injections on days 1-4, and day 10).  Rats then received 5 daily 30-min sessions 

without injections.  We re-assigned doses for the subsequent 5 daily 15-min expression 

sessions with injections (see Over-training below). 

  Magazine training. Rats habituated to the operant chambers in 3 daily 15-min 

sessions.  During these sessions levers were retracted and pellets were presented 

according to a random time 30-s schedule.  Throughout the experiment, the cue lights 

turned on for 500 ms prior to pellet presentation.  We measured nose poke rate in the 

magazine, as well as rats’ discrimination of nose pokes following a pellet.  Doses in 

acquisition were assigned balancing nose poke rate, chamber, and time of testing. 

Acquisition.  This phase consisted of 10 daily 15-min lever press sessions.  With 

the exception of non-injected control rats, all rats received injections on days 1-4 and on 

day 10.  Sessions began when both levers were inserted and a pellet was dispensed.  One 

lever was inactive and had no programmed consequence, whereas the other lever was 

active on continuous reinforcement for the first 20 pellets of each session, then random-

ratio 2 for the remainder of the session.  Both levers retracted at the completion of the 

session.  We placed crushed pellets on both levers during days 1-2 to aid rapid lever press 

acquisition, but crushed pellets were not used at any other time.  Response shaping was 

never used.  We measured active lever presses, inactive lever presses, and nose pokes.  

We also measured what occurred prior to these behaviours (non-reinforced active lever 

press, reinforced active lever press, inactive lever press, or nose poke) to understand the 

microstructural pattern of behaviour. 
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Over-training.  This phase consisted of 5 daily 30-min lever press sessions.  The 

purpose of this phase was to over-train the rats and to allow drugs from acquisition to 

wash out.  Expression doses were assigned balancing lever press rate during these 

sessions, along with running time, chamber (and active lever), and acquisition doses.   

Expression.  This phase consisted of 5 daily 15-min lever press sessions.  All rats 

received injections during this phase.  These sessions were identical to acquisition 

sessions. 

Reversal-learning.  Following expression tests, we administered a drug-free 

session on day 21, a drug-free session with active and inactive lever contingencies 

reversed on day 22, a drug-free session with the original lever contingencies on day 23, 

then a reversal learning test on day 24.  Rats received the same dose as lever press 

expression for the reversal learning test.  The reversal learning test began with a 5-min 

period with the original lever contingencies, then 15 min with the levers on the reversed 

contingencies.  The within-session switch in contingencies allowed measurement of 

initial lever press rate prior to the reversal. 

Data Analysis 

General analysis.  We used polynomial contrasts for analyses over days.  

Polynomial contrasts have the advantage of detecting overall patterns in the data that 

might not be detected by other analyses.  In addition, polynomial contrasts allow 

characterization of changes over days: linear indicates a steady increase or decrease, 

quadratic indicates a “U-shaped” pattern, and cubic indicates an “S-shaped” pattern.  

These patterns can coexist in data.  In addition, sphericity of variance is not an 

assumption of polynomial contrasts (Glass & Hopkins, 1996).  Unless specified 
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otherwise, we have used dose as a covariate because dose is a scale variable, differing in 

degree, not differing in type.   

Acquisition-expression potency comparison. We compared the effects of drugs in 

acquisition to expression.  Direct dose analyses on raw lever press rate are problematic 

due to differences in lever press rate between acquisition and expression.  To account for 

this we converted each rat’s response rate into percent vehicle, including vehicle rats, 

which then can be used to directly compare between acquisition and expression.   We 

reassigned doses between acquisition and expression, so a repeated measures analysis 

becomes unwieldy.  For this reason, we compared acquisition to expression utilizing a 

between-subjects comparison with each rat represented independently in each phase.   

In a standard 2 X 2 between-subjects analysis of variance (ANOVA), the reported 

main effect magnitudes of nominal variables (distinct groups) are not reduced by 

concurrently analyzing the interaction.   However, analyzing the interaction between a 

scale variable (dose) and a nominal variable (acquisition vs. expression) places the 

variance accounted for by each in competition with each other and can result in the 

reported main effect magnitudes being absorbed by concurrently analyzing the interaction 

(Dawson & Richter, 2006).  This is one reason for separately analyzing the interaction 

and main effects of dose and phase. 

The second reason is we set both acquisition and expression vehicle means at 

100%.  It would then be illogical to include vehicle doses in analyses comparing main 

effects of acquisition vs. expression.  Therefore, we conducted separate analyses for the 

drug potency interaction (all doses including vehicle) and drug potency main effect (all 
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doses excluding vehicle).  Conducting the analyses in this manner gives an output 

interpreted similarly to traditional analyses of main effects and interactions.   

Acquisition day 4 and expression day 4 (experimental day 19) were selected for 

comparison to equate recent injection history (4 days) and to allow analysis of acquisition 

with room for suppression, i.e., to avoid possible floor effects.  Analysis over 4 days of 

acquisition and the first 4 days of expression yielded similar interpretations (data not 

shown) as analysis of acquisition day 4 and expression day 4.  For simplicity, we present 

only the acquisition day 4 and expression day 4 analyses.  Some higher doses of some 

drugs resulted in floor effects and were removed from analysis where indicated.  It is 

tempting to compare acquisition day 4 with day 10, but these days differ on amount of 

previous training and recent drug history, so these analyses were not conducted.  We 

compared day 9 (drug free) to day 10 (with drug) in order to test the acquisition doses on 

established, but not yet over-trained, lever pressing. 

Reinforcement impact analysis. We wanted to determine if the amphetamine was 

affecting reinforcement impact (learning) itself, or if amphetamine was having other 

effects on actions or motivations, so we analyzed drug-free responding on day 5.  Drug-

free responding allows measurement of learned reinforcement impact free of concurrent 

drug effects.    Amphetamine did not produce differential reinforcement histories between 

groups so statistically controlling reinforcement history as in previous studies (Baker & 

Beninger, in prep.) was unnecessary. 

Microstructural analysis.  These analyses were performed separately on the first 

4 days of acquisition and the 5 days of expression.  We analyzed active lever presses, 

nose pokes, and inactive lever presses as dependent variables and added the dimension of 
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what occurred just prior to the response: active lever press resulting in reinforcement, 

active lever press resulting in no reinforcement, inactive lever presses, or nose pokes.  

We used custom contrasts to compare the events that occurred prior to each behaviour: 1) 

reinforced active lever presses vs. non-reinforced active lever presses, 2) non-reinforced 

active lever presses vs. inactive lever presses, and 3) nose pokes vs. the mean of all lever 

presses.  The first compares the rats’ sensitivity to reinforcement, given they pressed the 

active lever.  The second compares the rats’ sensitivity to lever, given the lever press did 

not produce reinforcement.  The third compares the rats’ preference to perform an action 

after a nose poke or lever press regardless of lever or reinforcement.  The third 

comparison also helps balance contrast weightings.  

Conditioned Place Preference 

Apparatus.  We used four conditioned place preference units housed in separate 

dimly-lit (7.5 W incandescent light bulb), sound-attenuating boxes explained in detail 

elsewhere (Brockwell, Ferguson, & Beninger, 1996). Each unit was comprised of two 

chambers (38 x 27 x 34 cm) connected by a tunnel (8 x 8 x 8 cm).  The two chambers 

were visually distinct (vertical black and white alternating stripes or urethane-sealed 

wooden walls, counterbalanced left vs. right chambers) and had distinct floors (wire grid 

with 1-cm
2 

openings in one chamber, parallel bars 1 cm apart in the other, similarly 

counterbalanced across chambers).  Access to the connecting tunnel could be blocked by 

removable guillotine doors that visually matched their respective chamber.  Both 

chambers were covered by a hinged clear Plexiglas lid with holes for ventilation.   

The tunnel and chambers each had 2 infrared beams mounted in the walls, each 5 

cm off the floor.  These beams were used to measure time spent in each location as well 



82 

 

as locomotion (number of beam breaks). Data from the sensors were collected on a 6809 

microcontroller using custom made software. 

Procedure.  Training and testing occurred between 10:00 a.m. and 4:00 p.m. with 

individual rats trained at the same time daily.  There were 3 injection-free baseline 

sessions, 8 conditioning sessions alternating between amphetamine and saline injections, 

and 1 injection-free test session. 

Baseline.  We removed the guillotine doors and rats were allowed free exploration 

for 15 min daily for 3 days.  Half the rats were placed in the left chamber and half were 

placed in the right chamber.  Infrared beams measured time spent in the tunnel and each 

chamber. 

Conditioning.  We administered 8 daily 30-min conditioning sessions with the 

guillotine doors inserted to prevent rats from leaving the chamber in which they were 

placed.  We paired each chamber with amphetamine or saline by injecting rats with 

amphetamine (0.01, 0.10, 0.15, 0.20, 1.50, 4.00 mg/kg) immediately prior to being placed 

in one chamber (days 1, 3, 5, 7) and saline immediately prior to being placed in the other 

chamber (days 2, 4, 6, 8).  The chambers and chamber stimuli were counterbalanced 

between rats.  Beam breaks were a measure of locomotion.  Doses were selected based on 

unpublished results demonstrating conditioned place aversion at 0.10 and 0.20 mg/kg.  A 

dose of 0.01 mg/kg was used to test the lower limit of the possible conditioned place 

aversion, 1.50 mg/kg was used as a locomotor and CPP positive control, and 4.00 mg/kg 

was used to demonstrate decreased locomotion that may be due to stereotypy.  We use 

the overlapping dose range for comparison with the operant task. 
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Testing.  Testing was identical to baseline.  The difference in time spent in the 

drug-paired chamber (test – mean baseline) was the focus of analysis.  Positive values 

indicate increased time in the drug-paired chamber, and thus, conditioned place 

preference. 

Results 

Lever pressing 

 Acquisition.  Amphetamine (Fig. 15A) had no significant effect on active lever 

presses during acquisition days 1-4 (dose: F(1, 22) = 0.83, p = .317; dose X day 

interaction p’s > .100), but amphetamine did seem to increase active lever presses during 

the subsequent drug-free acquisition days 5-8 (dose: F(1, 22) = 0.24, p = .631; dose X 

day linear: F(1, 22) = 16.13, p = .001, quadratic: F(1, 22) = 9.58, p = .005).  We noticed 

that some rats did not consume all their pellets during acquisition sessions, so we ran a 

similar analysis over days 1-4 using the estimated number of pellets remaining as the 

dependent variable (data not shown).  Amphetamine increased the number of pellets left 

in the magazine and this became stronger over days (dose: F(1, 22) = 8.09, p = .009; dose 

X day linear: F(1, 22) = 4.84, p = .039). 
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Figure 15: Amphetamine suppresses operant expression, but not acquisition.  

Amphetamine (Amph; n’s = 6 per dose) did not significantly suppress mean (±SEM) 

lever presses per 15-min session during the first 4 days of acquisition (A), had minimal 

effects on day 10 of acquisition, but significantly suppressed lever presses during the 5 

days of expression as assessed by analysis of variance (B).  During expression, 

amphetamine suppressed lever pressing similarly over the 5 days.   

 

 We analyzed drug-free responding on day 5 to assess possible effects of 

amphetamine on reinforcement impact.  Day 5 lever pressing was not differentially 

predicted by reinforcement history at any dose of amphetamine (all p’s > .140; Fig. 16A-

C), but 0.5 mg/kg had a significantly steeper slope than 0.1 mg/kg (F(1, 8) = 7.48, p = 

.025). This suggests that rats treated with 0.1 mg/kg showed blunted reinforcement 

impact compared to rats treated with 0.5 mg/kg amphetamine. 
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Figure 16: Amphetamine reinforcement blunting.  Amphetamine did not significantly 

affect the reinforcing impact of previous food reward.  Lever presses on the first drug-

free day (day 5) were predicted by the number of pellets earned during previous sessions.  

Steep slope of the regression line indicates strong reinforcement impact.  No dose of 

amphetamine significantly changed this slope from vehicle, but the 0.5 mg/kg slope was 

significantly steeper compared to 1.0 mg/kg as assessed by analyses of variance.  Data 

points are for individual rats.  A, B and C respectively compare vehicle to 0.1, 0.5, and 

1.0 mg/kg of amphetamine.  Shade indicates dose, similar to Figure 15. 

 

Day 10 vs. drug-free day 9.  There was a significant dose X day interaction (F(1, 

22) = 7.81, p = .011; Fig. 15A) reflecting a pattern of increase at lower doses and 

decrease at higher doses, but this was only near-significant at 0.1 mg/kg (F(1, 5) = 6.547, 

p = .051; all other p’s > .160).   

Days 11-15 over-training.  Thirty-min sessions were administered daily for 5 

days to over-train all rats (data not shown).  Amphetamine had no lasting effect during 

these sessions (F(1, 22) = 0.83, p = .374).  Doses were reassigned to counterbalance 

previous dose and performance during days 11-15. 

Expression.  Amphetamine had an overall suppressive effect (F(1, 22) = 61.85, p 

< .001; Fig. 15B) and rates did not change significantly over days (all F’s < 2.10, all p’s > 

.160).  We noticed that some rats did not consume all their pellets during expression 

sessions, so we ran a similar analysis using the estimated number of pellets remaining as 
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the dependent variable (data not shown).  Amphetamine increased the number of pellets 

left in the magazine and this became weaker over days (dose: F(1, 22) = 7.20, p = .014; 

dose X day cubic: F(1, 22) = 10.19, p = .004). 

Acquisition-expression potency comparison. Amphetamine appeared to be more 

potent during expression than acquisition (main effect of phase (F(1, 33) = 6.58, p = .015; 

Fig. 17) and this difference appeared to increase with dose (phase X dose interaction that 

approached significance (F(1, 44) = 3.76, p = .059). 

 

Figure 17: Amphetamine suppresses operant expression more than acquisition.  Dose-

dependent suppression of % vehicle lever press rate on the 4
th

 day of injection during 

acquisition (Day 4) and expression (Day 19).  Amphetamine suppressed lever pressing 

relatively more potently during expression than acquisition as revealed by a significant 

main effect of phase and a significant phase x dose interaction in analysis of variance. 

 

Reversal learning: Recent amphetamine dose decreased both active and inactive 

lever presses similarly on the drug-free practice reversal learning day (dose: F(1, 22) = 

4.40, p = .048;  dose x lever, lever: F ‘s <  0.50, p’s > .500; Fig. 18).  Amphetamine 

suppressed lever presses on the currently active lever similarly before and after the 

contingency switch on the day 24 reversal test (dose: F(1, 22) = 38.57, p < .001; 

preswitch vs. postswitch X dose: F(1, 22) = 0.34, p = .566), but did not significantly 
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affect post-switch inactive lever presses (F(1, 22) = 1.40, p = .250; data not shown).  

Thus, amphetamine suppressed active lever presses regardless of reversal learning. 

 

Figure 18: Amphetamine and reversal learning.  Amphetamine dose during recent 

expression sessions slightly decreased both active and inactive lever presses during the 

injection-free (No Injection) practice reversal on day 22.  Amphetamine suppressed 

currently active lever pressing similarly before and after the lever contingency switch, but 

did not affect responses on the newly inactive lever, suggesting no reversal-learning 

deficit; differences assessed using analysis of variance.  

