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Abstract 

  The behavioral effects of drugs that act on the brain’s dopamine (DA) system change 

with repeated exposure to the drug. Antipsychotic drugs, that block DA receptors, produce 

progressively greater effects on behavior with repeated testing. For example, rats repeatedly 

treated with a low dose of the D2 receptor-preferring antagonist haloperidol do not initially 

exhibit catalepsy, a response quantified by time spent on a horizontal bar without active 

movement. However, with repeated drug-environment pairings animals show a reduction in 

exploration and increases in catalepsy. The current thesis examined the drug-environment 

relationship in catalepsy sensitization, and how different DA receptor subtypes control this 

phenomenon. 

  Treatment with a D2, but not D3 or D1-like receptor-preferring antagonist produced 

catalepsy sensitization. Catalepsy sensitization developed in one test environment did not 

transfer to another environment. Similarly, rats with a history of haloperidol treatments outside 

of the test environment (unpaired group) did not exhibit significant catalepsy when given 

haloperidol for the first time prior to catalepsy testing. Previous exposure to the catalepsy test 

environment led to a more rapid development of catalepsy sensitization. Thus, drug-environment 

interaction is critical for the development and expression of catalepsy sensitization. 

  Rats previously given haloperidol and tested with saline in the drug paired environment 

exhibited conditioned catalepsy. The acquisition of conditioned catalepsy is dependent on D1-

like receptors, while its expression is dependent on D3 receptors. Conditioned catalepsy showed 

gradual day-to-day extinction with repeated saline treatment in the previously haloperidol-paired 

environment. Following extinction, the response to haloperidol in previously sensitized rats 

shifted from environment-specific to environment-independent suggesting that a putative 
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haloperidol drug cue alone can elicit conditioned catalepsy. 

  In summary, treatment with a D2, but not D1-like or D3 receptor-preferring antagonist in 

a particular test environment produces catalepsy sensitization, while acquisition of conditioned 

catalepsy is dependent on D1-like receptors, and its expression is dependent on D3 receptors. 

Importantly, the acquisition and expression of sensitization to haloperidol is conditional on the 

presence of drug-associated environmental stimuli. Our findings provide further insight into the 

current understanding of learning processes involved in the action of antipsychotic drugs and the 

dissociable effects of D1-like, D2 and D3 receptors controlling this phenomenon. 
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Know rather that we must turn to nature itself, to the observation of the body in health and 

disease, to learn the truth. 

 

                                                                                                                       Hippocrates 
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 Pathological disturbances of the brain dopamine (DA) system have been 

implicated in a number of neurological and neuropsychiatric disorders, including 

Parkinson’s disease (PD), schizophrenia, depression and drug addiction (Schmidt and 

Beninger, 2006). The behavioral effects of drugs that act on the brain’s DA system 

change with repeated exposure to the drug. This may be particularly important in 

understanding the response to treatment of psychosis in schizophrenia or motor 

symptoms in PD. Despite efforts invested in understanding the role of DA in normal and 

abnormal behaviors, its involvement in motor, motivation and learning processes remains 

elusive and continues to be a focus of debate. 

1.1 Dopamine Neuron Anatomy 

  Catecholamine histochemical techniques revealed that major groups of DA 

neurons in the midbrain provide dense ascending axonal projections via the medial 

forebrain bundle (MFB) to sub-cortical and cortical brain regions (Bjorklund and 

Dunnett, 2007; Wise, 2009). For the most part, there are no clear boundaries between 

these groups as they form a single continuous system sending axons along the long-

distance trajectories to influence neuronal function widely throughout the brain, 

particularly the ventral/dorsal striatum and prefrontal cortex (PFC). Two of these groups 

(A8 and A10) originate in the retrorubral area and ventral tegmental area (VTA) and the 

third group (A9) in the substantia nigra pars compacta (SNpc). The A8 and A10 axons 

make contact with the limbic regions, the ventral striatum and PFC and are collectively 

referred to as the mesocorticolimbic DA system. The A9 axons project vastly to the 
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caudate-putamen (dorsal striatum) and this pathway is referred to as nigrostriatal DA 

system. Parts of the SNpc also project to some limbic areas as well as the PFC (Wise, 

2009).    

  Projections along the mesocorticolimbic pathway have been the major focus of 

studies on motivation, cognition and reward-related processes. On the other hand, studies 

of the significantly larger projections along the nigrostriatal pathway have focused on 

execution of motor habits because of its association with neurodegeneration of SNpc and 

PD. Nevertheless, there is considerable intermixing of the three cell groups and their 

target projections to the striatum, the main input of basal ganglia (Tepper and Bolam, 

2004; Wise, 2009) and thus the two DA systems are often collectively referred to as the 

mesotelencephalic dopamine system (Banasikowski and Beninger, 2010). 

  At the level of the striatum, the principal role of the dense DA innervations is to 

modulate the flow of cortical and thalamic information throughout the basal ganglia. 

Most of the DA inputs terminate on spines of GABA releasing medium spiny neurons 

(MSN), which comprise 95% of neurons in the ventral and dorsal striatum. The striatal 

neurons, in turn, project back onto DA cells, facilitating a bidirectional communication 

pathway. The MSNs are among the most densely spined neurons in the brain, making 

these cells well designed to integrate information from different sources (Tepper and 

Bolam, 2004). As well as dopaminergic afferents, the dorsal striatum receives glutamate 

(Glu) inputs from virtually all sensory and motor regions of the cortex and also from 

specific regions of the thalamus (Fuxe et al., 1977; McGeer et al., 1977). The ventral 
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striatum, on the other hand, receives Glu inputs largely from the limbic regions such as 

the amygdala, PFC, hippocampus (HPC) and anterior cingulate cortex. Studies using 

various lesions, inactivation or neuropharmacological manipulations show that the 

striatum can be segregated into heterogeneous functional behavioral domains which act 

in parallel and collectively contribute to optimal performance (Belin and Everitt, 2008; 

Belin et al., 2009). Close anatomical relationships between the cortex and the striatal 

regions exist in the form of cortico-striato-thalamo-cortical loops that allow for parallel 

processes to converge and integrate emotional, motivational, and cognitive inputs with 

sensorimotor processes (Alexander et al., 1986; Haber et al., 2000; Sesack and Grace, 

2010). DA signals play an important role linking these processes. 

1.2 Dopamine Neuron Physiology 

  DA neurons are characterized by their large cell bodies and long and complicated 

axonal arbors that include terminals specialized to release its transmitter (DA) into the 

extracellular space. This allows DA to achieve a broad distribution of its signal with a 

minimal number of axons. For example, it is estimated that an individual DA neuron 

gives rise to approximately 400,000 synapses in the striatum (Arbuthnott et al., 1998; 

Tepper and Bolam, 2004; Wickens et al., 2007). Furthermore, DA neurons generate 

atypically long-duration action potentials, as long as 2-3 ms, which limits the maximal 

firing rates that these neurons can produce. Thus, it is clear that DA neurons are designed 

to distribute the same ‘promiscuous’ signal to a large number of targets in the striatum, 

thalamus and the cortex (Arbuthnott et al., 1998; Glimcher, 2011; Sesack and Grace, 
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2010). 

  DA neurons exhibit two distinct activity states (Grace and Bunney, 1984). Firstly, 

DA neurons exhibit spontaneous baseline activity (3-5 Hz) driven primarily via a 

pacemaker-like mechanism that controls their resting membrane potential. This activity 

state has been termed the tonic firing rate. Secondly, when a spontaneously firing DA 

neuron is activated via glutamatergic inputs, it will exhibit burst firing (20-30 Hz). Burst 

firing is associated with a rapid change of state that signifies a behaviorally relevant event 

(Glimcher, 2011). Burst and population firing activity leads to phasic and tonic DA 

release, respectively (Grace et al., 2007). Burst firing produces fast and large phasic DA 

release that activates both intra-synaptic and extra-synaptic D1-like and D2-like 

receptors. On the other hand, population-firing produces a slower tonic DA release that 

mainly activates the higher affinity extra-synaptic D2-like receptors (Floresco et al., 

2003; Hong and Hikosaka, 2011; Richfield et al., 1989a; Richfield et al., 1989b). 

1.3 Dopamine Receptor Subtypes 

  Although DA receptors are similar in structure, receptor subtypes differ by their 

affinity for DA and coupling to downstream effectors, including guanine nucleotide-

binding proteins (G proteins). To date, five subtypes of dopamine receptors have been 

cloned and differentiated into two families based on their pharmacological profile and 

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

D2-like receptor family, which includes the D2, D3, and D4 receptors. The D1 receptor 

binds DA with lower affinity than the D5 receptor, or any of the D2-like receptor family 
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subtypes (Richfield et al., 1989a). Among the D2-like receptors, the D2 receptor binds to 

DA with lower affinity than D3 or D4 receptors (Levant et al., 1995; Roth et al., 1995; 

Van Tol et al., 1991). D1-like receptors are post-synaptic receptors and are coupled to 

stimulatory G proteins that activate adenylate cyclase, and consequently, cyclic adenosine 

monophosphate (cyclic AMP) (Stoof and Kebabian, 1981). Conversely, dopamine D2, 

D3, and D4 receptors are coupled to inhibitory G proteins, which inhibit adenylate 

cyclase and in turn the production of intracellular cyclic AMP. Unlike D1-like receptors 

that act post-synaptically, D2 and D3 (but not D4) receptors are thought to function both 

pre- and post-synaptically. Thus, D2 and D3 receptors may serve as autoreceptors that 

regulate the release and synthesis of DA and the activity of DA neurons (Jaber et al., 

1996; Missale et al., 1998; Rankin et al., 2010).  

  Dopamine receptors are widely distributed in the central and peripheral nervous 

systems, with largest densities found in the striatum, the limbic system and cortex 

(Rankin et al., 2010; Sesack and Grace, 2010). Both D1 and D2 receptors are present in 

the striatum, NAc, olfactory tubercle, HPC, amygdala, septum, hypothalamus, VTA and 

SNpc and PFC (Missale et al., 1998; Rankin et al., 2010). The D3 receptor is expressed at 

roughly 10-fold lower abundance than the D2 receptor, and its distribution is more 

restricted to the limbic regions with high concentrations in the islands of Calleja, NAc, 

amygdala and olfactory tubercle (Levant, 1997; Vallone et al., 2000). Smaller levels of 

D3 receptor densities have been reported in the striatum, HPC, VTA and SNpc. DA D4 

receptors are predominantly expressed in the prefrontal, sensory, motor and cingulate 
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cortical regions, as well as in the amygdala and HPC. Finally, D5 receptors are mainly 

expressed within limbic regions including the HPC, NAc, olfactory tubercle, but also in 

the cortex, hypothalamus and SNpc (Rankin et al., 2010; Vallone et al., 2000).  

1.4 Dopamine and Motor Function 

  Lesions of the DA system with the neurotoxin 6-hydroxydopamine (6-OHDA) 

lead to severe motor impairments, making the animal akinetic and generally unresponsive 

to external stimuli (Marshall et al., 1976; Ungerstedt, 1971). Similar effect has been 

observed in DA-deficient animals (Zhou and Palmiter, 1995). Movement deficits 

associated with PD have been linked to a loss DA neurons resulting in striatal, and to a 

lesser extent limbic, DA hypofunction  (Braak et al., 2002; Hornykiewicz, 1973; Lim et 

al., 2009; Papeschi, 1972; Remy et al., 2005). Similarly to lesion studies, DA receptor 

antagonists dose-dependently suppress spontaneous, and psychomotor stimulant drug-

induced locomotor activity (Beninger, 1983; Pijnenburg et al., 1976; Pijnenburg et al., 

1975) while high doses induce catalepsy, a state of akinesia and rigidity where animals 

maintain externally imposed postures for a prolonged period of time (Costall and Olley, 

1971; Fog et al., 1970; Fuxe et al., 1977; Hornykiewicz, 1975; Ossowska, 2002; Sanberg, 

1980; Sanberg et al., 1988). 

  The loss of motor function associated with pharmacological or lesion-induced DA 

loss can be reversed under certain stimulus conditions (Lynch and Carey, 1987). For 

example, people with PD who are severely akinetic can “wake up” and show normal gait 

in response to salient stimuli such as the loud sound of a fire alarm (Schwab and Zieper, 
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1965; Souques, 1921). This phenomenon is termed paradoxical kinesis (Martin, 1967; 

Whishaw et al., 1989). Rats made akinetic with extensive DA depleting lesions also 

respond appropriately to salient stimuli such as cold baths, tail pinch or the forced swim 

test (Antelman et al., 1976; Keefe et al., 1989; Marshall et al., 1976). Thus, certain motor 

impairments associated with DA hypofunction appear to be less motor specific, and more 

sensory-motor in nature, where motivationally salient stimuli are able to elicit motor 

responses. 

 Both DA D1-like and D2 receptors are involved in locomotor activity where they 

function synergistically (Bateup et al., 2009; Tran et al., 2002; Tran et al., 2005; Tran et 

al., 2008). In contrast, D3 and D4 receptors do not appear to be significantly involved in 

motor processes (Beninger and Banasikowski, 2008; Bristow et al., 1997; Levant, 1997). 

The classical model of basal ganglia circuitry provides a basic overview of the 

relationship between D1 and D2 receptors in locomotion (Gerfen, 1988; Mink, 1996). 

Depending on their output, the MSNs in the ventral and dorsal striatum express either D1 

or D2 receptors but not both (Berendse et al., 1992a; Berendse et al., 1992b; Gerfen and 

Young, 1988). MSNs that co-express substance P and dynorphin with GABA, project to 

the internal capusule of globus pallidus (GPi) and the adjacent substantia nigra pars 

reticulata (SNr) and belong to the striatonigral or “direct” output pathway of the basal 

ganglia. On the other hand, neurons that co-express enkephalin and GABA and project to 

external globus pallidus (GPe) belong to the striatopallidal or “indirect” pathway 

(Matamales et al., 2009). D1 receptors are predominantly found in the “direct”, and D2 
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receptors in the “indirect” pathway respectively (Berendse et al., 1992b; Gerfen and 

Young, 1988).  

  According to the classical model, activation of the direct pathway via D1 

receptors is thought to release desired movements due to excitatory action of DA, 

resulting in increased GABA-ergic input to the GPi/SNr. The inhibition of GPi/SNr in 

turn relieves inhibition of thalamic neurons thereby facilitating excitation of cortical 

motor neurons (Bateup et al., 2009). In agreement, pharmacological stimulation of D1 

receptors, as well as optogenetic activation of the striatonigral pathway via D1 receptors 

increases locomotor behavior (Desai et al., 2005; Kravitz et al., 2010). Similarly, 

activation of D2 receptors can increase locomotion by inhibition of striatal neuron 

activity in the indirect pathway. This results in a decreased GABA-ergic input into the 

GPe, in turn causing strong inhibitory influence on the subthalamic nucleus (STN). 

Inhibition of STN results in attenuated excitation of the GPi/SNr which then reduces the 

inhibitory influence of the GPi/SNr on excitatory thalamocortical neurons thus 

facilitating locomotor activity (Bateup et al., 2009). In agreement, D2 receptor agonists 

increase locomotor activity and antipsychotic drugs, which block D2 receptors, attenuate 

locomotor activity and at high doses produce catalepsy (Mazurski and Beninger, 1991; 

Pijnenburg et al., 1976; Sanberg, 1980). 

1.5 Dopamine and Motivation 

  One of the first researchers to link the DA system to basic motivational behaviors 

such as hunger and thirst was Ungerstedt (1971a), who showed that 6-OHDA lesions not 
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only produced akinesia, but also caused severe aphasia and adipsia. Ungerstedt (1971b), 

by using anatomical immohistofluorescent techniques, also showed that ascending DA 

axons, arising from cell bodies in the SNpc and VTA passed near several hypothalamic 

nuclei implicated in the regulation of feeding, drinking and sexual behavior. Similarly, 

motivational deficits have been observed in people with PD (Shore et al., 2011).  

  Motivated behaviors can be defined as movements towards biologically relevant 

stimuli that support survival and away from those stimuli that pose a danger or threat. 

Stimuli like food, water, a receptive conspecific, and shelter as well as certain drugs and 

electrical stimulation of certain brain regions have been shown to elicit approach and are 

worked for, thus are considered rewarding and motivationally significant (White, 1989). 

Based on the above definition, both motivation and motor control constructs overlap 

considerably requiring the need to discern between motivational versus motoric elements 

while discussing DA function in behavior.  

  Expression of motivational processes can be further divided into two classes: 

preparatory and consummatory (Konorski, 1967). Preparatory behaviors are sets of motor 

acts that precede contact with biologically significant stimuli. Consummatory behaviors 

are habitual actions or fixed motor programs that complete the sequence of obtaining the 

reward such as biting, chewing, and swallowing in the case of food motivation. More 

importantly, different preparatory patterns can lead to identical consummatory responses. 

DA transmission in the ventral striatum appears to be critical for eliciting preparatory 

behaviors, while DA in the dorsal striatum is necessary for completion of consummatory 
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acts (Robbins and Everitt, 1992).  

  Preparatory behaviors can be triggered by presentation of stimuli predictive of 

desired goal (Bindra, 1974; Bindra and Palfai, 1967; Blackburn et al., 1987; Bolles, 1972; 

Breland and Breland, 1961; Weingarten, 1984). First, animals need to learn that a specific 

stimulus or set of stimuli can predict a motivationally significant event. Konorski (1967) 

termed this form of associative learning - Pavlovian preparatory conditioning. Unlike 

consummatory conditioning, preparatory learning reflects the acquisition of responses 

that are not sensory-specific to the particular unconditional stimulus, but, rather behaviors 

belonging to its motivational class such as approach or withdrawal.  

  The reward-predictive stimuli are often referred in the literature as incentive 

stimuli, conditioned reward stimuli or secondary rewards/reinforcers. The key role of 

incentive stimuli is to maintain responding in the absence of primary rewards. A number 

of studies have examined the role of DA on incentive motivation, a state in which 

behavior selected, initiated and maintained by external incentive stimuli that through 

learned associations with desired outcomes acquire incentive salience and come to 

predict the availability and location of primary rewards (Ranaldi and Beninger, 1993; 

Taylor and Robbins, 1984; Wyvell and Berridge, 2000)  

  Blackburn et al. (1987) argued that DA receptor antagonism disrupts the 

expression of preparatory behaviors before impairing consummatory responses. 

Treatment with a DA D2 receptor antagonist significantly decreased the number of 

receptacle entries after presentation of incentive stimuli, without initially affecting food 
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consumption (Blackburn et al., 1987; Salamone and Correa, 2002). Wise and colleagues 

showed that D2 receptor antagonism gradually blocked the expression of motivational 

and rewarding effects of pro-DA drugs like amphetamine (AMPH; Yokel and Wise, 

1975; Yokel and Wise, 1976), food (Wise et al., 1978) and brain stimulation (Corbett and 

Wise, 1980). Well-trained animals treated with D2-preferring receptor antagonists 

pimozide or haloperidol initiate normal responding for desired rewards, however with 

repeated treatment and testing the animals show an extinction-like decline in responding 

that cannot be explained simply by motor impairments (Franklin and McCoy, 1979; 

Yokel and Wise, 1975; Yokel and Wise, 1976). Franklin and McKoy (1979) showed that 

extinguished lever-pressing responding under pimozide could be reinstated following a 

presentation of an incentive stimulus previously associated with the availability of brain 

stimulation reward. Importantly above results showed that pharmacological DA receptor 

antagonism interfered with motivational processes and not motor execution (Salamone et 

al., 1990).   

