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Abstract 

Inverse incentive learning is the loss by stimuli of their ability to elicit approach and 

other responses. This has been shown in the horizontal bar test. Rats in the Paired group (n = 10) 

were injected with haloperidol (0.25 mg/kg) and initially descended almost immediately but over 

days descent latencies grew longer. Control rats were tested daily and received haloperidol 

(Unpaired group, n = 9) or saline (Saline group, n = 10) later in their home cage. Controls 

showed no evidence of increased descent latencies. On the final test day, all groups were tested 

after haloperidol and only the Paired group showed increased descent latencies. c-Fos 

immunohistochemistry was used to identify brain regions associated with inverse incentive 

learning. Expression of c-Fos positive neurons in the nucleus accumbens core and ventral 

pallidum was significantly lower in the Paired rats than in the Unpaired and Saline rats, even 

though all groups received haloperidol on the test day. Compared to the Saline group both the 

Paired and Unpaired groups showed evidence of lower c-Fos levels in the dorsal striatum and 

nucleus accumbens shell, possibly a result of daily haloperidol injections. No group differences 

in c-Fos expression were found in the piriform cortex, ventral hippocampus, ventral tegmental 

area or lateral habenula. The numbers of rats in the Saline, Paired, and Unpaired groups were: 9, 

10, and 6 for the piriform cortex, dorsal striatum, nucleus accumbens and ventral pallidum; 5, 10, 

and 5 for the ventral hippocampus; 5, 5, and 5 for the ventral tegmental area; and 6, 6, and 7 for 

the lateral habenula. Results reveal brain region-specific changes in neuronal activity associated 

with inverse incentive learning. Results support possible underlying neuroplastic changes for 

learned decreases in responsivity to environmental stimuli.   
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Chapter 1: General Introduction 

Neurophysiological changes underlie learning. However, finding the neurons responsible 

for encoding learning can be immensely challenging; the first step is to determine which brain 

regions might be involved in learning. In this thesis I am expanding on the behavioural work 

completed by Dr. Tomek Banasikowski for his PhD by using c-Fos immunohistochemistry to 

map brain regions possibly involved in the learning underlying behavioural sensitization to the 

dopamine (DA) receptor antagonist haloperidol on the horizontal bar test.  

1.1 DOPAMINE 

DA is a neurotransmitter implicated in reward-related learning, motivation, and motor 

movement (Baxter, Gluckman, Stein, & Scerni, 1974; Lippa, Antelman, Fisher, & Canfield, 

1973; Rolls, Kelly, & Shaw, 1974; Schmidt & Beninger, 2006; Schultz, 2002; Yokel & Wise, 

1975). The three primary DA pathways come from the substantia nigra pars compacta (SNpc) 

and the ventral tegmental area (VTA): the nigrostriatal, mesocortical, and mesolimbic, pathways. 

The mesocortical and mesolimbic pathways are collectively referred to as the 

mesocorticolimbic or mesotelencephalic DA system (Fibiger & Phillips, 1986). Neurons in the 

mesocortical DA system begin in the VTA and terminate in the hippocampus, amygdaloid 

cortex, the dorsal frontal cortex, and gyrus cinguli (Meltzer & Stahl, 1976). Neurons in the 

mesolimbic system originate in the VTA and have terminals in the nucleus accumbens (NAc), 

bed nucleus of the stria terminalis, and the olfactory tubercule (Meltzer & Stahl, 1976), as well 

as the rostrocaudal ventromedial striatum (Fibiger & Phillips, 1986). The NAc projects primarily 

to the ventral pallidum (VP) (Ikemoto, 2007; Zahm, Williams, & Wohltmann, 1996), which 

projects back to the VTA and NAc, as well as to the olfactory tubercule, SNpc and substantia 
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nigra pars reticulate (SNpr), subthalamic nucleus, lateral hypothalamic areas, the thalamus, and 

the brain stem (Ikemoto, 2007). Mogenson, Jones, and Yim (1980) hypothesized that the 

mesotelencephalic pathway is involved in the translation of motivational states into motor 

initiation. 

DA neurons produce bursts of action potentials to rewarding stimuli, novelty, intense 

stimuli, and aversive stimuli (Boudreau, Reimers, Milovanovic, & Wolf, 2007; Boudreau & 

Wolf, 2005; Brischoux, Chakraborty, Brierley, & Ungless, 2009; Legault & Wise, 2001; Schultz, 

1998, 2002; Schultz, Apicella, & Ljungberg, 1993; Zavala, Biswas, Harlan, & Neisewander, 

2007). DA neurons have two patterns of firing; tonic, low frequency firing transmitting basal 

levels of DA; and phasic, high frequency burst firing that releases a higher concentration of DA 

into the synaptic cleft (Schultz, 2002). Phasic firing of DA neurons has been implicated in 

reward-related learning (Schultz, 2002).  

DA has five receptor subtypes, organized into two families, D1- and D2-like receptors. 

The D1-like receptor family consists of D1 and D5 receptors; D2-like consists of D2, D3, and D4 

receptors (Beaulieu & Gainetdinov, 2011). D2 receptors can be localized using mRNA in situ 

histochemistry – probes that bind to the coding region for D2 receptors are injected and then 

visualized using histochemistry. D2 receptors are found in the anterior pituitary lobe, caudate-

putamen, NAc, olfactory tubercule, VTA, SNpc, and the lateral mammillary body (Lim et al., 

2004; Mengod, Martinez-Mir, Vilaró, & Palacios, 1989). 

1.1.1 Pharmacological manipulation of DA 

DA neurotransmission is the process of turning an electrical impulse into a chemical 

signal between neurons that release DA and those that express DA receptors. The rate of 
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neurotransmission can be increased by introducing new DA, or modulated with DA agonists and 

DA antagonists. Pharmaceuticals have different effects based on their affinity to certain DA 

receptors. Levodopa (L-Dopa) is a DA precursor that is decarboxylated into DA; it increases the 

amount of available DA in the synaptic cleft, thereby increasing DA transmission (Cenci & 

Lundblad, 2006). Other pharmaceuticals affect the amount of DA in the synaptic cleft, and 

therefore the likelihood of DA binding to its receptor, in a few different ways. Cocaine and 

amphetamine increase transmission by acting on the dopamine transporter (DAT); cocaine 

blocks the DAT, while amphetamine reverses its flow (Kilty, Lorang, & Amara, 1991; 

McMillen, 1983; Ritz, Lamb, & Kuhar, 1987; Shimada et al., 1991). Apomorphine is a DA 

receptor agonist, it increases transmission by binding directly to DA receptors on the post-

synaptic neuron (Andén, Rubenson, Fuxe, & Hökfelt, 1967; Baxter et al., 1974; Costall & 

Naylor, 1973).  

DA transmission can be blocked with DA receptor antagonists that bind to the DA 

receptors but do not activate them. DA D2-like receptor antagonists such as haloperidol block 

DA from acting on the post-synaptic cell without directly inducing an excitatory or an inhibitory 

post synaptic potential. Receptor antagonists can also bind to different neurotransmitters and 

their receptors and their subtypes. Haloperidol for example also binds to a-adrenergic receptors, 

5-HT serotonergic receptors, and D1-like receptors with a lower affinity than its affinity to D2-

like receptors (Fitzgerald, Deutch, Gasic, Heinemann, & Nestler, 1995; Kido et al., 1994; 

Minzenberg & Yoon, 2011). Although haloperidol has other sites of action its primary site of 

action appears to be D2 receptors.  

The DA system has been implicated in learning, reward, long term potentiation, 

addiction, mental illness, and disease (Abi-Dargham et al., 2000; Beeler et al., 2012; Calabresi et 
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al., 2000; Calabresi, Maj, Mercuri, & Bernardi, 1992; Centonze, Picconi, Gubellini, Bernardi, & 

Calabresi, 2001; Deleu, Northway, & Hanssens, 2002; Hollerman & Schultz, 1998; Horvitz, 

Choi, Morvan, Eyny, & Balsam, 2007; Ljungberg, Apicella, & Schultz, 1991; Lodge & Grace, 

2008b; Meltzer & Stahl, 1976; Nestler, 2012; Pickens, 1968; Schmidt & Beninger, 2006; 

Schultz, 1998, 2002; Schultz et al., 1993; Tindell, Berridge, Zhang, Pecina, & Aldridge, 2005; 

Woods & Schuster, 1968).  

1.2 DA AND LEARNING 

Learning is a diverse and complicated topic; it occurs in many different brain areas, and 

is associated with changes in neural chemistry and behaviour. A definition of learning such as, 

“behavioural changes as a result of new memories” may accurately capture the construct, but it is 

not sufficient to explain the neurological underpinnings of learning. 

Studies of Henry Molaison, patient HM, revolutionized the field of memory research 

when it was shown that, although he lacked the ability to form new episodic memories due to the 

bilateral surgical lesion of his hippocampus (to treat his epilepsy), he was able to learn new 

procedural memories as demonstrated by his improvements on the mirror drawing task and the 

Gollin Figures task (Milner, 1962; Milner, Squire, & Kandel, 1998; Scoville & Milner, 1957). 

Work with HM proved that although patients with hippocampal lesions lose their ability to 

convert some forms of working memory into long term memory not all types of memories are 

equally affected. 

DA is critical for incentive learning, the ability of previously neutral stimuli to elicit a 

response after being paired with a rewarding stimulus (Beninger, 1983; Berridge & Robinson, 

1998). For example, in a drug self-administration paradigm lever pressing increased when it 
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produced an injection of the DA neurotransmission enhancer cocaine (Deneau, Yanagita, & 

Seevers, 1969; Pettit & Justice, 1991; Pickens, 1968). There are multiple tasks used to gauge the 

effect of dopaminergic drugs: classical and operant conditioning, conditioned place preference 

(CPP), open field, catalepsy, horizontal bar, and classification of stereotyped behaviours.  

I will examine three factors that impact the effect of dopaminergic drugs: dose, 

sensitization, and environment. First I will explore dose-response curves; researchers administer 

different amounts of a drug in a single acute session to unique animals to determine the 

physiological and behavioural effects of the drug. Second, I will explore the capability of 

animals to sensitize to the effect of the same dose of a drug. Animals repeatedly given the drug 

show a shift in the magnitude of their response to the same dose; an increase in the magnitude of 

the behaviour is called sensitization, and a decrease is called tolerance. Third, I will examine the 

environment-dependent nature of sensitization to the same dose of a drug.  

1.2.1 Dose 

There is an inverse U-shaped dose-response curve for many drugs; a low dose has no 

discernable behavioural effect, but as dose is increased a behavioural effect is seen. A dose that 

is too high may incapacitate the animal, preventing the behaviour from being measured, or it 

may even result in death. Doses discussed are intraperitoneal injections (i.p.) unless stated 

otherwise.  

