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Abstract(
 

The non-competitive NMDA receptor antagonist (+)-5-methyl-10, 11-dihydro-

5H-dibenzo [a, d,] cyclohepten-5-10-imine maleate (MK-801) has been shown to produce 

deficits in behavioral inhibition measured as the lack of extinction during operant 

procedures.  As such, MK-801 has the potential to be used as a preclinical animal model 

of cognitive deficits that arise in schizophrenia.  The present thesis sought to explore if 

typical and/or atypical antipsychotics have the ability to reverse deficits in behavioral 

inhibition (lack of extinction) seen following MK-801 administration.  In addition, 

immunohistochemical labeling of pERK1/2 in the infralimbic cortex (IL) was examined 

after extinction lever pressing to determine the importance of the IL in mediating these 

behavioral changes.  A dose-response curve revealed an extinction deficit following 

administration of 0.1 mg/kg of MK-801.  The 0.1 mg/kg dose of MK-801 was also 

associated with a decrease in IL pERK1/2 labeling.  Administration of the typical 

antipsychotic, Flupenthixol, did alter MK-801 effects on extinction bar pressing at the 

0.25 mg/kg and 0.5 mg/kg doses.  The highest dose of Flupenthixol also increased 

pERK1/2 labeling compared to MK-801 administration on its own. Administration of the 

atypical antipsychotic Clozapine did not alter extinction pressing following MK-801 and 

did not alter pERK1/2 labeling.  Aripiprazole, given at 1 mg/kg, decreased MK-801 

induced bar pressing to that of the saline control group but there were no differences in 

pERK1/2 labeling in the IL.  The data suggest that MK-801 does induce deficits in 

behavior inhibition that may be dependent on dopamine neurotransmission.  The 

increased pERK1/2 labeling in the IL following administration of 0.5 mg/kg of 

Flupenthixol highlights the importance of the IL in extinction learning.  However, the IL 



! iii!

is unlikely to be solely responsible for extinction learning as the 0.25 mg/kg dose of 

Flupenthixol and the 1 mg/kg dose of Aripiprazole decreased non-rewarded operant 

responding following MK-801 but did not alter IL pERK1/2 labeling. 
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Introduction(
!

Schizophrenia(
 
 Symptoms of schizophrenia have been traced in written documents as far back as 

the second millennium BCE (Before Common Era).  For example: the ancient Egyptian, 

Hindu, and Chinese literature contains written evidence that many individuals 

experienced psychotic episodes.  However, mental illness was originally believed to be 

the result of possession by the devil or the result of divine punishment for immoral 

behavior and not seen as an illness (Kyziridis, 2005).  It was not until the late 19th century 

that a generally accepted classification system existed for the diagnosis of psychiatric 

disorders and these classifications were very different from those used today.  The 

original classifications developed by Karl Kahlbaum placed a symptom of psychosis into 

one of two categories: limited disturbance of the mind or full disturbance of the mind.  

The symptoms associated with schizophrenia were considered a full disturbance of the 

mind, which was progressive and would eventually lead to dementia (reviewed by Angst, 

2002).  Emil Kraepelin defined a dementing neurologic disorder that had an early onset in 

the adolescent period and called it dementia praecox.  The disorder was characterized by 

psychotic symptoms, intellectual decline, and early demise.  Eugene Bleuler believed the 

name dementia praecox was inappropriate because it did not always arise during 

adolescence and did not always progress to dementia and renamed it schizophrenia 

(reviewed by McGlashan, 2011).  

 Schizophrenia is a debilitating disorder with a lifetime prevalence of 

approximately 1% (Rössler, Salize, van Os, & Riecher-Rössler, 2005).  Prevalence 
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studies often differ due to methodology, age, demographics of the sample, definition of 

schizophrenia used, and true differences between groups (Jablensky, 2000; Rössler et al., 

2005).  The majority of studies produce prevalence estimates that range from 1.4 to 4.6 

per 1000.  The incidence rate of schizophrenia has been found to be between 0.7 and 1.4 

cases per 10,000 in 1 year and 1.6 to 4.2 cases per 10,000 when a broader definition of 

schizophrenia is used (Jablensky, 2000; Rössler et al., 2005).  Overall, the risk for 

developing schizophrenia is unrelated to socioeconomic status or cultural background 

(Grace, 1991). 