  Enhancing DA transmission has been shown to facilitate ongoing motivational 

processes, independently of general behavioral arousal. Systemic or intracranial treatment 

with DA agonists has been shown to potentiate responding to stimuli predictive of 

rewards and impede extinction learning (Nicola et al., 2005; Ranaldi and Beninger, 1993; 

Taylor and Robbins, 1984; Wolterink et al., 1993; Wyvell and Berridge, 2000). For 

example infusions of intra-accumbens AMPH enhance responding on a lever that 

provides access to an incentive stimulus (Taylor and Robbins, 1984), and enhance the 
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ability of incentive stimuli to control responding for primary rewards (Wyvell and 

Berrdige, 2000). The potentiating effect on responding by AMPH is attenuated by 

inactivation of DA neurons in the VTA and systemic treatment with antagonists targeting 

D2 receptors (and to lesser degree D1-like receptors) (Dickinson et al., 2000; Murschall 

and Hauber, 2006; Ranaldi and Beninger, 1993).    

  The role of DA in motivation can also be inferred from correlational studies of 

changes in DA neuron firing and DA transmission in specific brain areas elicited by 

motivational stimuli. Neurochemical techniques like brain microdialysis show dynamic 

changes in extracellular concentrations of DA, operating on a timescale of minutes, 

represent current motivational state of the animal (Phillips et al., 2008). Extracellular DA 

levels are considered a summation of many action potential of DA neurons firing 

phasically (Owesson-White et al., 2012).  

  Studies have shown that motivationally significant stimuli can elicit DA efflux in 

the NAc and PFC (Ahn and Phillips, 1999; Bassareo and Di Chiara, 1997; Bassareo and 

Di Chiara, 1999; Fiorino et al., 1997; Vacca et al., 2007; Wilson et al., 1995). Wilson et 

al. (1995) found a significant increase in DA efflux in the NAc in rats during the 

preparatory phase prior to consumption of food or fluid. This effect was only observed in 

food or water restricted animals.  Bassareo and Di Chiara (1997) showed that rats fed ad 

libitum on rat chow displayed a significant increase in DA in NAc only when rats were 

given access to different palatable food. Similarly, a significant increase in DA efflux 

was observed in anticipation of reward when rats were separated from the food reward or 
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receptive female by a perforated wire screen. A decline in DA efflux paralleled the 

development of satiety for both the initial food and copulation with the first receptive 

female. Furthermore, exposure to a novel food or female and the reinstatement of 

motivated behavior was accompanied by a rebound increase in DA efflux in both NAc 

and PFC (Ahn and Phillips, 1999; Fiorino et al., 1997). Thus, enhanced extracellular DA 

levels in the NAc and PFC may reflect current motivational “state” of the animal.  

1.6 Dopamine and Stimulus-Reward Learning 

  DA plays an important role in motor function and expression of motivated 

behavior. Nevertheless, motivated behavior is rarely a random search strategy but instead 

it is an acquired adaptive process. Novel palatable foods require associative learning 

between the food taste and smell and its post-ingestive consequences before they can 

become rewarding. However, despite extensive research, the concrete evidence that DA 

is necessary and sufficient in associative learning remains elusive. The confounding role 

of DA in non-associative processes such as motor activity and motivation can make 

behavioral interpretations difficult. Nevertheless, DA function has been shown to play an 

important role in some forms of learning and synaptic plasticity related to reward 

processing (Beninger, 1983; Hollerman and Schultz, 1998; Jay, 2003; Kerr and Wickens, 

2001; Kim et al., 2012; Parker et al., 2011; Reynolds et al., 2001).  

  Environmental stimuli can acquire motivational properties through Pavlovian 

learning mechanisms (Bindra, 1974; Konorski, 1967; Rescorla and Solomon, 1967; 

Toates, 1985). Incentive learning theory of motivation proposes that when DAergic 
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neurons are activated, usually by unexpected rewards, previously neutral environmental 

stimuli associated with these events can acquire incentive salience and thus the ability to 

elicit approach and other behaviors in the future (Beninger, 1983; Schmidt and Beninger, 

2006). As mentioned earlier, incentive learning is the engine that drives preparatory 

behaviors and thus expression of incentive motivation. Lesions of the DA system and DA 

receptor antagonism block the learning of stimuli-reward associations. For example, DA 

receptor blocking antipsychotic drugs impair the acquisition of active avoidance behavior 

without affecting escape responses despite similarities between the motor acts required 

for each response (Blackburn and Phillips, 1989; Posluns, 1962).  

  Animals will learn to self-administer DA agonists such as AMPH and cocaine, 

and also develop conditioned preference for a place (CPP) in which they have previously 

been exposed to such drugs (Spyraki et al., 1982; Wise, 2004). Lesions or 

pharmacological blockade of DA D1 or D2, but not D3 receptors block the acquisition of 

these behaviors (Lyness et al., 1979; Roberts and Koob, 1982). D3 receptors antagonists, 

on the other hand, attenuate the expression of conditioning suggesting that they play a 

role in the manifestation of learned behaviors (Aujla and Beninger, 2004; Banasikowski 

et al., 2010; Beninger and Banasikowski, 2008). Coincidental activation of D1 and 

NMDA receptors in NAc is necessary for the formation of stimulus-reward associations. 

Co-treatment with low doses of D1 + NMDA receptor antagonists blocked the 

acquisition of responding rewarded by sucrose pellets (Smith-Roe and Kelley, 2000). 

  DA has been shown to modulate memory processes and enhance retention of 
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recently acquired behaviors. Amphetamine and D1 or D2 receptor agonists given 

systemically or into the dorsal striatum facilitate consolidation of recently acquired 

memories in aversively-motivated tasks where stimuli or places are paired with mild 

footshock (Carr and White, 1984; Krivanek and McGaugh, 1969; Packard and White, 

1989; White et al., 1993; White and Viaud, 1991). On the other hand, post-session 

treatment with a D1 receptor antagonist impairs the acquisition of Pavlovian approach 

responses to food (Dalley et al., 2005). Setlow and McGaugh showed that D2 receptors in 

the ventral and dorsal striatum are necessary for consolidation of long term spatial 

memories when rats were trained on the Morris water maze escape task (Setlow and 

McGaugh, 1998; Setlow and McGaugh, 1999; Setlow and McGaugh, 2000). Also, post-

trial systemic, intra-hypothalamic or NAc shell treatment of D1 receptor antagonist 

impairs memory consolidation of conditioned taste aversion associations (Caulliez et al., 

1996; Fenu et al., 2001).  

  Electrophysiology studies in monkeys have shown that DA neurons show shifts in 

burst-firing responses from primary rewards, to reward predicting stimuli during reward 

learning (Hollerman and Schultz, 1998). Initially, DA neurons are activated by 

encountering unexpected reward stimuli - primary rewards like food, sexually receptive 

conspecifics and drugs of abuse. However with extensive training, DA neurons activation 

is also seen when there is an unexpected presentation of stimuli that have become 

associated with the rewards – now incentive stimuli (Hollerman and Schultz, 1998; 

Glimcher, 2011). Such changes in DA neuron activity appear to result from DA 
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modulatory processing of limbic and cortical glutamate inputs synapsing onto striatal 

MSNs (Kiyatkin and Rebec, 1996).  

  Studies using genetically modified mice that are not able to synthesize DA 

question the involvement of DA in associative learning (Cannon and Palmiter, 2003). 

However, reward learning observed in these mutants may depend on non-DA 

compensatory mechanisms. Recent studies from the same lab reported that mice lacking 

D1 receptors do not learn Pavlovian approach responses to food (Parker et al., 2010). 

Further, mice lacking NMDA receptor subunit NR1 on DA neurons exhibit significant 

impairments in burst-firing, and phasic DA release (Zweifel et al., 2008). DA NR1 

mutants do not acquire conditioned locomotor activity or CPP, spatial learning in a T- 

maze, instrumental responding for food or aversive conditioning (Zweifel et al., 2011; 

Zweifel et al., 2009). Furthermore, mice lacking NR1 subunits on D1 but not D2 

receptor-expressing striatal MSNs fail to acquire Pavlovian approach (Parker et al., 

2011). Thus, learning stimulus-reward associations require phasic DA release and 

concurrent activation of D1 and NMDA receptors on the same cells in the striatum. 

  Consistent with single-unit recordings discussed by Hollerman and Schultz 

(1998), studies using fast-scan voltammetry recording in the NAc during Pavlovian 

approach revealed initial increase in DA transmission following reward receipt in naïve 

rats. However, when a stimulus became a reliable predictor of reward delivery, the signal 

shifted to the predictive stimulus and was no longer present during reward delivery (Day 

et al., 2007; Sunsay and Rebec, 2008). Microdialysis studies have shown increased 
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concentrations of extracellular DA in the NAc shell but not core during the initial 

presentations of unfamiliar palatable foods. This response habituates following initial 

presentation even though the rat continues to consume food with repeated presentation 

(Bassareo and Di Chiara, 1999). With repeated training, stimuli predictive of the food 

availability consequently produced DA increase in the NAc core. These findings are 

particularly interesting as they suggest that DA activity in the ventral striatum correlates 

with acquisition and expression of stimulus-reward associations but in different sub-

regions.  

1.7 Dopamine and Behavioral Sensitization 

 The behavioral effects of drugs that act on the brain’s DA system change with 

repeated exposure to the drug. Psychomotor stimulant drugs such as AMPH or cocaine 

that augment DA neurotransmission by enhancing release and/or blocking uptake (Giros 

et al., 1996; Steketee and Kalivas, 2011) produce progressively greater effects, for 

example, on the stimulation of locomotor responses in rats, with repeated testing. The 

increased behavioral response to the drug occurs over repeated administration and 

persists long after drug exposure is discontinued. This phenomenon has been termed, 

“psychomotor stimulant sensitization” (Post and Rose, 1976; Segal and Mandell, 1974). 

Similarly, antipsychotic drugs that block DA receptors produce progressively greater 

effects, e.g., on catalepsy responses, termed, “catalepsy sensitization” (Schmidt et al., 

1999).  

 Anatomical and electrophysiological studies have shown that repeated treatment 
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with AMPH or cocaine result in long-lasting changes in the DA system (Boudreau and 

Wolf, 2005; Ungless et al., 2001; Vezina and Queen, 2000; Badiani et al., 1998; Li et al., 

2004; Paulson and Robinson, 1995; Singer et al., 2009). Behavioral sensitization can be 

attributed to incentive learning of drug-related stimuli and associated neurophysiological 

adaptations within the DA system (Beninger, 1983; Hyman, 2005; Lodge and Grace, 

2008; Robinson and Berridge, 1993; Vezina and Leyton, 2009). The enhanced behavioral 

output as well as the enhanced striatal DA release with each repeated psychostimulant 

treatment (Badiani et al., 1998; Paulson and Robinson, 1995) is context-dependent, i.e., 

its expression is strongest in the presence of previously drug-paired environmental 

stimuli (Anagnostaras and Robinson, 1996; Badiani et al., 1998; Pert et al., 1990).    

  Sensitization to psychomotor stimulants is associated with specific drug-

environment effects rather than the drug itself. Environments associated with repeated 

AMPH or cocaine treatments elicit conditioned locomotor hyperactivity (Banasikowski et 

al., 2010; Beninger and Hahn, 1983; Beninger and Herz, 1986; Crombag et al., 2001). 

Molecular neuroimaging studies in humans, such as positron emission tomography, 

confirm the ability of psychomotor stimulant drug-paired cues to produce conditioned 

DA release in the absence of the drug itself (Boileau et al., 2007; de la Fuente-Fernandez 

et al., 2001).  

  The acquisition of environment-specific conditioned drug effects is often blocked 

by treatment with D1-like and D2 receptor antagonists (Cervo and Samanin, 1995; Cervo 

and Samanin, 1996; Dias et al., 2006; Fontana et al., 1993a; Fontana et al., 1993b; 
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Mazurski and Beninger, 1991). Lodge and Grace (2008) reported that sensitized 

locomotor responses to AMPH challenge can be reversed by inactivation of ventral HPC, 

a region that projects to the NAc and plays an important role in contextual learning. 

Moreover, the behavioral sensitized response to AMPH was correlated with an increase 

in ventral HPC activity, as well as increased spontaneous activity of DA neurons in the 

VTA. Temporary inactivation of the ventral HPC restored the behavioral response to 

AMPH and the DA population activity to baseline levels (Lodge and Grace, 2008).  

  Extensive lesions of the DA system via the MFB or high doses of DA receptor 

antagonists produce catalepsy a phenomenon characterized by a loss of voluntary 

movement and muscular rigidity, quantified by the time a rat remains with its forepaws 

resting on a suspended horizontal bar (Klemm, 1993; Sanberg et al., 1988). Historically 

catalepsy has been viewed as an animal model of PD and used to screen for potential 

extrapyramidal side-effects associated with first-generation antipsychotics (Ossowska, 

2002). Rats repeatedly treated with a low, sub-threshold dose of the D2 receptor-

preferring antagonist haloperidol do not initially exhibit catalepsy (Schmidt et al., 1999) 

or a reduction in exploratory behavior in an open field arena (Carey, 1987; Carey and 

Kenney, 1987). With repeated drug-environment pairings animals gradually develop day-

to-day increases in the catalepsy response and reduction in exploratory behaviors. 

Interestingly, when these animals are tested with saline instead of haloperidol they 

continue to exhibit drug appropriate behaviors. In open-field studies the conditioned 

effect was only observed in the drug-paired environment but not in a different 
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environment (Carey and Kenney, 1987). Evidence shows that repeated treatment with 

antipsychotics can also lead to gradual changes within the DA system (Boye and Rompre, 

2000; Grace and Bunney, 1986; Meshul et al., 1992; Valenti and Grace, 2010) and a 

progressive reduction in incentive properties of reward-related stimuli that may result 

from a sensitization-like mechanism (Boye and Rompre, 2000; Franklin and McCoy, 

1979; Wise, 1982). 

 Catalepsy sensitization and conditioned catalepsy associated with repeated testing 

following injection of a DA receptor antagonist has not been as extensively studied. The 

simplicity of the catalepsy paradigm may further our understanding of behavioral 

sensitization to psychomotor stimulants. Firstly, is this phenomenon similar or different 

from psychomotor stimulant sensitization and conditioning? How are different DA 

receptor subtypes involved in controlling the acquisition and expression of catalepsy-

sensitization? Is catalepsy sensitization and conditioning dependent on DA function? If 

so, does DA play a role in forming drug-environment associations? Or does repeated drug 

treatment lead to non-associative processes like physiological changes that manifest as 

motor or motivational impairments, often regarded as performance confounds in reward-

related learning?   

1.8 Hypothesis  

  In this thesis I will examine the role of DA D1, D2, and D3 receptors in 

acquisition and expression of catalepsy sensitization and their specific contribution to 

drug-environment conditioning. Also, I will examine the different role of associative and 
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non-associative learning processes in development of catalepsy sensitization. My 

underlying hypothesis is that catalepsy sensitization is not a simple motor impairment; 

instead it is a gradually acquired motivational deficit where environmental stimuli lose 

their ability to engage and control behavior. In the first experimental chapter I will 

examine the effects of D1-like and D2-receptor preferring antagonist on development of 

catalepsy sensitization and conditioning. In the second experimental chapter, I will 

examine the role of D2 and D3 receptors in catalepsy sensitization and acquisition and 

expression of conditioned catalepsy. In the third experimental chapter, I will examine the 

interaction between repeated treatment with haloperidol and test environment experience, 

and whether non-associative processes are involved in the expression of catalepsy 

sensitization. Furthermore, I will examine how test-environment pre-exposure can 

influence future sensitization responses. The role of DA and possible mechanisms for 

how environmental stimuli contribute to catalepsy sensitization will be presented. 
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Chapter 2 

Haloperidol Conditioned Catalepsy in Rats: A Possible Role for D1-like 

Receptors 
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2.1 Abstract 

  Decreases in brain dopamine (DA) lead to catalepsy, quantified by the time a rat 

remains with its forepaws resting on a suspended horizontal bar. Low doses of the DA D2 

receptor-preferring antagonist haloperidol repeatedly injected in a particular environment 

lead to gradual day-to-day increases in catalepsy (catalepsy sensitization) and subsequent 

testing following an injection of saline reveal conditioned catalepsy. We tested the 

hypothesis that D1-like and D2 receptors play different roles in catalepsy sensitization 

and in acquisition and expression of conditioned catalepsy. Rats were repeatedly treated 

with either the DA D1-like receptor antagonist SCH 23990 (0.05, 0.1 and 0.25 mg/kg; 

i.p.), the D2 receptor-preferring antagonist haloperidol (0.1, 0.25 and 0.5 mg/kg; i.p.) or a 

combination of the two drugs and tested for catalepsy each day in the same environment. 

Following 10 drug treatment days rats were injected with saline and tested for 

conditioned catalepsy in the previously drug-paired environment. Haloperidol did not 

elicit cataleptic responses in the initial session; however rats developed sensitization with 

repeated testing. Significant catalepsy sensitization was not observed in rats repeatedly 

tested with SCH 23390. When rats were injected and tested with saline following 

haloperidol sensitization they exhibited conditioned catalepsy in the test environment; 

conditioned catalepsy was not seen following SCH 23390. Rats treated with SCH 23390 

0.05 mg/kg + haloperidol 0.25 mg/kg showed catalepsy sensitization but failed to show 

conditioned catalepsy. Conversely, SCH 23390 (0.05 mg/kg) given on the test day after 

sensitization to haloperidol (0.25 mg/kg) failed to block conditioned catalepsy. Repeated 
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antagonism of D2 receptors leads to catalepsy sensitization with repeated testing in a 

specific environment. Conditioned catalepsy requires intact D1-like receptor function 

during sensitization sessions but not during test sessions. In conclusion, repeated 

antagonism of D2 receptors leads to catalepsy sensitization and conditioning in specific 

environment that appears to be conditional on functional D1-like receptor activity.  

2.2 Introduction 

  Catalepsy is observed when animals are placed in abnormal or unusual postures 

and maintain these postured for a period of time. A normal animal will correct its position 

within seconds and explore its environment but a cataleptic animal will maintain this 

externally imposed posture for a prolonged period of time (Miller et al., 1990; Ossowska 

et al., 1990; Sanberg et al., 1988). Catalepsy is thought to share similarities with 

symptoms of human neuropsychiatric diseases such as Parkinson’s disease and damage 

involving parts of the basal ganglia (Crocker and Hemsley, 2001; Elliott et al., 1990; 

Hornykiewicz, 1973; Papeschi, 1972). Decreased DA transmission at post-synaptic D2 

receptors has been implicated in catalepsy produced by antipsychotic drugs (Klemm, 

1985b; Wadenberg et al., 2000). Mice lacking post-synaptic D2 receptors exhibit 

profound Parkinson-like motor deficits (Baik et al., 1995; Centonze et al., 2004; Usiello 

et al., 2000). Disrupting DA transmission with low doses of a potent D2 receptor-

preferring antagonist like haloperidol (Lanis and Schmidt, 2001; Schmidt et al., 1999) or 

with partial bilateral 6-hydroxydopamine (6-OHDA) lesions of the striatum (Klein and 

Schmidt, 2003) or the medial forebrain bundle (Srinivasan and Schmidt, 2004) leads to 
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the development of catalepsy sensitization in rats. Importantly, these animals do not show 

catalepsy responses on the first couple of test sessions, however with repeated testing 

catalepsy gradually develops. This sensitization is context-dependent; testing the animal 

in a different context abolishes catalepsy (Klein and Schmidt, 2003). When rats are given 

saline in the context previously associated with haloperidol they exhibit conditioned 

catalepsy (Amtage and Schmidt, 2003; Banasikowski and Beninger, 2010).  