 

Microstructural analysis 

We have previously reported the normal lever press acquisition microstructure in 

this paradigm (Baker & Beninger, in prep.).  As one might expect, rats press the active 

lever until reinforcement is earned, then nose poke into the food magazine, then return to 

press the active lever.  Over days this pattern becomes faster and more selective while 

other behaviours decrease.  For brevity, we will only explain amphetamine’s effects on 

normal lever press acquisition and omitted comparisons are assumed to be non-

significant. 

Acquisition.  Amphetamine did not significantly affect total lever presses in 

acquisition, but amphetamine appeared to decrease the selectivity of when rats pressed 
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the active lever (Fig. 19).  Amphetamine suppressed the normal increase of active lever 

presses that follow nose pokes (F(1, 22) = 4.85, p = .038) relative to following other lever 

presses.  There was a suggestive amphetamine-induced suppression of the normal 

development of active lever pressing only until reinforcement is earned, but this was not 

significant (F(1, 22) = 3.25, p = .085).   

Amphetamine had no significant effect on total nose pokes (F(1, 22) = 0.34, p = 

.566), but it did affect nosepoke selectivity.  Amphetamine impaired the normal decrease 

in nose pokes following other nose pokes (F(1, 22) = 7.69, p = .011) and impaired the 

normal development of nose pokes selectively following reinforced active lever presses 

compared to non-reinforced active lever presses (F(1, 22) = 7.68, p = .011).   

Amphetamine appeared to suppress the normally high inactive lever presses in 

early days (F(1, 22) = 3.85, p = .063), particularly following inactive lever presses 

compared to non-reinforced active lever presses over all days (F(1, 22) = 4.41, p = .047).   

In summary, amphetamine impaired normal lever press acquisition by leading rats to 

continue to press the active lever once reinforcement had been earned instead of nose 

poking into the magazine to retrieve the reinforcement, yet rats would repeatedly 

nosepoke the food magazine after they had just nose poked. Amphetamine decreased 

inactive lever presses.  
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Figure 19: Amphetamine lever press acquisition microstructure.   
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Expression.  Amphetamine decreased active lever presses (F(1, 22) = 61.85, p < 

.001), but the suppression did not appear to disrupt the selectivity of active lever presses 

(Fig. 20).  Amphetamine decreased total nose pokes (F(1, 22) = 52.19, p < .001), but not 

repeated nose pokes (F(1, 22) = 0.46, p = .506).  Amphetamine suppressed nose pokes 

following reinforcement, compared to non-reinforced active lever presses (F(1, 22) = 

10.19, p = .004), but this appeared to be due to differences in range.  When % vehicle 

was analyzed to equate range, amphetamine had the opposite effect (F(1, 16) = 23.62, p < 

.001). It appears amphetamine increased inactive lever presses overall (F(1, 22) = 3.67, p 

= .068), which was strongest in early days (F(1, 22) = 4.66, p = .042) and preferentially 

due to inactive lever presses after nose pokes (F(1, 22) = 6.64, p = .017).  In summary, 

amphetamine impaired lever press expression by suppressing active lever presses and 

nose pokes while increasing inactive lever presses.  Rats did not change when they lever 

pressed, but enhanced nosepoke selectivity to reinforcement while increasing inactive 

lever presses following nose pokes. 
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Figure 20: Amphetamine lever press expression microstructure.  
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Conditioned place preference. 

Baseline.  During baseline, rats demonstrated no bias for the to-be-drug-paired 

chamber at any prospective dose (all F’s < 1.3, all p’s > .280; data not shown).  One rat in 

the 1.50 mg/kg dose increased preference for the to-be-drug-paired chamber from 450 to 

675 seconds over the 3 baseline days and was removed from the analysis.  

Conditioning.  We analyzed amphetamine dose as a nominal variable due to non-

linear effects.  We display the difference in activity counts between amphetamine and 

saline pairings in Figure 21 for simplicity and to show the standard errors that better 

represent the analyses.  Amphetamine produced a dose-dependent increase in total beam 

breaks compared to saline (dose X paired:  F(5, 65) = 32.26, p < .001; Fig. 21) which was 

significant at 0.20 mg/kg (F(1, 11) = 52.69, p < .001) and 1.50 mg/kg (F(1, 10) = 67.02, p 

< .001), approached significance at 0.15 mg/kg (F(1, 11) = 4.60, p = .055), but was not 

significant at any other dose (all F’s < 1.80, all p’s > .216). 

The amphetamine-induced increase in beam breaks became larger over days (dose 

X paired X linear day: F(5, 65) = 6.26, p < .001).  In contrast to total beam breaks, this 

change over days was significant at 0.01 mg/kg (Paired X Linear Day: F(1, 11) = 5.73, p 

= .036), 1.50 mg/kg (paired X linear day: F(1, 10) = 14.66, p = .003), but the 0.10 mg/kg 

seemed to have a near-significant dip in locomotion in the middle days (paired X 

quadratic day: F(1, 11) = 4.26, p = .063).  There was no other significant change over 

days at any other dose (F’s <  3.20  p’s  > .100). 
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Figure 21: Amphetamine CPP conditioning locomotion.  Differences in locomotion 

between amphetamine (Amph) and saline conditioning days in the conditioned place 

preference paradigm.  Daily injections alternated between amphetamine (n’s = 12 for all 

doses except 1.50 mg/kg where n = 11) and saline in separate chambers for 8 

conditioning days.  Saline day beam breaks are subtracted from amphetamine day beam 

breaks for each of the 4 alternations, resulting in higher numbers indicating 

amphetamine-induced increases in locomotion.  Amphetamine significantly increased 

beam breaks at 0.20 mg/kg and 1.50 mg/kg, and approached significance at 0.15 mg/kg. 

Although there was not a significant main effect of amphetamine for 0.01 mg/kg, 

difference scores increased over days for that group and for the 1.50 mg/kg group as 

revealed by analysis of variance. * Amphetamine significantly different from saline.  ‡ 

Significant increase over days. 

 

Test. Significant increases in time spent in the amphetamine-paired chamber 

occurred at 0.15 mg/kg (F(1, 11) = 13.84, p = .003; Fig. 22) and 1.50 mg/kg (F(1, 10) = 

30.33, p < .001), trended at 4.00 mg/kg (F(1, 11) = 3.41, p = .092), but were not 

significant at any other dose (F’s < 2.30, p’s > .150). 
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Figure 22: Amphetamine CPP test.  Conditioning with 0.15 or 1.50 mg/kg amphetamine 

increased mean (±SEM) seconds in drug-paired chamber during the conditioned place 

preference test relative to baseline. n’s = 12 for all doses except 1.50 mg/kg where n = 

11.  * Significant difference by analysis of variance.   

 

Discussion 

As hypothesized, amphetamine suppressed lever press expression more potently 

than acquisition, but contrary to hypotheses, amphetamine did not augment lever press 

acquisition or increase reinforcement impact.  Unexpectedly, amphetamine increased the 

number of unconsumed pellets remaining in the magazine.  This was likely due to 

anorectic effects of amphetamine, but the implication is that some rats were learning to 

lever press for reinforcement they were not consuming.  Clues to this can be observed in 

the differing effects on behavioural microstructure: lever press selectivity was impaired 

in acquisition, but unaffected in expression, nosepoke selectivity was impaired in 

acquisition, but enhanced in expression, and inactive lever presses were suppressed in 

early acquisition and increased in early expression.  Amphetamine did not affect reversal 
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learning in a manner that differed from active lever press suppression.  As hypothesized, 

amphetamine increased locomotion over this dose range, with sensitization over days, but 

this locomotor dose-response did not match the CPP dose-response.  The CPP dose-

response was somewhat erratic at lower doses, showing clear CPP at 0.15 mg/kg but not 

at very similar doses of 0.10 mg/kg or 0.20 mg/kg.  The moderate dose of amphetamine 

(1.50 mg/kg) increased locomotion and induced CPP, but the highest dose (4.00 mg/kg) 

did not significantly increase locomotion or induce CPP.  It is possible that 4.00 mg/kg 

amphetamine induced stereotypy, which could explain the lack of increased locomotion. 

Our lack of amphetamine effect on total acquisition lever presses suggests that the 

amphetamine enhancement of LeSage et al. (1996) may be due to increased drive for 

water resulting from the diuretic effects of amphetamine (Speller & Streeten, 1964) or a 

reinforcement-independent increase in responding in their paradigm.  LeSage et al. 

reported increased lever pressing in non-reinforced rats as well as increases in inactive 

lever presses in reinforced rats while our inactive lever presses were decreased during 

acquisition.  Magazine/dipper training prior to operant training induces a Pavlovian 

association between the feeder/dipper sound and the reward itself.  Amphetamine 

augments lever pressing for conditioned reinforcement in PIT (Mazurski & Beninger, 

1986), but only on the first test session (Gerdjikov et al., 2010) but amphetamine 

augmentation is not always demonstrated (Robbins, 1978).  This would preferentially 

affect the single-session of acquisition given by LeSage et al, compared to our multiple 

sessions.  We found no evidence of amphetamine augmenting lever pressing in the first 

or subsequent lever press acquisition sessions, suggesting our rats were learning to lever 
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press for the pellet, not the cues associated with the pellet.  However, amphetamine also 

resulted in unconsumed pellets.  

The differential sensitivity of our rats to amphetamine in acquisition and 

expression is consistent with rate-dependent effects of amphetamine (Beecher & Jackson, 

1976; Bradshaw, Ruddle, & Szabadi, 1981; De Oliveira & Graeff, 1972; Glick & Muller, 

1971; Graeff & De Oliveira, 1975; Heffner et al., 1974; McKim, 1980; McMillan, 1968; 

Morley et al., 1985, 1987; Sanger & Blackman, 1976; Wenger & Dews, 1977).  Our 

differential lever press sensitivity is unlikely to be due to amphetamine-induced 

stereotypy as the doses used are in the range that increases beam breaks during the CPP 

conditioning days.   

It is unclear why the amphetamine administered on day 10 seems to have had a 

minimal effect compared to amphetamine administered on day 16, when response rates 

were similar on the two test days.  Day 10 and 16 differed in previous dose (both were 5 

days since the last injection, but on day 10 the dose was familiar for all rats and on day 16 

the dose was unfamiliar for most rats) and amount of previous training (due to double-

sessions on days 11-15, rats had twice the training on day 16 as day 10).  Comparing day 

10 to day 20 suggests it is not the dose history as this equates the total previous injections 

at the same dose.  Perhaps the differential sensitivity was due to the amount of previous 

training, but this hypothesis would suggest that less-trained animals are less sensitive to 

the disruptive effects of amphetamine on responding.  Further studies will be needed to 

evaluate this interesting suggestion. 

Amphetamine had differential effects on the behavioural microstructure during 

acquisition and expression.  Few studies have investigated behavioural microstructure, 
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but doses of 2.0 mg/kg and above have been shown to increase lever pressing following 

reinforcement prior to magazine entries on a random ratio-3.33 schedule with the active 

lever randomly and unpredictably changing on each trial, similar to the effect we found in 

acquisition, but not expression (Evenden & Robbins, 1983).  The same study found 

amphetamine also increased inactive lever presses following reinforcement, but prior to 

magazine entries, which we did not find.  These results highlight the differential role of 

amphetamine in operant acquisition and expression microstructure; amphetamine makes 

rats more sensitive to reward presentation and less sensitive to lever discrimination in 

operant expression, but the opposite is true during operant acquisition. 

Our previous research demonstrated that the D2-like receptor antagonists 

haloperidol and metoclopramide decrease active and inactive lever presses during 

acquisition, but did not otherwise disrupt acquisition.  Amphetamine also decreased 

inactive lever presses in acquisition, in contrast to research demonstrating D2-like 

receptor antagonists and amphetamine sometimes have opposing behavioural effects 

(Morley et al., 1987; Idris, Repeto, Neill, & Large, 2005).  In contrast, the atypical 

antipsychotics with strong PFC 5-HT-2A receptor antagonism clozapine and risperidone 

decreased active lever presses, but increased inactive lever presses during acquisition 

(Baker & Beninger, in prep), despite a lack of antagonistic effects between clozapine and 

amphetamine (Idris et al.).  Perhaps amphetamine is activating 5-HT-2A receptors 

enhancing early discrimination between active and inactive levers, while maintaining DA 

signaling at D2-like receptors that allows the active lever presses to increase.  These 

effects likely are due to the food reinforcement itself, as amphetamine has been shown to 

augment PIT (Mazurski & Beninger, 1986), but only for one session (Gerdjikov et al., 
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2011).  It is unclear if continual presentation of the light with pellet delivery as rats are 

lever pressing would allow a PIT-like effect over multiple days.  If the PIT-like effect 

occurs over multiple days, then it is unclear how the pellets that were not always 

consumed acted as an effective reinforcer.  Amphetamine during the Pavlovian phase 

decreases subsequent drug-free PIT and this is selective for the conditioned stimulus 

lever, as the neutral stimulus lever was not affected (Mazurski & Beninger).  This 

suggests that amphetamine does not simply increase responding for any stimulus.  We 

have previously demonstrated (Gerdjikov et al.) that the amphetamine augmentation of 

PIT is resistant to LiCl devaluation of the pellets, but the PIT test in the previous study 

was in extinction (no pellets presented) and the rats in the present study were reinforced 

with pellets.  Rats in the present study would constantly update the value of the pellets 

they were working for, likely devaluing the light-pellet pairings due to a satiation-like 

effect as amphetamine resulted in rats lever pressing for pellets they did not consume. 

Amphetamine produced a later “bounce-back” increase in responding on days 5-

8, but not subsequent days, similar to what we have previously reported with clozapine 

(Baker & Beninger, in prep).  Amphetamine at doses higher (2 mg/kg minimum) and 

repeated for more days (5 days minimum) produces a similar, lasting, increase in lever 

press rate (Nordquist, Voorn, de Mooij-van Malsen, Joosten, Pennartz, & Vanderschuren, 

2005) and PIT (Wyvell & Berridge, 2001), but not on a progressive ratio (Barr & 

Phillips, 1999).  It is unclear if our relatively mild amphetamine dosing induced a similar, 

but transient, increase in responding, or if the anorectic effects of amphetamine 

(Kornblith & Hoebel, 1976; White, Sherrill, & White, 2007) decreased our rats’ post-
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training feeding, resulting in a transiently stronger state of food restriction that increased 

subsequent lever press rate.   

Our data demonstrate that amphetamine does not enhance reinforcement impact 

during operant acquisition.  Although no studies have investigated amphetamine’s effect 

on reinforcement impact during operant acquisition, immediate post-session 1.0 mg/kg 

amphetamine increases subsequent drug-free sign-tracking, which was measured as non-

reinforced presses on a lever that predicts reinforcement (Oscos, Martinez, & McGaugh, 

1988).  Our data suggest this consolidation enhancement does not generalize to operant 

acquisition when the drug is given during acquisition. 