CPP assesses the reward value of a drug by evaluating its ability to imbue environmental 

stimuli with the ability to elicit approach responses. A CPP box has two chambers each with 

distinctive environmental cues and connected by a tunnel. One chamber is repeatedly paired with 

a DA agonist while the tunnel is closed. On test day the tunnel is open and the amount of time 
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the animal spends in the paired and unpaired chambers is measured. Animals given cocaine (10 

or 20 mg/kg) paired for three days with one chamber spend significantly longer in the cocaine-

paired chamber than the unpaired chamber on test day when they are not given any drug 

(Zakharova, Leoni, Kichko, & Izenwasser, 2009). Cocaine is thought to be rewarding because 

pairing it with a neutral stimulus, the paired CPP chamber, increases the amount of time an 

animal spends in that chamber on test day. Lower doses of cocaine (5 and 7.5 mg/kg) do not 

produce a CPP effect (Zakharova et al., 2009). High doses of cocaine (40 mg/kg) produce 

stereotyped behaviour such as sniffing, rearing, and burst of locomotion (Wood & Lal, 1987), or 

seizures and death (60 – 80 mg/kg, Witkin & Tortella, 1991; Woods & Schuster) that may 

confound results of CPP, as well as other behavioural tests. 

Self-administration is used to evaluate the motivation animals have to work in order to 

receive a dose. A low dose of cocaine (< 0.25 mg/kg per infusion) does not produce lever 

pressing in a self-administration paradigm (Pickens, 1968). Cocaine (0.25 - 3 mg/kg per infusion,  

Pickens, 1968; Roberts, Loh, & Vickers, 1989) and amphetamine (0.25 - 0.5 mg/kg per infusion, 

Pickens, 1968) produce an inverse effect on lever pressing behaviour – the higher the dose the 

less frequent the pressing. This dose-response self-administration curve is also seen in rhesus 

monkeys (Woods & Schuster, 1968) and with self-injection of apomorphine in rats (Baxter et al., 

1974). It has been theorized than animals are motivated to self-administer rewarding drugs until 

they reach an ideal blood concentration level (Pickens, 1968; Yokel, 1987; Yokel & Pickens, 

1974; Yokel & Wise, 1975). Lever pressing behaviour is blocked with high doses of 

amphetamine (5 mg/kg per infusion, Canales & Graybiel, 2000), apomorphine (3 and 12 mg/kg 

per infusion, (Canales & Graybiel, 2000), and cocaine (40 mg/kg, Wood & Lal, 1987), which 

cause stereotyped behaviours; in addition apomorphine elicits nibbling and licking (Canales & 



7 
 

Graybiel, 2000). Very high doses (60-80 mg/kg) of cocaine produce seizures that prevent 

animals from responding to the lever pressing task (Witkin & Tortella, 1991; Woods & 

Schuster). A dose of 60-80 mg/kg falls within cocaine’s LD50, the dose at which 50% of the 

animals die. The LD50 for cocaine administration varies from 35-100 mg/kg (i.p.; depending on 

frequency of administration), or 14 mg/kg (intravenous) (Downs & Eddy, 1932; Smart & Anglin, 

1987; Smith, Garner, & Niemann, 1991).  

Acute doses – when a drug is given once to a drug-naïve animal – of DA agonists and 

antagonists have a similar course of effect, but in opposing directions. At high doses some DA 

antagonists are sedatives; where agonists increase locomotion, antagonists can produce motor 

impairments. A high dose of haloperidol (1.0-2.0 mg/kg, Costall, Hui, & Naylor, 1978; Mason, 

Roberts, & Fibiger, 1978; Sanberg, Bunsey, Giordano, & Norman, 1988) produces catalepsy 

behaviour: an animal retains an unusual or uncomfortable position for a lengthy time period (>20 

seconds), when a control animal would normally change its position. Catalepsy is tested in a 

variety of ways, including the horizontal bar test. In the horizontal bar test a rat is placed with its 

forepaws on a metal rod (6-12.7 cm), and researchers record descent latency, the time until the 

animal makes an active paw movement (Sanberg et al., 1988). Some researchers using a lower 

bar (6-7.5 cm) found what appeared to be catalepsy (>5 sec) with a low-dose of haloperidol (.2 

mg/ kg, Mason et al., 1978; Sanberg et al., 1988). Catalepsy has been proposed as a model of 

motor initiation difficulties in Parkinson’s disease (PD) and other disorders linked to 

neurodegeneration and lower DA neurotransmission in the basal ganglia (Sanberg et al., 1988). 

Haloperidol’s LD50 in rats is 27 mg/kg (i.p.) and 15 mg/kg (intravenous) ("Haloperidol," 2014).  

When receptor antagonists are given alongside DA agonists the receptor blockade can 

attenuate the effects of the DA agonist. DA receptor antagonists attenuate the CPP effect (Fibiger 
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& Phillips, 1986) and self-administration of DA agonists; pimozide a DA D2-lilke receptor 

antagonist blocks self-administration of apomorphine (Baxter et al., 1974), and haloperidol 

pretreatment reduced rates of cocaine self-administration (Roberts et al., 1989). DA antagonists 

may therefore be considered as unrewarding and demotivating.  

1.2.2 Drug History 

The same dose of a drug can produce behavioural effects, such as locomotion or 

stereotyped behaviours that shift in magnitude when the drug is intermittently taken across time 

independently of the location where the animal received the drug. A drug is given in the testing 

chamber to establish a baseline, and then the animal is given repeated injections of the drug in 

the home cage. To test the effect of repeated drug administration the animal is given the drug 

once more in the test chamber and behaviour is measured (Boudreau & Wolf, 2005). In studies 

where animals are given the drug repeatedly in the testing chamber but that do not control for the 

effects of environmental stimuli by running an unpaired drug control group the changes in 

behaviour can be attributed only to repeated pairings of the drug. 

Animals that are given psychomotor stimulants, such as amphetamine (Badiani et al., 

1998; Ostrander et al., 2003), or cocaine (Boudreau & Wolf, 2005; Phillips & Di Ciano, 1996) 

demonstrate an increase in the magnitude of their locomotor behavioural response after repeated 

drug trials. The first dose of cocaine (25 mg/kg) administered may produce weak stereotyped 

behaviours, but these stereotypies grow stronger with repeated administration (Canales & 

Graybiel, 2000). A drug that is not sufficient to induce pressing behaviour for self-administration 

can become more motivating over time; the rate of lever pressing of rats for apomorphine (0.125 
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mg/kg) does not differ from saline controls on day 1, but on day 7 apomorphine sensitized rats 

lever press significantly more than the saline group (Baxter et al., 1974).  

The interaction between drug history and the dose given during sensitization can cause 

long-term changes that impact future responding. Priming with repeated cocaine administration 

(10 mg/kg, 12 days) causes sensitization to a lower dose of cocaine (0.225 and 0.45 mg/kg), 

resulting in higher locomotor sensitization and greater lever pressing than animals only given the 

low-dose cocaine (Horger, Shelton, & Schenk, 1990). The reward value of the low-dose is 

increased by pre-exposure to cocaine.  

Sensitization is seen in response to DA antagonists as well as agonists. The DA D2-like 

receptor antagonist haloperidol (0.05, 0.15, 0.5, 1, 1.5, 5 mg/kg) produces greater descent latency 

on the horizontal bar test over 22 days (Barnes, Robinson, Csernansky, & Bellows, 1990). The 

number of times rats have received haloperidol (0.025 mg/kg subcutaneous) is negatively 

correlated with conditioned avoidance of a chamber previously paired with foot shock (Swalve 

& Li, 2012). The rats may not associate the chamber with a foot shock because haloperidol 

interfered with their learning, or they may be less motivated to avoid the shock. There is a dose-

drug history interaction; higher doses of haloperidol (0.05, 0.1 mg/kg subcutaneous) produce 

stronger negative correlations with avoidance behaviour (Swalve & Li, 2012).  

1.2.3 Environment-dependent sensitization 

Behavioural sensitization is the increased response to the same dose of a drug when it is 

given repeatedly; however, the environment an animal is in when it is chronically administered a 

DA agonist can impact the magnitude of the behavioural effect (Mattson et al., 2008; Ostrander 

et al., 2003; Uslaner, Badiani, Day, et al., 2001). 
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Cocaine sensitization is context-dependent; administering the drug in “context a” 

produces locomotion in the test environment (“context b”) that is not significantly different from 

the behavioural responding of control animals to an acute dose (Mattson et al., 2008). As few as 

two pairings of cocaine with a test environment can produce a conditioned locomotor 

sensitization effect when the animals are in the environment without cocaine on board (Hemby, 

Jones, Justice Jr, & Neill, 1992). 

 Novelty increases locomotion; giving saline in a novel environment increases crossovers 

compared to home cage administration of saline (Badiani, Anagnostaras, & Robinson, 1995). 

Like the saline-novelty group, locomotion in an amphetamine-novelty group is much higher than 

rats administered amphetamine in their home cages (Badiani et al., 1995). The effect of a novel 

environment fades with repeated pairings that familiarize the rat to the environment (Badiani et 

al., 1995). However, administration of amphetamine in a novel environment has lasting effects; 

after 7 days of sensitization the amphetamine novelty group has more than double the amount of 

crossovers of the rats given amphetamine in their home cages (Badiani et al., 1995)  

Incentive learning is the ability of previously neutral stimuli to elicit a response after 

being paired with a rewarding stimulus (Beninger, 1983; Berridge & Robinson, 1998). In 

incentive learning reward affects the still active memory trace of the environmental stimuli and 

the behaviour in such a way as to increase the animals’ motivation to perform the behaviour 

again when in that environment. Inverse incentive learning (IIL) refers to a learned decrease in 

responding to environmental stimuli associated with reduced DA neurotransmission. IIL is the 

loss by stimuli of their ability to elicit approach and other responses. Banasikowski (2012) found 

IIL with the horizontal bar test; the descent latency of rats on the horizontal bar test increases 

when low-dose haloperidol (0.25 mg/kg) is paired with the test environment. All of the rats were 
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tested daily on the horizontal bar test in the same chamber, thereby removing the confounding 

factors of task and environmental novelty. Unpaired haloperidol rats that were given haloperidol 

outside of the test environment do not show increased descent latencies.  

Other studies have found that DA receptor antagonists cause decreases in response and 

approach behaviours; however, the studies that have been done failed to fully take the effects of 

environmental novelty into account. Unilateral 6-hydroxydopamine (6-OHDA) lesions are a 

model of damage to DA neurons in the SNpc in PD (Blum et al., 2001). When the animal 

attempts to walk forward the impairment of their limbs contralateral to the lesion causes them to 

rotate. Novelty + amphetamine rats with 6-OHDA lesions rotate more than the drug-alone group 

or saline controls but it is unclear whether this is due to greater motor impairment or increased 

locomotion (Badiani et al., 1998; Ostrander et al., 2003). Repeated pairings of test environment 

with a DA antagonist impairs motor performance on the rotorod test compared to mice treated 

with the drug outside of the environment (Beeler et al., 2012). However, the control mice had 

never done the rotorod test or been in the test environment.  

1.3 NEURAL CIRCUITRY OF THE BASAL GANGLIA 

Environment-dependent behavioural sensitization is the intersection of drug history and 

environment. Identifying which brain areas may be involved in environment-specific behavioural 

sensitization may help shed light on the sites of action of DAergic drugs, provide target areas for 

more accurate models of disease, or identify new areas for treatments such as direct brain 

stimulation.  

There are several brain areas implicated in sensitization to DA agonists, and some that 

are implicated in environment-specific sensitization. Rats in a novel environment + drug group 
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have a different pattern of c-Fos mRNA expression in the NAc core (NAcC) and shell (NAcS), 

the lateral striatum, the septum, and the neocortex (cingulate, motor, sensory-motor, primary and 

secondary somatosensory, claustrum, and piriform cortices) compared to rats administered 

amphetamine in their home cages (Badiani et al., 1998; Ostrander et al., 2003). 