  Conditioned catalepsy appears to share common learning characteristics such as 

sensitization, context dependency, and extinction with other more established pavlovian 

and instrumental learning paradigms (Amtage and Schmidt, 2003; Banasikowski and 

Beninger, 2010; Schmidt and Beninger, 2006).  DA D1-like receptors play an important 

role in acquisition of learned behaviors like Pavlovian conditioned approach (Choi et al., 

2005; Dalley et al., 2005), conditioned activity (Mazurski and Beninger, 1991), 

conditioned place preference (Cervo and Samanin, 1995), sensitization (Vezina, 1996). 

The current study examined the interactive role of D1-like and D2 receptor antagonism in 

catalepsy sensitization and acquisition and expression of conditioned catalepsy in rats. 

  The first experiment examined the hypothesis that catalepsy sensitization and 

conditioned catalepsy based on haloperidol is dose dependent. In the second experiment 

we examined the hypothesis that treating rats with the D1-like receptor antagonist, SCH 

23390, will also result in catalepsy sensitization and conditioned catalepsy. In the third 

experiment, we examined the hypothesis that a combination of haloperidol and SCH 

23390 will lead to the development of catalepsy sensitization and conditioned catalepsy.  
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2.3 Materials and Methods  

2.3.1 Subjects 

  Experimentally naïve male albino Wistar rats (N = 108) weighing 200-225 g upon 

arrival from Charles River Canada (St. Constant QC) were housed in pairs or threes in 

clear Plexiglas cages (45.0 x 25.0 x 22.0 cm). Average temperature in the colony was 21º 

C, humidity 70% with reversed light–dark cycle (lights off from 0700 to 1900 hr). Rats 

were maintained with food (LabDiet 5001, PMI Nutrition International, Brentwood, MO, 

USA) and water continuously available. Treatment of rats was in accordance with the 

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

was approved by the Queen’s University Animal Care Committee. 

2.3.2 Drugs 

  Haloperidol, (4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-1-(4-fluorophenyl)-

butan-1-one (Sigma, St. Louis, MO, USA) and SCH 23390, (R)-(+)-7-chloro-8-hydroxy-

3-methyl-1-phenyl-2,3,4,5-te trahydro-1H-3-benzazepine hydrochloride (Tocris, 

Oakville, ON) were prepared in a 0.3% distilled-water solution of tartaric acid. Injections 

were administered intraperitoneally (i.p.) in a volume of 1.0 ml/kg.   

2.3.3 Behavioral Testing 

 Rats were randomly assigned to treatment (paired) and control groups (unpaired). 

Animals were subsequently injected i.p. with drug or vehicle outside the testing room and 

put back into their cages. Thirty min (SCH 23390) and 60 min (haloperidol) later, they 
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were tested on a horizontal bar (1.6 cm diam. threaded or smooth rod with end bolts 

attached to Plexiglas supports, 10 cm above the surface), by gently placing both forepaws 

on the bar. Descent latency was measured as the time span from placing the animal on the 

bar until first active paw movement. A cut-off time of 180 s was used, i.e., the trial was 

terminated when the animal did not make an active paw movement within that time. 

2.3.4 Experimental Design 

 The general experimental protocol consisted of two phases: conditioning (10 

sessions) and test (1 session). All sessions occurred during the dark phase. The test 

apparatus consisted of two distinct (one with three black sides and one with three white 

sides) rectangular Plexiglas catalepsy chambers (32 x 42 x 30 cm). Each chamber was 

equipped with a distinct horizontal bar. The black chamber was equipped with a 1.6 cm 

diam. smooth rod with end bolts and clear Plexiglas legs (1 cm thick, 10 cm high), and 

the white chamber was equipped with a 1.6 cm diam. threaded rod with end bolts and 

black Plexiglas legs (0.5 cm thick and 10 cm high).  Surgical paper was used as the floor 

covering in both chambers. Rats were randomly assigned to one of the two test chambers. 

Each rat was always placed in the same chamber during the haloperidol sensitization 

phase and all treatment groups included rats sensitized in each chamber. We observed no 

relationship between the magnitude of the catalepsy effect and the testing chambers, and 

no effect of testing chambers on catalepsy sensitization or conditioning.  

Experiment 1: Haloperidol Catalepsy 

  Rats (N = 36) were used to examine the effects of different doses of haloperidol 
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on catalepsy. Animals in the ‘paired’ condition were injected with haloperidol (0.1, 0.25 

or 0.5 mg/kg; ns = 9) outside the testing room for 10 consecutive days, 60 min before 

catalepsy test. One hour after the catalepsy test, rats were administered vehicle in their 

colony room (homecage injection). The ‘unpaired’ group (n = 9) received vehicle 1 hour 

before and haloperidol (0.5 mg/kg) 1 hour after the catalepsy test. This design allowed for 

all animals to experience the same drug history but in different environments. On day 11 

all animals received saline 60 min prior to the conditioned catalepsy test.  

Experiment 2: SCH 23390 Catalepsy 

 Rats (N = 37) were used to examine catalepsy sensitization and conditioning with 

different doses of SCH 23390. Animals in the ‘paired’ condition were injected with SCH 

23390 (0.05, 0.1 or 0.25 mg/kg; ns = 9/10/9, respectively) outside the testing room for 10 

consecutive days, 30 min before the catalepsy test. One hour after the catalepsy test, rats 

were given homecage injection of vehicle. The ‘unpaired’ group (n = 9) received vehicle 

30 min before and SCH 23390 (0.05 mg/kg) 1 hour after the catalepsy test. On day 11 all 

animals received saline 30 min prior to the catalepsy test.  

Experiment 3: Haloperidol + SCH 23390 Catalepsy   

  One group (n = 9) examined the effects of co-treatment of haloperidol and SCH 

23390 on catalepsy. Rats received haloperidol (0.25 mg/kg) 60 min plus SCH 23390 

(0.05 mg/kg) 30 min before the catalepsy test for 10 consecutive days. On day 11 animals 

were injected with saline 1 hour prior to the catalepsy test. A second group (n = 9) was 
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treated with haloperidol (0.25 mg/kg) 60 min before the catalepsy test for 10 consecutive 

days. On day 11, rats were given SCH 23390 (0.05 mg/kg) 30 minutes before test. 

2.3.5 Statistics 

  All statistical analysis was performed using IBM SPSS 19.0. All data are 

presented as means ± standard error. Data were submitted to both parametric and 

nonparametric tests and each type of analysis yielded similar results. Only the parametric 

tests are reported in most cases. They involved two-way and one-way analyses of 

variance (ANOVA). Hypotheses tests were completed using α = 0.05 and pair-wise 

comparisons were made using Dunnett’s test and where specified, Fisher’s LSD test.  

2.4 Results 

2.4.1 Experiment 1: Haloperidol Catalepsy 

  Across conditioning days 1 to 10 (Fig. 1A), a two-way ANOVA revealed a 

significant main effect of day [F(9, 288) = 10.49, p < 0.001] , treatment [F(3,32) = 7.34, p 

< 0.01] and interaction [F(27,320 = 1.61, p < 0.05]. Post-hoc comparison of groups 

averaged over days found that rats treated with haloperidol 0.1, 0.25 and 0.5 mg/kg spent 

significantly more time with both paws on the bar than the unpaired hal 0.5/sal control 

group (p < 0.05). Rats treated with the high dose of haloperidol (0.5 mg/kg) spent 

significantly (LSD test) more time on the bar than rats given 0.1, or 0.25 mg/kg 

haloperidol for the 10 conditioning trials combined. This finding suggests that magnitude 

of catalepsy sensitization may dependent on haloperidol dose. To further analyze the 
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interaction, simple effects tests of group were performed on the first and last day of 

conditioning. No significant group differences were obtained on conditioning day 1 [F 

(3,32) = 0.42, p = 0.729] but a significant group difference was seen on conditioning day 

10 [F (3,32) = 7.02, p < 0.01]. Post-hoc pair-wise comparisons for day 10 found that rats 

treated with haloperidol 0.1, 0.25 and 0.5 mg/kg spent significantly more time with both 

paws on the bar than the ‘unpaired’ control group (p < 0.05), and the hal 0.5/sal group 

spent significantly more time on the bar than the hal 0.1/sal and hal 0.25/sal (LSD test; p 

< 0.05) groups.   

  On the saline test day, ANOVA revealed a significant difference among groups 

[F(3,32) = 4.36, p < 0.05; Fig. 1B]. Post-hoc comparisons found that on test day rats 

previously treated with haloperidol 0.1, 0.25 and 0.5 mg/kg during conditioning spent 

significantly more time with both paws on the bar than the unpaired hal 0.5/sal control 

group (p < 0.05). We found no significant difference in latency among the three 

haloperidol groups suggesting that the magnitude of conditioning expression was 

independent of haloperidol dose [F(2,24) = 0.16, p > 0.05]. 
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                                                                                                             Figure 1  

 

 

Mean (± SEM) descent latency (s) in 

groups of rats receiving haloperidol 

(hal) in doses of 0.1, 0.25 or 0.5 

mg/kg 60 min prior to each 

conditioning day or 0.5 mg/kg 60 

min following conditioning days 

(unpaired) (A) and saline (sal) 60 

min prior to the test session (B). * 

significantly different from unpaired 

hal 0.5/sal in pairwise comparison 

(Dunnett’s test) following significant 

group effects in analysis of variance; 

† significantly different from hal 

0.1/sal and hal 0.25/sal in pairwise 

comparisons (Fisher’s LSD). 
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2.4.2 Experiment 2: SCH 23390 Catalepsy 

  Across conditioning days 1 to 10, a two-way ANOVA revealed a significant main 

effect of day [F(9, 297) = 3.02, p < 0.01] and treatment [F(3,33) = 4.01, p < 0.05; Fig. 

2A]. Post-hoc comparison of groups averaged over days found that rats treated with SCH 

23390 (0.05 0.1, and 0.25 mg/kg) spent significantly more time with both paws on the bar 

than the unpaired SCH 0.05/sal control group (p < 0.05). The significant day effect shows 

that all groups combined showed increased catalepsy time over conditioning days. 

Although the interaction was not significant [F(27,297) = 1.05, p = 0.410 ], examination 

of Fig. 2A suggests that the day effect occurred in groups treated with SCH 23390 during 

conditioning. However, there was no further statistical evidence for increased catalepsy 

over days in the paired SCH 23390 groups. Thus tests of simple effects of day for each 

group failed to reveal a significant day effects in any of the groups. 

  On the saline test day, ANOVA revealed no significant difference between 

‘paired’ and ‘unpaired’ groups [F(3,33) = 0.96, p = 0.424; Fig. 2B].  

2.4.3 Experiment 3: Haloperidol + SCH 23390 Catalepsy 

  Rats treated with haloperidol + SCH 23390 spent more time with both paws on 

the bar than the haloperidol-alone group. Across conditioning days 1 to 10, a two-way 

ANOVA revealed a significant main effect of day, both groups showing catalepsy 

sensitization [F(9,144) = 7.33, p < 0.01] and a treatment effect [F(1,16) = 43.00, p < 

0.001; Fig. 3A]. Because we used a cutoff catalepsy score of 180 s, the distribution of 

mean descent latencies for some of the days may have violated the homogeneity of 
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variance assumption of ANOVA. We therefore re-analyzed these data for each group 

over days using the Friedman nonparametric test and found a significant day effect for  

each group (p < 0.01). We used the Wilcoxon signed-rank test to compare groups on day 

1 and on day 10 and observed a significant group effect in both comparisons (p < 0.01).   

  To compare the increased catalepsy seen in the co-treatment group with the effect 

in each group alone, we summed catalepsy scores of the hal 0.25/SCH 0.05 group (hal 

0.25 alone) with the SCH 0.05/sal group from experiment 2 (SCH 0.05 alone). As can be 

seen in Fig. 3A the co-treatment group exhibited a strong synergistic catalepsy effect 

starting on day 1 that continued for the remainder of conditioning.  

  On the saline test day conditioned catalepsy was observed in the hal 0.25/SCH 

0.05 group but not the hal 0.25 + SCH 0.05/sal group. One-way ANOVA revealed a 

significant group effect [F (1,16) = 15.95, p < 0.01; Fig. 3B].  

2.5 Discussion 

  The results can be summarized as follows: In experiment 1, rats treated with 

haloperidol and tested for catalepsy in a specific environment showed no initial catalepsy 

but the cataleptic response increased from day-to-day across subsequent conditioning 

days. This day-to-day sensitization in catalepsy was seen with each dose of haloperidol 

tested but appeared to be strongest with the highest dose of haloperidol (0.5 mg/kg). Rats 

previously given haloperidol and tested with saline in the drug-paired environment 

exhibited conditioned catalepsy; all doses of haloperidol resulted in a similar amount of  



 

49 

 

                                                                                                         Figure 2  

 

Mean (± SEM) descent latency (s) in 

groups of rats receiving SCH 23390 

(SCH) in doses 0.05, 0.1 or 0.25 

mg/kg 30 min prior to each 

conditioning day or 0.05 mg/kg 60 

min following conditioning days 

(unpaired) (A) and saline (sal) 30 

min prior to the test session (B). * 

significantly different from unpaired 

SCH 0.05/sal in pairwise comparison 

(Dunnett’s test) following significant 

group effects in analysis of variance. 
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                                                                                                        Figure 3 

 

Mean (± SEM) descent latency (s) in 

groups of rats receiving 0.25 mg/kg 

haloperidol (hal) 60 min, or co-

treated with 0.25 mg/kg haloperidol 

(60 min) and 0.05 mg/kg SCH 23390 

(SCH) 30 min prior to each 

conditioning day (A) and saline (sal) 

60 min or 0.05 mg/kg SCH 23390 30 

min prior to test session (B). * 

significantly different from hal 0.25 + 

SCH 0.05/sal in analysis of variance. 

Note that the hal 0.25/SCH 0.05 + 

SCH 0.05 group (shown in broken 

line) is a visual representation only 

for the sum of group means for each 

conditioning day for the haloperidol-

alone group and the SCH 23390-

alone group from experiment 2. 
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conditioned catalepsy. In experiment 2, rats treated with SCH 23390 exhibited catalepsy 

but did not show significant sensitization. No conditioned catalepsy was observed on the 

saline test day following conditioning with SCH 23390 at all doses tested.  

  In experiment 3, co-treatment with SCH 23390 and haloperidol resulted in a  

synergistic catalepsy effect. Both drugs independently failed to induce catalepsy on the 

first conditioning day, however, when administered together the catalepsy curve was 

shifted to the left, and a significant catalepsy was observed on the first test. This 

catalepsy effect showed sensitization and approached the maximum cut-off time of 180 s 

on and after conditioning day 4. On the saline test day, rats previously co-treated with 

SCH 23390 and haloperidol failed to exhibit conditioned catalepsy. This result supports 

our initial finding in experiment 2, and suggests that functional D1-like receptors are 

critical for acquisition of conditioned catalepsy. On the other hand, rats conditioned with 

haloperidol and given SCH 23390 on the test day continued to exhibit conditioned 

catalepsy.  The above finding suggests that D1-like receptors antagonism does not block 

expression but only acquisition of conditioned catalepsy in rats.  

  Our findings that haloperidol, a D2 receptor-preferring antagonist, produces day-

to-day catalepsy sensitization is in agreement with previous reports (Schmidt et al., 1999; 

Lanis and Schmidt, 2001; Klein and Schmidt, 2003). Schmidt and colleagues have shown 

that a daily low dose of haloperidol failed to produce catalepsy during the initial test 

session however, day-to-day increases in the catalepsy response were acquired with 
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repeated pairing of haloperidol with a particular testing environment (Klein and Schmidt, 

2003; Schmidt and Beninger, 2006). On the other hand, a number of studies have 

reported environment-specific tolerance to haloperidol catalepsy (Barnes et al., 1990; 

Hinson et al., 1982; Lappalainen et al., 1989; Poulos and Hinson, 1982). This difference 

in results has been attributed to dose of the drug (others used supra-threshold catalepsy 

doses), behavioral testing conditions (others used multiple within-session catalepsy tests) 

and administration frequency (others used chronic treatment with exponentially higher 

doses of haloperidol).  

  When rats were injected with saline instead of haloperidol in the test environment, 

they continued to exhibit catalepsy - now conditioned. This phenomenon has previously 

been reported but its mechanisms have not been clearly investigated (Banasikowski and 

Beninger, 2010; de Sousa Moreira et al., 1982; Sanberg et al., 1988; Sanberg et al., 

1980). In the present study, control groups that received environment–saline pairing and 

also received haloperidol on conditioning days in their homecage (colony room) 

environment did not exhibit increased catalepsy during the test session. Therefore the 

effect of increased catalepsy in rats having received environment-haloperidol pairing can 

be attributed to the association of environmental stimuli with haloperidol rather than 

previous history of haloperidol treatment. Furthermore, Klein and Schmidt (2003) 

showed that following repeated haloperidol-environment pairings, if the same dose of 

haloperidol is injected and catalepsy tested in another different environment, animals fail 

to express catalepsy. Results suggest that haloperidol catalepsy is specific to the 
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environmental stimuli associated with haloperidol. Results also make an interpretation 

based on physiological effect of repeated injection (e.g., depolarization block of DA 

neuron activity) unlikely mechanisms to explain catalepsy sensitization and conditioning.  

  Catalepsy can also be produced by administration of the D1-like receptor 

antagonist SCH 23390 (Meller et al., 1985; Morelli and Di Chiara, 1985; Ogren and 

Fuxe, 1988). We found that rats treated with SCH 23390 exhibited little catalepsy 

initially but with repeated treatment and testing catalepsy was observed. When rats were 

injected with saline instead of SCH 23390 in the test environment, they did not show 

conditioned catalepsy. The lack of significant catalepsy sensitization seen with SCH 

23390 compared to haloperidol cannot explain the lack of conditioned catalepsy, as rats 

co-treated with both antagonists failed to acquire conditioned catalepsy despite showing a 

strong catalepsy response following drug treatment. These results dissociate D1-like and 

D2 receptors in conditioned catalepsy, where D1-like receptor activity appears to be 

critical for conditioning to develop. 

 Synergy between D1-like and D2 antagonists producing catalepsy has been 

previously reported (Klemm, 1993; Klemm and Block, 1988; Parashos et al., 1989; 

Wanibuchi and Usuda, 1990). We found that co-treatment with a dose of SCH 23390 and 

a dose of haloperidol that failed to produce catalepsy on initial test resulted in a strong 

synergistic catalepsy response.  Further analysis showed that the co-treated group 

exhibited a significantly greater catalepsy score than the sum of each drug given alone 

across conditioning days, suggesting that D1-like and D2 receptors may synergize to 
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produce decreases in initiating voluntary movements.   