 We found that amphetamine impaired responding on the newly active lever in our 

reversal learning task, similar to previous research (Idris et al., 2005), however, our 

impairment was no stronger than the impairment on the active lever prior to switching.  

This suggests that amphetamine does not always impair reversal learning itself. 

 Low-dose amphetamine produced inconsistent effects on CPP; two doses (0.10 

and 0.20 mg/kg) that previously produced conditioned place aversion (unpublished 

observations) failed to produce CPP, yet an intermediate dose (0.15 mg/kg) produced 

significant CPP.  This was not due to problems with drug administration, as these doses 

generally increased locomotion in a dose-dependent manner.  The sample sizes were 

identical, but the size of the effect varied greatly.  These and related observations from 

our laboratory lead us to suggest that the threshold dose for amphetamine to produce a 

reliable CPP is around 1.0 mg/kg.  Doses in the 0.1 to 1.0 mg/kg range are in the dynamic 

region of the dose-response curve; they occasionally produce a CPP, sometimes an 
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aversion, often no effect.  It is also important to note that at doses higher than about 3.0 

mg/kg, amphetamine produces stereotypic responding and is less likely to produce a CPP. 

 In conclusion, amphetamine produced differential and sometimes opposing 

effects in lever press acquisition and expression microstructure.  Lever press rate in 

acquisition was unaffected at doses that impaired established lever press expression and 

were in the dose range that increased locomotion.  Amphetamine did not augment 

reinforcement impact during acquisition, nor did it impair reversal learning in a manner 

distinct from operant expression.  Low-dose amphetamine produced inconsistent effects 

on CPP, despite consistent locomotor effects. 
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Chapter 4: Antipsychotics and Dopaminergic Drugs in Decision-Making 

Introduction. 

Gambling is a form of decision-making between high-risk, high-reward 

magnitude and low-risk, low-reward magnitude options.  Selection of the low-risk, low-

reward option usually results in greater long-term payoff, but gamblers prefer the high-

risk, high-reward option, despite the long-term lesser payoff.  This suggests rational 

optimization is not the sole factor influencing choices.   

 Bechara et al. (1994) created the Iowa Gambling Task (IGT) to test human 

decision-making in the laboratory using virtual money.  The IGT provides participants 

with four options: two high-reward magnitude disadvantageous decks that reward $100 

when they win, but also provide larger penalties that together result in a long-term loss, 

and two low-reward magnitude advantageous decks that reward $50 when they win, and 

smaller penalties that together result in a long-term gain.  Over 100 trials, participants 

usually begin by choosing more from the disadvantageous decks but gradually learn to 

select the advantageous decks.  

Lesion (e.g., Bechara et al., 1994) and functional magnetic resonance imaging 

(Fukui, Murai, Fukuyama, Hayashi, & Hanakawa, 2005) studies have implicated the 

ventromedial prefrontal cortex (vmPFC) in the IGT.  However, the IGT may not be 

selective for vmPFC lesions (for a review see Buelow & Suhr, 2009).  For example, Ernst 

et al. (2002) found IGT-induced activation in the orbitofrontal cortex (OFC), dorsolateral 

PFC (dlPFC), anterior cingulate, inferior parietal cortex, thalamus, and cerebellum using 

positron emission tomography imaging.  Fellows and Farah (2005) demonstrated that the 

nature of the vmPFC lesion-induced impairment is a reversal-learning deficit whereas the 



102 

 

dlPFC lesion-induced impairment is not.  The data overall implicate the PFC in IGT 

performance.  

Schizophrenia patients treated with atypical antipsychotics, excluding risperidone, 

are impaired on the IGT relative to healthy controls or schizophrenia patients treated with 

typical antipsychotics or risperidone (Beninger, Wasserman, Zanibbi, Charbonneau, 

Mangles, & Beninger, 2003; Wasserman et al.,  2012). This may be due to the 

preferential action of atypical antipsychotics in the PFC, with the exception of 

risperidone. Risperidone binds in the PFC, but unlike other atypical antipsychotics, does 

not induce the immediate early gene FOS product Fos in the PFC (Robertson et al., 1994; 

Schotte et al., 1993; Schotte et al., 1996; For a review see Beninger et al., 2010). 

 The utility of the IGT in humans has inspired researchers to develop similar 

rodent gambling tasks (rGTs), each with their own strengths and weaknesses (see de 

Visser et al., 2011 for a review).  Zeeb et al. (2009) created one of these rGTs utilizing an 

operant chamber with 4 nosepoke holes replacing the 4 decks in the human task.  Instead 

of virtual money, rats responded for food pellets as rewards, with timeouts as 

punishments.  Timeouts served as punishment because rewards were unavailable during 

these timeouts and the task had a time limit.  Each deck had distinctive attributes of 

reward magnitude (number of pellets dispensed on a win trial), reward/punishment 

probability, punishment magnitude (timeout duration on a loss trial), and the resulting 

overall payoff (theoretical total number of pellets earned in a session if only that deck 

were to be chosen).   We improved on this task to evaluate the effects of pharmacological 

compounds.  
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Although each deck differs from every other deck in every attribute, in a general 

sense, the Zeeb et al. (2009) rGT presents a choice between two low-reward magnitude, 

high-reward-probability, low-timeout-duration, high-payoff (advantageous) options and 

two opposing high-reward magnitude, low-reward probability, high-timeout-duration, 

low-payoff (disadvantageous) options.  Shifts in preference could be due to any of the 

four attributes and preference for or against one attribute will appear like a change in 

preference for or against another attribute. For example, a shift towards high-payoff or 

high-reward probability decks looks like decreased preference for high reward-magnitude 

or high punishment magnitude decks. Sometimes preference shifts between decks within 

the advantageous or disadvantageous pairs where it is similarly not possible to identify 

the attribute that is influencing the shift.  Zeeb et al. attempted to address some of these 

issues by testing control conditions that held reward/punishment probability and timeout 

duration constant.  The problem with this approach is that the resulting payoffs change 

substantially enough that the task should be considered a new task and extra subjects are 

required for the control conditions. 

Zeeb et al. (2009) examined the effects of pharmacological agents influencing 

dopaminergic or serotonergic neurotransmission in pair-housed rats in their rGT.  They 

found D2-like receptor antagonists shifted preferences to the advantageous decks, but 

D1-like receptor antagonists, D1-like receptor agonists, or D2-like receptor agonists had 

no significant effects.  5-HT-1A receptor agonists decreased preference for the 

advantageous decks, which was blocked by 5-HT-1A receptor antagonists, but 5-HT-1A 

receptor antagonists had no effect by themselves.  Curiously, amphetamine shifted 

preferences from the most optimal deck (2-pellet option; P2) to the next optimal deck (1-
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pellet option; P1) with no systematic effect on the other decks that are consistent with a 

deck attribute-based explanation.  Zeeb et al. (2012) replicated the D2-like receptor 

antagonists and amphetamine effects in pair-housed rats, but not enriched or socially 

isolated rats.  Amphetamine had no effect on preference in socially isolated rats but 

decreased P2 choices and increased disadvantageous (P3 and P4) choices.  D1-like or D2-

like receptor antagonists did not block the amphetamine effect, suggesting the 

amphetamine effect is not dopamine-based.  Basolateral amygdala (BLA) or OFC lesions 

slowed acquisition of the rGT by increasing choice of P1 at the expense of P2, similar to 

the amphetamine effect, but only BLA lesions disrupted performance once preferences 

were established (Zeeb & Winstanley, 2011). However the limitations discussed above 

obviate identification of the specific attribute of the decks that was influencing the shift. 

Rats treated P1 as more similar to P2, suggesting the P2 to P1 shift may be a deficit of 

discrimination between similar options. 

We created a deck configuration and comparison method that allows simultaneous 

measurement of preference for all deck attributes.  Our novel deck configuration 

maintains the original conflict between payoff and large no. of pellets, but we used one 

deck each for this conflict which allows the two remaining decks to have low payoff 

while each having an attribute shared with the high payoff deck (high reinforcement 

probability or short timeouts).  This allows measurement of the relative contribution of 

reinforcement probability and timeout duration to high payoff choices.  To solve the 

problem of two-deck comparisons necessarily being possibly due to two to four 

attributes, we made use of all 4 decks to act as control comparisons within each rat to 

measure the relative contribution of attributes to preferences and shifts in preferences.  
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We gave each deck four attribute weights; one for each attribute of payoff, no. of pellets, 

reinforcement probability, and timeout duration.  We then combined these attribute 

weights with the deck preferences to produce weighted constructs indicating overall 

preference for each attribute in a session.   This allows automated measurement of 

manipulation-induced changes in preferences without the need for control conditions. 

We hypothesized that the atypical antipsychotic clozapine will impair rGT 

performance with risperidone having no impairment, similar to the effects in 

schizophrenia patients (Wasserman et al., 2012).  We hypothesized that haloperidol and 

metoclopramide will produce effects similar to each other and both will have no effect 

(Wasserman et al.) or enhance rGT performance, similar to the dopamine D2-like 

receptor antagonist eticlopride (Zeeb et al., 2009).  We hypothesized that amphetamine 

will have no overall effect on the weighted constructs, based on previous research (Zeeb 

et al., 2009; Zeeb et al., 2012).  We also tested if these drugs have differential action 

based on initial preferences.  The published literature on the rGT and IGT generally 

focuses on payoff (advantageous vs. disadvantageous decks) and does not address the 

relative contributions of reward magnitude, reward/punishment probability, or 

punishment magnitude on preferences.  We hypothesized that preferences for increased 

payoff will be necessarily associated with increased reward/punishment probability, 

reduced punishment magnitude, or both.  Both versions of the task place higher payoff in 

conflict with higher reward magnitude, so increased preference for higher payoffs will 

likely be associated with preference for smaller reward magnitude, although these are 

dissociable. 
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Method 

Subjects.  Male Wistar rats (N = 48; Charles River, St. Constant, QC) weighed 

225-250 g on arrival.  Clear plastic home cages (40 x 25 x 22 cm high) contained 2 rats, 

an approximately 10-cm long black polyvinyl chloride tube for enrichment, and the floors 

were lined with 4-cm-deep Beta Chip bedding (Northeastern Products Corp., 

Warrensberg, NY).  Home cages were kept in an environmentally controlled room on a 

reversed 12-hr light/12-hr dark cycle with lights off from 7:00 a.m. to 7:00 p.m.  Rats had 

water available ad libitum but were food restricted 23 hours a day, allowing 1-hr free 

access to lab chow (Purina Lab Diet 5001) beginning 30-60 min after their daily sessions.  

All procedures were conducted in accordance with the guidelines of the Canadian 

Council on Animal Care and the Animals for Research Act, and were approved by the 

Queen’s University Animal Care Committee. 

Apparatus.  We trained the rats in four operant chambers (each 26.5 x 22 x 20 

cm high) each controlled by a Dell Pentium 4 computer using the Iowa Gambling Task 

programmed in PEBL version 0.11 (http://pebl.sourceforge.net) by Shane Mueller and 

modified by one of us (TWB).  The back, top, and front wall (that also served as a door) 

of each chamber were clear Plexiglas with surgical paper draped over to visually enclose 

the operant chambers.  The right wall was a touchscreen that was 21.5 x 14.0 cm high 

exposed.  The Carlton Industries (Fremont, CA) flatscreen 21.1 X 15.9 cm high display 

(model no. FBT-1042O) measured touches with a touch screen overlay around the screen 

edge that was protected by painted black metal that composed the remainder of the 26.5 

X 20 cm high wall.  The exposed section of the screen was raised 2.5 cm from the floor.  

The touch screen overlay measured infrared beam breaks, so no pressure was needed and 
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any body part (nose, paw) could be used to respond.  The left wall was stainless steel 

with a feeder magazine.  The feeder dispensed 45 mg dustless food pellets (Bioserv, 

Frenchtown, NJ) into the feeder magazine located equidistant from the front and back and 

2.5 cm above the floor. Each chamber was fitted with a floor of 3-mm diameter stainless 

steel rods spaced 11 mm apart parallel to the side walls.  

Drugs.  Clozapine, haloperidol, and risperidone (Sigma, Oakville, ON) were 

dissolved in 0.3% tartaric acid and 0.9% saline solution.  Haloperidol was heated until 

dissolved.  Metoclopramide (Sigma, Oakville, ON) was dissolved in distilled water.  d-

amphetamine sulfate (Sigma, Oakville, ON) was dissolved in 0.9% saline solution.  Drug 

administration was intraperitoneal (i.p.) at an injection volume of 1 ml/kg.  Amphetamine 

(0.0-1.0 mg/kg) was injected immediately prior to sessions, clozapine (0.0-3.0 mg/kg) 

was injected 30 min prior to sessions, whereas haloperidol (0.000-0.075 mg/kg), 

metoclopramide (0-5 mg/kg), and risperidone (0.00-0.80 mg/kg) were injected 60 min 

prior to sessions.  Drug doses and injection times were based on previous behavioural 

studies (Baker & Beninger, in prep.; Banasikowski et al., 2010; Beninger et al., 1987; 

Dunn & Killcross, 2007; Goetghebeur & Dias, 2009; Varvel et al., 2002; Zeeb et al., 

2009; Zeeb et al., 2012).   

Procedure.  Our rGT protocol is based on the protocol developed by Zeeb et al. 

(2009).  We began food restriction 3-4 days prior to pretraining and continued food 

restriction for the duration of the experiment.  All daily pretraining sessions were 100 

responses unless otherwise specified.  All sessions began with a white screen with black 

text and began when the experimenter touched the screen while placing the rat in the 

chamber.  During the sessions, only the blue areas (decks) were active, white areas were 



108 

 

inactive, and 2 Hz flashing red decks signalled punishment.  Decks had a small white 

rectangle with a black number identifying the deck for the experimenter.  When a pellet 

was dispensed, the selected deck would turn green for 500 ms.  Sessions ended with a 

white screen with black text.  In contrast to Zeeb et al. (2009), our individual trials did 

not have a time limit. 

 Pretraining.  Rats received two sessions with the entire screen blue and active on 

continuous reinforcement (CRF) and an incremental random time (RT) schedule active.  

The RT schedule was 30 (+ the number of pellets received) s. These two sessions lasted 

100 pellets, approximately 90 of which the rats generally earned by touching the screen.  

In the next three sessions, the screen was split into four equal vertical panels active on 

CRF for 25 pellets each.  Each panel turned white (inactive) once it had been touched 25 

times.  The next session started with the four panels that would shrink when touched such 

that the end size was (4.0 cm X 6.6 cm high) which was maintained for the rest of the 

experiment.  The next two sessions used all 4 decks (panels) active on CRF for 25 pellets 

each.   

 The next 7-8 sessions involved the addition of the inter-trial-interval (ITI) and 

differential deck attributes.  The ITI was 5 s of black screen which if touched in the last 4 

s would give a 5-s white punishment screen followed by another ITI.  Thus, rats were 

required to wait for the decks to appear before making a choice.  We measured premature 

responses during the ITI, but did not analyze them for two reasons: 1) when the rats 

retrieved their pellets from the food magazine, their tails were able to touch the bottom of 

the screen below the deck locations and 2) a fixed time ITI such as ours can allow rats to 

predict the end of the ITI, but changes in time perception  can result in responding 
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slightly before the ITI ends as has been demonstrated with amphetamine, and 

amphetamine decreases premature responses using variable time ITI (Hayton, Maracle, & 

Olmstead, 2012). 