A single dose of haloperidol (1 mg/kg s.c.) given to drug-naïve animals increases c-Fos 

expression in the dorsolateral (DLS) and dorsomedial striatum (DMS), NAcC, and NAcS 

(Deutch, Lee, & Iadarola, 1992). The NAc and dorsal striatum are implicated in context-specific 

sensitization to DA agonists (Badiani et al., 1998; Mattson et al.; Ostrander et al., 2003). If they 

are also involved in environment-dependent sensitization to a DA receptor antagonist they may 

represent a general area responsible for integrating reward values with environmental stimuli. 

The NAc receives inputs from the ventral hippocampus (vHipp), an area that has been implicated 

in processing environmental and spatial information (Lodge & Grace, 2008a, 2008b; Valenti, 

Lodge, & Grace, 2011). The NAc is an area of interest in haloperidol sensitization because it 

receives inputs from DAergic VTA neurons and has D2-like receptors (Fibiger & Phillips, 1986; 

Ikemoto, 2007; Lim et al., 2004; Mengod et al., 1989). Lodge and Grace (2008a, 2008b), and 

Valenti et al. (2011) used whole-cell patch clamping electrophysiology to identify a pathway 

between the vHipp, the VTA, the NAc, and the VP. The striatum also receives DAergic input 

from the VTA, as well as the SNpc (Fibiger & Phillips, 1986). Many of these studies utilized c-

Fos immunohistochemistry to identify regions of interest (ROI), suggesting it is a viable 

technique to examine the effect of DA manipulations. 

1.4 c-Fos IMMUNOHISTOCHEMISTRY 
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In this thesis I am searching for the brain regions underlying environment-dependent 

haloperidol sensitization. I mapped the effect in the basal ganglia using c-fos 

immunohistochemistry. 

 fos is an oncogene encoded by the RBJ-MSV, a retrograde virus (Morgan & Curran, 

1991). Oncogenes are the genetic information that an RNA retrovirus uses to induce a tumour. 

The progenitors of oncogenes are normal cellular genes from which oncogenes are derived. They 

are called proto-oncogenes. c-fos is the proto-oncogene of fos. The c-fos gene encodes for the 

protein c-Fos.  

Basal levels of c-fos mRNA and protein expression in the brain are low (Morgan & 

Curran, 1991). c-Fos can be induced by receptor stimulation, neuron differentiation, and serum 

or polypeptide growth factors (Dragunow, Robertson, Faull, Robertson, & Jansen, 1990; 

Greenberg & Ziff, 1983; Morgan & Curran, 1991). It is used as a marker of neural activity with 

single-cell resolution (Dragunow et al., 1990). Transcriptional activation happens within 5 min 

of stimulation and continues for 15-20 min (Greenberg & Ziff, 1983; Müller, Curran, Müller, & 

Guilbert, 1985). mRNA expression reaches peak values 30-45 min after stimulation and has a 

half-life of approximately 12 min. Protein synthesis of c-Fos follows mRNA expression with a 

half-life of 2 hrs. c-fos is an immediate-early gene because it is not blocked by a protein 

synthesis inhibitor; it does not require proteins to undergo a synthesis process before they can be 

turned into c-Fos (Morgan & Curran, 1991).  

When receptors are stimulated, it promotes secondary messenger systems whose end 

products are kinases that cross the nucleus and phosphorylate proteins that bind to DNA; 

phosphorylation of cyclic adenosine monophosphate (cAMP) response element-binding protein 
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(CREB) activates the gene c-fos (Herdegen & Leah, 1998). The 5’ region of the c-fos gene 

contains regulatory elements that have been implicated in c-Fos expression (Treisman, 1985). 

These include the serum response element, also known as the dyad symmetry element. It is an 

inducible enhancer that binds the serum response factor (Treisman 1986, 1987, Gilman et al 

1986). When the neuron is exposed to serum growth factors that bind to receptors on the neuron 

the serum response element in the c-fos gene mediates the transcription of c-Fos. The 3’ end of 

the gene contains sequences that are necessary for the accumulation of RNA following serum 

stimulation (Treisman, 1985). c-Fos is activated by neural growth factor as well, and may serve a 

role in coupling nerve growth factor to transcription factors that play a role in long-term cell 

function and development of growth (Curran & Morgan, 1985).The protein c-Fos is translated in 

the cytoplasm, them translocated to the nucleus where it forms dimers with other transcription 

factor proteins before binding with DNA to express other genes, thereby affecting long-term 

cellular changes (Herdegen & Leah, 1998). 

Immediate early genes have been found to play a role in learning and memory, 

somatosensory experience, and drug tolerance and addiction (Herdegen & Leah, 1998). c-Fos 

expression is positively correlated with performance on learning tasks, and often animals who 

fail to learn the task do not express c-Fos proteins (Freeman & Rose, 1995; Herdegen & Leah, 

1998; Kleim, Lussnig, Schwarz, Comery, & Greenough, 1996; McCabe & Horn, 1994). 

Learning of complex tasks, such as the Morris water maze, is impaired in c-Fos deficient mice 

that can otherwise perform a simple T-maze successfully (Paylor, Johnson, Papaioannou, 

Spiegelman, & Wehner, 1994). Long-term changes that result from downstream transcription 

factors affected by c-Fos may underlie learning of complex tasks. 
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Somatosensory stimuli, such as auditory, visual, and olfactory cues, give rise to c-Fos 

expression in their respective cortical areas (Herdegen & Leah, 1998). Noxious stimuli, such as 

foot shock, intense heat or cold, and electrical stimulation also elicit c-Fos expression (Herdegen 

& Leah, 1998). Noxious stimuli produce very rapid learning; animals work harder to avoid a 

noxious stimuli than to reach a pleasant reward, and learn to run a maze more quickly when 

errors are punished with a noxious stimulus than when success is rewarded with food (Brown, 

1948; Dorcus & Gray, 1932). Being placed into the environment where a noxious stimulus was 

previously delivered causes c-Fos expression in many areas, including the hypothalamus, limbic 

system, and cortex, suggesting that c-Fos may be used to examine neural areas involved in 

avoidance-related environment-dependent learning. 

Repeated drug administration of cocaine and D2 antagonists produce changes in 

immediate early gene expression, notably a short-term increase in c-Fos and a stable increase of 

fos-related antigens (FRAs) (Herdegen & Leah, 1998; Nye, Hope, Kelz, Iadarola, & Nestler, 

1995). Repeated amphetamine produces increases in phosphorylation of CREB, which has the 

potential to impact multiple downstream transcription factors that may be involved in addiction 

(Cole, Konradi, Douglass, & Hyman, 1995). c-Fos expression in animals repeatedly given a drug 

paired with an environment can be used to identify brain areas that may underlie drug-

environment sensitization. Many of these areas have been identified in studies using DA agonists 

(Badiani et al., 1998; Mattson et al., 2008; Ostrander et al., 2003), but to my knowledge there are 

few studies that examine the effect of pairing an environment with a DA antagonist.  

1.5 CLINICAL RELEVANCE 
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Two disorders that strongly implicated the DA system are PD and schizophrenia. I am 

examining these disorders in greater detail because horizontal bar sensitization may serve as a 

model for PD; cases of paradoxical kinesis and research on the effect of environmental stimuli 

on gait initiation suggests that difficulties in initiating movement may not be entirely due to 

motor impairments, but may arise out of disordered motivation.  

Haloperidol was one of the first drugs used to treat schizophrenia. Although many new 

drugs have been developed to treat schizophrenia, haloperidol is still prescribed today. 

1.5.1 Parkinson’s Disease 

PD is a neurodegenerative disease characterized by impairments in movement. The 

impairments are the result of loss of dopamine neurons responsible for movement, motivation, 

and reward. Cell death in the ventrolateral SNpc depletes DA in the striatum, leading to motor 

impairments (Blum et al., 2001). Weakness, bradykinesia (slowness of movement), muscle 

rigidity, resting tremor, and postural instability are the characteristic symptoms of PD (Jankovic, 

2008). Deterioration of the VTA, the locus cœruelus, and the outputs of the Meynert basalis 

nucleus has been implicated in cognitive impairments (Blum et al., 2001).Cognitive symptoms 

include depression, apathy, and anxiety, impairments of associate learning and other forms of 

memory, as well as difficulties with executive functioning and emotional processing (Jankovic, 

2008; Zgaljardic, Borod, Foldi, & Mattis, 2003). Patients with PD are also more likely to exhibit 

compulsive behaviours such as gambling, eating, and shopping (Jankovic, 2008).  

 There are approximately 100,000 Canadians living with Parkinson’s; 85% of them are 

over the age of 65 (Health Canada, 2003). As the population ages, the incidence of PD is 
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expected to rise. The Parkinson’s Society of Canada has predicted that 23.6% of Canadians over 

65 years of age will be living with PD by the year 2033. PD is an extremely debilitating disease. 

PD places significant drains on the health care system. The most recent publication of 

Economic Burden of Illness in Canada does not differentiate between diseases; however, treating 

neuropsychiatric conditions in 2008 cost Canadian taxpayers $11.4 billion, second only to 

cardiovascular diseases (Health Canada, 2014). The previous study, conducted in 2002 by Health 

Canada calculated the total cost of PD in Canada to be $558.1 million dollars (Health Canada, 

2002a). Direct costs to the health care system make up $87.8 million of the total.  

There is no cure for PD; however, patients can live 10-15 years after diagnosis. During 

this time their condition progressively deteriorates. PD is treated with L-Dopa, a dopamine 

precursor capable of being taken orally and crossing the blood brain barrier (BBB) to increase 

DA transmission in the basal ganglia, and a DOPA decarboxylase inhibitor (DDCI) (Bezard, 

Brotchie, & Gross, 2001; Jenner, 2008; Kandel, Schwartz, & Jessell, 2000; Kandel, Schwartz, 

Jessell, Siegelbaum, & Hudspeth, 2012). DDCI’s prevent L-Dopa from being metabolized into 

3,4-dihydroxyphenylacetic acid by DOPA decarboxylase and monoamine oxidases and then into 

DA in the peripheral nervous system, where L-Dopa will not contribute to the treatment effect, 

("Editorial: Dopa decarboxylase inhibitors," 1974). DDCI’s cannot cross the BBB, enabling 

synthesis of L-Dopa in the brain where it works to reduce PD symptoms. Patients would need to 

take much higher doses of L-Dopa if they did not take a DDCI. 

Other pharmaceuticals are often used in combination with L-Dopa, or for a period of time 

before disease progression necessitates L-Dopa to handle worsening symptoms (Bezard et al., 

2001). These include: DA agonists (bromocriptine, perogolide, lisuride, apomorphine, 
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pramipexole, ropinrole, cabergoline, piribedil), antimuscarinics (trihexyphenidyl, benztropine, 

prphenadrine, procyclidine, biperiden), amantadine, selegilline, and catechol O-

methyltransferase inhibitors (entacapone, tolcapone) (Deleu et al., 2002). 

DAergic treatments often work to treat motor symptoms, but may fail to improve 

cognitive symptoms (Blum et al., 2001; Jankovic, 2008; Zgaljardic et al., 2003). This may be 

because other neurotransmitter systems are involved, or it may be that the re-introduction of DA 

into the Parkinsonian brain is not sufficient to restore the damage that living with low DA 

neurotransmission caused. Understanding the effects of chronic low-dopamine on behaviour and 

the brain may help guide the design for new therapeutic and pharmaceutical treatments.  