  The mechanism by which both D1-like and D2 receptor antagonists produce 

extrapyramidal symptoms has previously been reviewed by Miller et al. (1990). In acute 

studies it has been shown that haloperidol produces catalepsy by interactive effects with 

striatal cholinergic tone (Costall and Naylor, 1974; Costall et al., 1972; Costall and Olley, 

1971; Klemm, 1983; Klemm, 1985a) probably due to disinhibition of the cholinergic 

interneurons via D2 receptor antagonism (Miller, 2009). On the other hand, D1-like 

receptor antagonists do not directly influence acetylcholine transmission in the striatum, 

yet these compounds induce catalepsy. Furthermore catalepsy caused by both haloperidol 

and SCH 23390 can be rescued with anticholinergic agents (Costall and Naylor, 1974; 

Morelli and Di Chiara, 1985; Undie and Friedman, 1988) implying that both D1-like and 

D2 receptor antagonists produce catalepsy by increasing cholinergic tone. Also it has be 

revealed that D2 receptor agonists (Klemm, 1993; Meller et al., 1985; Morelli and Di 

Chiara, 1985) but not D1-like receptor agonists (Wanibuchi and Usuda, 1990) can lift 

catalepsy induced by SCH 23390 suggesting that perhaps the final pathway by which 

SCH 23390 produces catalepsy is by its indirect action on D2 receptors and cholinergic 

tone within the striatum (Miller et al., 1990). Perhaps the observation that co-treatment 

with SCH 23390 + haloperidol resulted in a synergistic and not additive catalepsy 

response is related to the combined action of both drugs on D2 receptors. 

   Alternatevely, haloperidol catalepsy sensitization may result from alterations in 

the strength of glutamatergic synaptic connections between the cortex and striatum 
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(Wiecki et al., 2009).  Dopamine receptor activation has been shown to play a complex 

role in controlling corticostriatal plasticity at medium-spiny neurons (MSNs; Reynolds 

and Wickens, 2000, 2002; Shen et al., 2008). Neurocomputational model developed by 

Frank and colleagues (2009) proposes that haloperidol catalepsy sensitization develops as 

a result of plasticity within the striatopallidal pathway (Wiecki et al., 2009), a major 

downstream output pathway of the striatum which predominantly expresses D2 receptors 

(Berendse et al., 1992; Gerfen and Young, 1988). Indeed DA concentration within the 

striatum have been implicated in determining the sign of plastic change in both 

striatopallidal and striatonigral pathways. Under low DA concentration the striatopallidal 

neurons express long-term potentiation (LTP), and conversely long-term depression 

(LTD) under high or normal concentrations (Centonze et al., 2004). The opposite appears 

to be true for the striatonigral pathway where low DA concentrations lead to LTD, and 

high DA concentrations lead to LTP (Shen et al., 2008). 

 It may be that plasticity at corticostriatal synapses relies on cholinergic 

interneurons as they are believed to play a critical role in integrating both coriticostriatal 

and DA-ergic activities (Calabresi et al., 2000; Tozzi et al., 2011). Recent evidence 

shows that induction of LTD within the striatum is critically dependent on the activity of 

DA D2 receptors located on cholinergic interneurons (Tozzi et al., 2011; Wang et al., 

2006).     

  In accordance with the model proposed by Wiecki et al. (2009) context-dependent 

catalepsy sensitization could result from over-activation of the striatopallidal  neurons via 
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D2 receptor antagonism and subsequent LTP in this pathway (Centonze et al., 2004, 

Wiecki et al., 2009). However, as the D2 receptors are found both pre -and post 

synaptically, initial treatments with haloperidol produce profound increase in synaptic 

DA concentrations due to blockade of the pre-synaptic D2 autoreceptors (Bunney and 

Grace, 1978; Chiodo and Bunney, 1983; Lidsky and Banerjee, 1993). Augmented DA 

activity in the striatum can further result from environment novelty and exploratory 

behavior (Alttoa et al., 2007; Gruen et al., 1990; Redgrave and Gurney, 2006). Thus, 

enhanced striatal DA transmission due to D2 receptor occupancy and environmental 

exploration and novelty may lead to higher D1-like receptor stimulation and increased 

LTP within the striatonigral pathway (Surmeier et al., 2007). Based on our current 

behavioral findings, concurrent LTP in the striatonigral pathway (via D1-like receptors 

activation) as well as in the striatopallidal pathway (via D2 receptor antagonism) may be 

necessary for development of catalepsy sensitization and conditioning.  

 The medial prefrontal cortex (mPFC) and hippocampus (HPC) have been shown 

to influence haloperidol catalepsy (Dijk et al., 1991; Klockgether et al., 1988; Tucci et al., 

1994). Ibotenic acid lesions of the mPFC or the ventral HPC significantly attenuate 

haloperidol catalepsy in rats (Lipska et al., 1995). However, these studies used a 

cataleptogenic dose of haloperidol in acute tests. The mPFC and ventral HPC have been 

shown to be critical in the development of context-dependent behavioral sensitization to 

psychostimulants (Cador et al., 1999; Lodge and Grace, 2008; Wolf et al., 1995). The 

possible contribution of these structures to catalepsy sensitization and conditioning awaits 



 

57 

 

further study. 

 Context-dependent sensitization (Klein and Schmidt, 2003) and conditioning 

(Amtage et al., 2003; de Sousa Moreira et al., 1982; Sanberg, 1988) of haloperidol 

induced catalepsy have been reported in the past but their mechanism has not been 

elucidated. Our finding that D1-like receptors are necessary for development of catalepsy 

sensitization and conditioning is in agreement with previous reports implicating D1-like 

receptors in locomotor sensitization to psychostimulants (El-Ghundi et al., 2010; Vezina, 

1996) and in acquisition of many conditioned behaviors such as conditioned place 

preference (Cervo and Samanin, 1995), conditioned activity (Mazurski and Beninger, 

1991), conditioned approach (Choi et al., 2005; Dalley et al., 2005) and instrumental 

responding (Smith-Roe and Kelley, 2000). 

  Dopamine receptor blockade has been implicated in reductions in motivation and 

goal-directed movements in both animals (Salamone and Correa, 2002; Wise, 2004) and 

humans (Stern et al., 2005). Animals given a low dose of haloperidol are not cataleptic 

during initial drug-environment pairings instead exhibiting similar exploratory behaviors 

to control animals. It is the progressive loss of exploratory behaviors due to decreased 

engagement with their environment that eventually manifests as catalepsy.  

  Thus context-dependent catalepsy sensitization and conditioning are intriguing 

phenomena that allow us to study how environmental stimuli experienced under altered 

DA transmission may contribute to certain pathologies in humans, particularly 

psychostimulant dependence, Parkinson’s disease (PD) and schizophrenia. Our finding 
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that catalepsy sensitization and conditioned catalepsy is dependent on D1-like receptors 

supports studies examining psychostimulant sensitization (Vezina, 1996; Schmidt and 

Beninger, 2006) and context conditioning of psychostimulant effects in rats 

(Banasikowski and Beninger, 2010; Cervo and Samanin, 1995; Mazurski and Beninger, 

1991). Results suggest that these types of learning are more closely related than 

previously thought. Altered DA levels in PD may change the way environmental stimuli 

control behavior perhaps contributing to the progression of PD symptoms. Furthermore, 

understanding antipsychotic drug-environment interactions may shed light on the slow 

therapeutic benefit of antipsychotic drugs in schizophrenia (Agid et al., 2003; Beninger, 

1988; Grace, 1997; Valenti et al., 2011) and why certain schizophrenic patients relapse 

into a delusional state once they have been released from the hospital (Ayuso-Gutierrez 

and del Rio Vega, 1997; Fallon and Dursun, 2010; Gaebel and Pietzcker, 1985). Our 

findings identify possible mechanisms related to the role of DA in influencing the ability 

of environmental stimuli to control behavior that may be relevant to these observations.  
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3.1 Abstract 

 Haloperidol, a dopamine (DA) D2 receptor-preferring antagonist, produces 

catalepsy whereby animals maintain awkward posture for a period of time. Sub-threshold 

doses of haloperidol fail to produce catalepsy initially, however, when the drug is given 

repeatedly in the same test environment, gradual day-to-day increases in catalepsy are 

observed. More importantly, if sensitized rats are injected with saline instead of 

haloperidol they continue to be cataleptic in the test environment suggesting that 

environment-drug associations may play a role. DA D3 receptors have been implicated in 

a number of conditioned behaviors. We were interested if DA D3 receptors contribute to 

catalepsy sensitization and conditioning in rats. We tested this hypothesis using the DA 

D3 receptor-selective antagonist NGB 2904 (0.5, 1.8 mg/kg) and the DA D3 receptor-

preferring antagonist nafadotride (0.1, 0.5 mg/kg). For 10 consecutive conditioning days 

rats were treated with one of the D3 receptor antagonists alone or in combination with 

haloperidol (0.25 mg/kg) and tested for catalepsy, quantified by the time a rat remained 

with its forepaws on a horizontal bar. On test day (day 11), rats were injected with saline 

or the D3 receptor antagonist and tested for conditioned catalepsy in the previously drug-

paired environment. Rats treated with NGB 2904 or nafadotride alone did not develop 

catalepsy. Rats treated with haloperidol or haloperidol plus NGB 2904 or nafadotride 

developed catalepsy sensitization with repeated conditioning. When injected with saline 

they continued to exhibit catalepsy in the test environment – now conditioned. On the 

other hand, NGB 2904 (1.8 mg/kg) or nafadotride (0.5 mg/kg) given on the test day (after 
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sensitization to haloperidol) significantly attenuated the expression of conditioned 

catalepsy. Our data suggest that the D3 receptor antagonist NGB 2904 (1.8 mg/kg) and 

nafadotride (0.5 mg/kg) significantly attenuate conditioned catalepsy in rats when given 

in test but not when given during sensitization. Results implicate DA D3 receptors in 

regulating the expression of conditioned catalepsy. 

3.2 Introduction 

  Alterations in DA neurotransmission observed in a number of neuropsychiatric 

conditions such as schizophrenia, Parkinson’s disease (PD) and substance abuse have 

been associated with changes in DA D3 receptor function. Initially, postmortem studies 

found elevated D3 receptor levels in the ventral striatum in drug-free schizophrenia 

patients, but not in patients on medication at the time of death (Guillin et al., 2001; 

Gurevich et al., 1997). Recent studies using positron emission tomography (PET) found 

an increase in D3 receptor binding using [11C]-(+)-PHNO in the globus pallidus, 

substantia nigra and a decrease in the ventral striatum after initiation of repeated 

antipsychotic treatment in previously drug-naïve schizophrenia patients (Mizrahi et al., 

2011). On the other hand, PET studies in drug-naïve PD patients found a decrease in D3 

receptor binding in the globus pallidus and ventral striatum (Boileau et al., 2009). 

Postmortem studies in people who overdosed on cocaine found increased D3 receptor 

binding and mRNA in the ventral striatum when compared to age-matched cocaine-free 

subjects (Segal et al., 1997; Staley and Mash, 1996).  

  Changes in D3 receptor mRNA and/or expression levels in the ventral striatum 
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have been identified in experimental animals treated with drugs that directly or indirectly 

activate the DA system such as levodopa (Bezard et al., 2003; Bordet et al., 1997), 

amphetamine (Chiang et al., 2003), cocaine (Le Foll et al., 2002; Neisewander et al., 

2004), nicotine (Le Foll et al., 2003) and morphine (Liang et al., 2011). The animals that 

showed changes in D3 receptor levels also exhibited behavioral changes associated with 

the repeated drug treatment such as sensitization (Bordet et al., 1997; Chiang et al., 2003; 

Le Foll et al., 2003) and drug-environment conditioning (Le Foll et al., 2002; Liang et al., 

2011; Neisewander et al., 2004). Further studies using pharmacological manipulations 

have shown that D3 receptor antagonists block the expression of cocaine (Banasikowski 

et al., 2010; Le Foll et al., 2002) and nicotine (Pak et al., 2006) conditioned activity as 

well as the expression of conditioned place preference (CPP) based on cocaine (Vorel et 

al., 2002)and nicotine (Le Foll et al., 2005). 

 Recently it has been shown that repeated dopamine receptor antagonism 

(haloperidol) can produce catalepsy sensitization in a context-dependent manner 

(Banasikowski and Beninger, 2012a; Riedinger et al., 2011; Schmidt et al., 1999; Wiecki 

et al., 2009) and conditioned catalepsy (Amtage and Schmidt, 2003; Banasikowski and 

Beninger, 2012a)when tested drug-free in the drug-paired environment. Similarly to 

sensitization and conditioning with drugs that increase DA concentrations, haloperidol 

catalepsy sensitization and conditioning is dependent on the environmental stimuli 

present during conditioning and test (Schmidt and Beninger, 2006).  

  As D3 receptors play a significant role in the expression of conditioned behaviors 
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based on drugs that activate the DA system (i.e., conditioned activity, CPP), it is 

important to test whether D3 receptors are involved in conditioning to drugs that reduce 

DA activity (i.e., conditioned catalepsy). Our studies examined the role of D3 receptors 

in haloperidol catalepsy sensitization, and in acquisition and expression of conditioned 

catalepsy. We tested the hypothesis that the D3 receptor-preferring antagonist nafadotride 

and the D3 receptor-selective antagonist NGB 2904 will attenuate the expression of 

haloperidol conditioned catalepsy at doses that will fail to attenuate its acquisition. 

3.3 Materials and Methods 

3.3.1 Subjects 

 Experimentally naïve male albino Wistar rats (N = 135, Charles River Canada, St. 

Constant QC) weighing 320-340 g upon the start of experiments were housed in pairs or 

threes in clear Plexiglas cages (45.0 x 25.0 x 22.0 cm). Average temperature in the 

colony was 21º C, humidity 70% with reversed light–dark cycle (lights off from 0700 to 

1900 hr). Rats were maintained with food (LabDiet 5001, PMI Nutrition International, 

Brentwood, MO, USA) and water continuously available. Treatment of rats was in 

accordance with the guidelines of the Animals for Research Act, the Canadian Council on 

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

3.3.2 Drugs 

 Haloperidol, (4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-1-(4-fluorophenyl)-

butan-1-one (Sigma, St. Louis, MO, USA) was prepared in a 0.3 % distilled water 

solution of tartaric acid. Nafadotride, N-[(1-Butyl-2-pyrrolidinyl)methyl]-4-cyano-1-
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methoxy-2-naphthalenecarboxamide and NGB 2904, N-[4-[4-(2,3-Dichlorophenyl)-1-

piperazinyl]butyl]-9H-fluorene-2-carboxamide (Tocris, Oakville, ON) was prepared in a 

10% distilled water solution of 2-hydroxypropyl-β-cyclodextrin. Injections were 

administered intraperitoneally (i.p.) in a volume of 1 ml/kg.   

3.3.3 Behavioral Testing 

 Rats were randomly assigned to treatment (paired) and control groups (unpaired). 

Animals were removed from the colony room and injected i.p. with drug or saline and put 

back into their cages in a hallway lit by 34-watt fluorescent tubes. Thirty minutes 

[nafadotride (NAF), NGB 2904 (NGB)] or 60 min [haloperidol (hal)] later, they were 

tested, in a small testing room also illuminated by two 34-watt fluorescent tubes, on a 

horizontal bar (1.6 cm diam. threaded or smooth rod with end bolts attached to Plexiglas 

supports, 10 cm above the surface), by gently placing both forepaws on the bar. Descent 

latency was measured as the time span from placing the animal on the bar until the first 

active paw movement. A cut-off time of 180 s was used, i.e., the trial was terminated 

when the animal did not make an active paw movement within that time. 

3.3.4 Experimental Design 

 The general experimental protocol consisted of two phases: conditioning (10 

sessions) and test (1 session). All sessions occurred during the dark phase. The test 

apparatus consisted of two distinct (one with three black sides and one with three white 

sides) rectangular Plexiglas catalepsy chambers (32 x 42 x 30 cm). Each chamber was 
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equipped with a distinct horizontal bar. The black chamber was equipped with a 1.6 cm 

diam. smooth rod bolted to clear Plexiglass supports (1 cm thick, 10 cm high), and the 

white chamber was equipped with a 1.6 cm diam. threaded rod bolted to black Plexiglass 

supports (0.5 cm thick and 10 cm high).  Surgical paper was used as the floor covering in 

both chambers. Rats were randomly assigned to one of the two test chambers. Each rat 

was always placed in the same chamber during the haloperidol sensitization phase and all 

treatment groups included rats sensitized in each chamber. We observed no relationship 

between the magnitude of the catalepsy effect and the testing chambers, and no effect of 

testing chambers on catalepsy sensitization or conditioning.   

Experiment 1: Nafadotride Effects on Acquisition and Expression of Catalepsy 

  Two groups of rats were used to examine haloperidol (0.25 mg/kg) catalepsy 

sensitization and conditioned catalepsy; the 0.25 mg/kg dose was used in previous 

conditioned catalepsy studies by Schmidt and coworkers (1999) and by us (Banasikowski 

et al., 2012). Animals in the ‘paired’ condition were injected with haloperidol outside the 

testing room for 10 consecutive days, 60 min before the catalepsy test. Sixty min after the 

catalepsy test, rats were administered saline in their colony room (homecage injection). 

This was the hal 0.25 paired/sal group (n = 9). The ‘unpaired’ group received saline 60 

min before and haloperidol 60 min after the catalepsy test. This was the hal 0.25 

unpaired/sal group (n = 9). This design allowed for all animals to experience the same 

drug history but in different environments and at different time intervals (before test 

versus after tests). On day 11 all animals received saline 60 min prior to the conditioned 
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catalepsy test and no homecage injection.  

  Two groups of rats received ‘paired’ (n = 8) and ‘unpaired’ (n = 10) treatment with 

nafadotride (0.5 mg/kg).  

  Two groups of rats examined the effect of nafadotride on haloperidol catalepsy 

sensitization and acquisition of conditioned catalepsy. Rats received haloperidol (0.25 

mg/kg) 60 min before and nafadotride [0.1 mg/kg (n = 10) or 0.5 mg/kg (n = 9)] 30 min 

before each catalepsy test. These doses of nafadotride were used previously in behavioral 

studies of amphetamine-conditioned place preference (Banasikowski et al., 2012).  On day 

11 all animals received saline 60 min prior to the catalepsy test and no homecage 

injection.  

  Two groups of rats examined the effects of nafadotride on expression of 

haloperidol conditioned catalepsy. Rats received haloperidol (0.25 mg/kg) for 10 

consecutive conditioning days 60 min before each catalepsy test. On the saline test day 

rats were injected with nafadotride [0.1 mg/kg (n = 10) or 0.5 mg/kg (n =8)] 30 min before 

the catalepsy test with saline. 

Experiment 2: NGB 2904 Effects on Acquisition and Expression of Catalepsy 

  The drug treatment and behavioral testing protocol was based on procedures used 

in experiment 1. Two groups of rats, ‘paired’ (n = 10) and ‘unpaired’ (n = 9), were 

injected with haloperidol (0.25 mg/kg) or saline for 10 consecutive conditioning days, 60 

min before the catalepsy test, and received saline or haloperidol (0.25 mg/kg), 

respectively, 60 min after testing in their colony room (homecage injection). A group of 
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rats (n = 8) injected with NGB 2904 (1.8 mg/kg) was used to examine whether NGB 2904 

alone produced catalepsy. Two groups examined the effect of NGB 2904 on haloperidol 

catalepsy sensitization and acquisition of conditioned catalepsy. NGB 2904 doses were 

based on those used previously in stimulant self-administration studies (Gilbert et al., 

2005; Martelle et al., 2007). Groups hal 0.25 + NGB 0.5/sal (n = 9) and hal 0.25 + NGB 

1.8/sal  (n = 9) received haloperidol (0.25 mg/kg) 60 min and NGB (0.5 or 1.8 mg/kg, 

respectively) 30 min before the catalepsy test. On day 11 all animals received saline 60 

min prior to catalepsy test and no homecage injection.  