For half the rats, we used the same deck attributes as Zeeb et al. (see Table 5).  

We also counterbalanced deck locations such that decks appeared in 4 orders named a, b, 

c, and d:  1234, 2143, 4321, and 3412.  Deck orders a and b were used by Zeeb et al., but 

orders c and d are their respective mirrors, which allows us to counterbalance and 

measure potential side biases (All were N.S., data not shown).  In contrast to Zeeb et al., 

our rats were allowed free choice of decks, but individual decks were removed once they 

were selected 25 times.  This pretraining ensured all rats had equal experience with all 

decks and allowed measurement of early preference development. 

 Zeeb et al. Decks  Our Decks 

Attributes Deck1 Deck2 Deck3 Deck4  Deck1 Deck2 Deck3 Deck4 

Payoff (Pellets/Session) 295 99 411 135  120 40 40 48 

No. Pellets/Reward 1 4 2 3  1 3 1 1 

Reward Probability 0.9 0.4 0.8 0.5  0.66 0.33 0.33 0.66 

Timeout Duration (s) 5 40 10 30  15 60 15 60 

                  

 Weighted Constructs Deck1 Deck2 Deck3 Deck4  Deck1 Deck2 Deck3 Deck4 

Payoff (Pellets/Session) 0.341 -1.000 1.000 -0.735  1.000 -1.000 -1.000 -0.645 

No. Pellets/Reward -1.000 1.000 -0.333 0.333  -1.000 1.000 -1.000 -1.000 

Reward Probability 1.000 -1.000 0.600 -0.600  1.000 -1.000 -1.000 1.000 

Timeout Duration 1.000 -1.000 0.692 -0.538  1.000 -1.000 1.000 -1.000 

Table 5: rGT Deck Attributes and Weighted Constructs.  Lighter colours indicate 

preferable attributes (High payoff, high no. pellets, high reward probability, short timeout 

duration) and higher weighted constructs based on those preferable attributes.   

 

 Our novel decks.  In addition to using the decks created by Zeeb et al. (2009), we 

created our own decks in an attempt to better measure the underlying choices guided by 

reward/punishment probability, reward magnitude (no. pellets), punishment magnitude 

(timeout duration), and the resulting overall payoff (theoretical no. pellets obtained by 
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selecting only a specific deck in a 30-min session). Our decks address two problems: 

first, in two-choice tasks, it is impossible to change only one of these attributes in a 

decision task (e.g., increased no. pellets); by changing one attribute, it changes the 

resulting overall payoff.  If the experimenter wishes to control overall payoff, a 

compensatory change must be made in a second attribute (e.g., decreased reward 

probability).  Either of these types of changes leaves an uncertainty in the resulting 

interpretation because at least two attributes necessarily change.  The second problem is 

that the Zeeb et al. decks differ from each other deck in every attribute, effectively 

making every deck attribute a possible explanation for a change in choices.  The control 

conditions used by Zeeb et al. (2009) change the overall task parameters enough to make 

comparisons to the original task difficult and also run into the same problem of individual 

decks differing on at least two attributes.   

Our decks solve both of these problems.  First, we address the problem of 

changing at least two attributes per choice comparison by comparing all deck choices to 

each other simultaneously based on deck attributes.  Thus, although a shift in preference 

from one deck to another deck is necessarily confounded based on at least two attributes 

changing, we can measure general shifts in deck choice by comparing multiple decks 

simultaneously.  For instance, if rats are selectively changing their preference for higher 

reward probability, then we would expect a selective increase in decks that have a higher 

reward probability.  This shift may or may not involve a preference for higher overall 

payoff as rats may or may not increase choices for high reward probability at the expense 

of reduced reward magnitude or increased punishment magnitude.  If the rats are 

changing their preference also based on these other attributes, then those attributes 
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themselves will show a change (e.g., increased payoff preference), but this design allows 

them not to change, which is what allows selective measurement of each deck attribute.  

This is in contrast to the Zeeb et al. decks where the 4-choice task is roughly a choice 

between two types of decks that differ on every attribute: high payoff, high reward 

probability, low timeout, low no. pellets versus low payoff, low reward probability, high 

timeout duration, high no. pellets.  Even comparing multiple Zeeb et al. decks is 

problematic due to the two general types of decks.  However, such a comparison would 

be preferential to simply treating deck types as the same (e.g., P1 + P2 vs.P3 + P4); 

treating each deck as having its own attributes capitalizes on the smaller differences 

within deck types (e.g., P1 vs. P2), giving more precise measurement.  See table 4 for 

deck attributes and the resulting constructs that would result from selection of only those 

decks. 

Testing.  Each baseline and test session lasted 30 min and all decks were present 

on every trial.  Baseline lasted 24-27 days for 36 rats, 44-46 days for 8 rats, and 65 days 

for 4 rats.  Rats were split into groups for drug testing, with each group receiving a 

different drug order based on a pseudo-Latin-square design.  Each group of 8 or 16 rats 

had balanced deck order as well as deck type/author.  Within each drug tested, rats 

received two injection-free days between injection days. The first injection was vehicle 

and subsequent injections were all doses (including vehicle) in a pseudo-Latin-square 

design.  On each day, within each group, the same dose was given to rats from both deck 

type/author and deck mirror (e.g., order a and c, order b and d). 

Following drug testing, all rats received parametric testing to measure their 

response to extinction, unsignalled punishment, and satiety in that order.  All rats 
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received two regular sessions between parametric sessions.  The extinction session was 

identical to regular sessions but no pellets were dispensed.  The unsignalled punishment 

session was identical to regular sessions, but the selected deck did not flash during 

punishment; the screen was white.  The satiety session was a normal session, but rats 

were allowed ~23 hours free access to lab chow prior to the session.  These sessions 

allowed us to measure individual responses to extinction, unsignalled punishment, and 

satiety, which allow characterization of drug effects as extinction-like, unsignalled 

punishment-like, and satiety-like independent of group effects. 

Data analysis. 

Reward and punishment construct calculations.  We calculated four constructs 

based on the deck attributes:  payoff, no. pellets (reward magnitude), reward probability 

and timeout duration (punishment probability).  We refer to the calculated values as 

constructs and the individual deck qualities (including payoff) as attributes.  We 

designed our constructs such that selecting only the deck with the most favourable 

attribute would result in a construct value of +1 whereas selecting only the deck with the 

least favourable attribute would result in a construct value of -1.  Thus, positive values 

are awarded for choices of high payoff, high reward probability, high number of pellets, 

and shorter timeouts.  Punishment probability is directly related to reward probability, so 

that was not calculated separately.  Selecting all decks equally would result in a construct 

value of 0.  First, we calculated the unweighted constructs as a simple calculation method 

using our decks.  This method is identical to the method used in the human IGT to 

determine preference for “advantageous decks” when calculating reward probability and 

timeout duration.  It is simply:  (sum choices of high attribute decks) – (sum choices of 
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low attribute decks).  Payoff and reward magnitude are more heavily influenced by single 

decks, so choices of the remaining 3 decks are divided by 3.  If the result of (choice of 

high attribute deck) – (sum choice of low attribute decks)/3 is < 0, then the result is 

multiplied by 3.  These calculations result in the +1, -1, and 0 construct values for perfect 

preference, perfect avoidance, and no preference on any attribute, respectively.  Using 

this method, our deck 4 payoff of 48 is treated the same as deck 2 and deck 3 with their 

payoff of 40.   

We created a second calculation method that could be applied to the Zeeb et al. 

decks and also takes into account the payoff rounding in our decks (see Table 4).  Our 

second, more robust and accurate, calculation method is weighted constructs.  It is 

another method to calculate constructs, but it does not depend on all decks being treated 

as the minima and maxima like the unweighted constructs.  Instead, for each attribute, 

each deck is assigned a weight relative to the other decks.  For each attribute, the mean of 

all decks is subtracted from each deck, creating positive weights for decks above the 

mean and negative weights for decks below the mean.  The choice proportion of each 

deck is multiplied by the respective deck weights and the sum of the products is 

calculated.  If the sum is positive, it is divided by the most positive deck weight to bring 

the maximum weighted construct value to +1.  If the sum is negative, it is divided by the 

absolute value of the most negative deck weight to bring the minimum weighted 

construct value to -1.  For attributes that all of our decks are either a maximum or 

minimum (no. pellets, reward probability, timeout duration), the weighted constructs are 

identical to the unweighted constructs, validating this calculation method. For payoff, the 

weighted construct correlates with the unweighted construct at r = .99 due to selection of 
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the not-quite-minimum payoff deck 4.  Using the unweighted constructs, deck 4 is 

imprecisely treated as the same as deck 2 and deck 3, slightly exaggerating the decreased 

payoff calculated based on deck 4 selection.  Thus, our calculation of weighted constructs 

is both reliable and precise.  We applied the same calculation method for the Zeeb et al. 

decks. 

We created the weighted constructs from +1 to -1 to account for problems that 

arise when the original unit constructs are used, such as the deck type with the larger 

range (Zeeb et al. for payoff, reward probability, no. pellets; ours for timeout duration) 

will dominate the analysis and artificially reduce the statistical effects in the smaller 

range.  The statistical interaction term then detects the difference in range, not necessarily 

the difference in sensitivity within each deck type.  Analyzing each deck type separately 

removes this problem, but increases the α-to-power ratio.  Our solution to both problems 

was to equate the ranges for the deck types by using a proportion measure such as the 

weighted constructs.   

 General analyses.  We used mixed-model Analysis of Variance (ANOVA) using 

deck author as a between-subjects variable and dose as a within-subjects variable.  We 

use polynomial contrasts for analyses over days and dose.  Polynomial contrasts have the 

advantage of detecting overall patterns in the data that might not be detected by other 

analyses. In addition, polynomial contrasts allow characterization of changes over days: 

linear indicates a steady increase or decrease, quadratic indicates a “U-shaped” pattern, 

and cubic indicates an “S-shaped” pattern.  These patterns can coexist in data.  Sphericity 

of variance is not an assumption of polynomial contrasts (Glass & Hopkins, 1996).  
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Follow-up analyses were performed where appropriate by removing some doses from the 

analyses to isolate the effective range. 

 To measure the role of initial preferences on drug effects, we added the vehicle 

weighted construct as a covariate to all levels of the existing basic ANOVA.  

Convergence occurs when rats with different initial preferences shift their preferences to 

be more similar to each other when the drug is administered.  Divergence occurs when 

rats with different initial preferences shift their preferences to be even more dissimilar 

when the drug is administered.  Convergence and divergence are independent of main 

effects.  For example, there could be no main effect of amphetamine, but rats with 

different initial preferences could respond more like each other (converge) under the 

effect of amphetamine. 

We used a similar statistical method to measure the “extinction-like”, “satiation-

like”, and “unsignalled-punishment-like” effects of drugs. We calculated the change from 

baseline to the parametric tests of extinction, satiation, and unsignalled punishment then 

used that change in preference as a covariate in all levels of the existing basic ANOVA.  

This tests if individual rats responded similarly to drugs and parametric tests.  Thus, we 

can test if individual rats responded similarly to amphetamine and satiation, or if 

individual rats responded similarly to haloperidol and extinction.  This analysis uses 

between-subject variance in responses to drugs and parametric tests, not overall main 

effects of the drugs and parametric tests themselves.  Thus, significant main effects of the 

parametric variables or drugs are not necessary for individual rats to respond similarly to 

both. 
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Results 

 
Figure 23: Dose-response of all drugs on rGT performance.  Weighted constructs 

(Payoff, no. of pellets, reward probability, and timeout duration) for rats tested on 

amphetamine, clozapine, risperidone, haloperidol, and metoclopramide.  Moderate doses 

of clozapine impaired performance whereas risperidone and haloperidol improved 

performance.  Neither amphetamine nor metoclopramide produced a significant effect.  

Higher construct values indicate preference for higher payoff, greater number of pellets, 

higher probability of reward and shorter timeout durations. # indicates a significant main 

effect of dose.  † indicates a significant dose X deck type interaction. * Indicates a 

significant effect of dose for one deck type. Gray symbols indicate marginally-significant 

(.05 < p < .10) effects. 

 

-0.1 

0 

0.1 

0.2 

0.3 

P
a
y
o
ff

 

-0.1 

0 

0.1 

0.2 

0.3 

* † 

-0.1 

0 

0.1 

0.2 

0.3 
# 

-0.1 

0 

0.1 

0.2 

0.3 
# 

-0.1 

0 

0.1 

0.2 

0.3 
Ours 

Zeeb et al. 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

0.1 

#
 P

el
le

ts
 

† 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

0.1 

* 

† 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

0.1 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

0.1 

# 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0 

0.1 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 

R
ew

a
rd

 P
ro

b
. 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 

* † 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 
# 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 

-0.1 

0 

0.1 

0.2 

0.3 

0
.0

 
0

.1
 

0
.5

 

1
.0

 

T
im

eo
u

t 
D

u
ra

ti
o

n
 

mg/kg Amph 

† 
* 

-0.1 

0 

0.1 

0.2 

0.3 

0
.0

 
0

.5
 

2
.0

 

3
.0

 

mg/kg Cloz 

* † 

-0.1 

0 

0.1 

0.2 

0.3 

0
.0

 

0
.2

 

0
.4

 

0
.8

 

mg/kg Risp 

-0.1 

0 

0.1 

0.2 

0.3 

0
.0

0
0

 

0
.0

2
5

 

0
.0

5
0

 

0
.0

7
5

 

mg/kg Hal 

# 

-0.1 

0 

0.1 

0.2 

0.3 

0
.0

 
1

.0
 

2
.5

 

5
.0

 

mg/kg Meto 



117 

 

 Amphetamine.  Amphetamine did not significantly affect preference for payoff, 

no. pellets, reward probability and timeout duration for the Zeeb et al. decks, but there is 

a trend for increased preferences for a greater no. pellets and decreased preference for 

shorter timeouts in our decks (see Fig. 23).  Three rats were removed from the analysis 

for inconsistent responding during the injection-free days.  Amphetamine had no 

significant main effect on any construct (all F’s < 2.1, all p’s > .165); there were cubic 

interactions of dose x deck author for payoff (F(1, 19) = 4.53, p = .047), no. pellets (F(1, 

19) = 5.20, p = .034), and timeout duration (F(1, 19) = 4.81, p = .041), but reward 

probability did not reach significance (F(1, 19) = 3.01, p = .099).  

These interactions appeared to be due to a statistically leveraged effect resulting 

from deviations from 0.0 mg/kg to 0.1 mg/kg as follow-up analyses omitting 0.1 mg/kg 

resulted in non-significant interactions for payoff (F’s < 1.8, p’s > .200), reward 

probability (F’s < 1.5, p’s > .235) but no. pellets (linear: F(1, 19) = 4.25, p = .053) and 

timeout duration (linear: F(1, 19) = 3.42, p = .080) approached significance.  