1.5.2 Schizophrenia 

Schizophrenia is a psychotic disorder associated with a range of positive symptoms 

(delusions and hallucinations), negative symptoms (apathy, flat affect, monotone), and 

disorganized behaviours (word salad, tangents, catalepsy) (Andreasen & Carpenter Jr, 1993; 

Association, 2013; Kay, Flszbein, & Opfer, 1987; Morrison, 1973). Word salad is speech 

consisting of meaningless words or phrases. Tangents occur when the point of the 

communication is abandoned to expand upon an interesting secondary fact; a man talking about 

exercise may mention he used to walk his dog, and then start talking about his childhood pets. 

Catalepsy is a form of postural rigidity (Morrison, 1973). It takes various forms: opposition, 

where the person is locked into a single position and cannot be moved; waxy flexibility, where a 

person can be moved like a wax doll and they will hold the position; negativism, where a person 

resists instructions; mutism and stupor; and catatonic excitement, where a person is excessively 

active without purpose or goal (Association, 2013).  
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The prevalence of schizophrenia in Canada is 1% (Health Canada, 2002b). Health 

Canada calculated the cost of treating schizophrenia to be $656 million dollars, accounting for 

24.5% of total spending on mental health care in 1998 (Health Canada, 2002a).  

Schizophrenia is theorized to be the result of abnormally high basal DA 

neurotransmission (Meltzer & Stahl, 1976). Antipsychotics are the primary treatment 

recommended for treating schizophrenia (Buchanan et al., 2010; Gilbert, Harris, McAdams, & 

Jeste, 1995; Meltzer & Stahl, 1976). The majority of antipsychotics, both typical and atypical are 

DA D2 receptor antagonists; some have affinities for other receptors (Seeman, 2002; Seeman, 

Chauwong, Tedesco, & Wong, 1975). The newest type of treatment are partial agonists of the D2 

receptor, such as aripiprazole, which increases certain functions of the D2 receptor and 

antagonizes others (Beaulieu & Gainetdinov, 2011; Lieberman, 2004). However, some people do 

not respond to second generation antipsychotics, and are still prescribed haloperidol.  

1.5.3 The DA hypothesis of PD and schizophrenia 

The DA hypothesis of PD and schizophrenia puts these disorders at two opposing ends of 

a DA gradient; PD patients lack DA neurotransmission, while patients with schizophrenia have 

high levels of DA neurotransmission. This theory came about from the efficacy of DA 

antagonists in the treatment of schizophrenia (Meltzer & Stahl, 1976). If a drug that decreases 

DA neurotransmission reduces symptoms related to schizophrenia, it follows that there may be 

an inherent surplus of DA neurotransmission in the schizophrenic brain. Autopsies of patients 

with PD show cell death in the substantia nigra pars compacta, a major DA nucleus in the brain 

(Blum et al., 2001; Jankovic, 2008). The efficacy of L-Dopa is further evidence that PD results 

from a lack of DA transmission. 
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The concept of a gradient arose from reports of patients being given a dose that is too 

high. When the disease is overcorrected symptoms of the opposing disorder are expressed. 

People with schizophrenia on high doses of typical antipsychotics exhibit PD-like tremor, 

posture, and a shuffling gait sometimes termed the “Thorazine shuffle” (Hansen, Snyder, 

Messamore, & Hoffman, 2004). Hallucinations have been seen in a proportion of PD patients on 

a chronic drug course of L-Dopa (Moskovitz, Moses, & Klawans, 1978). In a normal healthy 

population DA agonists may produce psychosis; high doses of cocaine and amphetamine can 

produce hallucinations and delusions (Connell, 1957; Fitzgerald et al., 1995; Manschreck et al., 

1988; Robinson & Becker, 1986; Staley, Wetli, Ruttenber, Lee Hearn, & Mash, 1995). It is 

helpful to examine research on the opposing disorder when researching PD or schizophrenia in 

order to form hypotheses and understand a more complete picture of how DA affects 

neurological functioning.  

1.5.4 Learning  

Incentive learning is altered in PD and schizophrenia. It can be manipulated with 

exogenous DA, DA agonists, and DA antagonists. Studying the effect of abnormal DA 

transmission on learning within the bounds of PD and schizophrenia is an incredibly useful 

window into the role of DA in learning in humans.  

Patients with PD have multiple cognitive and learning disabilities. Their performance is 

dependent on what phase of their L-Dopa treatment they are in (Jenner, 2008). The efficacy of L-

Dopa rapidly peaks and then fades, necessitating multiple doses each day (Deleu et al., 2002). 

The short half-life enables researchers to test PD patients when they are in an ON L-Dopa phase 

and compare their performance to when they are in OFF phase. Patients with PD fare worse on 
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the Tower of London, an attention set-shifting task, and the Wisconsin card sorting task when 

they are off L-Dopa (Lange et al., 1992).  

Poor cognition may be one of the only underlying symptom shared by all patients with 

schizophrenia; cognitive remediation training shows generalizable improvements to task 

performance and quality of life (Bowie, Reichenberg, Patterson, Heaton, & Harvey, 2010; 

Cohen, Nienow, Dinzeo, & Docherty, 2009; Couture, Penn, & Roberts, 2006; Harvey & Bowie, 

2012; Keefe, Arnold, Bayen, McEvoy, & Wilson, 2002; Leucht & Lasser, 2006; Robinson, 

Woerner, McMeniman, Mendelowitz, & Bilder, 2014; Tandon, Nasrallah, & Keshavan, 2009; 

Wykes & Spaulding, 2011). However, the role of DA on learning in people with PD and 

schizophrenia is muddied by differences in disease severity and treatment history. Other 

confounds include age, gender, education, and income, as well as individual differences of 

patients. Researchers cannot directly manipulate losses of DA neurons in PD, and it is unethical 

to tamper with medication dosages in schizophrenia. It is costly and imprecise to measure levels 

of DA transmission in humans in vivo, although some experiments have been done (Laruelle et 

al., 1996). Researchers use animal models of learning to directly manipulate DA transmission at 

varying points in a learning task.  

1.6 HYPOTHESIS 

Mapping sensitization of descent latency on the horizontal bar test to a low-dose of 

haloperidol will shed light on the effect of prolonged DA inactivation as well as the intersection 

between decreased binding and learning about the environmental stimuli. I hypothesize rats in 

the Paired haloperidol group will have a different pattern of neural activity measured using c-Fos 

immunohistochemistry compared to rats in the Unpaired and Saline groups.  
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Chapter 2: Brain regions associated with inverse incentive learning: c-Fos 

immunohistochemistry after haloperidol sensitization on the bar test in rats 

2.1 ABSTRACT 

Inverse incentive learning is the loss by stimuli of their ability to elicit approach and 

other responses. We used c-Fos immunohistochemistry to identify brain regions associated with 

inverse incentive learning. Rats that had daily treatments with haloperidol (0.25 mg/kg) paired 

with placing their forepaws on a horizontal bar elevated 10 cm above the floor initially 

descended almost immediately but over days descent latencies grew longer, revealing inverse 

incentive learning. Control rats that were tested daily and received haloperidol (Unpaired group) 

or saline later in their home cage showed no evidence of increased descent latencies. On the final 

test day, all groups were tested after haloperidol and only the Paired group showed increased 

descent latencies. c-Fos levels in the nucleus accumbens core and ventral pallidum were lower in 

the Paired group than in the Unpaired and Saline groups even though all groups received 

haloperidol on the test day. Compared to the Saline group both the Paired and Unpaired groups 

showed evidence of lower c-Fos levels in the dorsal striatum and nucleus accumbens shell, 

possibly a result of daily haloperidol injections. No group differences in c-Fos were found in the 

piriform cortex, ventral hippocampus, ventral tegmental area or lateral habenula. Results reveal, 

by means of different patterns of c-Fos expression, brain region-specific changes in neuronal 

activity associated with inverse incentive learning. Results support possible underlying 

neuroplastic changes for learned decreases in responsivity to environmental stimuli.   
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2.2 INTRODUCTION 

Rewarding stimuli produce increases in dopaminergic neurotransmission that lead to 

incentive learning, i.e., the acquisition by previously neutral stimuli of an increased ability to 

elicit approach and other responses (Beninger, 1983; Berridge & Robinson, 1998). A simple 

experimental example of incentive learning is conditioned activity. If an animal repeatedly 

receives injections of a dopamine (DA)-enhancing stimulant drug such as amphetamine or 

cocaine paired with placement into a distinctive environment, the animal will show significantly 

elevated locomotor activity in that environment when it receives a saline injection there 

(Beninger & Hahn, 1983; Beninger & Herz, 1986). Control unpaired animals with a similar 

history of exposure to the test environment and a similar history of amphetamine or cocaine 

injections but outside of the test environment, do not show elevated activity during the saline test 

confirming the conditioned nature of the response (Beninger & Hahn, 1983; Beninger & Herz, 

1986). 

DA antagonists can produce a similar but inverted conditioning effect in the horizontal 

bar test that measures the length of time an animal spends standing on its hind legs with its 

forepaws resting on a horizontal bar elevated above the floor (Sanberg et al., 1988). High doses 

of many DA receptor antagonists (e.g., chlorpromazine, haloperidol) produce unconditioned 

catalepsy in the bar test, rats remaining motionless for extended periods of time (Sanberg et al., 

1988). However, Schmidt and coworkers showed sensitization of descent latencies with low 

doses of haloperidol. They found that repeated pairing of a distinctive test environment with a 

low dose of haloperidol initially produced no increase in the descent latency of rats but gradual 

increases in descent latencies were observed over days with repeated testing (Klein & Schmidt, 

2003; Schmidt, Tzschentke, & Kretschmer, 1999). Control unpaired rats undergoing bar testing 
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every day but receiving haloperidol outside the testing environment did not show descent latency 

sensitization. When they were subsequently tested on the bar following an injection of 

haloperidol, descent latencies were short, confirming the conditioned nature of the sensitization 

effect. When both the paired and unpaired groups were tested following an injection of saline, 

increased descent latencies were observed in the paired but not in the unpaired group, 

demonstrating a conditioned response (Banasikowski & Beninger, 2012a, 2012b; Klein & 

Schmidt, 2003). 

Sensitization in the bar test and conditioned increases in descent latencies can be 

understood as inverse incentive learning; stimuli repeatedly paired with decreases in 

dopaminergic neurotransmission gradually lose their ability to elicit approach and other 

responses. According to this framework, increases in descent latency reflect decreases in the 

ability of stimuli associated with bar testing to elicit responses from the animals. Although the 

mechanisms of inverse incentive learning are largely unknown, DA receptors may be implicated. 

Indeed co-treatments with low doses of haloperidol plus the DA D1-like receptor antagonist 

SCH 23390 blocked conditioned increases in descent latency normally seen in paired rats on the 

saline test day (Banasikowski & Beninger, 2012a). Furthermore D3 receptor antagonists block 

the expression of conditioned increases in descent latency when given on the saline test day 

without significantly affecting the acquisition of increased descent latencies in the bar test 

(Banasikowski & Beninger, 2012b). 