 The heritability of schizophrenia is approximately 80%; however there are 

multiple factors that can influence whether one inherits the disease (Tamminga & 

Holcomb, 2005).  Family studies indicate that heritability is unlikely to be the result of a 

simple major gene effect and the best explanation may be multiple genes acting 

additively (reviewed by P J Harrison & Weinberger, 2005).  Current work into the 

genetics of schizophrenia has focused on catechol-O-methyl transferase (COMT) because 

of its role in monoamine metabolism and its mapping to 22q11.  The gene region 22q11 

has been implicated in producing velocardiofacial syndrome (VCFS), a condition that is 

associated with increased risk for schizophrenia- like psychosis (reviewed by Paul J 

Harrison & Owen, 2003).  The risk of inheriting schizophrenia depends on the familial 

relation to an individual with the disorder with the prevalence being 8-10% in those with 

siblings with schizophrenia, 12% in people with schizophrenic parents and the risk 

increases to 40-50% in people that have an identical twin with the disorder (Tamminga & 

Holcomb, 2005).     
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Schizophrenia often presents itself during late adolescence/early adulthood and 

continues throughout life (Rössler et al., 2005; Tandon, Nasrallah, & Keshavan, 2010).  

Compared to men, women tend to be several years older during their first hospital 

admission for schizophrenia suggesting a later age of onset with the average difference 

reported being 4-5 years (Angermeyerl & Kiihn, 1988; Hafner et al., 1998).  Men show a 

peak onset in their early twenties and women in their late twenties with a second smaller 

peak of onset in women after the age of 45 (Hafner et al., 1998).  Some studies argue that 

women display non-psychotic symptoms of schizophrenia for a longer period of time 

prior to their first hospitalized psychotic episode (Reviewed by Hafner et al., 1998).  

Schizophrenia is considered a heterogeneous disorder where the wide range of 

symptoms are often characterized as positive, negative, or cognitive (DSM-V, 2013). The 

most characteristic symptoms of schizophrenia are the positive symptoms that present 

themselves as delusions or hallucinations.  The negative symptoms are characterized by 

impairments in communication along with motor, volitional, and emotional disorders 

(DSM-V, 2013).  It was once believed that the compromised cognitive function present in 

schizophrenia was the result of other symptoms; however, cognitive symptoms are now 

believed to be a core symptom (Reichenberg, 2010) and are difficult to treat using current 

antipsychotic treatments (Reviewed by Tandon et al., 2010). 

Prodromal(Phase(
 
 Schizophrenia often begins with a prodromal phase that consists of negative 

symptoms and declining function that often last for several years.  This phase is 

subsequently followed by the emergence of positive symptoms (Bowins, 2011).  During 

this phase, targeted prevention and early intervention may be able to correct the 
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pathophysiology or prevent illness progression and disability (Tandon et al., 2010).  

Initially, individuals experience nonspecific clinical symptoms such as depression, 

anxiety, and social isolation (Larson, Walker, & Compton, 2011).  Following the 

negative symptoms, attenuated positive symptoms (APS) emerge which are brief and of 

moderate intensity and include impaired processing speed that is related to difficulties in 

social functioning (Larson et al., 2011; Zaytseva, Korsakova, Agius, & Gurovich, 2013).  

Prior to psychosis, individuals may exhibit more serious APS that remain sub-psychotic 

in frequency occurring once or twice a month and lasting less than a day.  During this 

high-risk period, individuals often exhibit the beginnings of delusions, hallucinations, and 

disordered speech (Larson et al., 2011). 

Positive(Symptoms(
!
 The positive symptoms of schizophrenia generally present themselves during 

adolescence or early adulthood (Tandon et al., 2010).  Positive symptoms are considered 

the most recognizable symptoms of schizophrenia and include delusions, hallucinations, 

thought disorder, and psychomotor agitation (Tamminga & Holcomb, 2005; Zisook et al., 

2006).  In order to receive a diagnosis of schizophrenia, at least one positive symptom 

has to be present and disabling for at least one month (DSM-V, 2013).  The content of a 

hallucination or delusion is inconsistent across individuals and often depends on   

environmental and cultural settings (Podoll et al., 2004; Tandon et al., 2010).  Delusions 

may be persecutory (believing one will be harmed), grandiose (believing one has 

exceptional abilities), or somatic (preoccupation with health and organ function) (DSM-

V, 2013).  For example, a person with paranoid schizophrenia who lives in a city may 

believe atmospheric pollution has poisoned them, which is the only diagnosis they will 



! 5!