Amphetamine had no significant effect in follow-up analyses of each construct in each 

set of decks (all F’s < 3.4, all p’s > .100) with the exception of a near-significant decrease 

in shorter timeout duration preference in our decks (F(1, 9) = 4.25, p = .069).  Follow-up 

analysis of only 0.0 and 0.1 mg/kg amphetamine produced no significant effects (all F’s 

< 2.8, all p’s > .110), with a suggestive deck type x timeout duration interaction (F(1, 19) 

= 3.07, p = .096), which did not approach significance in either deck alone (F’s < 2.4, p’s 

>.160). 

 Amphetamine interactions with initial preference.  Amphetamine impaired high-

performing rats and enhanced low-performing rats.  When initial preference was added to 
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the analysis, amphetamine differentially affected rats depending on their initial 

preference by making rats’ preferences begin to converge as amphetamine dose increased 

(payoff preference X linear dose: F(1, 17) = 12.77, p = .002; no. pellets preference X 

linear dose: F(1, 17) = 15.88, p = .001; reward probability preference X linear dose: F(1, 

17) = 8.69, p = .009; timeout duration preference X linear dose: F(1, 17) = 21.49, p < 

.001).  Initial preference did not significantly interact with other factors (All F’s < 2.92, 

all p’s > .105).  

 Clozapine.  Middle doses of clozapine tended to decrease choice for the high 

payoff, high reward probability, and short timeout durations and to increase choice for 

the high no. pellets in our decks but not in those of Zeeb et al. (see Fig. 23).  This resulted 

in significant clozapine x deck-author interactions for most of the dependent variables.  

One rat was removed from the analysis for inconsistent responding during the injection-

free days.  Clozapine had no significant main effect on choice for payoff (All F’s < 1.0, 

all p’s > .35) but there was a significant interaction with deck type (quadratic: F(1, 22) = 

6.06, p = .022).  Follow-up analyses demonstrated that middle doses of clozapine 

significantly decreased preference for payoff in our decks (quadratic: F(1, 11) = 6.05, p = 

.032), but had no significant effect in the Zeeb et al. decks (quadratic: F(1, 11) = 1.14, p 

= .308).  Middle doses of clozapine significantly increased choice for a larger no. pellets 

(quadratic: F(1,22) = 7.43, p = .012) and there was a near-significant effect that middle 

doses of clozapine also decreased choice for reward probability (quadratic: F(1, 22) = 

3.92, p = .060) and decreased choice for shorter timeout duration (quadratic: F(1, 22) = 

3.32, p = .082), but these did not reach significance.  The interactions with deck type 

approached statistical significance (no. pellets: quadratic: F(1, 22) = 4.00, p = .058; 
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reward probability: quadratic: F(1, 22) = 3.80, p = .064; timeout duration: quadratic: F(1, 

22) = 3.08, p = .093) and it appeared that these main effects were being driven by our 

decks (All p =< .05, all Zeeb et al. p >.45)  Middle doses of clozapine appeared to 

decrease overall payoff by shifting preferences to decks with higher no. pellets, less 

reward probability, and longer timeout durations.  These effects are only found in our 

decks. 

 Clozapine interactions with initial preferences.  The aforementioned quadratic 

clozapine dose effect appears to be the product of differential effects of clozapine in rats 

that differ in initial preference.  Rats that initially performed better were impaired at all 

doses whereas rats that originally performed poorer only performed better at the highest 

dose.  This pattern is detectable in cubic (“S”-shaped) interactions because high 

performers induce a low-dose flexion drop opposite to the high-dose flexion increase in 

low performers. We saw these preference X cubic dose interactions for payoff (F(1, 20) = 

3.90, p = .015), reward probability (F(1, 20) = 13.81, p = .001), and timeout duration 

(F(1, 20) = 13.30, p = .002), but the no. pellets interaction was only suggestive (F(1, 20) 

= 3.28, p = .085).  We also saw a trend towards a similar reward probability X cubic dose 

X deck author interaction (F(1, 20) = 3.97, p = .060), but it did not reach significance.  

Initial preference did not significantly interact with other factors (All F’s < 2.40, all p’s > 

.140). 

 Risperidone.  Risperidone increased preference for higher payoff decks 

(quadratic: F(1, 34) = 6.84, p = .013) but this was not attributable to any specific change 

in preference for no. pellets, reward probability, or timeout duration (all F’s < 2.5, all p’s 

> .140; see Fig. 23).  Risperidone dose did not interact with deck author on any construct 
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(all F’s < 1.2, all p’s > .290).  Risperidone was effective at lower doses as analysis 

excluding the highest dose (0.8 mg/kg) produced a similar linear dose interpretation. 

 Risperidone interactions with initial preferences.  When initial preference was 

taken into consideration, we saw that risperidone dose interacted with preference, 

producing convergence for payoff (linear: F(1, 32) = 15.36, p < .001; quadratic: F(1, 32) 

= 4.31, p = .046), no. pellets (linear: F(1, 32) = 13.11, p = .001; quadratic: F(1, 32) = 

4.39, p = .044), reward probability (linear: F(1, 32) = 18.36, p < .001; quadratic: F(1, 32) 

= 4.71, p = .037), and timeout duration (linear: F(1, 32) =9.83, p = .004; cubic: F(1, 32) = 

3.73, p = .063).  This indicates that risperidone had the most positive effect on poor 

performing rats.  Risperidone dose did not significantly interact with initial preference on 

any other comparison (all F’s < 2.50, all p’s > .120).  Risperidone was effective at lower 

doses as analysis excluding the highest dose (0.8 mg/kg) produced a similar 

interpretation. 

 Haloperidol.  Haloperidol increased preference for higher payoff decks (linear: 

F(1, 26) = 5.47, p = .027), decreased preference for higher no. pellets (linear: F(1, 26) = 

4.21, p = .050), increased preference for higher reward probability (Linear: F(1, 26) = 

5.91, p = .022), and produced a suggestive, but non-significant, increase in preference for 

shorter timeout duration (Linear: F(1, 26) = 3.43, p = .075; see Fig. 23).  Haloperidol did 

not interact significantly with deck author (All F’s <2.60, All p’s > .110). 

 Haloperidol interactions with initial preferences.  When initial preference is 

taken into consideration, we saw that haloperidol appeared to produce convergence on 

no. pellets, but the analysis only approached significance (linear: F(1, 32) = 3.94, p = 

.059).  This indicates haloperidol enhanced choices of rats equally, with suggestive extra 
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effect on rats that initially preferred a greater no. pellets.  Haloperidol did not 

significantly interact with initial preference on any other comparison (All F’s < 3.00, all 

p’s > .100).  

 Metoclopramide.  Metoclopramide did not significantly affect any choice and 

did not interact with deck author (All F’s < 3.10, all p’s > .090).  The apparent 

interactions visible in Fig. 23 were due to a strong reaction in two rats (one in each deck 

type) to metoclopramide.  Excluding these rats did not change the statistical 

interpretation. 

 Metoclopramide interactions with initial preferences.  When initial preference 

was taken into consideration, we saw that metoclopramide produced convergence of 

preference for payoff (linear: F(1, 16) = 16.76, p < .001) and timeout duration (linear: 

F(1, 16) = 9.12, p = .008), but reward probability only approached significance (linear: 

F(1, 16) = 4.03, p = .062).  There was no significant interaction with no. pellets (linear: 

F(1, 16) = 2.03, p = .174).  These results indicate that despite no main effect, 

metoclopramide impaired high-performers while enhancing low-performers.  

Metoclopramide did not significantly interact with initial preference on any other 

comparison (All F’s < 1.15, all p’s > .300). 

Extinction.  Extinction had no significant main effect or deck author interaction 

on any measure (all F’s < 2.90, all p’s > .095; see Fig. 24).  In contrast, individual 

responses to extinction were similar to responses to some drugs. 

These analyses capitalize on individual rats’ reactions to the parametric tests of 

extinction, satiety, and unsignalled punishment in comparison to the drug effects.  These 

analyses compare rats relative to each other independent of the drug effects already 



122 

 

reported.  Thus, significant drug effects are not necessary to explain the individual 

differences in reaction to the drug.  There may be no significant drug or parametric effect 

because individual rats are responding differently to the drug or parametric, blocking the 

overall effect.  These analyses are to test if individual rats respond similarly to the 

parametric tests as to the drugs, creating “extinction-like”, “satiation-like”, and 

“unsignalled punishment-like” effects in addition to the already reported effects of the 

group.  Reverse effects indicate that rats responded in an opposite manner to the drug and 

parametric test. 
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Figure 24: rGT tests of extinction, unsignalled punishment, and satiation.  Tests of 

extinction, unsignalled punishment, and prefeeding to induce satiation produced no 

significant main effects. Higher construct values indicate preference for higher payoff, 

greater number of pellets, higher probability of reward and shorter timeout durations. 
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 Amphetamine.  Amphetamine produced an extinction-like effect for timeout 

duration (linear; F(1, 17) = 7.08, p = .016) and a suggestive extinction-like effect for no. 

pellets (linear: F(1, 17) = 3.86, p = .066), but no significant effect on reward probability 

(F’s < 1.8, p’s > .190).  There was a significant cubic effect on payoff (F(1, 17) = 4.48, p 

= .049), which appears to be due to an extinction-like effect at 0.1 mg/kg and 1.0 mg/kg.  

Follow-up analysis of only 0.0 and 0.1 mg/kg showed a near-significant extinction-like 

effect (F(1, 17) = 4.37, p = .052) whereas removal of 0.1 mg/kg resulted in no significant 

effects (F’s < 2.6, p’s > .120).   

 Clozapine.  Clozapine induced a low-dose extinction-like effect  for payoff 

(cubic: F(1, 20) = 5.124, p = .035), reward probability (cubic: F(1, 20) = 4.79, p = .041), 

but was only suggestive for timeout duration (F(1, 20) = 4.17, p = .085), and no. pellets 

(cubic F(1, 20) = 3.16, p = .091).  Follow-up analysis of only 0.0 and 0.5 mg/kg 

clozapine demonstrated a similar pattern with a near-significant extinction-like effect for 

payoff (F(1, 20) =4.31, p = .051), but was only a trend for reward probability (cubic: F(1, 

20) = 2.52, p = .128),  timeout duration (F(1, 20) = 3.09, p = .094), and no. pellets (cubic 

F(1, 20) = 2.77, p = .112).  In contrast, removing 0.5 mg/kg from the analyses resulted in 

no significant extinction-like effects (all F’s <1.9, all p’s > .180).   

 Risperidone.  Risperidone produced a significant extinction-like effect for reward 

probability (cubic: F(1, 32) = 6.16, p = .019) and a trend for no. pellets (cubic: F(1, 32) = 

3.36, p = .076; 0.8 mg/kg removed quadratic: F(1, 32) = 2.94, p = .096) but not payoff or 

timeout duration (all F’s < 1.1, all p’s > .300).  Follow-up analyses demonstrated similar 

effects were found when the 0.8 mg/kg dose was removed from the analyses: reward 
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probability quadratic (F(1, 32) = 6.01, p = .020), no. pellets quadratic (F(1, 32) = 2.94, p 

= .096). 

 Haloperidol.  Haloperidol produced extinction-like effects at low-doses, but had 

only beneficial effects regardless of reaction to extinction at higher doses.  Haloperidol 

produced a cubic dose interaction with response to extinction for payoff (F(1, 24) = 

13.69, p = .001), reward probability (F(1, 24) = 7.70, p = .011), and timeout duration 

(F(1, 24) = 7.31, p = .012), but not no. pellets (F’s < 1.0, p’s > .500).  We followed up 

these cubic interactions by analyzing the low dose effects separately.  Analyzing the 

0.000 and 0025 mg/kg doses, we found a low dose extinction-like effect that was 

significant for payoff (F(1, 24) = 7.23, p = .013), but not for no. pellets, reward 

probability, or timeout duration (F’s < 2.5, p’s > .130).  Haloperidol had no significant 

extinction-like effects when 0.025 mg/kg was the only dose omitted from the analyses 

(F’s < 1.0, p’s > .500).  This means that all rats received beneficial effects of higher 

haloperidol doses, regardless of how they responded to extinction. 

 Metoclopramide.  Metoclopramide produced extinction-like effects for payoff 

(linear: F(1, 16) = 14.86, p = .001), reward probability (linear: F(1, 16) = 13.35, p = .002; 

quadratic: F(1, 16) = 5.26, p = .036), and timeout duration (linear: F(1, 16) = 16.42, p = 

.001), but was only a trend for no. pellets (linear: F(1, 16) = 3.70, p = .073) 

Unsignalled Punishment.  Unsignalled punishment had no significant main 

effect or deck author interaction on any measure (all F’s < 2.10, all p’s > .160; see Fig 

24), but had a marginally significant interaction with deck author which appeared to 

increase choices for shorter timeout duration in the Zeeb et al. decks, but decrease them 
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in our decks (F(1, 46) = 3.19, p = .081).  In contrast, individual responses to unsignalled 

punishment were related to responses to some drugs. 

The general pattern is the Zeeb et al deck type with shorter timeout duration 

showed more drug-related effects to unsignalled punishment, but these effects seemed to 

reverse in our decks.  One would expect the deck type with the longer timeouts to be 

more sensitive to unsignalled punishment during those timeouts, but a complete reversal 

is unexpected. 

 Amphetamine.  Amphetamine produced a suggestive unsignalled-punishment-

like effect on timeout duration (linear: F(1, 17) = 3.86, p = .066), but no other measure 

(all F’s < 1.6, all p’s > .220).  Amphetamine did not interact significantly with response 

to unsignalled punishment and deck author for no. pellets or timeout duration (F’s < 2.6, 

p’s > .130), but did interact for reward probability (linear: F(1, 17) = 8.94, p = .008) and 

there was a trend for payoff (linear: F(1, 17) = 3.28, p = .088).  This was due to an 

unsignalled punishment-like effect of amphetamine in the Zeeb et al. decks for reward 

probability (linear: F(1, 9) = 7.19, p = .025) and payoff (linear: F(1, 9) = 6.99, p = .027) 

and a suggestive reverse effect in our decks for reward probability (linear: F(1, 8) = 3.85, 

p = .085), but no significant effect for payoff (F’s, < 1.3, p’s > 2.9).  

 Clozapine.  Clozapine produced an effect reverse to unsignalled punishment for 

timeout duration at middle doses (quadratic: F(1, 20) = 5.14, p = .035), suggesting the 

impairment induced by clozapine is particularly strong for rats that reacted to unsignalled 

punishment by selecting shorter timeouts.  There were no other unsignalled punishment-

like effect on any measure (all F’s < 2.8, all p’s > .110), but there were interactions with 

deck type. 
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There was an interaction between reaction to unsignalled punishment, deck type, 

and dose for no. pellets (linear: F(1, 20) = 5.62, p = .028), timeout duration (linear: F(1, 

20) = 5.14, p = .035), but the interaction only approached significance for reward 

probability (linear: F(1, 20) = 3.86, p = .063) and payoff (linear: F(1, 20) = 3.25, p = 

.086).   These interactions are due to an unsignalled-punishment-like effect in the Zeeb et 

al all decks that was significant for no. pellets (linear: F(1, 10) = 14.95, p = .003), reward 

probability (linear: F(1, 10) = 10.61, p = .009), and timeout duration (linear: F(1, 10) = 

10.71, p = .008).  Our decks demonstrated a reverse unsignalled punishment-like effect at 

middle doses (quadratic: F(1, 10) = 11.44, p = .007) or no effect (all F’s < 1.0, all p’s 

>.500), except in the case of payoff.  In the case of payoff, there were no significant 

effects in either deck type (all F’s < 3.0, all p’s > .110), but the trends were similar to 

timeout duration. 