Here, we used c-Fos immunohistochemistry to map neuroanatomical regions potentially 

involved in sensitization to low doses of haloperidol on the bar test (Crombag, Jedynak, 

Redmond, Robinson, & Hope, 2002; Dragunow et al., 1990). Many studies have linked catalepsy 

to the dorsal and ventromedial striatum, and nucleus accumbens (NAc) (Ossowska, Karcz, 



25 
 

Wardas, & Wolfarth, 1990; Yoshida, Ono, Kawano, & Miyagishi, 1994); these areas may also be 

involved in inverse incentive learning measured with the bar test. Areas linked to these striatal 

regions have been implicated in context-dependent incentive learning (Badiani et al., 1998; 

Crombag et al., 2002; Fraioli, Crombag, Badiani, & Robinson, 1999; Mattson et al., 2008; 

Murphy & Feldon, 2001; Ostrander et al., 2003; Uslaner, Badiani, Day, et al., 2001; Uslaner, 

Badiani, Norton, et al., 2001). They may also be involved in inverse incentive learning; thus we 

evaluated striatal input regions including the cerebral cortex, ventral hippocampus (vHipp), 

ventral tegmental area (VTA), and output regions including the globus pallidus and ventral 

pallidum (VP) for c-Fos expression. 

We trained paired and unpaired rats and a saline group in bar-test sensitization and then 

carried out a haloperidol test on all groups. Immediately following the test, rats were euthanized 

and brains prepared for c-Fos immunohistochemistry. Based on the work of Schmidt and 

colleagues and our previous observations we hypothesized that the paired but not the unpaired or 

saline group will show sensitization of descent latencies (Amtage & Schmidt, 2003; 

Banasikowski & Beninger, 2012a, 2012b; Klein & Schmidt, 2003; Lanis & Schmidt, 2001; 

Riedinger, Kulak, Schmidt, & von Ameln-Mayerhofer, 2011; Schmidt & Beninger, 2006; 

Schmidt et al., 1999; Srinivasan & Schmidt, 2004). We hypothesized that the paired group will 

show changes in c-Fos immunohistochemistry in striatal regions previously implicated in 

catalepsy, including the dorsal striatum and NAc (Ossowska et al., 1990; Yoshida et al., 1994). 

Possible changes may also be seen in striatal output regions but group differences were not 

expected in striatal input regions. We found sensitization of descent latencies in the paired group 

and lower c-Fos expression in the NAcC and the VP. 

2.3 METHODS 
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2.3.1 Subjects 

Experimentally naïve male albino Wistar rats (n = 29) weighing 200-225 g were obtained 

from Charles River Canada (St. Constant, QC). They weighed approximately 300 g at the start of 

the experiment. The rats were housed in a colony room on a reverse 12-hr light/dark cycle with 

lights on at 1900 hr. The average room temperature was 21° C with humidity of about 70%. The 

rats were housed in groups of two or three in clear Plexiglas cages (45.0 x 25.0 x 22.0 cm) on 

Beta Chip bedding (Northeastern Products Corp., Warrensburg, NY) with continuous access to 

food (LabDiet 5001, PMI Nutrition International, Brentwood, MO) and water. The rats were 

treated in accordance with the guidelines of the Animals for Research Act and the Canadian 

Council on Animal Care. The Queen’s University Animal Care Committee approved the project. 

2.3.2 Drugs 

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

one (Sigma-Aldrich) was prepared in a 0.3% distilled-water solution of tartaric acid. Injections 

were administered intraperitoneally in a volume of 1.0 ml/kg.  

2.3.4 Behavioural Procedure  

Rats were randomly assigned to experimental (Paired, n = 10) and control groups 

(Unpaired, n = 9; Saline, n = 10). The bar test sensitization procedure consisted of injecting rats 

with haloperidol or saline outside the testing room and putting them back into their home cages. 

Sixty min later, they were tested on a horizontal bar (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 (i.e., one forepaw left the bar or the hind legs left the floor to 
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climb onto the bar). 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. 

2.3.5 Experimental Design 

The experiment was co-designed by Dr. Peter Ossenkopp from the University of Western 

Ontario, London ON. It was adapted from the 3-group sensitization procedure for quinpirole 

sensitization used by (Lomanowska, Gormley, & Szechtman, 2004). Bar test sessions occurred 

between 0900 and 1700 hr, during the dark phase of the light-dark cycle. The test apparatus 

consisted of two distinct rectangular Plexiglas horizontal bar chambers (32 x 42 x 30 cm), one 

with three black sides and one with three white sides; the fourth side was clear Plexiglas. 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). 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 behavioural effect and the testing chambers, and no effect of 

testing chambers on sensitization or conditioning.  

The general procedure consisted of two phases: sensitization (15 days) and test (1 day); 

see Table 1. The Paired group was treated with haloperidol (0.25 mg/kg) 60 min before the 

horizontal bar test for 15 consecutive days. Two hr after the horizontal bar test, Paired group rats 

were administered saline in their colony room (home-cage injection). The Unpaired group was 

treated with saline 60 min before the horizontal bar test for 15 days, and was given home-cage 
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injections of haloperidol (0.25 mg/kg) 2 hr after the bar test. The third (Saline) group was treated 

with saline 60 min before the horizontal bar test, and again with saline 2 hr after the test. On day 

16, all rats were challenged with haloperidol (0.25 mg/kg) 60 min before the horizontal bar test. 

One hr after bar testing on day 16, rats were anaesthetized with chloral hydrate (Queen’s 

Animal Care Services, Kingston, Ontario) and perfused with phosphate buffered saline (PBS) 0.1 

M, followed by paraformaldehyde (PFA; 4%, pH 7.4; Fisher Scientific). Brains were extracted 

and placed in PFA for 24 hr. The brains were submerged in 30% (wt/vol) sucrose in 0.1 M PBS 

at 4° C for 3 days or until they submerged before being stored at -80° C. The brains were sliced 

(40 μm) using a cryostat, placed in cyroprotectant and stored at -20° C. 
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Table 1. Injection schedule for haloperidol (0.25 mg/kg) sensitization on the horizontal bar test 

in rats. 

  Days 1-15  Day 16 

Group Injection  
1 hr prior 

 Injection 
2 hr post 

Injection 
1 hr prior 

 

Saline Saline Bar test Saline Haloperidol Bar test 

Paired Haloperidol Bar test Saline Haloperidol Bar test 

Unpaired Saline Bar test Haloperidol Haloperidol Bar test 
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2.3.6 Immunohistochemistry 

Researchers were blind to the experimental groups of the rats during 

immunohistochemistry and cell quantification. Slices were transferred from Eppendorf tubes into 

cell-culture baskets (Corning Inc., Corning, NY). The baskets fit into wells in a 12-well cell-

culture cluster (Model No. 3513, Corning Inc.) such that the sections were transferrable from one 

well to the next without handling the tissue directly. This minimized tearing of fragile tissue, and 

enabled the sections to be rapidly moved from one solution to the next. Each well held 8-15 

slices from a single rat. Unless otherwise stated, all of the manipulations were conducted at room 

temperature. 

Trizmabase Sodium Chloride [TBS, 12.2 g Trizmabase and 9 g sodium chloride (NaCl) 

in 1000 ml double distilled water (dd H2O); Sigma-Aldrich], a biological buffer that helps to 

maintain pH, was used as the base for the solutions and to rinse tissue between incubations. 

Slices were rinsed in TBS for 15 min, replacing the TBS every 5 min, then transferred to 

0.3% hydrogen peroxide (H2O2; Sigma-Aldrich) in TBS and agitated for 10 min. The tissue was 

rinsed in three 5-min washes of TBS. The brains were incubated and shaken in a solution of 5% 

bovine serum albumin (BSA; Sigma-Aldrich) and 0.1% H2O2 dissolved into TBS-T (2 ml Triton 

X-100 in 1000 ml TBS; Sigma-Aldrich) for 2 hr at 4° C. 

The brains were rinsed for 5 min in 5% BSA in TBS-T twice, and once in 1% BSA in 

TBS-T. The tissue was incubated in rabbit anti-c-Fos (CalbioChem PN: PC38-100UL, EMD 

Millipore Corp., Billerica, MA), diluted to 1:5000 in a solution of 1% BSA in TBS-T for 2 days 

on a shaker at 4° C, then agitated for 1 hr at room temperature. The slices were rinsed in three 

10-min washes of TBS, before being incubated in 1:1500 dilution of biotinylated goat-α-rabbit 
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(Vectastain ABC kit PK-6101 Rabbit lgG, Vector Laboratories, Inc., Burlingame, CA) in a 

solution of 1% BSA in TBS-T for 2 hr. 

Tissue was rinsed in TBS for three 10-min washes, then incubated for 1 hr in ABC elite 

(Vectastain ABC kit PK-6101 Rabbit lgG, Vector Laboratories), prepared according to the kit’s 

instructions. Tissue was rinsed in 10-min washes, twice with TBS and once with TB 0.1M (12.22 

g Trizma base dissolved in 1000 ml dd H20; Sigma-Aldrich). 

Diaminobenzidine (DAB) was prepared according to the kit’s instructions (Vector 

Laboratories). Slices from the VP, NAc, striatum, and piriform cortex were immersed in DAB 

solution for 10 min and stopped in TB. Slices from the vHipp, VTA, and lateral habenula (lHab), 

an area that influences the VTA, were agitated in DAB for 2 min. The incubation time was 

shorter because the fresh DAB was more potent. 

Slices were rinsed for 15 min in TBS, replacing the TBS every 5 min. Slices were 

mounted on glycerin-coated slides, dehydrated in a graded series of alcohol for one min (50%, 

70%) and two min (95%, 100%) per concentration, then two 10-min rinses of Histoclear (Fisher 

Scientific). Slides were coverslipped with Permount (Fisher Scientific). 

Slices were photographed at 10x magnification using a Leica (Wetzlar, Germany) DMRE 

microscope equipped with a Qimaging Retiga EXi fast 1394 camera (QImaging, Surrey, BC) 

interfaced to an ImageJ image-capturing system (Schneider, Rasband, & Eliceiri, 2012). c-Fos 

was quantified in 0.5 mm-square samples of regions of interest (0.25 x 0.5 mm for lHab) using 

the “analyze particles” function in ImageJ with a threshold of 50.  

2.3.7 Statistics 
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Statistical analyses were performed using IBM SPSS 19.0 (Chicago, IL). 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, unless specified. They involved one- and two-way analyses of variance (ANOVA). 

Hypothesis tests were completed using α = 0.05 and pair-wise comparisons were made using 

Tukey’s HSD test. 

2.4 RESULTS 

2.4.1 Behaviour 

Over the 15 days of testing, the Paired group gradually developed increased descent 

latencies from day to day. Little effect was seen in the Unpaired or Saline groups (Figure 1a). 

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]. Post-hoc comparisons 

for the main effect of treatment found that the Paired group had significantly longer descent 

latencies than the other two groups (p < 0.001).  