  Two groups examined the effects of NGB 2904 on expression of haloperidol 

conditioned catalepsy. Groups hal 0.25/NGB 0.5 (n = 8) and hal 0.25/NGB 1.8 (n =9) 

were injected with haloperidol (0.25 mg/kg) for 10 conditioning days. On day 11 rats were 

injected with NGB 2904 (0.5 or 1.8 mg/kg) 30 min before the saline catalepsy test. 

3.3.5 Statistics 

 All statistical analysis was performed using IBM SPSS 19.0. All data are 

presented as means ± standard error. Data were submitted to both parametric and 

nonparametric tests and each type of analysis yielded similar results. Only the parametric 

tests are reported in most cases. They involved two-way and one-way analyses of 

variance (ANOVA). Hypotheses tests were completed using α = 0.05 and pair-wise 

comparisons were made using Dunnett’s test and where specified, Fisher’s LSD test. 

3.4 Results 

3.4.1 Experiment 1: Nafadotride Effects on Acquisition and Expression of Catalepsy 
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 Across conditioning days 1 to 10 all group receiving haloperidol prior to testing 

showed increasing catalepsy over days (Fig. 4A); catalepsy was not observed in the 

‘unpaired’ or ‘paired’ nafadotride-alone groups. A two-way ANOVA revealed a 

significant main effect of day [F(9, 585) = 13.34, p < 0.001] , treatment [F(7,65) = 8.70, p 

< 0.001] and interaction [F(63,585 = 1.74, p < 0.01]. For the main effect of group, post-

hoc comparison found that rats treated with haloperidol (hal 0.25 paired/sal, hal 

0.25/NAF 0.1, hal 0.25/NAF 0.5) or co-treated with haloperidol and nafadotride (hal 0.25 

+ NAF 0.1/sal, hal 0.25 + NAF 0.5/sal) spent significantly more time with both paws on 

the bar (descent latency) than hal 0.25 unpaired/sal controls (p < 0.05). Nafadotride given 

alone in sensitization sessions did not produce catalepsy.  

 To further analyze the interaction, simple effects tests of group were performed 

on the first and last day of conditioning. No significant group differences were obtained 

on conditioning day 1 [F(7,65) = 1.85, p = 0.92] but a significant group difference was 

seen on conditioning day 10 [F(7,65) = 4.36, p < 0.01]. Post-hoc comparisons for day 10 

found that groups conditioned with haloperidol alone, hal 0.25 + NAF 0.1/sal, or hal 0.25 

+ NAF 0.5/sal had longer descent latencies than the hal 0.25 unpaired/sal control group (p 

< 0.05). The groups showing catalepsy did not significantly differ from one another (p > 

0.05; Fisher’s LSD).  

  On the saline test day rats previously sensitized with haloperidol or haloperidol 

plus nafadotride continued to be cataleptic in the test environment. The 0.5 mg/kg dose of 

nafadotride given during the test reduced the conditioned catalepsy effect. One-way  
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                 Figure 4 

  

Mean (± SEM) descent latency (s) 

in groups of rats receiving 0.25 

mg/kg haloperidol (hal) 60 min, or 

co-treated with 0.25 mg/kg 

haloperidol (60 min) and 0.1 or 0.5 

mg/kg nafadotride (NAF) 30 min 

prior to each conditioning day (A) 

and saline (sal) 60 min or 0.1 or 

0.5 mg/kg NAF 30 min prior to 

test session (B). * significantly 

different from hal 0.25 

unpaired/sal in pairwise 

comparison (Dunnett’s test) 

following significant group effects 

in analysis of variance. # 

significantly different from hal 

0.25 paired/sal in pairwise 

comparison (Fisher’s LSD test) 

following significant group effects 

in analysis of variance. † 

significantly different from NAF 

0.5 unpaired/sal. 
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 ANOVA revealed a significant difference among groups [F(7,65) = 4.54, p < 

0.001; Fig. 4B]. Post-hoc comparisons found that groups hal 0.25 paired/sal, hal 0.25 + 

NAF 0.1/sal, hal 0.25 + NAF 0.5/sal and hal 0.25/NAF 0.1, but not hal 0.25/NAF 0.5, 

had longer descent latencies than hal 0.25 unpaired/sal (p < 0.05). Further analysis found 

that the hal 0.25/NAF 0.5 but not hal 0.25 + NAF 0.5/sal group was significantly 

different from the hal 0.25 paired/sal group (p < 0.05; Fisher’s LSD) suggesting that a 

nafadotride dose of 0.5 mg/kg reduced expression but not acquisition of conditioned 

catalepsy.  

  A separate 1-way ANOVA revealed that rats in the NAF 0.5 paired/sal group 

showed significant conditioned catalepsy when compared to the NAF 0.5 unpaired/sal 

group [F(1, 16) = 5.86, p < 0.05].  Similarly, the NAF 0.5 paired/sal group differed from 

the hal 0.25 unpaired/sal group [F(1,16) = 8.74, p < 0.05]; the NAF 0.5 unpaired/sal and 

hal 0.25 unpaired/sal groups did not differ significantly from one another [F(1,17) = 0.55, 

p > 0.05].  This finding suggests that although repeated treatment with nafadotride in the 

test environment fails to produce catalepsy or catalepsy sensitization, it is capable of 

producing a low level of conditioned catalepsy.  

3.4.2 Experiment 2: NGB 2904 Effects on Acquisition and Expression of Catalepsy 

 Across conditioning days 1 to 10 a two-way ANOVA revealed a significant main 

effect of day [F(9, 495) = 10.73, p < 0.001], treatment [F(6,55) = 12.14, p < 0.001; Fig. 

5A] and interaction [F(54, 495) = 1.69, p < 0.01]. Post-hoc comparisons for the main 

effect of treatment found that all rats given haloperidol during sensitization exhibited 
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significantly longer descent latencies than the hal 0.25 unpaired/sal control group (p < 

0.05). NGB 2904 (1.8 mg/kg) given alone during sensitization sessions did not produce 

catalepsy.  

  To further analyze the interaction, simple effects tests of group were performed 

on conditioning day1, day 5 and day 10. No significant group differences were obtained 

on conditioning day 1 [F (6,55) = 1.97, p = 0.86] but a significant group effect was seen 

on conditioning day 5 [F(6,55) = 12.78, p < 0.001] and conditioning day 10 [F (6,55) = 

4.10, p < 0.01]. Post-hoc comparisons found that group hal 0.25 + NGB 1.8/sal exhibited 

significantly higher catalepsy scores from other haloperidol-treated animals on day 5 (p < 

0.05; Fisher’s LSD) but not on day 10. Further post-hoc comparisons on day 10 found 

that groups hal 0.25 paired/sal, hal 0.25 + NGB 0.5/sal, hal 0.25 + NGB 1.8/sal,  hal 

0.25/NGB 0.5, and hal 0.25/NGB 1.8 developed catalepsy sensitization and spent 

significantly more time with both paws on the bar than the hal 0.25 unpaired/sal group (p 

< 0.05).    

 On the saline test day, 1-way ANOVA revealed a significant difference among  

groups [F(6,55) = 3.46, p < 0.01; Fig. 5B]. Post-hoc comparisons found that groups hal 

0.25 paired/sal, hal 0.25 + NGB 0.5/sal, hal 0.25 + NGB 1.8/sal, and hal 0.25/NGB 0.5 

but not hal 0.25/NGB 1.8 or NGB 1.8 paired/sal had significantly longer descent latencies 

than the hal 0.25 unpaired/sal (p < 0.05). Further comparisons revealed that the NGB 1.8 

paired/sal group was significantly different from hal 0.25 paired/sal (p < 0.05; Fisher’s 

LSD) and did not differ significantly from the hal 0.25 unpaired/sal group. Similar to the  
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Figure 5 

 

  

Mean (± SEM) descent latency (s) 

in groups of rats receiving 0.25 

mg/kg haloperidol (hal) 60 min, or 

co-treated with 0.25 mg/kg 

haloperidol (60 min) and 0.5 or 1.8 

mg/kg NGB 2904 (NGB) 30 min 

prior to each conditioning day (A) 

and saline (sal) 60 min or 0.5 or 

1.8 mg/kg NGB 30 min prior to 

test session (B). * significantly 

different from hal 0.25  

unpaired/sal in pairwise 

comparison (Dunnett’s test) 

following significant group effects 

in analysis of variance. # 

significantly different from hal 

0.25 paired/sal in pairwise 

comparison (Fisher’s LSD test) 

following significant group effects 

in analysis of variance. 
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findings for nafadotride in experiment 1, the high dose of NGB 2904 (1.8 mg/kg) given 

in test following haloperidol sensitization reduced expression but not acquisition of 

conditioned catalepsy. 

3.5 Discussion 

 The results can be summarized as follows: In experiment 1, all rats treated with 

haloperidol or haloperidol + nafadotride did not show catalepsy initially, but gradually 

catalepsy sensitization was observed. Rats previously sensitized with haloperidol or 

haloperidol plus nafadotride exhibited conditioned catalepsy when tested with saline in 

the test environment. When nafadotride (0.5 mg/kg) was given on the test day to rats 

previously sensitized with haloperidol, a significant reduction of the catalepsy response 

was seen. The same dose of nafadotride given during haloperidol sensitization sessions 

did not reduce conditioned catalepsy acquisition. Nafadotride treatment in the test 

environment did not produce catalepsy sensitization, however, when rats were tested with 

saline a small but significant conditioned catalepsy emerged. As this effect was not seen 

in the nafadotride ‘unpaired’ rats, our results make an interpretation based on 

physiological effect of repeated injection (e.g., D3 receptor upregulation) an unlikely 

mechanism. Instead, this catalepsy is specific to environmental stimuli associated with 

previous nafadotride treatment. However, this interpretation should be taken with caution 

as the group conditioned with haloperidol plus this dose of nafadotride did not show an 

elevated conditioned catalepsy response compared to the group conditioned with 

haloperidol alone, as might be expected if conditioning with nafadotride led to 
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conditioned catalepsy. The possible mechanisms contributing to this finding await further 

study. 

  In experiment 2, rats treated with haloperidol or haloperidol plus NGB 2904 

showed gradual catalepsy sensitization with repeated testing. Rats previously sensitized 

with haloperidol or haloperidol plus NGB 2904 continued to be cataleptic when tested 

with saline in the drug environment. When NGB 2904 (1.8 mg/kg) was given on the test 

day to previously sensitized rats, it significantly attenuated the conditioned catalepsy 

response. The same dose of NGB 2904 given during haloperidol sensitization did not 

affect conditioned catalepsy acquisition. The findings in experiment 1 and 2 suggest that 

a DA D3 receptor-preferring or a D3 receptor-selective antagonist appear to reduce 

expression of conditioned catalepsy at doses that fail to affect acquisition.  

 Our findings that haloperidol, a D2 receptor-preferring antagonist, produces 

catalepsy sensitization is in agreement with previous reports (Lanis and Schmidt, 2001; 

Schmidt et al., 1999). Schmidt and colleagues have shown that a daily low dose of 

haloperidol (0.25 mg/kg) failed to produce catalepsy during the initial test session, 

however, day-to-day increases in the catalepsy response were observed with repeated 

haloperidol-environment pairings (Banasikowski and Beninger, 2012a; Klein and 

Schmidt, 2003; Riedinger et al., 2011). In the present study, control groups that received 

environment-saline pairing and also received haloperidol in their homecage (colony 

room) environment did not exhibit increased catalepsy during the test session. 

Furthermore, following catalepsy sensitization, if the same dose of haloperidol is injected 
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and catalepsy tested in another different environment, animals fail to express catalepsy 

(Klein and Schmidt, 2003; Wiecki et al., 2009). Therefore the effect of increased 

catalepsy in rats having received environment-haloperidol pairing can be attributed to the 

association of environmental stimuli with haloperidol rather than the previous history of 

haloperidol treatment (Banasikowski and Beninger, 2010). 

  The D3 receptor-preferring antagonist nafadotride and the D3 receptor-selective 

antagonist NGB 2904 failed to induce catalepsy when given alone. Our findings are 

consistent with previous studies using nafadotride (doses comparable to the current 

study) and NGB 2904 (Audinot et al., 1998; Martelle et al., 2007; Sautel et al., 1995; Xi 

and Gardner, 2007). Other D3 receptor antagonists including S 14297 (Millan et al., 

1997), SB 277011 and S 33084 (Gyertyan and Saghy, 2007) also failed to produce 

catalepsy in rats.  

  A number of studies have implicated D3 receptors in motor control. Acute 

treatment with D3 receptor antagonists has been shown to reduce haloperidol catalepsy in 

rats (Gyertyan and Saghy, 2007; Millan et al., 1997). Also D3 receptor antagonists appear 

to alleviate a number of parkinsonian symptoms (Mela et al., 2010; Silverdale et al., 

2004) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine 

(6-OHDA) lesioned animals. Comparison with the present results is difficult to make as 

the dose of haloperidol used in our study is too low to elicit catalepsy on the first test day. 

Only after repeated haloperidol-environment pairings does catalepsy sensitization appear. 

Thus, our design makes it difficult to assess the role of acute D3 receptor antagonism in 
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the reduction of motor impairments.  

  The finding that nafadotride and NGB 2904 reduced expression of haloperidol 

conditioned catalepsy at doses that failed to block acquisition is consistent with previous 

reports examining the role of D3 receptor antagonists in many drug conditioned 

behaviors (for a review see Beninger and Banasikowski, 2008). For example, in self-

administration studies, the D3 receptor antagonists NGB 2904 and SB 277011, decrease 

reinstating effects of cues previously paired with cocaine (Cervo et al., 2007; Gilbert et 

al., 2005). SB 277011 or the D3 receptor partial agonist BP 897 (that would also act as a 

partial antagonist) reduced response suppression in the presence of conditioned stimuli 

(Swain et al., 2008). We previously showed that the D3 receptor antagonist ABT 127 

blocked expression but not acquisition of cocaine conditioned activity (Banasikowski et 

al., 2010). SB 277011 blocked expression of cocaine conditioned activity (Le Foll et al., 

2002) and the expression of cocaine (Vorel et al., 2002) and nicotine (Le Foll et al., 2005) 

CPP. On the other hand, the effects of D3 receptor antagonists on the acquisition of CPP 

based on psychostimulants (Cervo et al., 2005; Gyertyan and Gal, 2003; Vorel et al., 

2002) often were non-significant. 

  Following drug-environment pairings, a change in D3 receptor expression in 

behaviorally conditioned animals has been reported. For example, rats with a history of 

cocaine self-administration in a particular environment showed increased D3 receptor 

binding following a reinstatement test (Neisewander et al., 2004). Le Foll et al. (2002) 

reported a significant increase in D3 (but not D1 or D2) receptor mRNA and D3 
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receptors in the ventral striatum in mice tested with saline in an environment previously 

associated with cocaine. More importantly, the up-regulation of D3 receptors was absent 

in mice that received saline-environment pairings and cocaine homecage injections. 

Similarly, rats repeatedly injected with morphine in a particular context developed 

environment-dependent locomotor sensitization which was associated with increases in 

D3 receptor mRNA in the ventral striatum. Rats treated with morphine in the homecage 

environment did not develop sensitization and showed no change in D3 receptor mRNA 

(Liang et al., 2011). Thus, the observations of increased D3 receptors are dependent on 

the drug-environment association; perhaps similar mechanism may play a role in 

conditioned catalepsy.  

 Based on limited studies in mice, it could be argued that the decrease in 

conditioned catalepsy expression observed following treatment with nafadotride or NGB 

2904 could result from an increase in spontaneous locomotor activity in the animals on 

the test day. Nafadotride (Sautel et al., 1995) and NGB 2904 (Pritchard et al., 2007) have 

been reported to increase locomotor activity in extensively habituated mice. However, 

studies in rats using other D3 receptor antagonists such as SB 277011 (Reavill et al., 

2000) and S 33084 (Millan et al., 2004) failed to report similar effects. Most importantly, 

Gyertyan and Saghy (2004) found increased spontaneous activity with SB 277011only in 

mice but not in rats, suggesting that there may be a species-specific locomotor response 

to D3 receptor antagonism (Gyertyan and Saghy, 2004). We failed to observe a decrease 

in catalepsy sensitization in haloperidol groups co-treated with nafadotride or NGB 2904 
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during conditioning, thus we have no reason to suspect that the effect seen on expression 

of conditioned catalepsy was simply due to locomotor-activating drug properties. Instead 

our data suggests that D3 receptors play an important role in mediating the expression of 

conditioned responses to environmental stimuli associated with haloperidol treatment, 

and that nafadotride and NGB 2904 attenuates the ability of environmental stimuli to 

elicit conditioned catalepsy in rats. 

  DA levels increase initially following haloperidol treatment.  Could elevated 

levels of DA inhibit the effects of D3 receptor antagonists during the catalepsy 

sensitization phase by competing for D3 receptors (see Xi and Gardner, 2007)?  During 

the test phase with saline, these elevations in DA levels would not occur; could the 

observed effects of D3 receptor antagonists in the conditioned catalepsy test occur 

because DA levels are no longer elevated?  It is possible that endogenous DA and D3 

receptor antagonists may compete for binding to D3 receptors during initial sensitization 

sessions. However, with repeated haloperidol treatments DA neurons undergo 

physiological adaptations (i.e., depolarization block) whereby they gradually shift from a 

hyperactive to a hypoactive state (Boye and Rompre, 2000; Chiodo and Bunney, 1983; 

Grace and Bunney, 1986; Grace et al., 1997; Valenti and Grace, 2010).  Accordingly, an 

effect of D3 receptor antagonists on catalepsy sensitization should emerge over trials but 

no such effect was observed.  We conclude that the significant effect of D3 receptor 

antagonists on the expression of catalepsy conditioning but not on the acquisition of 

catalepsy sensitization cannot be attributed to differential levels of endogenous dopamine 
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competing with D3 receptors for DA. 

 In aggregate, we have shown for the first time that the D3 receptor antagonists 

nafadotride or NGB 2904 attenuate expression of conditioned catalepsy at doses that fail 

to affect acquisition. This finding is consistent with previous reports showing that D3 

receptor activity is more critical for the expression than acquisition of drug conditioning 

effects to stimulants (Banasikowski et al., 2010; Banasikowski et al., 2012; Cervo and 

Samanin, 1995; Cervo and Samanin, 1996; Wang et al., 2006) and opiates (Liang et al., 

2011). We advance this notion by providing evidence for a role of D3 receptors in 

haloperidol conditioned catalepsy. Our findings suggest that conditioning to drugs that 

either increase or decrease dopaminergic neurotransmission may rely on similar 

mechanisms.   
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Chapter 4 

Drug-Environment Interaction Controls the Acquisition and Expression 

of Haloperidol Catalepsy Sensitization and Conditioning 
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4.1 Abstract 

  Dopamine (DA) plays a critical role in our ability to move and in some forms of 

learning. DA drugs used to treat Parkinson’s disease and schizophrenia produce 

progressively greater effects on behavior with repeated exposures (i.e., behavioral 

sensitization). Low doses of the DA D2-receptor preferring antagonist haloperidol (0.25 

mg/kg, i.p.), repeatedly injected in a particular environment, produce day-to-day 

increases in catalepsy, quantified by time spent on a horizontal bar without active 

movement. In experiment 1, we observed that expression of catalepsy sensitization is 

environment-specific, as it is not observed when testing is performed in different 

environments despite usual haloperidol treatment. Furthermore, places associated with 

repeated haloperidol injections and catalepsy tests also elicit catalepsy, now conditioned. 