 Risperidone.  Risperidone produced no unsignalled punishment-like effect on any 

measure (all F’s < 2.4, all p’s > .130). 

 Haloperidol.  Haloperidol produced an unsignalled punishment-like effect on 

payoff (linear: F(1, 24) = 5.10, p = .033), and a near-significant effect on no. pellets 

(cubic: F(1, 24) = 3.90, p = .060) demonstrating enhanced potency at 0.025 mg/kg.  

There was no significant unsignalled punishment-like effect for reward probability of 

timeout duration (F’s < 2.0, p’s > .180). 

Haloperidol’s unsignalled punishment-like effects interacted with deck type for 

payoff (linear: F(1, 24) = 5.70, p = .025) and timeout duration (linear: F(1, 24) = 4.73, p 

= .040), with a near-significant effect on reward probability (linear: F(1, 24) = 3.44, p = 

.076), but no significant effect on no. pellets (F’s < 2.5, p’s > .120).  These interactions 
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are due to unsignalled punishment-like effects in the Zeeb et al decks for payoff (linear: 

F(1, 12) = 7.53, p = .018), and near-significant effects for reward probability (linear: F(1, 

12) = 4.53, p = .055) and timeout duration (linear: F(1, 12) = 3.93, p = .071), whereas 

there were no significant effects in our decks (all F’s < 1.1, all p’s > .450) with the 

exception of a reverse unsignalled punishment-like effect on payoff, particularly at 0.025 

and 0.075 mg/kg (cubic: F(1, 12) = 5.05, p = .044). 

 Metoclopramide.  Metoclopramide produced unsignalled punishment-like effects 

for payoff (cubic: F(1, 16) = 7.76, p = .013), no. pellets (quadratic: F(1, 16) = 8.52, p = 

.010, cubic: F(1, 16) = 3.52, p = .079), reward probability (cubic: F(1, 16) = 5.94, p = 

.027), and timeout duration (quadratic: F(1, 16) = 5.21, p = .036, cubic: F(1, 16) = 4.22, p 

= .057).  These results show a particularly potent effect at 5.0 mg/kg driving the quadratic 

and cubic interactions, with the cubic interactions showing some potency at 1 mg/kg 

relative to 2.5 mg/kg. 

There were significant interactions with deck type for payoff (quadratic: F(1, 16) 

= 4.29, p = .055, cubic: F(1, 16) = 8.37, p = .011), reward probability (linear: F(1, 16) = 

3.47, p = .081, quadratic: F(1, 16) = 4.83, p = .043, cubic: F(1, 16) = 6.26, p = .024), and 

timeout duration (cubic: F(1, 16) = 5.09, p = .038), but not no. pellets (F’s < 2.6, p’s > 

.130).  Metoclopramide produced unsignalled punishment-like effects on payoff 

preference at middle doses in our decks (quadratic: F(1, 8) = 5.84, p = .042), but low and 

high doses in the Zeeb et al. decks (cubic: F(1, 8) = 13.00, p = .007).  Similar to payoff, 

low and high doses produced unsignalled punishment-like effects for reward probability, 

but there was also a reverse unsignalled punishment-like effect in middle doses for 

reward probability (linear:  F(1, 8) = 3.77, p = .088, quadratic: F(1, 8) = 4.97, p = .056, 
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cubic: F(1, 8) = 7.73, p = .024)  and timeout duration (linear:  F(1, 8) = 2.93, p = .126, 

quadratic: F(1, 8) = 4.55, p = .066, cubic: F(1, 8) = 6.22, p = .037), but there we no 

significant effect in our decks on either measure (F’s < 1.1, p’s > .330). 

Satiety 

 Satiety had no significant main effect or deck author interaction on any measure 

(All F’s < 2.00, all p’s > .160; see Fig 24).  In contrast, individual responses to satiation 

were related to responses to some drugs. 

 Amphetamine.  Amphetamine produced non-significant trends in the opposite 

direction of satiety for payoff (linear: F(1, 17) = 3.38, p = .083), reward probability 

(linear: F(1, 17) = 2.80, p = .112), and middle doses for  timeout duration (quadratic: F(1, 

17) = 3.87, p = .066), but not no. pellets (all F’s < 1.6, all p’s > .220). 

 Clozapine.  Clozapine produced no satiation-like effect on any measure (all F’s < 

2.0, all p’s > .170). 

 Risperidone.  Risperidone produced no satiation-like effect on any measure (all 

F’s < 2.4, all p’s > .130). 

Haloperidol.  Haloperidol produced a satiation-like effect at middle doses for 

payoff (quadratic: F(1, 24) = 4.46, p = .045, but had no effect on no. pellets, reward 

probability, or timeout duration (F’s < 1.7, p’s > .210). 

Metoclopramide.  Metoclopramide produced no satiation-like effect on any 

measure (all F’s < 2.1, all p’s > .170). 

Discussion 

 As hypothesized, moderate doses of clozapine impaired rGT performance 

whereas haloperidol enhanced rGT performance.  Unexpectedly, risperidone enhanced 
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rGT performance and metoclopramide had no significant effect.  Clozapine’s impairment 

was attributable to all deck attributes, haloperidol’s enhancement was particularly due to 

reward probability, and risperidone’s enhancement was not due to any specific attribute, 

suggesting risperidone enhanced the ability to combine attribute information into long-

term payoff.  As expected, amphetamine had no significant effect that can be explained 

by a shift in preference for deck attributes, although amphetamine produced a near-

significant decrease in preference for shorter timeouts in our decks.  Extinction, 

unsignalled punishment, and satiety did not significantly affect performance, although 

there was a marginally-significant trend for extinction to enhance performance.   

Despite a lack of group effects to extinction, unsignalled punishment, and satiety, 

individual rats responded similarly to these manipulations as they did to some drugs.  All 

drugs had some extinction-like effects on some measures, with metoclopramide having 

the most extinction-like effects.  Amphetamine produced trends opposite to that of 

satiation, and haloperidol had satiation-like effects at middle doses, but no other drugs 

having satiation-like effects.  Unsignalled punishment-like drug effects were found in all 

drugs except risperidone.  The unsignalled punishment-like effects were more likely to be 

found in the Zeeb et al., decks, but the effects were less consistent and sometimes 

reversed in our decks.  This suggests that these drugs sometimes amplified the effect of 

signaled punishment in our decks, but decreased the signaled punishment effect in the 

Zeeb et al. decks.  This is curious since our decks had longer timeouts than the Zeeb et al. 

decks, so one would expect any effect of signaled punishment to be larger in our decks, 

but not reversed between decks. 
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Individual preferences were reduced by amphetamine, risperidone, and 

metoclopramide.  Haloperidol produced a near-significant reduction of preferences for 

number of pellets only.  The moderate-doses-only impairment by clozapine was due to 

impairment in high-performing rats at all doses, but enhancement in low-performing rats 

at the highest dose.  This is an example of the benefit of including low-performing 

animals in this task as natural variations in choices react differently to experimental 

manipulations, which results in a clearer picture of the underlying mechanisms.  When 

low-performing rats were removed (e.g., Zeeb et al., 2012), this information was no 

longer available. 

 Weighted constructs allow measurement of the underlying basis of the changes in 

payoff preference as well as changes in preference that do not necessarily affect payoff.  

The clozapine-induced deficit was based on a preference for a greater no. pellets, lower 

reward probability and longer timeouts, which appeared to be driven by our deck 

configuration.  These effects were due to impairment of high-payoff-preferring rats at all 

doses and enhancement of low-payoff-preferring rats at the highest dose (3.0 mg/kg).  

The haloperidol-induced enhancement was due to a preference for high-probability, 

fewer no. pellets, with a trend for shorter timeouts.  Rats that initially had preferences for 

a higher no. pellets trended to be most sensitive to the haloperidol-induced preference for 

smaller no. pellets, but all rats were equally affected by the haloperidol-induced shift to 

higher reward probability decks.  Risperidone increased preferences for higher payoff 

options, but this change was not attributable to any specific deck attribute, suggesting the 

risperidone-induced enhancement was based in the effective comparison of deck 

attributes, not the deck attributes themselves.  Risperidone induced convergence in rats, 
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meaning the beneficial effects of risperidone on payoff were most pronounced for 

initially poorer performing rats and made rats’ selections more similar to each other on 

the other deck attributes, despite no significant overall effect.  Metoclopramide and 

amphetamine had no significant effect on any weighted construct, but both drugs induced 

preference convergence, essentially dampening initial preferences. 

Our rGT impairment by clozapine, but enhancement by risperidone and 

haloperidol is similar to the impairment in clozapine-treated schizophrenia patients and 

lesser impairment in risperidone- or haloperidol-treated patients, compared to healthy 

controls (Wasserman et al., 2012).  Our data are consistent with the idea that the lesser 

impairment in the risperidone- and haloperidol-treated schizophrenia patients may have 

been due to a performance-enhancing effect of the drugs themselves, but we cannot 

definitively rule out a deficit-relieving effect. These results may be due to the preferential 

action of clozapine in the PFC compared to haloperidol and risperidone.  Clozapine and 

risperidone bind to 5-HT-2A receptors in the PFC, but only clozapine induces the 

immediate early gene FOS product Fos in the PFC (Robertson et al., 1994; Schotte et al., 

1993; Schotte et al., 1996; For a review see Beninger et al., 2010).  There is other 

evidence that 5-HT-2A receptors are involved in vmPFC-dependent reversal learning 

(another form of behavioural flexibility), but it may not be 5-HT-2A receptors in the 

vmPFC that are responsible.  Systemic administration (Boulougouris et al., 2008), but not 

local OFC, mPFC, or NAc administration (Boulougouris & Robbins, 2010) of the 5-HT-

2A antagonist M100907 impaired vmPFC-dependent reversal learning. 

Fellows and Farah (2005) demonstrated that vmPFC, but not dlPFC, lesion-

associated IGT impairments were actually reversal-learning deficits that were due to the 
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front-loading of the decks thereby making the “disadvantageous decks” actually 

advantageous at first.  Wasserman et al. (2012) used the original deck order that is 

susceptible to reversal learning deficits, but our deck order was random and our rats had 

plenty of prior experience with the rGT.  Our results suggest the clozapine impairment as 

well as the risperidone and haloperidol enhancement (or alleviation of deficit) reported by 

Wasserman et al. were unlikely to be due only to reversal learning, suggesting that the 

action of clozapine in these tasks may not have been specifically vmPFC-based. 

Consistent with this idea is the finding that lesions of the OFC (part of the vmPFC) 

impaired acquisition, but not performance, of the rGT (Zeeb & Winstanley, 2011). Our 

results also extend our knowledge to include acute drug effects on rodents that have 

previous experience in the gambling task, in contrast to naïve, chronically-medicated, 

humans with schizophrenia acquiring the task and that were compared to drug-free 

healthy controls.  

Different brain regions responsible for different processes sometimes compete 

with each other for behavioural control and impairing one brain region allows the other 

region to control behaviour.  This has been demonstrated between the DLS and anterior 

DMS (Yin & Knowlton, 2004), and the DLS and dorsal hippocampus (Packard & 

McGaugh, 1996). If this principle generalized to the relationship between the dorsal 

striatum and the PFC, it would predict that treatments like injections of risperidone or 

haloperidol that relatively selectively reduce the function of the dorsal striatum might 

augment performance on a task like the rGT that is thought to be mediated by the PFC. 

 Further studies will be needed to examine the reliability of this observation. 
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Our risperidone- and haloperidol-induced enhancement in pair-housed rats is 

similar to the DA D2-like receptor antagonist eticlopride-induced enhancement (P3 and 

P4 shift to the optimal P2) in pair-housed rats reported by Zeeb et al. (2009).  Zeeb et al. 

(2012) demonstrated a similar eticlopride-induced P2 increase in pair-housed rats, but no 

similar pattern in isolated or enriched rats.  The reliance of the DA D2-like enhancement 

on housing condition and our lack of significant effect by metoclopramide suggests the 

haloperidol- and eticlopride-induced enhancement may rely on more than just D2-like 

receptor antagonism.  Whereas eticlopride is not currently used as a clinical 

antipsychotic, metoclopramide has shown some antipsychotic efficacy, but is not 

generally used as an antipsychotic due to its negative motoric side-effects at clinical 

antipsychotic doses.  These side-effects may be partially counteracted by 5-HT-2 

antagonism (Kapur et al. 1995).  Clozapine and risperidone both block 5-HT-2A 

receptors, but clozapine impairs rGT and IGT performance and induces PFC Fos whereas 

risperidone enhances rGT and may enhance IGT performance whereas it does not induce 

PFC Fos (Robertson et al., 1994; Schotte et al., 1993; Schotte et al., 1996; Wasserman et 

al., 2012; For a review see Beninger et al., 2010). The D1-type antagonist SCH 23390 

had no significant effect (Zeeb et al., 2009).  These results put into question the basis of 

the D2-like enhancement observed with haloperidol and eticlopride in pair-housed  rats as 

this effect does not generalize to all D2-like receptor antagonists (metoclopramide), and 

critically relies on pair housing.  Perhaps the EPS liability of metoclopramide is related to 

these effects, as risperidone also has moderate D2-like antagonism, but a low incidence 

of EPS that may rely on 5-HT-2A antagonism.  Similarly, metoclopramide’s EPS liability 

is decreased by 5-HT-2 receptor antagonism.  A similar effect by clozapine may be 
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occluded by the different processes that induce PFC Fos or perhaps clozapine lacks the 

D2-like antagonism putatively necessary for the enhancement. 

The general finding is that although some agonists and antagonists can often 

block the effects of the other, they do not always have mirror-like effects when 

administered separately.  Despite the D2-like antagonism effect by haloperidol, the D2-

like agonists quinpirol or bromocriptine had no significant effect in the rGT.  The 

DA/NE/5-HT indirect agonist amphetamine also had no significant effect in our 

experiments.  The 5-HT1A agonist 8-OHDPAT decreased optimal choices (P2) by 

increasing P1 and P3, while P4 remained at 25% choice.  This could be interpreted as a 

simple decrease in existing preferences because all choices approached 25%, similar to 

the convergence we found with amphetamine.  The effects of the 5-HT-1A agonist 8-

OHDPAT were counteracted by the 5-HT-1A receptor antagonist WAY100635, which 

had no significant effect by itself (Zeeb et al., 2009).  These results demonstrate that 

some drug effects in the rGT are unidirectional, meaning receptor blockade/stimulation 

effects may be blocked by opposing receptor stimulation/blockade, but the opposing 

stimulation/blockade does not necessarily have a mirror-like effect by itself.  Drugs that 

have opposing pharmacological profiles should not be assumed to demonstrate mirror-

like behavioural effects, even though co-administration may block behavioural effects of 

one of the drugs. 