On the test day, all rats were challenged with 0.25 mg/kg of haloperidol; descent latency 

was longer in the Paired group (Figure 1b). ANOVA revealed a significant difference among 

groups [F(2,26) = 8.64, p < 0.01]. Post-hoc comparison found that the Paired group exhibited 

significantly longer descent latencies than the other two groups (p < 0.01) that did not differ 

significantly from each other (p > 0.05; Tukey’s HSD). Results suggest that the expression of 

increased descent latencies is a conditioned response related to environmental stimuli associated 

with haloperidol treatment.   
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Figure 1  

a) Mean (+SEM) descent latencies (s) on the horizontal bar-test over 15 days of 

haloperidol sensitization. b) Mean (+SEM) descent latency (s) on day sixteen, when all groups 

received haloperidol (0.25 mg/kg) injections before the horizontal bar-test. ***p < .001 for main 

effect of group in analysis of variance (ANOVA); the group x day interaction was also 

significant at p < 0.05. **significantly different from Saline and Unpaired in pairwise 

comparisons following a significant (p < .01) group effect in ANOVA. 
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2.4.2 Immunohistochemistry 

We chose c-Fos immunohistochemistry, a marker of recent synaptic activity with a short 

half-life that is broadly used as an indirect indicator of neuronal activity (Morgan & Curran, 

1991; Sagar, Sharp, & Curran, 1988). c-Fos expression peaks from 30 to 180 min after 

activation, enabling us to isolate the activation from the final test day over background noise. 

Because of technical problems while preparing some brains, the total number of rats available for 

each group at each region varied. Respective final numbers of rats in the Saline, Paired, and 

Unpaired groups were: 9, 10, and 6 for the piriform cortex, dorsolateral (DLS), and dorsomedial 

striatum (DMS), NAc core (NAcC), NAc shell (NAcS) and VP; 5, 10, and 5 for the VHipp; 5, 5, 

and 5 for the VTA; and 6, 6, and 7 for the lHab. 

Different numbers of c-Fos-positive cells were found among groups in several brain areas 

(Figure 2-5). The Paired group had significantly lower c-Fos expression compared to the Saline 

group and the Unpaired group in the NAcC and the VP (Table 2). The Paired group had 

significantly lower c-Fos expression compared to the Saline group but not the Unpaired group in 

DLS, DMS, and NAcS; however, the difference between the Paired group and the Unpaired 

group approached significance in the NAcS (p = .082, Table 2). The three groups were similar in 

the piriform cortex, VHipp, VTA, and lHab. Table 2 shows the results of ANOVA followed by 

pairwise comparisons when a significant group effect was found. 
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Table 2. Results of one-way analyses of variance of groups (Saline, Paired, Unpaired) and 

pairwise comparisons on number of c-Fos-positive neurons in the brain regions analyzed.  

Structure Group effect p = Saline vs. 
Paired 

Saline vs. 
Unpaired 

Paired vs. 
Unpaired 

Piriform cortex F(2,22) =   0.86   .438    

Ventral hippocampus F(2,17) = 0.075   .928    

Dorsolateral Striatum F(2,22) = 15.42 <.001 sig sig ns 

Dorsomedial Striatum F(2,22) =   6.12 0.008 sig ns ns 

Nucleus accumbens core F(2,22) = 11.35 <.001 sig ns sig 

Nucleus accumbens shell F(2,22) =   9.02 <.001 sig ns p = .082 

Ventral pallidum F(2,22) = 11.09 <.001 sig ns sig 

Ventral tegmental area F(2,12) =   1.16   .347    

Lateral habenula  F(2,16) =   0.42   .959    

Abbreviations: sig, significant difference (p < .05); ns, no significant differences found 
between groups on Tukey’s post-hoc test.   



36 
 

 

Figure 2 

Coronal sections from Paxinos and Watson (1998) showing placements of sample 

sections from the piriform cortex (cx), ventral hippocampus (vHipp), dorsolateral striatum 

(DLS), dorsomedial striatum (DMS), nucleus accumbens core (NAcC), NAc shell (NAcS), 

ventral pallidum (VP), ventral tegmental area (VTA) and lateral habenula (lHab). 

  



37 
 

 

 

Figure 3 

Sample sections (0.5 mm2) showing c-Fos-positive nuclei (black dots) for Saline, Paired 

and Unpaired groups in the piriform cortex, ventral hippocampus, dorsolateral striatum, and 

dorsomedial striatum. 
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Figure 4 

Sample sections (0.5 mm2, with the exception of the lateral habenula, which is 0.5 x 0.25 

mm) showing c-Fos-positive nuclei (black dots) for Saline, Paired and Unpaired groups in the 

nucleus accumbens core, nucleus accumbens shell, ventral pallidum, ventral tegmental area and 

lateral habenula.   
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Figure 5 

Number of neurons positively stained for c-Fos after a haloperidol challenge and the bar 

test for the Saline, Paired, and Unpaired groups. Significant group differences were found in the 

dorsolateral striatum, dorsomedial striatum, nucleus accumbens core, nucleus accumbens shell 

and ventral pallidum by individual analyses of variance. *significant difference from Saline by 

pairwise comparison; †significant difference from Unpaired by pairwise comparison.  
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3.5 DISCUSSION 

Rats displayed significant sensitization to a low dose of haloperidol paired daily for 15 

days with the horizontal bar test environment. Unpaired and Saline rats did not exhibit increasing 

descent latencies. When all rats were tested on the bar following an injection of haloperidol on 

day 16, longer descent latencies were seen only in the Paired group. The Paired rats showed 

differences in c-Fos expression in some brain areas even though all three groups were injected 

with haloperidol before being sacrificed for immunohistochemistry.  

The observation of sensitization of descent latencies specific to the Paired group is in 

good agreement with previous findings with haloperidol (Amtage & Schmidt, 2003; 

Banasikowski & Beninger, 2012a, 2012b; Klein & Schmidt, 2003; Lanis & Schmidt, 2001; 

Riedinger et al., 2011; Schmidt & Beninger, 2006; Schmidt et al., 1999; Srinivasan & Schmidt, 

2004). Similar sensitization has also been reported following a low dose of the DA neurotoxin 6-

hydroxydopamine and daily bar testing (Klein & Schmidt, 2003). Results show inverse incentive 

learning to stimuli repeatedly experienced while in a state of altered dopaminergic 

neurotransmission. Decreased descent latencies in the Paired group cannot be attributed to a 

history of haloperidol injections because the Unpaired group had a similar injection history. 

Neither can the decrease be attributed to acute haloperidol because all groups were injected with 

haloperidol. Results reveal that the increased descent latency in the Paired group was a 

conditioned effect. The effect is not state dependent as previous studies have shown that when all 

groups are tested following an injection of saline, increased descent latencies are still seen in the 

Paired group (Banasikowski & Beninger, 2012a, 2012b). 
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Compared to the Saline group, Paired rats had significantly lower c-Fos counts in the 

DLS, DMS, NAcC, NAcS, and VP but not in the other regions tested. The Unpaired group also 

had significantly lower c-Fos counts than the Saline group in the DLS; the difference for the 

DMS and NAcS was in the same direction but the Unpaired group did not differ significantly 

from either the Saline or Paired group. The Paired group had significantly lower counts than the 

Unpaired group in the NAcC and VP. With respect to the DLS, where both the Paired and 

Unpaired groups differed from Saline and the DMS and NAcS, where the Paired group differed 

from Saline but the Unpaired group was intermediate between and did not differ from either the 

Paired or Saline groups, the most parsimonious conclusion may be that lower counts are 

attributable to a history of treatment with haloperidol regardless of whether or not that treatment 

was paired with the horizontal bar chambers. Consistent with this suggestion, Hiroi and Graybiel 

(1996) previously reported that chronic haloperidol led to less c-Fos-like protein in the striatum. 

Furthermore, the indirect DA agonist amphetamine increased c-Fos staining in the VP, NAcC, 

and NAcS (Colussi‐Mas, Geisler, Zimmer, Zahm, & Bérod, 2007). 

The lower c-Fos counts specific to the Paired group in the NAcC and VP cannot be 

attributed solely to chronic haloperidol treatment because the Unpaired group that had a similar 

drug history showed significantly more counts. Neither can it be attributed solely to acute 

haloperidol treatment as all three groups received the same dose of haloperidol before they were 

sacrificed.  

 One possibility is that when inverse incentive learning takes place, the ability of 

environmental stimuli to activate striatal motor circuits decreases and this effect is reflected by 

differences in c-Fos-positive counts in the NAcC and VP. The NAcC projects to VP and both 

have been implicated in reward (Smith, Tindell, Aldridge, & Berridge, 2009; Tindell et al., 
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2005). The vHipp projects to the NAcC and carries information about cues in the environment 

(Floresco, Seamans, & Phillips, 1996; Ito, Robbins, Pennartz, & Everitt, 2008; White, Whitaker, 

& White, 2006). Mogenson et al. (1980) argued that NAc projections to the globus pallidus 

(including the VP) may be a gateway for the translation of motivational states into the initiation 

of movement. Floresco (2003) and Floresco (2001) showed that decreased vHipp excitatory 

inputs to the NAc down regulate tonic DA in the VTA, an effect that may be mediated via the 

VP. However, we did not see changes in c-Fos expression in the VTA and further studies are 

needed. 

In the present situation, glutamatergic synapses activated by vHipp afferents to the NAcC 

when rats are placed into the horizontal bar-test environment might be those from neurons that 

are activated by the stimuli from that environment. In the case of the Paired group, activation of 

these synapses would be uniquely associated with decreased dopaminergic neurotransmission. If 

those synapses were altered, stimuli from the test environment might have a reduced ability to 

elicit responses and increased time on the bar might be seen as a result. Altered activity at those 

synapses might also lead to changes in NAcC and VP c-Fos counts as observed here. 

Schultz (1998) has recorded extensively from ventral midbrain DA neurons that project 

to the dorsal and ventral striatum. He and his coworkers have observed decreased neuronal 

activity on trials when a signal was presented that normally predicted reward but no reward 

followed, a phenomenon they have termed negative prediction error (Hollerman & Schultz, 

1998; Ljungberg et al., 1991; Schultz et al., 1993). Negative prediction errors might serve to 

decrease the future ability of the signal for reward to control responding, weakening its 

conditioned incentive value. This may be a form of inverse incentive learning. 
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2.6 CONCLUSION  

The pairing of a low dose of haloperidol with testing in the horizontal bar test led to 

progressively longer descent latencies across the test sessions. When the Paired group, a drug-

naïve control group, and the Unpaired group, that had the same drug history as the Paired group, 

but had not received the drug in the bar-test environment, were all tested with haloperidol, only 

the Paired group showed lengthened descent latencies; this demonstrates the conditioned nature 

of the effect in the Paired group. c-Fos immunohistochemistry revealed lower c-Fos counts in the 

NAcC and VP, implicating these regions in inverse incentive learning. 
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Chapter 3: General Discussion 

Chronic haloperidol administration in the Paired rats resulted in longer descent latencies 

in the bar test. Paired rats had fewer c-Fos positive neurons in the DLS, DMS, NAcS, NAcC, and 

VP compared to Saline rats and fewer c-Fos positive neurons in the NAcC and VP compared to 

Saline and Unpaired rats. These differences may implicate the NAcC and the VP in IIL. See 

Table 3 for the number of rats in each brain area. 

3.1 INVERSE INCENTIVE LEARNING 

The dopamine theory of reward (Wise, 2004) involves incentive motivation: reward 

affects the still active memory trace of the environmental stimuli and the behaviour in such a 

way as to increase the animals’ motivation to perform the behaviour again in the presence of 

those stimuli. Reward acts after it has been received by the animal and has its effects on 

behaviour the next time the animal encounters the reward-related stimuli.  