This was observed when saline was substituted for haloperidol and rats were tested in 

their regular, but not in a novel test environment. Following repeated saline-environment 

pairings, conditioned catalepsy was extinguished. Post-extinction challenge with 

haloperidol produced a small catalepsy response that was now independent of the test 

environment, suggesting that the haloperidol drug cue alone can elicit conditioned 

catalepsy. In experiment 2, we show that expression of the sensitization response is 

dependent on a drug-environment interaction, as animals with a previous history of drug 

treatment in a different environment failed to exhibit significant catalepsy when given 

haloperidol in the test environment. In experiment 3, we show for the first time that 

habituation to the test environment prior to commencing haloperidol treatment 
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significantly enhanced the rate of catalepsy sensitization. This was not observed when 

habituation was performed in a different environment. Thus, acquisition and expression 

of catalepsy sensitization to haloperidol is conditional on the interaction between the drug 

and test environment. Results suggest that the therapeutic effects of antipsychotic drugs 

depend on the environment associated with their use. 

4.2 Introduction 

 The behavioral effects of drugs that act on the brain’s DA system change with 

repeated exposure to the drug. This may be particularly important in understanding the 

response to treatment of psychosis, a clinical hallmark of schizophrenia (Abi-Dargham et 

al., 2000; Abi-Dargham et al., 2009; Grace, 2000; Kegeles et al., 2010; Lodge and Grace, 

2011; Wadenberg et al., 2001). The time course of the therapeutic effects of 

antipsychotics is variable; some people with schizophrenia exhibit a delayed onset of 

action, where psychosis may persist sometimes for weeks after the initiation of treatment 

(Emsley et al., 2006; Grace et al., 1997; Miller, 1987).  

  Psychosis is believed to result from a sensitization-like learning processes in 

which DA system dysregulation (Carlsson and Lindqvist, 1963; Kapur and Remington, 

2001; Seeman et al., 1976; Wadenberg et al., 2001) provides a neurochemical milieu for 

acquisition of psychotic symptoms (Featherstone et al., 2007; Lodge and Grace, 2008; 

Lodge and Grace, 2012; Peleg-Raibstein et al., 2008). Accordingly, enhanced striatal DA 

release to acute amphetamine treatment observed in people with schizophrenia (Kegeles 
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et al., 2010; Laruelle, 2000; Laruelle et al., 1996) resembles that of healthy volunteers 

with a history of repeated amphetamine treatments (Boileau et al., 2006).  

 Psychomotor stimulant drugs like amphetamine produce progressively greater 

effects on behavior with repeated exposures [i.e., behavioral sensitization; (Post and 

Rose, 1976; Segal and Mandell, 1974)]. The enhanced behavioral output as well as the 

enhanced striatal DA release with each repeated drug treatment (Badiani et al., 1998; 

Paulson and Robinson, 1995) is context-dependent, i.e., its expression is strongest in the 

presence of previously drug-paired environmental stimuli (Anagnostaras and Robinson, 

1996; Badiani et al., 1998; Pert et al., 1990). Similarly, antipsychotic drugs, that block 

DA receptors, produce progressively greater effects on behavior with repeated testing 

(Carey, 1987; Li et al., 2007; Schmidt and Beninger, 2006). 

 The present experiments tested the interaction between the drug and test 

environment using the haloperidol catalepsy sensitization model (Amtage and Schmidt, 

2003; Banasikowski and Beninger, 2012a; Banasikowski and Beninger, 2012b; Klein and 

Schmidt, 2003; Lanis and Schmidt, 2001; Riedinger et al., 2011; Schmidt et al., 1999). 

Unlike animals treated with suprathreshold doses of haloperidol (> 1.0 mg/kg), rats given 

a low dose (≤ 0.5 mg/kg) do not exhibit catalepsy during initial drug-environment 

pairings. After repeated drug-environment pairings animals show gradual day-to-day 

increases in the catalepsy response, quantified by the time a rat remains with its forepaws 

resting on a suspended horizontal bar (Banasikowski and Beninger, 2012a). Moreover, 

when the animals are tested with saline instead of haloperidol they continue to exhibit 
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catalepsy in the drug-paired environment (Amtage and Schmidt, 2003; Banasikowski and 

Beninger, 2012a; Banasikowski and Beninger, 2012b). It appears that the sensitization 

effect is due to a progressive loss of exploratory behaviors as a consequence of decreased 

engagement with environmental stimuli, which eventually manifests as catalepsy.  

  In comparison to psychomotorstimulant drugs that facilitate and enhance DA 

transmission, sensitization and conditioning induced by treatments that reduce the brain’s 

DA activity have not been extensively studied. Environmental stimuli appear to control 

antipsychotic-produced catalepsy sensitization from the observation that sensitized 

responding is lost when rats are injected with haloperidol and tested in a different 

environment (Klein and Schmidt, 2003; Lynch and Carey, 1987; Wiecki et al., 2009). In 

experiments 1and 2, we carried out a systematic test of the hypothesis that environmental 

stimuli control the expression of catalepsy sensitization and conditioning.  Experiment 1 

examined the contribution of environmental stimuli (i.e., exteroceptive cues) to 

expression of sensitization and conditioned catalepsy, the extinction of conditioned 

catalepsy responding, and how haloperidol (interoceptive) drug cues (Carey and Gui, 

1998) may contribute to the conditioned catalepsy response.  Experiment 2 examined the 

independent roles of test environment history and drug history in expression of catalepsy 

sensitization. 

 To further understand the relationship between catalepsy sensitization and 

environmental influences, experiment 3 tested the hypothesis that pre-exposure 

(habituation) to the ‘to-be’ test environment will accelerate the rate of catalepsy 
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sensitization compared to pre-exposure to in a different environment. This hypothesis 

was based on the observation that novel stimuli activate DA systems (Ahn and Phillips, 

1999; Bardo et al., 1990; Rebec et al., 1997) and that experience with these stimuli 

reduces DA activation (Ahn and Phillips, 1999).  If catalepsy sensitization results from 

repeated association of environmental stimuli with attenuated DA neurotransmission, 

then environmental stimuli producing less DA release should augment the rate of 

catalepsy sensitization. 

4.3 Materials and Methods 

4.3.1 Subjects 

  Experimentally naïve male albino Wistar rats (N = 89) weighing 200-225 g upon 

arrival from Charles River Canada (St. Constant, QC) were housed in pairs or threes in 

clear Plexiglas cages (45.0 x 25.0 x 22.0 cm). Average temperature in the colony was 21º 

C, humidity 70% with reversed light–dark cycle (lights off from 0700 to 1900 hr). Rats 

were maintained with food (LabDiet 5001, PMI Nutrition International, Brentwood, MO, 

USA) and water continuously available. Treatment of rats was in accordance with the 

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

was approved by the Queen’s University Animal Care Committee. 

4.3.2 Drugs 

  Haloperidol, (4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-1-(4-fluorophenyl)-

butan-1-one (Sigma, St. Louis, MO, USA) was prepared in a 0.3% distilled-water 
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solution of tartaric acid. Injections were administered intraperitoneally (i.p.) in a volume 

of 1.0 ml/kg.   

4.3.3 Behavioral Testing 

 Rats were randomly assigned to treatment (paired) and control groups (unpaired 

or saline). The catalepsy sensitization procedure consisted of injecting rats (i.p.) with 

haloperidol or saline outside the testing room and putting them back into their cages. 

Sixty minutes later, they were tested on a horizontal bar [1.6 cm diam. threaded or 

smooth rod with end bolts attached to Plexiglas supports, 10 cm above the surface (see 

below)], by gently placing both forepaws on the bar. Descent latency was measured as 

the time span from placing the animal on the bar until the first active paw movement. A 

cut-off time of 180 s was used, i.e., the trial was terminated when the animal did not 

make an active paw movement within that time. 

4.3.4 Experimental Design 

 All catalepsy test sessions occurred between 0900 and 1700, during the dark 

phase of the light-dark cycle. The test apparatus consisted of two distinct (one with three 

black sides and one with three white sides) rectangular Plexiglas catalepsy chambers (32 

x 42 x 30 cm). Each chamber was equipped with a distinct horizontal bar. The black 

chamber was equipped with a 1.6 cm diam. smooth rod bolted to clear Plexiglas supports 

(1 cm thick, 10 cm high), and the white chamber was equipped with a 1.6 cm diam. 

threaded rod bolted to black Plexiglas supports (0.5 cm thick and 10 cm high). Surgical 
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paper was used as the floor covering in both chambers. Rats were randomly assigned to 

one of the two test chambers. Each rat was always placed in the same chamber during the 

haloperidol sensitization phase and all treatment groups included rats sensitized in each 

chamber. We observed no relationship between the magnitude of the catalepsy effect and 

the testing chambers, and no effect of testing chambers on catalepsy sensitization or 

conditioning.   

Experiment 1: Environment-Specific Expression of Haloperidol Catalepsy 

Sensitization and Conditioning. 

  Four groups of rats were used to examine the acquisition of haloperidol (0.25 

mg/kg) catalepsy sensitization and its subsequent expression in a familiar or novel test 

environment. The 0.25 mg/kg dose was used in previous conditioned catalepsy studies by 

Schmidt et al. (1999) and by us (Banasikowski and Beninger, 2012a; Banasikowski and 

Beninger, 2012b). The general protocol consisted of two phases: a series of sensitization 

sessions in one test environment (Context A), followed by a drug challenge session in 

Context A or an unfamiliar test environment (Context B). 

   Animals in the ‘paired’ condition were injected with haloperidol outside the 

testing room (Context A) for 10 consecutive days, 60 min before the catalepsy test. Two 

hrs after the catalepsy test, rats were administered saline in their colony room (homecage 

injection). These were the Hal 0.25 / Context A and Hal 0.25 / Context B groups (ns = 9). 

The term after the slash indicates the context on the test day. The ‘unpaired’ groups 

received saline 60 min before and haloperidol 2 hr after the catalepsy test. These were the 
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Unpaired Hal 0.25 / Context A (n = 9) and Unpaired Hal 0.25 / Context B group (n = 10). 

This design allowed for all animals to experience the same drug history but in different 

environments and at different times. On day 11 animals in groups Hal 0.25 / Context B 

and Unpaired Hal 0.25 / Context B were injected with haloperidol or saline, respectively, 

in an unfamiliar hallway and tested in an unfamiliar catalepsy chamber (black vs. white) 

located in an unfamiliar testing room (i.e., Context B). On the other hand, the Hal 0.25 / 

Context A and Unpaired Hal 0.25 / Context A groups were injected with haloperidol or 

saline, respectively, and tested in their usual test environment (Context A). No homecage 

injections were given during this test phase. After day 11 rats in groups Hal 0.25 / 

Context B and Unpaired Hal 0.25 / Context B were no longer tested. 

  In the next experimental phase, days 12-13, we examined the role of 

environmental conditioning on catalepsy responses. On day 12, five animals from the Hal 

0.25 / Context A and five animals from the Unpaired Hal 0.25 / Context A groups were 

injected with saline 60 min before and tested for catalepsy in their usual test environment 

(Context A). The remaining animals were injected with saline and tested for catalepsy in 

an unfamiliar testing environment (Context B). The next day, another saline test was 

administered, with the test environments reversed. Thus, over the two test days all 

animals were tested for conditioned catalepsy in an environment previously paired with 

haloperidol and in an unfamiliar environment. 

  During the extinction procedure, days 14-17, rats were administered saline 60 min 

before the catalepsy test in Context A. No homecage injections were given during this 
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phase. On day 18, five animals from Hal 0.25 / Context A and five animals from the 

Unpaired Hal 0.25 / Context A groups were injected with haloperidol 60 min before and 

tested for catalepsy in context A. The remaining animals were injected with haloperidol 

and tested for catalepsy in context B. On day 19, another haloperidol test was 

administered, with the test environments from day 18 reversed. Thus, all animals were 

tested for catalepsy in an environment previously paired with haloperidol (Context A) 

and an environment never paired with haloperidol (Context B). 

Experiment 2: Associative or Non-Associative Processes Involved in Expression of 

Haloperidol Catalepsy Sensitization.    

  We tested the hypothesis that repeated treatment with haloperidol outside of the 

test environment (unpaired group) would produce an augmented catalepsy response 

compared to saline control animals when haloperidol is given to both groups for the first 

time 60 min prior to placement in the test environment. The general procedure consisted 

of two phases: sensitization (15 days) and test (1 day). On the test day (day 16), all rats 

were challenged with haloperidol (0.25 mg/kg) 60 min before the catalepsy test.  

  The Hal 0.25 / Hal 0.25 group (n = 10) was treated with haloperidol (0.25 mg/kg) 

60 min before the catalepsy test for 15 consecutive days. Two hrs after the catalepsy test, 

these rats were administered saline in their colony room (homecage injection). The term 

after the slash indicates the treatment on the test day. The unpaired Hal 0.25 / Hal 0.25  

group (n = 10) was treated with saline 60 min before catalepsy test for 15 days, and was 

given homecage injections of haloperidol (0.25 mg/kg) 2 hrs later. The Saline / Hal 0.25 
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group (n = 9) was treated with saline 60 min before catalepsy test, and again with saline 2 

hrs after the test.  

Experiment 3: Environment Pre-Exposure and Acquisition of Future Haloperidol 

Catalepsy Sensitization. 

 Two groups of rats (N = 24) examined the effect of test environment pre-exposure 

on the subsequent acquisition of haloperidol catalepsy sensitization. The general protocol 

consisted of two phases: pre-exposure (6 days) and sensitization (13 days). During the 

pre-exposure phase rats in the Pre-exposure context A / Hal 0.25 group (n = 12) were 

injected with saline and placed in the ‘to-be’ test environment (Context A) for 5 min/day 

for six consecutive days (30 min total). The Pre-exposure context B / Hal 0.25 group (n 

=12) was injected with saline and placed in an alternate test environment (Context B) for 

5 min/day for six consecutive days (30 min total). Context B was physically different 

from context A as it consisted of a dark-lit testing room with different testing apparatus 

(black vs. white catalepsy chambers) and was located in a different part of the building. 

On day 7 all rats began the sensitization phase, and were injected with haloperidol 

outside the testing room (Context A) for 13 consecutive days, 60 min before the catalepsy 

test. 

4.3.5 Statistics 

  Statistical analyses were performed using IBM SPSS 19.0. All data are presented 

as means ± standard error. Data were submitted to both parametric and nonparametric 

tests and each type of analysis yielded similar results. Only the parametric tests are 
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reported. They involved two-way and one-way analyses of variance (ANOVA). 

Hypotheses tests were completed using α = 0.05 and pair-wise comparisons were made 

using Dunnett’s test and where specified, Tukey’s HSD test. 

4.4 Results 

4.4.1 Experiment 1: Environment-Specific Expression of Haloperidol Catalepsy 

Sensitization and Conditioning. 

 Across conditioning days 1 to 10 the groups receiving haloperidol prior to testing 

showed increasing catalepsy over days (Fig. 6); catalepsy was not observed in the 

‘unpaired’ groups. A two-way ANOVA revealed a significant main effect of day [F(9, 

297) = 9.00, p < 0.001], treatment [F(3,33) = 13.75, p < 0.001] and interaction [F(27,297 

= 3.16, p < 0.001]. For the main effect of treatment, post-hoc comparison found that the 

drug-paired Hal 0.25 / Context A and Hal 0.25 / Context B groups spent significantly 

more time with both paws on the bar (descent latency) than the two unpaired control 

groups (p < 0.001; Tukey’s HSD).  

 On day 11 (the context challenge test day), animals in the Hal 0.25 / Context A 

group continued to exhibit catalepsy in the test environment; on the other hand, rats 

previously sensitized in context A but tested in a novel test environment (Hal 0.25 / 

Context B) did not. This observation was statistically supported with an ANOVA 

[F(3,33) = 25.95, p < 0.001]. Post-hoc comparisons revealed a significant difference  
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Figure 6 

 

  Environment-specific expression of haloperidol catalepsy sensitization and conditioning. On days 1-10 groups of rats 

received either 0.25 mg/kg haloperidol (Hal; paired) or saline (sal; unpaired) 60 min prior to each conditioning day. Two 

hrs after catalepsy test, rats in the paired groups were administered saline, and rats in the unpaired groups were given 

haloperidol (0.25 mg/kg) in their colony room. On day 11, rats in the paired groups were given haloperidol and rats in the 

unpaired groups were given saline 60 min before and tested in either the familiar environment (Context A) or a novel 

environment (Context B). No colony room injections were given from this point on in the experiment and only the Hal 0.25 

/ Context A and Unpaired Hal 0.25 / Context A groups continued to be tested. On day 12, half of the animals in the paired 

and unpaired groups were injected with saline 60 min before and tested for catalepsy in Context A. The remaining animals 

were injected with saline and tested in Context B. On day 13, another saline test was administered, with the test 

environments from day 12 reversed. On days 14-17, rats were administered saline before the catalepsy test in Context A. 

On day 18, half of the animals from the paired and unpaired groups were injected with haloperidol 60 min before and tested 

for catalepsy in Context A. The remaining animals were injected with haloperidol and tested for catalepsy in Context B. On 

day 19, another haloperidol test was given, with the test environments from day 18 reversed. All data are presented as Mean 

(± SEM). ## (p < 0.01) significantly different from Unpaired Hal 0.25 / Context A or Unpaired Hal 0.25 / Context B in 

pairwise comparison (Tukey’s HSD test) following significant group effects in analysis of variance (ANOVA);  *** (p < 

0.001) significantly different from Hal 0.25 / Context B, Unpaired Hal 0.25 / Context A or Unpaired Hal 0.25 / Context B 

in pairwise comparison (Dunnett’s Test) following significant group effects in ANOVA; ** (p < 0.01), * (p < 0.05) 

significantly different from Unpaired Hal 0.25 / Context A.  
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between Hal 0.25 / Context A group and the other three groups (p < 0.001). The 

expression of catalepsy sensitization was dependent on the presence of stimuli previously 

associated with haloperidol treatment.  

  Two groups, Hal 0.25 / Context A and Unpaired Hal 0.25 / Context A were 

subsequently tested for environmental conditioning effects in the regular test environment 

(Context A) and in a novel test environment (Context B). When given saline, the Hal 0.25 

/ Context A rats exhibited conditioned catalepsy, i.e., significantly longer descent 

latencies in the test environment associated with haloperidol (Context A), but not in an 

unfamiliar environment (Context B), i.e., conditioned catalepsy. This observation was 

supported by a two-way ANOVA which revealed a significant main effect of context 

[F(1, 16) = 9.43, p < 0.01], treatment [F(1,16) = 22.49, p < 0.001] and interaction [F(1,16 

= 6.76, p < 0.05].  