We found amphetamine induced a P2 to P1 shift (data not shown) similar to Zeeb 

et al. (2009; Zeeb et al. pair-housed 2012), despite no significant effect of DA D1-like or 

D2-like receptor agonists (Zeeb et al., 2009).  There are problems attributing the 

amphetamine-induced P2 to P1 shift to any one deck attribute because a shift due to deck 
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attributes would involve the other decks, but there was no change in the other decks at 1.0 

mg/kg in our experiments or those of Zeeb et al. (2009; Zeeb et al., 2012).  At 1.5 mg/kg 

Zeeb et al. (2009; Zeeb et al pair-housed 2012) showed an increase in P4, which was the 

opposite direction that would be expected for any attribute-based explanation of the P2 to 

P1 shift.  Our analyses focusing on the preference for deck attributes themselves showed 

no shift in preference, suggesting the P2 to P1 shift was not explained by only deck 

attributes.  There was a trend for an amphetamine-induced decreased preference for 

shorter timeouts in our decks, but there was no evidence in the Zeeb et al. decks, in 

contrast to the suggestion of Zeeb et al. (2009) that amphetamine induced punishment 

avoidance.  Zeeb et al. (2009) also suggested that amphetamine may be increasing the 

aversiveness of the punishment signal, but our data generally show the opposite pattern; 

amphetamine tends to elicit an unsignalled punishment-like effect in the rats, not an 

enhanced signaled punishment effect.   

The amphetamine-induced P2 to P1 shift in our decks and those of Zeeb et al. 

(2009) can be attributed to either a reduction of preference (as all attributes approach 

25%) or a decrease in deck discrimination resolution (as similar decks are treated more 

like each other).  However, the pair-housed Zeeb et al. (2012) amphetamine-induced P2 

to P1 shift drove P1 choice above 25% similar to other work (Eckrich, Saland, & 

Rodefer, 2011), suggesting it is a deficit in the ability to discriminate between similar 

decks.  In all of the available data, rats begin to respond to P1 and P2 as if they were 

more alike.  Amphetamine increases synaptic DA, 5-HT, and NE (Kuczenski et al., 1995; 

for reviews see Fleckenstein et al., 2007; Sulzer et al., 2005).  As stated earlier, D1-like 

or D2-like receptor agonists did not change rGT preferences, but a 5-HT-1A receptor 
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agonist decreased choice selectivity (Zeeb et al., 2009), suggesting that part of the 

amphetamine effect may be due to increased 5-HT release subsequently binding to 5-HT-

1A receptors.  This does not preclude the possibility of action at other 5-HT or NE 

receptors or synergistic action at multiple receptors. 

 Our novel deck configuration and weighted construct analysis enhances our 

certainty when interpreting rGT results.  Our novel decks provide more intuitive 

interpretation of preferences, enhanced sensitivity to drug effects, and now allows 

dissociation between payoff, reward/punishment probability, and punishment magnitude 

that were partially confounded and not dissociable from each other in the original decks.  

Our weighted construct analysis provides a measurement of payoff preference that is 

more precise than previous methods that pool P1 and P2 choices against P3 and P4 

choices (e.g., Zeeb & Winstanley, 2011; Zeeb et al., 2012) as our weighted constructs 

capitalize on the exact payoff of every deck. 

In conclusion, haloperidol and risperidone are able to enhance performance of the 

rGT, but only haloperidol’s enhancement could be attributable to preferences for low-

reward magnitude, possibly short timeout options, but specifically high-reward 

probability.  Our results suggest that risperidone enhanced the ability to combine deck 

information to select the optimal choice without specific preference for particular deck 

attributes.  Clozapine preferentially impaired high-performing rats even at low doses, but 

enhanced low-performing rats at the highest dose.  Risperidone, amphetamine, and 

metoclopramide induced convergence of deck preferences.  Amphetamine appears to 

decrease discrimination between similar decks, but does not appear to systematically 

change preferences.  In contrast to haloperidol, metoclopramide had no overall effect, 
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suggesting that DA D2-like receptor antagonism itself is insufficient for augmenting rGT 

performance.  We speculate the rGT enhancement may be linked to antipsychotic 

efficacy, whereas the clozapine-induced deficit may be due to preferential disruption in 

the PFC.  We provide a novel deck configuration and analysis method that allows 

increased sensitivity to drug effects, enhanced dissociation of deck attribute preferences, 

and more intuitive interpretation of results. 
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Chapter 5: General Discussion 

Approach 

 In this thesis, I utilized the contrasting pharmacology and locations of action of 

antipsychotic and other clinically relevant dopaminergic drugs to investigate the possible 

neural basis of reward-related behaviour in several tasks known or suspected to differ in 

their neural basis.  For the sake of clinical relevance, I selected clinically used drugs over 

possibly more selective investigational drugs that are not yet used clinically.   Detailed 

behavioural analyses allowed me to determine important learning and performance 

effects of these drugs, giving a more rich and comprehensive understanding of 

behaviours that are naturally complex. 

Pharmacology and Location of Action 

 Metoclopramide is widely used to treat gastrointestinal dysfunctions and other 

disorders (for a review see Rao & Camilleri, 2010).  It was utilized here for its D2-like 

receptor antagonism that induces Fos in the NAc (likely core), DMS, DLS, but not the 

PFC or NAc shell (Deutch et al., 1992).  The ability to induce Fos in the NAc shell may 

be related to antipsychotic efficacy and metoclopramide does not demonstrate either well 

(Deutch et al.; Stanley, Lautin, Rotrosen, Gershon, & Kleinberg, 1980).   

Haloperidol was a widely used first generation antipsychotic medication that is 

still in use for treating psychoses and other disorders including, for example, Tourette’s 

and delirium (for reviews see Beninger et al., 2010; Weisman, Qureshi, Leckman, 

Scahill, & Bloch, in press; Campbell et al., 2009).  It has a similar binding and Fos profile 

to metoclopramide, but induces Fos in the NAc shell (Deutch et al., 1992).  Haloperidol 
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binds to D2-like receptors and does not reach any other receptor fifty percent effective 

dose (ED50) in the dose range tested (Schotte et al., 1996).   

Clozapine is used as an antipsychotic medication (Leucht et al., 1999; Leucht et 

al., 2003; Leucht et al., 2009).  It demonstrates low D2-like receptor affinity (ED50 

above the dose range tested), very high histamine H1 receptor affinity, high serotonin (5-

HT)-2A receptor affinity, and induces Fos in the PFC and NAc, weak or no effect in the 

DMS, and no effect in the DLS.  Clozapine’s ability to induce PFC (specifically the more 

ventral prelimbic and infralimbic areas, but not the more dorsal medial precentral areas) 

Fos is not dependent on D1, D2, 5-HT-2A, 5-HT-2C, D2-5-HT-2 interactions, α-1 

adrenergic, or muscarinic cholinergic receptors (Deutch & Duman, 1996).   

Risperidone is classified as an atypical antipsychotic with high 5-HT-2A receptor 

affinity and less extrapyramidal side-effect (EPS) likelihood and D2-like receptor affinity 

than typical antipsychotics, but relatively more EPS (Leucht et al., 2009) and D2-like 

receptor affinity (Schotte et al., 1996; others) than other atypical antipsychotics, e.g., 

clozapine.  Despite being classified as an atypical antipsychotic, risperidone induces Fos 

in brain areas similar to those affected by typical antipsychotics: NAc, DMS, and DLS, 

but not the PFC (Robertson et al., 1994).   

Amphetamine is an indirect DA, 5-HT, and NE agonist that augments the 

neurotransmitter signals at low doses, but occludes the signals by increasing synaptic 

concentrations of the neurotransmitters at higher doses (Kuczenski et al., 1995; for 

reviews see Fleckenstein et al., 2007; Sulzer et al., 2005).  It has been used clinically as a 

decongestant and to increase wakefulness and attention.  The discovery that chronic use 

can lead to psychoses has led to a reduction in its clinical use (Sulzer et al.).   
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Comparing Drug Effects to Infer Neural Basis 

 Comparing these drug effects allowed us to better infer the basis of changes in 

behaviour.  Metoclopramide and haloperidol effects alone suggest D2-like receptor and 

possibly DLS effects, but not PFC or 5-HT-2A receptor effects.  Haloperidol but not 

metoclopramide effects alone suggest a NAc shell or other antipsychotic action not 

attributable to D2-like receptors or DLS activation.  Metoclopramide, haloperidol, and 

risperidone effects suggest a DLS effect and possibly a D2-like receptor-sensitive effect, 

particularly if the risperidone effect is weaker.  Risperidone and clozapine effects suggest 

5-HT-2A receptor involvement.  Clozapine effects without risperidone suggest a PFC-

dependent effect that possibly is free from 5-HT-2A or D2-like receptors or the DLS.  

Amphetamine was used as a general augmentation of these signals at low doses, but a 

general indirect agonist at higher doses. 

Known or Suspected Neural Basis of these Tasks 

 These contrasting drug actions fit well with the chosen behavioural tasks.  

Operant acquisition appears to be dependent on the PFC, VS, and DMS, but operant 

expression seems to be dependent on the DLS (Beninger et al., 1993; Beninger & 

Ranaldi, 1993; McKee et al., 2010; Lingawi & Balleine, 2012; Shiflett et al., 2010; Yin et 

al., 2004, 2005; for reviews see Belin et al., 2009; Balleine & O’Doherty, 2010).  Rat 

gambling task (rGT) performance is impaired by amygdala, but not orbitofrontal cortex 

(OFC) lesions (Zeeb et al., 2012), suggesting the ventromedial (vm) PFC (including the 

OFC) may be more important for the reversal-learning aspects of gambling task 

acquisition (Fellows & Farah, 2005), with more distributed PFC areas underlying the 



142 

 

decision-making aspect.  I have already discussed each paradigm separately.  Here I will 

compare and contrast the drug effects across paradigms. 

Comparing Across Tasks 

Strengths of each task.  We utilized tasks that measure quite different behaviours 

so that redundancy is minimized and breadth is maximized.  Lever pressing focuses on 

the rate of acquisition and expression of responses between an active and inactive lever 

whereas the rGT emphasizes complex discrimination among a number of similar options 

(differing in degree of payoff, no. pellets, reinforcement probability, and timeout 

duration) independent of response rate.  The microstructure of operant acquisition allows 

us to measure the ability of rats to select the active lever, respond selectively to 

reinforcement presentation, and decrease non-productive behaviours such as inactive 

lever presses or repeated nose pokes into the food magazine.  Lever press rates developed 

quite similarly among individual rats, allowing between-subjects analyses to be utilized.  

In contrast, rGT preferences developed quite differently among individual rats, but 

preferences were stable over days, making within-subjects analyses preferential.  We 

capitalized on the wide range of rGT baseline preferences to find baseline-dependent 

differential reactions to drugs which may be relevant to considering human clinical 

pharmacological interventions.  

The term “extinction-like” means slightly different things between tasks.  Lever 

pressing “extinction-like” declines indicate rats in a particular group decreasing response 

rate over repeated sessions without comparison to their own responses in extinction (non-

reinforcement), which we did not test.  In contrast, rGT “extinction-like” indicates that 

individual rats responded to a drug in a single session similar to extinction, relative to 



143 

 

how other rats reacted.  This is without reference to how the group reacted to the drug or 

extinction; it capitalizes on individual differences in reaction, not group-level reactions to 

drugs, extinction, satiation, or unsignalled punishment.  Analyzing nose pokes in the 

lever press task yields useful information regarding sensitivity to pellet reinforcement, 

but this was not feasible in the rGT due to technical limitations; the controlling program 

(written in PEBL) could give commands to the secondary program that dispensed pellets 

and recorded nose pokes, but the secondary program could not send information to the 

controlling program. 

Interpreting drug effects across paradigms.  D2-like receptor antagonism by 

haloperidol or metoclopramide blunted reinforcement impact in lever press acquisition.  

This may have been due to their D2-like receptor antagonism in the NAc.  It was unlikely 

to have been due to action in the DLS as lesions of the DLS did not disrupt operant 

acquisition (Yin et al., 2004).  D2-like receptor antagonism alone cannot explain the 

haloperidol-induced enhancement in the rGT because metoclopramide did not enhance 

rGT performance or shift preferences to higher reward probability.  This suggests that 

haloperidol’s enhancement may have been due to NAc shell activity or some other action 

that underlies haloperidol’s greater antipsychotic efficacy compared to metoclopramide.  

D2-like receptor antagonism produced an extinction-like decline with haloperidol over 

days and metoclopramide within-session over the first 2 days (data not shown), but all 

drugs except risperidone produced some extinction-like effects in the rGT.  These 

differential findings may be due to the aforementioned differences in what constitutes 

“extinction-like” between paradigms or a true difference in neural basis of the types of 

behaviours measured. 
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The atypical antipsychotics clozapine and risperidone increased inactive lever 

presses during operant acquisition, did not affect reinforcement impact, produced 

tolerance in operant expression, but had quite different effects in the rGT.  Overall 

clozapine had a performance-impairing effect at middle doses in the rGT.  However, 

when the performance of individual rats was considered, clozapine impaired performance 

in high-performing rats at all doses, but there was some enhanced performance in poor-

performing rats at the highest dose.  Averaging the scores of the animals together for each 

dose produced the profile of impairment with middle doses of clozapine.  Schizophrenia 

patients treated with clozapine failed to acquire the IGT (Wasserman et al., 2012) 

suggesting that clozapine’s performance impairment of the rGT and IGT may share the 

same mechanism.  In contrast, risperidone exclusively enhanced performance of the rGT 

at all doses.  Schizophrenia patients treated with risperidone, unlike those treated with 

clozapine, acquired the IGT (Wasserman et al.) suggesting that risperidone’s effects on 

performance of the rGT and IGT also share the same mechanism.  It is important to note 

that we cannot unequivocally dissociate the effects of clozapine and risperidone from 

possible schizophrenia-induced deficits in the IGT (Wasserman et al.).  Although both 

clozapine and risperidone increased inactive lever presses in operant acquisition, this did 

not appear to be due to a general decision-making deficit produced by atypical 

antipsychotic drugs as risperidone enhanced decision-making in the rGT.    

Both clozapine and risperidone bind to PFC 5-HT-2A receptors but only 

clozapine induces PFC Fos; this effect is not dependent on 5-HT-2A, 5-HT-2C, D2-5-

HT-2 interactions, D1, D2, α-1 adrenergic, or muscarinic cholinergic receptors (Deutch & 

Duman, 1996).  H1 receptors are unlikely to underlie this difference, as both clozapine 
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and risperidone have strong H1 receptor affinity.  This suggests that the clozapine-

associated disruption of IGT acquisition in schizophrenia patients and clozapine 

disruption of rGT performance may be related to its actions in the PFC but exactly how 

clozapine might produce a disruption of gambling task performance is unclear.  The 

impairment by clozapine demonstrates that antipsychotic efficacy is not sufficient for 

enhancement of gambling task performance.  None of these pharmacological effects 

appear to underlie clozapine’s extinction-like effect in both deck sets, unsignalled 

punishment-like effect in the Zeeb et al. decks, and reversed unsignalled-punishment-like 

effects in our decks as similar effects were found with haloperidol.  The pharmacological 

and neuroanatomical bases of clozapine’s actions remain incompletely understood.   