During initial trials DA neurons exhibit phasic burst firing when the reward is presented 

(Gratton & Wise, 1994; Ljungberg et al., 1991; Ljungberg, Apicella, & Schultz, 1992). As the 

animal learns the predictive value of the reward-related cues, evidenced by behavioural 

responding (e.g. nose pokes, lever presses) DA neurons shift their firing to those cues (Gratton & 

Wise, 1994; Ljungberg et al., 1991, 1992; Mirenowicz & Schultz, 1994; Romo & Schultz, 1990). 

DA binding to DA receptors of a post-synaptic cell while it is concurrently being activated by a 

glutamatergic input results in intracellular modification that may increase the ability of the pre-

synaptic excitatory input to excite the cell (Boudreau et al., 2007; Boudreau & Wolf, 2005; 

Zavala et al., 2007). In this manner, DA neurons are able to increase the motivational value of 

reward-related cues.  



45 
 

Table 3. Number of animals in each group for comparisons of c-Fos-positive neurons in the 

brain regions analyzed.  

Structure Saline Paired Unpaired Total  

Piriform cortex 9 10 6 25  

Ventral hippocampus 5 10 5 20  

Dorsolateral Striatum 9 10 6 25  

Dorsomedial Striatum 9 10 6 25  

Nucleus accumbens core 9 10 6 25  

Nucleus accumbens shell 9 10 6 25  

Ventral pallidum 9 10 6 25  

Ventral tegmental area 5 5 5 15  

Lateral habenula 6 6 7 19  
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IIL refers to a learned decrease in responding to environmental stimuli associated with 

reduced DA neurotransmission. Importantly, IIL differs from aversive learning, where an animal 

learns to avoid an environment paired with a negative event. IIL is the opposite of incentive 

learning, which relies on increased phasic firing of DA neurons. IIL is learning that is the result 

of a decrease in DA binding to its receptors, rather than an increase. IIL can be invoked through 

the use of a DA receptor antagonist.  

Compared to trials where reward-related cues are presented followed by reward, DA 

neurons respond differently to error trials, where the reward-related cues are present but the 

reward is not delivered. Single cell in vivo recordings of DA neurons in monkeys show a 

depression of tonic firing at the time when the reward normally arrives, termed negative 

prediction error by Hollerman and Schultz (1998). The depression of tonic firing may enable DA 

neurons to communicate when reward-related cues are no longer reliable and alter the potency of 

pre-synaptic excitatory inputs representing those cues to brain regions that control behaviour.  

This natural depression in tonic firing that occurs when reward-related cues are not 

followed by a reward may be mimicked through the use of a DA receptor antagonist. By 

artificially decreasing DA binding to DA receptors through low-dose haloperidol administration 

we were able to pair a state of decreased DA neurotransmission with the specific environmental 

stimuli. Perhaps low-dose haloperidol treatment produces a reward prediction error-like state that 

is paired with the test environment.  

3.2 DRUG-ENVIRONMENT INTERACTION 

The brain is capable of changing its response to the same dose of a drug over time, and of 

responding differently in two different environments. The confluence of incoming environmental 
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stimuli and blockade of DAD2R with a low dose of the antagonist halopderidol produces a 

behavioural response that is specific to those environmental stimuli.  

The DAD2R antagonist occupies DAD2Rs, preventing DA from binding with them. Over 

15 sensitization days the Paired rats exhibit increased descent latency in the context of the 

horizontal bar chamber. Thus, blocking DA in a specific context diminishes the ability of 

incoming environmental stimuli to elicit a response from the animal. A similar result has been 

shown in mice injected with either a cocktail of D1 and D2 antagonists (.01 ml/gram of 

SCH23390, eticlopride, and theophylline) or eticlopride alone (Beeler et al., 2012). Drug-

environment Paired mice performed significantly worse than Unpaired mice on the rotorod task, 

and did not improve across sessions, although this finding may be confounded by novelty, as the 

Unpaired mice have never been exposed to the rotorod environment. When the Unpaired mice 

are first placed on the rotorod in the test chamber the environmental novelty may increase 

DAergic neurotransmission (Legault & Wise, 2001) and improve performance on the rotorod 

task. 

Pre-exposure to the bar-test environment subsequently used to test descent latency 

decreases the number of pairings necessary to increase descent latencies (Banasikowski, 2012). 

Exposure to a novel environment increases DA transmission (Legault & Wise, 2001; Wise, 

2004) and changes responding (Badiani et al., 1998) – pre-exposing the rat to the horizontal bar 

environment may familiarize the rat with the environment, and when the environment and 

haloperidol are paired for the first time the activating effects of a novelty-related uptick in DA 

are lost, thereby resulting in faster IIL. 



48 
 

The effect of the drug-environment pairing is maintained even when the animals are not 

administered the drug. Descent latency on the horizontal bar task is higher in Paired animals 

when they are given saline before testing (Banasikowski & Beninger, 2011, 2012a, 2012b). 

Likewise, there is a similar effect in the rotorod task; after a 72 hour drug withdrawal the drug-

environment Paired mice were much slower at learning the task than Unpaired mice. The effect 

is task and environment specific; the drug-environment paired mice exhibit more exploratory 

behaviours in the open field and are not significantly different from Unpaired mice on a treadmill 

test of motor performance (Beeler et al., 2012). The impaired motor learning demonstrated by 

the Paired mice on the rotorod task is not a result of a motor impairment or repeated Unpaired 

DA antagonist. It may be environment- dependent IIL tied to the rotorod testing environment. 

The repeated pairings appears to affect the animals’ behaviour when they encounter the drug-

paired environmental stimuli, suggesting long-term changes to the brain areas underlying these 

behaviours. Assessment of the pattern of c-fos expression in Paired animals on further tasks may 

find new brain areas associated with IIL and replicate the areas found in this thesis.  

3.3 c-FOS IMMUNOHISTOCHEMISTRY  

The immediate early gene c-Fos is found in a wide range of brain areas and has been 

linked to diverse processes, including memory formation, seizures and drug response (Abraham 

et al., 1993; Dragunow et al., 1990; Herdegen & Leah, 1998; Herrera & Robertson, 1996). The 

wide-ranging presence of the c-fos gene in the brain makes c-Fos expression a useful tool for 

identifying ROI in ILL.  

c-Fos may be well suited to identifying areas that are involved in modulating 

environmental information because it is part of the Fos/Jun and activating transcription factors 



49 
 

(ATF)/CREB ‘super-family’ of transcription factors – these two families of transcription factors 

both have a leucine binding structure that enables them to form cross-family heterodimers (i.e. 

Jun/ATF-2 or Fos/ ATF-4), including Fos/ATF-4 which binds to cAMP response element (CRE) 

sites (Hai & Curran, 1991). The DNA promotors that contain CRE sites respond to 

environmental stimuli (mitogens, phorbol esters, infection from viruses, peptide hormones) (Hai 

& Curran, 1991). This Fos/Jun ATF/CREB ‘super-family’ is also responsive to cell stimulation, 

making it good at detecting differences in communication between brain areas in the Paired brain 

and the Unpaired and Saline brains (Hai & Curran, 1991; Reddy, Skalka, & Corran, 1988). c-Fos 

detects changes on the post-synaptic neuron and can be quantified with immunohistochemistry 

(Figure 6). 

c-Fos immunohistochemistry has been successfully used to identify ROI in drug-

environment interactions to DA agonists (Badiani et al., 1998; Ostrander et al., 2003; Panagis et 

al., 1997; Uslaner, Badiani, Day, et al., 2001). c-Fos has also been previously used to evaluate 

the effect of DA antagonists (Hiroi & Graybiel, 1996) and is appropriate for evaluation of 

descent latency due to haloperidol administration because it detects changes on the post-synaptic 

neuron (Dragunow et al., 1990; Herdegen & Leah, 1998; Herrera & Robertson, 1996; Kanehisa 

& Goto, 2000; Morgan & Curran, 1991; Treisman, 1985). There are two isoforms of D2 

receptors, which are found on the presynaptic (D2S) and postsynaptic neuron (D2L) (Usiello et 

al., 2000). Haloperidol’s cataleptic effects are exerted through the D2L receptor; mice without 

D2L receptors are not cataleptic when administered haloperidol (Usiello et al., 2000).This makes 

c-Fos a valuable tool for identifying ROI involved in the haloperidol drug-environment 

interaction.
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Figure 6 

The c-Fos binding process, figure adapted from Vector Laboratories. The primary rabbit 

anti-c-Fos antibody binds to the c-Fos protein, the biotinylated secondary antibody binds to the 

primary antibody. An avidin/biotinylated enzyme complex is added to amplify the signal. 

Diaminobenzidine is a chromatin agent which changes the colour of the c-Fos containing neuron 

so it can be quantified  
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3.5 RECEPTOR EXPRESSION 

IIL may be a useful tool to investigate changes in the number of receptors being held at 

the membrane in PD. L-Dopa induced dyskinesia (LID), a common side effect of repeated L-

Dopa treatment in PD, is linked to expression of D1 receptors on the membrane of striatal MSNs 

(Cenci & Konradi, 2010; Feyder, Bonito-Oliva, & Fisone, 2011). The expression of D1 receptors 

is associated with dysregulation of the binding protein PSD-95 (Porras et al., 2012). Actions to 

right the balance of receptor expression may prove to be effective treatments for PD, 

schizophrenia, and other disorders involving a dysregulation of DA in the basal ganglia. 

Understanding how DA receptors in the NAc, VP, and striatum are affected by repeated drug 

pairing may help us achieve this goal. 

The NAcC receives inputs from the VTA, the vHipp, basolateral amygdala, and the 

medial prefrontal cortex (mPFC; prelimbic and agranular insular cortices) (Goto & Grace, 2008; 

Ikemoto, 2007; Wood, Buse, Wellman, & Rebec, 2005). Administration of haloperidol to drug-

naïve animals increases the number of DA neurons firing in the VTA (Valenti & Grace, 2010), 

while repeatedly administering haloperidol decreases the activity of DA neurons via a 

depolarization blockade (Grace, Bunney, Moore, & Todd, 1997). The VTA projects to the 

striatum, NAc, and lHab, as well as other areas outside the scope of this thesis (Beckstead, 

Domesick, & Nauta, 1979).  

Inputs that affect the glutamatergic receptors α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and N-Methyl-D-aspartate acid (NMDA) in the NAc may 

impact the downstream signaling cascade that leads to protein expression (Kanehisa & Goto, 

2000; Renthal & Nestler, 2009). Glutamatergic neurotransmission in the NAc is affected by 
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DAergic drugs and the environment. Increasing the amount of DA in the synaptic cleft may 

increase binding of the DA receptors on glutamatergic terminals (Beninger & Gerdjikov, 2004). 