  Animals continued to receive saline in the test environment (Context A) on days 

14-17. ANOVA revealed a significant main effect of day [F(3,48) = 4.52, p < 0.01], main 

effect of treatment [F(1, 16) = 13.03, p < 0.01] and interaction [F(3, 48) = 6.96, p < 0.01]. 

To further analyze the interaction, simple effects tests of group were performed on each 

extinction day. Significant group differences between the Hal 0.25 / Context A and 

Unpaired Hal 0.25 / Context A groups were observed on extinction day 1 [F(1,17) = 

15.55, p < 0.01] and extinction day 2 [F(1,17) = 10.23, p < 0.01], but not days 3 and 4.  

  When challenged with haloperidol on days 18 and 19, rats in the Hal 0.25 / 

Context A group exhibited significant catalepsy in the regular test environment (Context 
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A) as well as in Context B. This observation was supported by a two-way ANOVA that 

revealed a significant main effect of group [F(1,16) = 5.99, p < 0.05]. The above findings 

suggest that following extinction in Context A, the sensitized catalepsy response induced 

by haloperidol has shifted from being environment-specific to environment-independent, 

but only in the previously sensitized animals.  

4.4.2 Experiment 2: Associative or Non-Associative Processes Involved in 

Expression of Haloperidol Catalepsy Sensitization 

  Across sensitization days 1 to 15, a two-way ANOVA revealed a significant main 

effect of day [F(14, 364) = 2.68, p < 0.001], treatment [F(2,26) = 14.95, p < 0.001] and 

interaction [F(28,364) = 2.03, p < 0.05; Fig. 7A]. Post-hoc comparisons for the main 

effect of treatment found that rats given haloperidol prior to the catalepsy test (Paired Hal 

0.25 / Hal 0.25) had significantly longer descent latencies than the Unpaired Hal 0.25 / 

Hal 0.25 or the Saline / Hal 0.25 groups (p < 0.001). Simple effects analysis revealed a 

day effect in the Paired Hal 0.25 / Hal 0.25 group [F(14,126) = 2.36, p < 0.05], but not 

the other two groups. 

  On the test day, all rats were challenged with 0.25 mg/kg of haloperidol and tested 

for catalepsy. ANOVA revealed a significant difference among treatment conditions 

[F(2,26) = 8.637, p < 0.01; Fig. 7B]. Post-hoc comparison found that the Paired Hal 0.25 

/ Hal 0.25 group exhibited significantly longer descent latencies than the Unpaired Hal 

0.25 / Hal 0.25 or Saline / Hal 0.25 groups (p < 0.01). When the previously unpaired 

(Unpaired Hal 0.25 / Hal 0.25) and saline (Saline / Hal 0.25 groups) treated animals were 
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injected with haloperidol for the first time prior to catalepsy testing in the test 

environment we found no significant difference in their catalepsy scores (p > 0.05; 

Tukey’s HSD or student t-test). Expression of the catalepsy response was conditional on 

the presence of environmental stimuli previously associated with the haloperidol 

treatment. 

4.4.3 Experiment 3: Environment Pre-Exposure and Acquisition of Future 

Haloperidol Catalepsy Sensitization 

 Following the six-session pre-exposure phase in either the ‘to-be’ test 

environment (Context A), or the alternative environment (Context B), all rats tested with 

haloperidol showed an increased day-to-day catalepsy response (Fig. 8). However, rats 

previously exposed to the ‘to-be’ test environment exhibited a steeper catalepsy 

sensitization curve compared to the Pre-exposure context B / Hal 0.25 group. This 

observation was supported statistically with a two-way ANOVA that revealed a 

significant main effect of day [F(12, 264) = 14.73, p < 0.001], treatment [F(1,22) = 5.36, 

p < 0.05] and interaction [F(12,264) = 2.23, p < 0.05]. Thus, test environment pre-

exposures can modify future effects of repeated haloperidol treatment.  
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Figure 7 

 

  

Associative or non-associative 

processes involved in expression of 

haloperidol catalepsy sensitization. 

(A) Mean (± SEM) descent latency (s) 

in groups of rats receiving either 

saline (Saline / Hal 0.25, Unpaired 

Hal 0.25 / Hal 0.25) or 0.25 mg/kg 

haloperidol (Paired Hal 0.25 / Hal 

0.25) 60 min prior to each 

conditioning day. Two hrs after the 

catalepsy test, rats in the paired 

(Paired Hal 0.25 / Hal 0.25) and 

saline (Saline / Hal 0.25) groups were 

administered saline, and rats in the 

unpaired group (Unpaired Hal 0.25 / 

Hal 0.25) were given haloperidol 

(0.25 mg/kg) in their colony room. 

(B) On the test day (day 16) all 

animals were administered 0.25 

mg/kg haloperidol (Hal) 60 min prior 

to the test session.  

*** (p<0.001), ** (p< 0.01) 

significantly different from Unpaired 

Hal 0.25 / Hal 0.25 and Saline / Hal 

0.25 in pairwise comparison 

(Dunnett’s test) following significant 

group effects in analysis of variance. 
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Figure 8  

Environment pre-exposure and acquisition of future haloperidol catalepsy sensitization. Mean (± SEM) 

descent latency (s) in groups of rats previously pre-exposed to either the test environment (Context A) 

or alternative environment (Context B) receiving 0.25 mg/kg haloperidol (Hal) 60 min prior to testing.  

* significantly different from pre-exposure Context B / Hal 0.25 by analysis of variance. 
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4.5 Discussion 

  Rats treated with a low dose of haloperidol and tested for catalepsy in a specific 

environment showed no initial catalepsy but the cataleptic response increased from day-

to-day across subsequent test days. This catalepsy sensitization is a behavioral 

conditioning phenomenon.  Thus, (i) paired but not unpaired groups showed catalepsy  

sensitization.  This was seen in experiments 1, 2 and 3 and is in agreement with a number 

of previous findings (Amtage and Schmidt, 2003; Banasikowski and Beninger, 2012a; 

Banasikowski and Beninger, 2012b)  (ii) Development of catalepsy sensitization in one 

environment did not transfer to another environment, as shown on day 11 in experiment 

1. This finding is in agreement with Klein and Schmidt (2003). In addition, rats with a 

history of haloperidol treatments outside of the test environment (unpaired group) did not 

exhibit significant catalepsy when given haloperidol for the first time prior to catalepsy 

testing, as shown on day 16 in experiment 2. (iii) Conditioned catalepsy was observed in 

the drug-paired environment but not in a different environment. This was seen on days 12 

and 13 in experiment 1and has been reported previously by us (Banasikowski and 

Beninger, 2012a; Banasikowski and Beninger, 2012b) (iv) Conditioned catalepsy showed 

gradual extinction over days 14-17 of experiment 1. Similar extinction of conditioned 

catalepsy has been reported by Amtage and Schmidt (2003). These results provide 

compelling evidence that catalepsy sensitization is a conditioning phenomenon.   

  Haloperidol produced a small but significant catalepsy effect in both Context A 

and B on test days 18 and 19 in experiment 1. This effect was observed in Context A 
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after conditioned catalepsy had been extinguished in Context A and might be taken as 

evidence that a 0.25 mg/kg dose of haloperidol was producing an unconditioned 

catalepsy effect.  Yet this dose of haloperidol did not produce a significant catalepsy 

effect in Context B on day 11 in experiment 1, nor did it produce significant catalepsy on 

day 1 of testing in experiment 1, 2 or 3, arguing against an unconditioned catalepsy 

effect. One possibility is that the small but significant catalepsy effect of haloperidol in 

Context A on days 18 and 19 was due to cue properties of haloperidol that had not been 

extinguished.  Haloperidol has been shown to serve as a cue in drug discrimination 

experiments (Cohen et al., 1997; Gauvin et al., 1994; Goudie and Smith, 1999; McElroy 

et al., 1989).  Psychomotor stimulants also possess strong discriminative stimulus 

properties (Colpaert et al., 1978; Wise et al., 2008) and similarly have been observed to 

retain enhanced stimulant effects after extinction (Carey and Gui, 1998; Stewart and 

Vezina, 1991). 

 A remaining question is: why does 0.25 mg/kg of haloperidol produce a small but 

significant catalepsy effect in Context B on days 18 and 19 in experiment 1 after 

extinction training in Context A when the same dose of haloperidol produced no 

significant catalepsy effect in Context B on day 11?  The answer may lie in the effect of 

extinction training in Context A over days 14 to 17.  Prior to extinction training, the cues 

of Context A plus the putative cue properties of haloperidol may have controlled 

conditioned catalepsy.  After extinction of the exteroceptive Context A cues, the only 

remaining (putative) cue controlling catalepsy would be the interoceptive drug cue of 
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haloperidol itself as it had not been extinguished.  Since the cues of Context A had been 

extinguished by the time haloperidol was again tested on days 18 and 19, the only 

remaining (putative) cue controlling conditioned catalepsy was the drug cue.   

  The expression of behavioral sensitization may depend collectively on a parallel 

and balanced conditioning between the drug, exteroceptive and interoceptive cues (Carey 

and Gui, 1998). The fact that catalepsy was observed on days 18 and 19 only in the 

animals previously given haloperidol-test environment pairings but not in the unpaired 

group supports this idea. Previous sensitization studies have suggested that the test 

environment may serve as an ‘occasion-setter’ for previously conditioned drug cues 

(Anagnostaras and Robinson, 1996; Badiani et al., 1998; Bouton and Swartzentruber, 

1986). In other words, a drug can acquire a specific meaning and elicit an appropriate 

conditioned response but only in that particular environment. We expand this view and 

propose that extinction of exteroceptive stimuli may also result in a shift in the balance 

between the strength of conditioned exteroceptive and interoceptive cues. This may 

ultimately contribute to a shift from environment-specific catalepsy toward environment-

independent catalepsy, now solely maintained by drug cues. Thus, following extinction 

training in Context A, haloperidol 0.25 mg/kg produced a small but significant catalepsy 

response in both context A and B.  Further studies are needed to evaluate this 

interpretation.   

  We showed for the first time in experiment 3 that previous exposure to the 

catalepsy test environment led to a more rapid development of catalepsy sensitization in 
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experiment 3. Novel environmental stimuli have been shown to activate the DA system 

(Badiani et al., 1998; Bardo et al., 1990; Bromberg-Martin et al., 2010; Hooks and 

Kalivas, 1995; Horvitz, 2000; Redgrave and Gurney, 2006; Redgrave et al., 2008) and 

habituation to these conditions reduces such activation (Legault and Wise, 2001). As 

haloperidol is a competitive DA D2 receptor antagonist, its effect is influenced by the 

concentration of endogenous DA. Thus, under conditions where DA release is low, i.e., 

in habituated animals, haloperidol will be more effective at further reducing DA 

transmission to a point where it shifts the catalepsy sensitization curve to the left. 

Haloperidol treatment has been shown to facilitate different types of inhibitory learning 

like habituation of exploratory behavior (Bespalov et al., 2007; Lynch and Carey, 1986), 

extinction of operant responding (Gray and Wise, 1980; Phillips and Fibiger, 1979), and 

latent inhibition (Ruob et al., 1998; Weiner and Feldon, 1987) further supporting this 

view. Therefore, repeated haloperidol treatments in test environments with lower 

incentive motivational properties (e.g., habituated environments) can produce an 

augmented catalepsy sensitization response in comparison to similar treatments in less 

familiar testing environments.  

  Previous research has shown that repeated antipsychotic treatment can affect 

motivational processes (Salamone and Correa, 2002; Wise, 1982; Wise, 2004). Wise and 

colleagues were the first to show that DA function is critical for conditioned incentive 

stimuli to maintain operant responding for stimulant drugs (Yokel and Wise, 1975; Yokel 

and Wise, 1976), food (Wise et al., 1978) and brain stimulation (Corbett and Wise, 1980). 



 

115 

 

These studies showed that well-trained animals treated with the D2-preferring receptor 

antagonists pimozide or haloperidol normally initiated responding for available rewards, 

however with repeated treatment and testing the animals showed an extinction-like 

decline in responding that could not be explained by performance impairments (Franklin 

and McCoy, 1979; Yokel and Wise, 1975; Yokel and Wise, 1976).  

  Sensitization to the effects of antipsychotics has also been shown in expression of 

conditioned avoidance behavior (Boivin and Beninger, 2008; Li et al., 2007). In these 

studies, first-generation (haloperidol) or second-generation (olanzapine, risperidone) 

antipsychotics produced a gradual between-session decline in avoidance responses to an 

auditory stimulus predictive of an aversive foot shock. According to Carey (1987) 

behavioral sensitization and conditioning are critical to the variable onset of therapeutic 

action of antipsychotics. Studies from his lab have shown that animals repeatedly treated 

with haloperidol exhibited a more rapid extinction-like decline in exploratory behavior 

controlled by unconditioned incentive stimuli such as environmental novelty or entrance 

of the dark compartment of a light/dark apparatus (Carey, 1987; Carey and Kenney, 

1987). In each case, when saline was substituted for haloperidol, animals showed drug-

appropriate conditioned responses but only in the haloperidol-paired test environment and 

not when tested in a different environment (Lynch and Carey, 1987). Results implicate 

DA neurotransmission in the regulation of responses to novel and habituated 

unconditioned incentive stimuli, as well as conditioned incentive stimuli. 
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  Excessive activation of the DA system in people with schizophrenia (Abi-

Dargham et al., 2009; Laruelle et al., 1999; Lodge and Grace, 2011) or following 

repeated psychomotor stimulant intake (Li et al., 2004; Robinson and Berridge, 1993; 

Singer et al., 2009) can lead to excessive incentive learning about environmental stimuli 

that normally would not elicit approach and other responses (Beninger, 1983; Crow, 

1979; Gray et al., 1991; Kapur, 2003; McKenna, 1987; Miller, 1976; Murray, 2010; 

Schmidt and Beninger, 2006)). This aberrant incentive learning is believed to be involved 

in the development of psychosis (Beninger, 1983; Miller, 1976). On the other hand, 

antipsychotic treatment can reduce incentive motivational properties of both conditioned 

and unconditioned stimuli, resulting in a gradual loss of the ability of those stimuli to 

attract, engage and maintain behavior as shown here and by others (Banasikowski and 

Beninger, 2012a; Beninger, 1983; Carey, 1987; Salamone and Correa, 2002; Wise, 1982; 

Wise, 2004).  

  In aggregate, similar to the behavioral sensitization produced by psychostimulant 

drugs, the acquisition and expression of sensitization to haloperidol is also conditional on 

the presence of drug-associated environmental stimuli. Our findings provide further 

insight into the current understanding of learning processes involved in the action of 

antipsychotic drugs. Thus, the dependence of antipsychotic drugs on environmental 

stimuli for their action may provide a basis for understanding the variable-onset of 

therapeutic benefit (Emsley et al., 2006) and why the schizophrenia outpatient population 

remains vulnerable to psychosis relapse despite medication adherence (Chen et al., 2010; 
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Crow et al., 1986; Hogarty and Ulrich, 1998; Robinson, 2011).  
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5.1 Experimental Summary 

  The results from the three experimental chapters can be summarized as follows:  

      Rats treated with a low dose of the D2 receptor-preferring antagonist haloperidol 

and tested for catalepsy in a specific environment showed no initial catalepsy but the 

catalepsy response emerged and increased from day-to-day across subsequent test days. 

This effect was observed in experimental chapters 1, 2 and 3. Day-to-day sensitization of 

catalepsy was seen with each dose of haloperidol tested but was strongest with the 

highest dose of haloperidol (0.5 mg/kg).  

  Development of catalepsy sensitization in one environment did not transfer to 

another environment. Similarly, rats with a history of haloperidol treatments outside of 

the test environment (unpaired group) did not exhibit significant catalepsy when given 

haloperidol for the first time prior to catalepsy testing suggesting that a history of drug-

environment interaction controls catalepsy expression. Further, rats previously given 

haloperidol and tested with saline in the drug environment exhibited conditioned 

catalepsy. The magnitude of conditioned catalepsy observed was not dose-dependent as 

all doses of haloperidol resulted in a similar amount of conditioned catalepsy. 

Importantly, conditioned catalepsy was observed in the drug-paired environment but not 

in a different environment suggesting that drug-paired stimuli acquire the ability to elicit 

catalepsy.  

  Conditioned catalepsy showed gradual day-to-day extinction with repeated saline 

treatment in the previously haloperidol-paired environment. It appears that following 
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extinction the performance of sensitized responding to haloperidol shifted from 

environment-specific toward environment-independent expression. Subsequent 

haloperidol challenges produced a small but significant catalepsy effect in both Context 

A and B, but only in previously sensitized animals (paired group) but not in the unpaired 

group. As the conditioned environmental cues were extinguished in Context A, it was 

hypothesized that the catalepsy response in Context A and B was now produced by 

putative conditioned drug cue properties of haloperidol. 

  Rats treated with the D1-like receptor antagonist SCH 23390 exhibited some 

catalepsy but failed to develop significant day-to-day sensitization as seen with 

haloperidol.  Repeated treatment with SCH 23390 did not produce conditioned catalepsy. 

Co-treatment with SCH 23390 and haloperidol resulted in a synergistic catalepsy effect 

and a shift of the catalepsy sensitization curve to the left. When co-treated rats were 

challenged with saline and tested in the drug-paired environment they failed to exhibit 

conditioned catalepsy. On the other hand, rats previously sensitized with haloperidol 

alone and given SCH 23390 before the saline test showed conditioned catalepsy. These 

results suggest that functional D1-like receptors are critical for acquisition of conditioned 

catalepsy, but not for its expression. 

  Treatment with the D3 receptor antagonists, nafadotride or NGB 2904 did not 

produce catalepsy. Rats previously sensitized with haloperidol alone and treated with 

nafadotride or NGB 2904 before the saline test day showed an attenuated conditioned 

catalepsy response. The same doses of nafadotride or NGB 2904 given with haloperidol 
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during sensitization sessions did not affect conditioned catalepsy acquisition. These 

results suggest that functional D3 receptors play a role in expression of conditioned 

catalepsy, but not for its acquisition. 

  Previous exposure to the catalepsy test environment led to a more rapid 

development of catalepsy sensitization. It is believed that environmental novelty can 

elicit unconditioned incentive motivational responding that is manifested as approach and 

other exploratory behavior. Moreover, novel environmental stimuli activate the DA 

system (Badiani et al., 1998; Badiani et al., 1999; Bardo et al., 1990; Bromberg-Martin et 

al., 2010; Hooks and Kalivas, 1995; Horvitz, 2000; Redgrave et al., 2008) and 

habituation to these conditions reduces such activation (Legault and Wise, 2001). A 

reduction in the level of DA activity in environment following habituation may have led 

to an augmentation of the effects of haloperidol and a shift of the catalepsy sensitization 

curve to the left. 

5.2 Dopamine Receptor Subtypes and Behavior 

5.2.1 Behavioral Sensitization 

  DA plays an important role in motor function, expression of motivated behavior 

and certain types of learning (Beninger, 1983; Carey, 1987; Wise, 1982). The behavioral 

effects of drugs that act on the brain’s DA system change with repeated exposure to the 

drug. Moreover, different DA receptor sub-types may contribute in a circumstance-

specific way to various aspects of DA-mediated behaviors (Banasikowski et al., 2010; 
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Banasikowski et al., 2012). Although sensitization to the effects of antipsychotics has 

been shown in the past (Amtage and Schmidt, 2003; Boivin and Beninger, 2008; Carey, 

1987; Li et al., 2007; Wiecki et al., 2009), the mechanisms responsible for this 

phenomenon have not been elucidated. The current results show that repeated treatment 

with a D2, but not D1-like or D3 receptor-preferring antagonists in a particular test 

environment produces catalepsy sensitization. Moreover, acquisition of conditioned 

catalepsy is dependent on D1-like receptors, while its expression is dependent on D3 

receptors.  