The current results demonstrated that the D2-like DA receptor antagonists 

haloperidol and metoclopramide have similar effects to each other but are distinct from 

the atypical antipsychotics clozapine and risperidone, which are similar to each other, in 

operant acquisition and expression.  There is a very different pattern in the rGT.  There 

may be an antipsychotic drug-induced enhancement of preferences that cannot be 

attributed to D2-like receptor antagonism, but can be overridden by PFC disruption.  

Further studies are needed to evaluate this hypothesis. 

Amphetamine allowed rats to acquire lever pressing for rewards they did not 

always eat, suggesting anorectic effects (Kornblith & Hoebel, 1976; White et al., 2007).  

In contrast to amphetamine, all the other drugs suppressed lever press acquisition while 

rats consumed all the pellets earned.  This is a double-dissociation such that amphetamine 

allows rats to learn to lever press for pellets they do not always consume, but other drugs 

will impair lever press acquisition for pellets the rats readily consume.  The most striking 
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examples are haloperidol and metoclopramide where rats consumed their pellets, but the 

reinforcing impact of these pellets was blunted.  Haloperidol or clozapine decreased lever 

pressing for palatable food reward, but clozapine did not change consumption of 

concurrently available chow whereas haloperidol actually increased consumption 

(Salamone et al., 1996).  Amphetamine resulted in rats not consuming all of their pellets 

in our lever press study, but responding on the rGT trended to be the opposite of 

satiation-like effects.  This was unexpected, but suggests amphetamine’s anorectic effects 

are either different from satiation or simply overpowered by amphetamine’s other effects 

on individual decision-making. 

Amphetamine increased inactive lever press expression while decreasing active 

lever presses, and decreased individual preferences in rGT.  It could be that amphetamine 

shifts rats towards non-specific responding, possibly by reducing discrimination among 

options.  This may explain why the active and inactive levers were treated slightly more 

alike during lever press expression, but they were still easily distinguished.  In contrast, 

the options on the rGT are less easily distinguished from one another (especially P1 and 

P2), and these options are treated more alike.  If rats were impaired on their ability to 

distinguish between options, we would expect more subtle distinctions (e.g., rGT, 

especially P1 and P2) to be more disrupted than more pronounced distinctions (e.g., 

active and inactive levers during expression).  Amphetamine decreased newly active 

lever pressing during reversal learning, but not newly inactive lever pressing, but the 

decrease in newly active lever presses was similar to the decrease in regular active lever 

presses, suggesting a deficit in response rate, not reversal learning.  These effects are not 

likely due to locomotor suppression as the dose range tested is in the range that increases 
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locomotion, as demonstrated in the conditioned place preference conditioning data.  

Further studies are needed to evaluate the effects of amphetamine on discriminations that 

differ in difficulty. 

 Our results suggest that D2-like DA receptor antagonism blunts reinforcement 

impact, can induce extinction-like declines, but is not sufficient to enhance rGT 

performance.  rGT performance enhancement may be due to some other action of these 

drugs that enhances their antipsychotic efficacy, possibly with a further distinction 

between typical and atypical types.  Typical antipsychotics (i.e., haloperidol) shift 

preferences to high reinforcement probability that in turn increases payoff, whereas 

atypical antipsychotics (i.e., risperidone) may increase the ability to compare options to 

increase payoff.  This enhancement may be overpowered by PFC disruption in high-

performing individuals, but a separate mechanism may increase performance in poor-

performing individuals at higher doses of clozapine.  In contrast, both risperidone and 

clozapine impaired lever discrimination during acquisition.  These drugs induced 

tolerance over days in expression, in contrast to the extinction-like decline produced by 

the D2-like receptor antagonists haloperidol and metoclopramide.  This extinction-like 

pattern was different in the rGT with all drugs demonstrating extinction-like effects to 

some degree. These results suggest distinct neural bases of operant behaviour and 

decision-making: reinforcement in operant behaviour may depend in part on D2-like 

receptors independent of the PFC whereas operant discrimination may depend on PFC 5-

HT-2A receptors; decision-making may depend in part on the PFC. 

Amphetamine’s anorectic-like effects did not seem to affect lever press 

acquisition rate, but had a trend to have effects opposite to satiation on the rGT. This 
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suggests that amphetamine’s effects are unlikely to be attributable to anorectic effects and 

may even oppose anorectic-like effects. 

Unsignalled punishment in the rGT seems to have had mixed effects that 

depended somewhat on the decks used.  The differences between decks may depend on 

the different timeout durations used; performance on our decks with the longer timeouts 

tended to be more affected by drugs and to be affected in a direction opposite to the 

unsignalled punishment, whereas our use of the Zeeb et al. decks tend to produce more 

unsignalled-punishment like effects using the same drugs (amphetamine, clozapine, 

haloperidol, with mixed effects in metoclopramide).  The role of signaled punishment in 

the rGT requires future research.   

We found very different pharmacological effects in the paradigms used, reflecting 

the different cognitive domains.  Operant acquisition and expression demonstrated 

sensitivity to D2-like receptor antagonism contrasted against atypical antipsychotic 

(possibly 5-HT-2A) receptor antagonism sensitivity with a generally opposite effect by 

indirect agonism of DA/5-HT/NE systems.  In the rGT, we found atypical and typical 

antipsychotics can augment performance in different ways, but this augmentation can be 

overpowered by PFC disruption and is not due to D2-like receptor antagonism.  Indirect 

agonism of DA/5-HT/NE systems decreased discrimination between similar options and 

decreased initial preferences, but did not have an overall deficit or augmentation effect.  

These different pharmacological sensitivity profiles reflect the differences between tasks 

and highlight the decision-making nature of the rGT that is quite distinct from what 

would be expected of a more complex operant task. 
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Future Research 

 Our research has determined the effects of metoclopramide, haloperidol, 

risperidone, clozapine and amphetamine in operant acquisition, operant expression, the 

Zeeb et al. rGT, and our modified rGT.  Our research has raised a few questions for 

future research. Although inter-individual rGT baseline preferences were highly variable, 

Zeeb & Winstanley (2011) successfully manipulated rGT acquisition through basolateral 

amygdala (BLA) and OFC lesions.  It may be possible in future research to 

pharmacologically manipulate rGT acquisition using our drugs, similar to our operant 

acquisition experiments.   

Post-weaning social isolation impaired rGT acquisition and baseline (Zeeb et al., 

2012).  Social isolation resulted in a P2 to P1 shift and prevented a further P2 to P1 shift 

by amphetamine (Zeeb et al.), which did not appear to be due to a lack of range 

attributable to a different baseline (i.e., a floor or ceiling effect) as the amphetamine 

resulted in higher P1 and lower P2 choices in pair-housed rats compared to isolated rats.  

Social isolation or environment enrichment disrupted the normal D2-like receptor 

antagonism-induced rGT performance enhancement by eticlopride (Zeeb et al.). Our 

laboratory (Simpson, Hickey, Baker, Reynolds, & Beninger, 2012) and others (Jones, 

Brown, Auer, & Fone, 2011; Koda et al., 2011; Schrijver, Pallier, Brown, & Wurbel, 

2004) have used post-weaning social isolation as an animal model of schizophrenia-like 

symptoms (for a review see Powell & Miyakawa, 2006).  A number of deficits have been 

reported in these animals, including impairments of pre-pulse inhibition (Koda et al.), 

increased locomotor response to novelty (Jones et al.; Simpson et al.), impaired reversal 

learning (Schrijver et al.) and impaired working memory in the novelty object recognition 
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task (Jones et al.).   Our laboratory has utilized a “double-hit” model of schizophrenia-

like symptoms involving subchronic treatment with the noncompetitive NMDA receptor 

antagonist MK-801 plus post-weaning social isolation (Simpson et al.).  It would be 

worthwhile in future research to test if these models demonstrate a deficit in rGT or 

operant acquisition and subsequently test if the double-hit model alters the effects of the 

antipsychotic drugs tested in the current thesis.  

Post-weaning social isolation increases locomotion in a novel environment, 

somewhat similar to the increase found with amphetamine, but social isolation did not 

affect amphetamine-induced locomotion (Simpson et al.).  In contrast, rats previously 

treated with sub-chronic MK-801 demonstrated sensitivity to amphetamine (Simpson et 

al.).  If the subchronic NMDA receptor antagonism model of schizophrenia is generally 

sensitive to amphetamine, we would expect an enhanced amphetamine effect in MK-801-

treated rats on the rGT and lever press task.  Clozapine can block acute NMDA receptor 

antagonism-induced deficits in reversal-learning (Idris et al., 2005), but clozapine is 

associated with impaired IGT acquisition in schizophrenia patients (Wasserman et al., 

2012).  There is a need to test the NMDA receptor antagonism model of schizophrenia 

symptoms in the rGT and lever press task as well as interactions with antipsychotics. 

Clozapine, but not haloperidol, can alleviate acute NMDA receptor antagonist-

induced reversal learning deficits (Idris et al., 2005), suggesting that these antipsychotic 

drugs may have differential effects on the subchronic NMDA receptor-blockade model of 

schizophrenia-like symptoms.  D2-like receptor antagonists can prevent amphetamine-

induced decreases in operant rate (Morley et al., 1987) and impaired reversal-learning 

(Idris et al.,), but not amphetamine effects on rGT performance (Zeeb et al., 2012). 
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Reversal-learning is a vmPFC-dependent task and IGT acquisition relies on 

vmPFC-based reversal-learning (Fellows & Farah, 2005).  OFC lesions within the 

vmPFC slow rGT acquisition, but did not significantly affect established rGT 

performance (Zeeb & Winstanley, 2011).  These findings suggest that the D2-like 

receptor antagonist-induced blockade of amphetamine effects may rely on the vmPFC.  

This explanation accounts for the effects in vmPFC-dependent reversal learning while 

leaving rGT performance unchanged.  It is noteworthy that OFC lesions have a similar 

effect on rGT acquisition (P2 to P1 shift) as amphetamine has on rGT performance (Zeeb 

et al., 2009; Zeeb & Winstanley, 2011; Zeeb et al., 2012).  These results highlight the 

difference between established lever pressing, vmPFC-dependent reversal-learning, and 

established rGT performance and the need for further rGT investigation. 

 Adenosine receptor antagonists have been shown to have effects somewhat 

similar to amphetamine on operant expression (Randall et al., 2011) and counteract DA 

receptor antagonist effects on operant expression (Salamone et al., 2009), so it would be 

interesting to determine if adenosine receptor antagonists have similar counteracting 

effects during operant acquisition or the rGT. Amphetamine’s operant expression rate-

suppression effect can be attenuated by the D2-like receptor antagonist pimozide (Morley 

et al., 1987), but amphetamine’s rGT effects are not affected by the D2-like receptor 

antagonist eticlopride (Zeeb et al., 2012).  Testing adenosine receptor antagonists and 

concurrent D2-like receptor antagonists on operant acquisition and rGT performance 

would test if adenosine receptor antagonists’ amphetamine-like effects generalize to or 

are distinct in operant acquisition and rGT performance. 
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Segovia, Correa, Lennington, Conover, and Salamone (2012) have measured the 

Fos response to changing from a continuous reinforcement to a fixed ratio 5 schedule of 

reinforcement, which may share some of the same characteristics of operant acquisition 

itself.  It would be useful in future studies to measure the Fos response to operant 

acquisition, our rGT acquisition, and our rGT performance. It is currently unclear which 

brain areas are involved in acquisition or performance of our version of the rGT; there are 

currently unpublished results that have been alluded to in another version of rGT 

acquisition (de Visser et al., 2011).  A clear limitation of such studies would be the 

requirement for using post mortem tissue and therefore getting only a single time point 

for each animal.  Our pretraining lends itself well to measuring acquisition of the rGT as 

it measures preferences during these sessions before it ensures equal selection of all 

options.  This would allow comparison between Fos and rGT preferences while 

controlling total selection history. 

 We analyzed whole-session decision-making in the rGT, but we did not analyze 

trial outcomes (wins or losses) that resulted in changes in choices.  Such analyses would 

be investigating the percent of win trials where rats repeated their choice (win-stay) and 

the percent of loss trials where rats changed their choice (lose-shift).  These analyses 

could also take into account the magnitude of the win or loss to determine if larger wins 

or losses have a particularly potent or blunted effect.  These analyses would determine if 

rats are changing their preferences in response to trial-specific outcomes or if rats are 

changing their preferences in another manner, such as relying on prior knowledge of 

choices. 
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 It has previously been demonstrated that amphetamine increases premature 

responses when the withhold duration is constant by increasing responses just prior to the 

completion of the withhold duration, but amphetamine decreases premature responses 

when the withhold duration is variable and unpredictable (Hayton et al., 2012).  This 

suggests that premature responses may reflect changes in time perception and are 

otherwise leaving response inhibition itself unaffected or even reversed.  Future use of 

the rGT could utilize variable inter-trial interval durations to measure response inhibition 

free from time perception effects.  Variable inter-trial intervals would remove the 

alternative explanation that premature responses are due to a timing deficit rather than a 

response inhibition deficit. 

Conclusion 

The chosen tasks differed on their cognitive and neural bases, leading to quite 

distinct drug sensitivity patterns.  D2-like receptor antagonism blunted reinforcement 

impact, delaying acquisition (likely acting in the NAc and DMS) and induced an 

extinction-like decline in operant expression (likely acting in the DLS).  The atypical 

antipsychotics with stronger PFC 5-HT-2A receptor antagonism delayed the normal 

decrease in inactive lever presses during acquisition, but produced tolerance in operant 

expression.  A very different profile was found in the rGT. Drugs with antipsychotic 

efficacy, possibly related to NAc shell activity, enhanced performance. This enhancement 

was reversed by clozapine in a currently unknown mechanism that may be associated 

with the induction of PFC Fos in a 5-HT-2A-independent manner.  D2-like receptor 

antagonism was insufficient to enhance rGT performance.   Indirect DA/5-HT/NE 

agonism enhanced reinforcement sensitivity and impaired lever discrimination in operant 
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expression, but had the opposite effect during acquisition.  Like operant expression, 

indirect DA/5-HT/NE agonism decreased discrimination resolution in the rGT and, 

overall, reduced initial preferences.  

 These results provide information regarding the likely effects of clinical drugs.  

D2-like antagonists may interfere with the acquisition of simple skills whereas 

antipsychotics may enhance complex decision-making abilities, unless the antipsychotics 

are known to act in the PFC.  Amphetamine may be effective at enhancing complex 

decision-making in individuals that are poor at complex decision-making, but at some 

cost to discriminating between similar options. 
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