Cocaine (30 mg/kg) and d-amphetamine (2 mg/kg) increase microdialysis measures of in vivo 

glutamate release in the limbic system, NAcC and prefrontal cortex (PFC), but not the striatum 

(Reid, Hsu, & Berger, 1997). Chronic sensitization of cocaine increases the number of AMPA 

receptors expressed in the NAc and increases the ratio of surface/internal expression of 

glutamate R1 and R2/3 (Boudreau & Wolf, 2005). The shift in expression is only present in rats 

that exhibit cocaine sensitization. Sensitization of behaviour and c-Fos expression to cocaine, 

amphetamine, and morphine can be blocked with NDMA antagonism (Karler, Calder, Chaudhry, 

& Turkanis, 1989; Wolf & Jeziorski, 1993). A DA antagonist can also increases the amount of 

DA in the synaptic cleft by preventing it from binding with DA receptors, or being taken up by 

the presynaptic neuron (Grace et al., 1997). In vitro electrophysiology shows strengthening of 

glutamatergic inputs to the striatopallidal MSN that express D2 receptors when the D2 and D3 

receptor antagonist sulpride is bath applied (Beeler et al., 2012). Although the effect was non-

significant, a single acute dose of haloperidol (0.2 mg/kg i.p.) increased glutamate levels in the 

NAcC (Beeler et al., 2012). 

The NAcC receives environmental and contextual information from the vHipp (Goto & 

Grace, 2008). When rats are reared in an enriched environment (EE) there are differences in the 

cytoarchitecture and functioning of the NAcC, as well as behavioural differences (Cassaday, 

Horsley, & Norman, 2005). There is reduced expression of the NMDA receptor subunit NR1 in 

the NAcC and NAcS in EE rats compared to individually housed littermates (Cassaday et al., 

2005). Pairing haloperidol with the bar-test environment may effect NMDA receptor expression 

in the NAcC. Changing the number of NMDA R1 receptors on the post-synaptic neurons may 
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decrease the ability of glutamate to activate signaling cascades that cause the transcription of the 

gene c-fos that expresses the protein c-Fos. The number of NMDA R1 receptors on the 

membrane may also affect IIL. 

γ-aminobutyric acid (GABA)ergic inputs from the NAc innervate the VP, which creates a 

feedback loop by projecting to the mediodorsal nucleus of the thalamus, which sends afferents to 

the medial prefrontal cortex (mPFC) (Goto & Grace, 2008). Antipsychotics are theorized to have 

their effects through the VTA-NAc-VP pathway (Valenti & Grace, 2010). Haloperidol increases 

DA neuron firing in the VTA, but it can be reversed by reducing GABAergic neurotransmission 

from the NAc to the VP with direct infusions of a GABA antagonist into the VP (Valenti & 

Grace, 2010). The VP plays an important role in reward and motivation; lesion of the VP causes 

cessation of eating and drinking behaviour, and a reduction in lever pressing and CPP (Smith et 

al., 2009).The increase in descent latency in the Paired haloperidol group may reflect a decrease 

in motivation resulting from environment-dependent changes to VP firing. 

The mPFC projects to the dorsomedial striatum, creating a pathway from the VTA-NAc-

VP-mPFC-DMS (Goto & Grace, 2008; McDonald, 1991). The striatum is a massive intake area 

in the brain, responsible of integrating many different streams of information from a wide variety 

of brain areas including the anterior cingulate cortex, olfactory tubercules, VTA, and SNpc 

(Haber, Kim, Mailly, & Calzavara, 2006). DA projections and glutamatergic neocortical inputs 

to the striatum converge on the same medium spiny neuron (MSN) dendrites (Surmeier, Ding, 

Day, Wang, & Shen, 2007; West, Floresco, Charara, Rosenkranz, & Grace, 2003). High doses of 

haloperidol have been found to reduce c-Fos expression in striatum following repeated pairings 

(Hiroi & Graybiel, 1996). The pattern of lower c-Fos expression in the DLS in the Unpaired 

group compared to the Saline group may be a result of changes in cellular cytoskeleton caused 
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by repeated pairings of low-dose haloperidol. Repeated low-dose haloperidol (0.025 mg/kg in 

drinking water) has been found to increase mRNA for the glutamatergic subunit NMDA R1 in 

the striatum, suggesting there may be increased expression of NMDA R1 receptors on the post-

synaptic neurons (Fitzgerald et al., 1995). Increased NMDA R1 mRNA is not seen in the NAc. 

The differences in c-Fos expression in the NAc and VP of the Paired rats compared to Unpaired 

and Saline rats may be the result differences in receptor expression resulting from an interaction 

between environmental stimuli and repeated pairings of low-dose haloperidol.  

 Interestingly, Barnes et al. (1990) found that the frequency of haloperidol (.05, .15, 1.5 

mg/kg) administration affects whether rats continue to sensitize to the dose or develop a 

tolerance. Daily administration causes a tolerance to develop, while weekly administration of 

haloperidol results in far larger descent latencies, suggesting that a lower frequency of doses, 

although initially less effective at changing behaviour may have a greater effect over a longer 

time span. c-Fos and DA receptor expression in animals that receive haloperidol once, daily, or 

weekly may differ. Future studies will examine the role of the NAc and VP in IIL. Our lab is 

working to determine if haloperidol directly injected into the NAc can induce IIL on the 

horizontal bar test. Further testing may be used to determine if the NAc and VP are involved in 

IIL in different tasks.  

3.4 CLINICAL RELEVANCE 

3.4.1 Parkinson’s disease 

The study of drug-environment interactions may help us understand disease-environment 

interactions. Exposure to a pleasant environment reduces stress and speeds recovery (Ulrich, 

1984; Whitehouse et al., 2001). The role of the environment in the symptomology of DAergic 
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diseases has not been fully explored. Studying drug-environment interactions of repeated 

haloperidol pairings may help improve theories of PD and guide new treatment ideas. The 

deficits in motor initiation that are seen in IIL to decreased DA neurotransmission as a result of 

haloperidol treatment may model motor initiation deficits seen in PD as a result of death of DA 

neurons.  

The environment has been shown to significantly affect motor initiation in patients with 

PD. Environmental cues, including music and visual lines have been shown to positively impact 

gait initiation in PD, reducing akinesia and bradykinesia (Burleigh‐Jacobs, Horak, Nutt, & 

Obeso, 1997; Dibble et al., 2004). Some patients with PD exhibit completely normal motor 

patterns when completing an activity that recruits a fixed action motor pattern, such as riding a 

bicycle (Snijders & Bloem, 2010). Some environmental stimuli impair motor performance – for 

example a narrow doorway increases the likelihood a patient will “freeze” while trying to pass 

through one (Cowie, Limousin, Peters, Hariz, & Day, 2012). Based on the findings of this thesis, 

some of the symptoms of PD may worsen if the patient is consistently in the same environment. 

Exposure to novel environments may improve performance. 

The role of motivation in motor initiation in PD is of particular interest, given the role 

that the NAc and VP play in motivation (Smith et al., 2009; Tindell et al., 2005). PD is not 

simply a disorder of motor system. There are reports of paradoxical kinesis in PD – a 

phenomenon when a patient who is generally incapable of initiating movements recovers 

functioning in times of high stress or novelty. There are reports of patients fleeing buildings after 

the fire alarm sounds, and an account of a patient running into the street when they thought their 

grandson had been hit by a car (Anzak et al., 2011; Banou, 2015; Daroff, 2008). Emotional 

stimuli increase gait initiation, and despite motor initiation difficulties, patients with PD show 
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improved gait initiation when they are exposed to emotional stimuli (Naugle, Hass, Bowers, & 

Janelle, 2012). The story behind the motor deficits seen in PD is more complicated than a 

physical impairment and the degree of impairment may be affected by the environment that 

patients are exposed to.  

3.4.2 Schizophrenia 

If deficits in PD are related to disease-environment interactions as a result of decreased 

DA neurotransmission, it follows that in schizophrenia, associated with increased DA 

neurotransmission, we might see disease-environment interactions that are similar to DA agonist-

environment interactions. Although we know that haloperidol can neutralize the effect of DA 

agonists (Baxter et al., 1974; Roberts et al., 1989), the effect of IIL due to repeated haloperidol 

treatment in people with schizophrenia is unknown. Few antipsychotic drugs are only given 

once; most commonly they are taken for a period of time (ranging from days to years) 

(Dickerson & Lehman, 2006; Harvey & Bowie, 2012; Krebs, Leopold, Hinzpeter, & Schaefer, 

2006; Tandon et al., 2009).  

Chronic low-dose haloperidol administration resulted in lower c-Fos expression in the 

DLS in both Unpaired and Paired rats compared to Saline, and lower expression in the DMS, 

NAcC, NAcS, and VP of Paired rats compared to Saline controls. Hiroi and Graybiel (1996) also 

found less c-Fos expression in the striatum after chronic high-dose haloperidol administration. 

Repeated haloperidol administration may cause a DA blockade, which has been shown to alter 

DA transmission, or altered firing patterns due to changing responses to AMPA/NMDA 

stimulation (Grace et al., 1997; Turner, Mignon, & Napier, 2002).  



57 
 

Understanding the relevant factors underlying the efficacy of antipsychotics is essential 

to making responsible clinical decisions about treating people with schizophrenia. Many patients 

struggle to transition into the community after hospitalization and some stop taking their 

medication (Dickerson & Lehman, 2006; Tandon et al., 2009). There may be a drug-environment 

interaction specific to the hospital setting. Although we know that people with schizophrenia 

who receive antipsychotics early in their diagnoses show better patient outcomes (Perkins, Gu, 

Boteva, & Lieberman, 2005), the location where patients first receive antipsychotic treatment 

may also help patient outcomes.  

There may be ways to take advantage of drug-environment IIL that will enable patients to 

take a lower dose of their antipsychotic drug. This may decrease extrapyramidal effects including 

tardive dyskinesia, PD symptoms, and restlessness (first generation antipsychotics) (Krebs et al., 

2006; Tandon et al., 2009), and weight gain and increased risk of cardiovascular disease (second 

generation) (Alvarez-Jimenez, Hetrick, Gonzalez-Blanch, Gleeson, & McGorry, 2008; 

Antipsychotic, 2004; Hennekens, Hennekens, Hollar, & Casey, 2005). Extrapyramidal side 

effects impact medication compliance in schizophrenia; estimates of compliance range from 25 – 

55% noncompliance (Fenton, Blyler, & Heinssen, 1997; Hennekens et al., 2005; Valenstein et 

al., 2004). The rates on non-compliance for schizophrenia are not atypical- similar 

noncompliance rates are seen in people with arthritis, bipolar, seizure disorder, and diabetes 

(Fenton et al., 1997). The effect of chronic antipsychotic administration and how the 

environment affects the efficacy of antipsychotics in the treatment of schizophrenia merits 

further study. 

Identifying imbalances of DA receptor expression may serve as an early warning system 

for individuals who are at-risk for schizophrenia or PD. There are population differences in rats 
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and mice in terms of their susceptibility to DA sensitization to agonists and antagonists. These 

rats may have a shifted rate of receptor expression at the surface of the membrane that makes 

them more or less vulnerable to sensitization or IIL. Research on manipulating DA receptor 

expression may prove to be a more subtle approach to treating diseases of the DA system.  

3.6 CONCLUSION 

IIL is the loss by stimuli of their ability to elicit approach and other responses. Paired 

haloperidol animals undergo IIL as evidenced by increasingly longer descent latencies in the 

horizontal bar test with over 15 days of drug-environment pairing. There was significantly lower 

expression c-Fos, a marker for neural activation in the NAc and VP of the Paired haloperidol rats 

compared to Unpaired and Saline controls. The NAc and VP are brain areas highly involved in 

reward and motivational behaviours (Badiani et al., 1998; Smith et al., 2009; Tindell et al., 

2005), and they may underlie environment-dependent IIL.   
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