  Catalepsy sensitization is controlled by a drug-environment interaction. Control 

groups that received environment-saline pairing and also received haloperidol in their 

homecage (colony room) environment did not exhibit increased catalepsy during the test 

sessions. Moreover, following catalepsy sensitization, if the same dose of haloperidol was 

injected and catalepsy tested in a different environment, animals failed to express 

catalepsy, an effect shown here and by others (Klein and Schmidt, 2003; Wiecki et al., 

2009). Similarly, rats with a history of haloperidol treatments outside of the test 

environment (unpaired group) did not exhibit significant catalepsy when given 

haloperidol for the first time prior to catalepsy testing. Such results make an 

interpretation based on non-associative processes such as motor or sensory impairments 

resulting from physiological effect of repeated haloperidol injections (e.g., cumulative 

drug effects) an unlikely mechanism to explain catalepsy sensitization and conditioning. 

Thus the effect of increased catalepsy in rats that have received environment-haloperidol 
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pairing can be attributed to the association of environmental stimuli with haloperidol 

rather than a previous history of treatment with a D2 receptor antagonist. 

   The sensitization and conditioning effects previously reported for psychomotor 

stimulants also have been shown to rely on their association with environmental stimuli. 

Repeated treatment and testing with psychomotor stimulant drugs that enhance DA 

transmission, e.g., amphetamine (AMPH) or cocaine, produces a day-to-day increase in 

locomotor responses in rats (Kalivas and Stewart, 1991; Pert et al., 1990; Post and Rose, 

1976; Segal and Mandell, 1974). A number of results suggest that the magnitude of 

various electorphysiological and neurochemical responses to these drugs, including the 

level of extracellular DA in the dorsal and ventral striatum, increases with repeated 

treatments (Badiani et al., 1999; Goto and Grace, 2005; Li et al., 2004; Paulson and 

Robinson, 1995; Singer et al., 2009; Ungless et al., 2001; Vezina and Queen, 2000). The 

enhanced locomotor response as well as the enhanced striatal DA release with each 

repeated AMPH treatment (Badiani et al., 1998; Badiani et al., 1999) is context-

dependent, i.e., its expression is strongest in the presence of previously drug-paired 

environmental stimuli (Anagnostaras and Robinson, 1996; Badiani et al., 1998; Pert et 

al., 1990). Co-treatment with either D1-like or D2 receptor antagonists plus the DA 

agonist has been shown to block drug-induced day-to-day increases in locomotor activity 

(Kuribara, 1995; Vezina, 1996; Vezina and Stewart, 1989; Wise and Carlezon, 1994). 

However, when the DA agonist is subsequently given alone without the DA antagonists, 

behavioral sensitization has been reported in rats previously treated with a D2 but not D1-
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like receptor antagonist (Vezina and Stewart, 1989) suggesting a critical role of D1-like 

receptors in the development of psychomotor stimulant sensitization (Vezina, 1996).  

 Development of behavioral sensitization to drugs that directly or indirectly 

activate the DA system is accompanied by an increase in D3 receptor mRNA and/or 

expression in the striatum (Bezard et al., 2003; Bordet et al., 1997; Chiang et al., 2003; 

Le Foll et al., 2003; Liang et al., 2011; Neisewander et al., 2004). The expression of 

behavioral sensitization is also attenuated with D3 receptor antagonism (Liang et al., 

2011; Bordet et al., 1997). Furthermore, pre-treatment with the D1-like receptor 

antagonist SCH 23390 actually prevents the induction of D3 receptor changes correlated 

with behavioral sensitization to L-DOPA (Bordet et al., 1997). 

  When viewed together, results from sensitization and conditioning studies with 

DA receptor antagonists (usually haloperidol or pimozide) and those from similar studies 

with DA receptor agonists (usually AMPH or cocaine) reveal a number of striking 

parallels. Thus, both classes of drugs produce behavioral sensitization with repeated 

testing that depends on the test environment. Both produce conditioned responses to the 

drug-associated environment. The development of behavioral sensitization and 

conditioning to DA receptor antagonists or to DA receptor agonists depends on intact D1-

like receptors. The expression of conditioned responses to both classes of drugs depends 

on intact D3 receptors. These parallel observations imply that the same DA receptor 

mechanisms may be involved in the development of sensitized and conditioned responses 

to DA antagonists and to DA agonists. 
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5.2.2 Incentive (Stimulus – Outcome) Learning and Motivation 

  Beninger (1983) was one of the first to argue that DA plays a critical role in 

incentive learning. Rats repeatedly treated with pro-DA drugs like cocaine and AMPH in 

a particular environment are observed to be more active than control animals when 

injected with saline and tested in the drug-paired environment (Banasikowski et al., 2010; 

Beninger, 1983; Beninger and Hahn, 1983; Beninger and Herz, 1986). From the incentive 

learning point of view, the environment stimuli paired with a drug like AMPH or cocaine 

acquire incentive salience and thus an increased ability to elicit approach and other 

responses during conditioning that manifests as conditioned activity during drug-free 

testing. The acquisition of environment-specific conditioned drug effects is blocked by 

treatment with D1-like and D2, but not D3 receptor antagonists (Banasikowski et al., 

2010; Banasikowski et al., 2012; Beninger and Hahn, 1983; Cervo and Samanin, 1995; 

Dias et al., 2006; Fontana et al., 1993a; Mazurski and Beninger, 1991), while initial 

expression of conditioning is attenuated by D3 receptor but not D1-like or D2 receptor 

antagonists (Banasikowski et al., 2010; Banasikowski et al., 2012; Beninger and Hahn, 

1983; Cervo and Samanin, 1995; Fontana et al., 1993a; Franklin and McCoy, 1979; 

Ljungberg, 1990; Wise et al., 1978). Following drug-environment pairings, a change in 

D3 receptor expression in behaviorally conditioned animals has been reported (Le Foll et 

al., 2002; Neisewander et al., 2004). More importantly, the up-regulation of D3 receptors 

was absent in animals that received saline-environment pairings and drug treatment in the 

homecage environment (Le Foll et al., 2002; Liang et al., 2011) suggesting that a mere 
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history of drug treatment is not enough to elicit this physiological change. 

 In the catalepsy sensitization model, when rats were injected with saline instead 

of haloperidol in the test environment, they continued to exhibit catalepsy - now 

conditioned. Co-treatment with a D1-like but not D3 receptor antagonist during pairing 

sessions blocked the acquisition of haloperidol conditioned catalepsy suggesting that this 

form of learning requires functional D1-like receptors. D1-like receptor activity has been 

implicated in encoding different forms of learning (Dalley et al., 2005; El-Ghundi et al., 

1999; Fenu et al., 2001; Parker et al., 2010; Smith-Roe and Kelley, 2000), while D2 

receptor antagonism has been shown to facilitate inhibitory learning, whereby stimulus 

exposure extinguishes its prediction of a potential consequence (Bespalov et al., 2007; 

Bouton, 2004; Ruob et al., 1998; Trimble et al., 2002; Weiner and Feldon, 1987; Wise et 

al., 1978). The ‘stimulus-no outcome’ relationship observed in latent inhibition or the 

omission of expected outcome seen in extinction training share certain similarity with 

catalepsy sensitization and conditioning. In agreement with this observation, post-trial 

injections with SCH 23390 impaired acquisition of extinction to stimuli previously 

associated with cocaine (Fricks-Gleason et al., 2012). Thus, catalepsy sensitization and 

conditioning resulting from a progressive loss of engagement with drug-paired stimuli is 

dependent on D1-like receptor activity.   

 In agreement with the previously reported role of D3 receptors in conditioned 

behaviors, the expression of conditioned catalepsy was attenuated by D3 (but not D1-

like) receptors antagonism (Banasikowski et al., 2010; Banasikowski et al., 2012; 
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Beninger and Banasikowski, 2008). Both D2 and D3 receptor have been implicated in the 

expression of incentive motivation, especially when conditioned behavior is maintained 

only by reward-predictive incentive stimuli (Beninger and Ranaldi, 1992; Cervo et al., 

2003; Cervo et al., 2007; Di Ciano et al., 2003; Gilbert et al., 2005; Hitchcott and 

Phillips, 1998). Supporting this observation, it has been shown that D2 and D3 receptors 

interact physically and functionally with one another forming D2/D3 heterodimers 

(Maggio et al., 2009; Scarselli et al., 2001). Both D2 and D3 receptor antagonists reduce 

lever press responding for conditioned rewards (Cervo et al., 2007; Di Ciano et al., 2003), 

however there are apparent differences between animals treated with D2 and D3 receptor 

antagonists. For example, in well-trained animals, D2 receptor antagonism produces an 

extinction-like decline of continuously reinforced responding after the animal has 

repeated experience with reward under D2 receptor blockade (Wise, 2004). On the other 

hand, D3 receptor antagonism does not affect behavior on continuously rewarded trials 

(Di Ciano et al., 2003; Gilbert et al., 2005). Further, recent work from our lab has shown 

that while D3 receptor antagonism dose-dependently attenuates expression of cocaine 

conditioned activity and AMPH conditioned place preference, D2 receptor antagonism 

does not attenuate expression of these conditioned behaviors during initial extinction 

training (Banasikowski et al., 2010; Banasikowski et al., 2012). 

  The current finding that treatment with a D2, but not D3 or D1-like receptor- 

preferring antagonist in a particular test environment produce catalepsy sensitization, 

while acquisition of conditioned catalepsy is dependent on D1-like receptors, and its 
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expression is dependent on D3 receptors advances considerably the current thinking of 

the role of DA receptor function in stages of incentive learning and expression of 

incentive motivation. Repeated D2 receptor agonism or antagonism and subsequent 

changes in DA levels in a specific context may change the way environmental stimuli are 

perceived resulting in a progressive gain or loss, respectively, of engagement with those 

environmental stimuli. Further examination of the mechanisms involved in this form of 

learning reveals essential, independent roles, with D2 receptors "setting" the incentive 

value of reward-related stimuli, while D1-like receptors control their encoding, and D3 

receptors control the retrieval of incentive value assigned to them.  

5.3 Dopamine and Striatal Plasticity 

 Dopamine receptor activation has been shown to play a complex role in 

controlling corticostriatal plasticity at medium-spiny neurons (MSNs) (Reynolds and 

Wickens, 2002; Shen et al., 2008). DA neurons are activated by encountering unexpected 

reward stimuli - primary rewards like food, water, a receptive conspecific, shelter and 

drugs of abuse. Activation is also seen when there is an unexpected presentation of 

stimuli that have become associated with the rewards – now conditioned incentive stimuli 

(Glimcher, 2011; Hollerman and Schultz, 1998). The sudden firing of DA neurons in 

response to these stimuli appears to modulate the processing of the concurrent glutamate 

inputs to the MSNs (Kiyatkin and Rebec, 1996). 

  Both antipsychotics and psychomotor stimulants activate expression of immediate 

early gene (IEG) transcription factors c-fos and zif268 in the ventral and dorsal striatum 
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(Badiani et al., 1998; Bertran-Gonzalez et al., 2008; Bhat et al., 1992; Graybiel et al., 

1990; LaHoste et al., 2000). IEG activation represents an indirect marker of neuronal 

activity and possibly the onset of neuronal plasticity (Dragunow et al., 1989; Dragunow 

and Robertson, 1988). Activation of IEGs in the striatal MSNs occurs with concurrent 

treatment of D1-like and D2 receptor agonists, but not when either drug is given alone 

(Capper-Loup et al., 2002; LaHoste et al., 1993). Cocaine- and AMPH-induced 

expression of IEGs is observed in both D1- expressing striatonigral and D2-expressing 

striatopallidal projecting MSNs when treatment was performed in a novel test 

environment (Badiani et al., 1999; Bertran-Gonzalez et al., 2008). Antipsychotic drug -

induced striatal IEG is also environment-dependent (Murphy and Feldon, 2001) and is 

reversed by cocaine or AMPH treatment (Graybiel et al., 1990; Robertson et al., 1991).   

  Enhanced DA transmission produced by psychomotor stimulants or incentive 

stimuli increases activity at D1 receptor-expressing MSNs and inhibits activity at D2 

receptor-expressing MSNs (Surmeier et al., 2007) thus promoting locomotion by its 

action on both pathways (Bateup et al., 2010). Similarly, activity of MSNs expressing 

either D1 or D2 receptors has been shown to have opposing roles in mediating behavioral 

sensitization effects produced by AMPH (Beutler et al., 2011; Ferguson et al., 2011; 

Pascoli et al., 2012, Hikida et al., 2010). Inactivation of neuronal excitability of 

striatopallidal neurons facilitates the development of AMPH behavioral sensitization 

(Ferguson et al., 2011), while disruption of activity of striatonigral neurons abolishes 

stimulant effects of AMPH, development of sensitization, and conditioning to stimuli 
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predictive of the drug (Beutler et al., 2011; Hikida et al., 2010). 

  Similarly haloperidol catalepsy sensitization may result from alterations in the 

strength of glutamatergic synaptic connections between the cortex and striatum 

(Centonze et al., 2004). A neurocomputational model of haloperidol catalepsy 

sensitization developed by Frank and colleagues (2009) suggested that plasticity within 

the striatopallidal pathway alone is responsible for environment-specific catalepsy 

sensitization and conditioning (Wiecki et al., 2009). However, current evidence at hand 

requires the need to expand this hypothesis to include plasticity at both striatopallidal and 

striatonigral MSNs for catalepsy sensitization and conditioning to be manifested. Many 

behavioral, electrophysiological and gene-activating DA-mediated functions require 

concomitant activation of D1-like and D2 receptors, a phenomenon known as ‘requisite 

D1/D2 synergism’ (Capper-Loup et al., 2002; LaHoste et al., 1993; Walters et al., 1987). 

Moreover, D1-like receptor activity plays a critical role in acquisition of many 

conditioned behaviors that require encoding of contextual information (Cervo and 

Samanin, 1995; El-Ghundi et al., 1999; Granado et al., 2008; Lemon and Manahan-

Vaughan, 2006; O'Carroll and Morris, 2004).  

  As D2 receptors are found both pre-and post-synaptically it is likely that initial 

treatments with haloperidol produce profound increase in synaptic DA concentrations due 

to blockade of the pre-synaptic D2 autoreceptors (Bunney and Grace, 1978; Chiodo and 

Bunney, 1983; Grace and Bunney, 1984; Grace and Bunney, 1986; Lidsky and Banerjee, 

1993). Augmented DA activity in the striatum can further result from environment 
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novelty and exploratory behavior (Legault and Wise, 2001). Thus, enhanced striatal DA 

transmission due to D2 autoreceptor occupancy, environmental novelty and exploration 

may lead to higher D1-like receptor stimulation and thus increased excitability within the 

striatonigral pathway (Surmeier et al., 2007). Based on our current behavioral findings, 

concurrent plasticity in the striatonigral pathway (via D1-like receptors activation) as 

well as in the striatopallidal pathway (via D2 receptor antagonism) may be necessary for 

development of catalepsy sensitization and conditioning.  

5.4 Dopamine and the Action of Antipsychotic Drugs 

 Dysregulation of the DA system is implicated in the development of psychosis, a 

clinical hallmark of schizophrenia (Abi-Dargham et al., 2000; Abi-Dargham et al., 2009; 

Grace, 2000; Kegeles et al., 2010; Lodge and Grace, 2011; Wadenberg et al., 2001). 

Drugs effective in treating psychosis block the D2 receptors (Carlsson and Lindqvist, 

1963; Kapur and Remington, 2001; Seeman et al., 1976; Wadenberg et al., 2001); 

psychomotor stimulant drugs like AMPH that facilitate the release of DA and increase 

DA levels in the brain, can produce symptoms that mimic an acute psychotic state in 

normal subjects and can exacerbate psychosis in people with schizophrenia (Angrist et 

al., 1974; Friedman and Sienkiewicz, 1991); and drug-naïve subjects diagnosed with 

schizophrenia exhibit greater striatal DA release (measured by enhanced displacement of 

D2 receptor ligands) in response to an acute AMPH challenge (Kegeles et al., 2010; 

Laruelle, 2000; Laruelle et al., 1996).  

  The time course of the therapeutic action of antipsychotic drugs in people with 
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schizophrenia is variable, with psychotic symptoms persisting sometimes for weeks 

depending on the length of previously untreated symptoms (Emsley et al., 2006; Grace et 

al., 1997; Miller, 1987). Thus, it may be more appropriate to think of psychosis, not as a 

direct result of a hyperactive DA system, but as a result of sensitization-like learning 

processes in which DA system dysregulation provides a symptomological milieu for 

acquisition of psychosis (Featherstone et al., 2007; Lodge and Grace, 2008; Lodge and 

Grace, 2012; Peleg-Raibstein et al., 2008). This notion is supported by the findings that 

the DA response to acute AMPH observed in people with schizophrenia  resembles that 

of healthy volunteers with a history of multiple psychomotor stimulant exposures 

(Boileau et al., 2006).    

  Endogenous and drug-induced psychosis are not instantaneous phenomena but 

instead are slow and progressive in nature possibly due to gradual alterations produced by 

the DA system (Laruelle, 2000; Lieberman et al., 1997; Yung and McGorry, 1996). 

Elevated DA may allow for irrelevant stimuli to acquire excessive incentive value leading 

to psychotic symptoms (Beninger, 1983; Crow, 1979; Gray et al., 1991; Kapur, 2003; 

McKenna, 1987; Miller, 1976; Murray, 2010; Schmidt and Beninger, 2006). A 

sensitization-like mechanism may also be responsible for the variable-onset of 

therapeutic action associated with antipsychotics. Evidence shows that repeated treatment 

with antipsychotics leads to gradual changes within the DA system (Grace and Bunney, 

1986; Meshul et al., 1992; Valenti et al., 2011; Valenti and Grace, 2010) and a 

progressive reduction in incentive motivational properties of reward-related stimuli 
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(Boye and Rompre, 2000; Franklin and McCoy, 1979; Wise, 1982). Therefore, repeated 

treatment with antipsychotic drugs in people experiencing psychosis may result in a loss 

of incentive value previously attributed to irrelevant stimuli leading to a gradual de-

construction of psychotic symptoms (Beninger, 1983; Miller, 1976). 

  In conclusion, similar to the behavioral sensitization produced by psychomotor 

stimulant drugs, the acquisition and expression of sensitization to haloperidol is also 

conditional on the presence of drug-associated environmental stimuli. Our findings 

provide further insight into the current understanding of learning processes involved in 

the action of antipsychotic drugs and the dissociable roles of D1-like, D2 and D3 

receptors in controlling their effects. Interestingly, the dependence of antipsychotic drugs 

on environmental stimuli for their action may provide a basis for understanding the 

variable-onset of therapeutic benefit (Emsley et al., 2006) and why the schizophrenia 

outpatient population remains vulnerable to psychosis relapse despite medication 

adherence (Chen et al., 2010; Crow et al., 1986; Hogarty and Ulrich, 1998; Robinson, 

2011).  

 

                                                                                                    The End. 
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