accept (Podoll et al., 2004).  Some people in Chinese cultures believe they can influence 

the future by reciting spells to gods, an individual with schizophrenia from China may 

become obsessed with believing they can “save the world” (Yip, 2003).  Disordered 

thought patterns make it difficult for an individual with schizophrenia to detect the 

difference between a hallucination and spontaneous thought processes (Fridberg, 

Brenner, & Lysaker, 2010).  The manifestation of positive symptoms are not restricted to 

schizophrenia and can be the result of a wide variety of factors including the use of 

psychoactive drugs such as amphetamine (Strauss, Carpenter, & Bartko, 1974).  Because 

amphetamine, L-3,4,-dihydroxyphenylalanine (L-DOPA), and Lysergic acid 

diethylamide (LSD) may alter dopaminergic function and produce psychotic effects, it 

has been hypothesized that dopaminergic abnormalities may underlie the positive 

symptoms of schizophrenia (P Seeman, 1987). 

Negative(Symptoms(
!
 The negative symptoms of schizophrenia are characterized by flattened affect, 

poverty of speech, avolition, apathy, and lack of social drive (DSM-V, 2013; Tandon et 

al., 2010).  Two negative symptoms that are particularly prominent in schizophrenia are 

diminished emotional expression and avolition.  Diminished emotional expression 

includes reduced emotions in the face, decreased eye contact, intonation of speech, and a 

lack of movements of the hand that emotionally emphasize speech.  Avolition is a 

decrease in motivated self-initiated purposeful activities (DSM-V, 2013).  In some cases, 

negative symptoms may be present in conjunction with other symptoms and often appear 

mild in comparison (DSM-V, 2013).  Although they may seem mild, negative symptoms 

have been linked to poor functional outcome and have a poor response to current 
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medications (Blanchard, Kring, Horan, & Gur, 2011).  The negative symptoms of 

schizophrenia are sometimes attributed to depression or environmental factors; therefore, 

it is important to distinguish between actual schizophrenia symptoms and symptoms 

associated with other illnesses (Tandon et al., 2010).  In order to distinguish 

schizophrenia from major depressive disorder or bipolar disorder, the temporal 

relationship between the mood disturbance, the psychosis, and the severity of the 

depressive or manic symptoms are taken into account.  If delusions or hallucinations 

occur exclusively during a major depressive or manic episode, the diagnosis is depressive 

or bipolar disorder with psychotic features (DSM-V, 2013). 

Cognitive(Deficits(
!
 Cognitive deficits are becoming recognized as an important aspect in the 

symptomatology of schizophrenia (Owoso et al., 2013).  Studies have shown that 

cognitive deficits may be at the core of schizophrenia because when positive and negative 

symptoms have been controlled for, cognitive deficits remain (Keefe & Harvey, 2012; 

Strauss et al., 1974). Cognitive deficits are common and are strongly linked to vocational 

and functional impairments.  These deficits can include decrements in declarative 

memory, working memory, language function, and other executive functions as well as 

processing speed (DSM-V, 2013).  Social cognitive symptoms are often present and 

include diminished social drive and theory of mind deficits (how people think about 

themselves and others) (Bowins, 2011).  Unlike positive and negative symptoms which 

can be erratic, deficits in cognition usually remain stable (Tandon et al., 2010).   
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Executive(functioning(
!
 Executive function is defined as maintaining and shifting cognitive and behavioral 

responses according to environmental demands permitting the control of actions and 

long-term goal-directed behavior (Reichenberg, 2010; Shallice & Burgess, 1996).  

Shifting behavior requires considering both current and future circumstances, evaluating 

response alternatives, choosing and implementing a course of action, and monitoring 

environmental changes.  Additional abilities thought to be considered under the umbrella 

term executive function include: searching long-term memory stores, abstraction and 

planning, reasoning and problem solving skills, initiation, self-monitoring, mental 

flexibility, and inhibition of immediate responses in order to pursue long-term goals (as 

reviewed by Reichenberg, 2010).  

 Much of the research on schizophrenia has focused on deficits in executive 

function.  One of the key neurocognitive deficits present in schizophrenia is 

perseveration, which represents a cognitive flexibility impairment and a deficit in 

executive functioning (Waford & Lewine, 2010).  Individuals with schizophrenia tend to 

show difficulty in inhibiting behavioral tendencies on a previously learned task even 

when it is inappropriate to do so (Waford & Lewine, 2010).   In primates, one aspect of 

executive function can be measured using the Wisconsin Card Sorting Task (WCST).  

The WCST is a test of set-shifting, the ability to be flexible in the face of changing 

schedules of reinforcement and has been used to assess function in the prefrontal cortex 

and basal ganglia (Monchi, Petrides, Petre, Worsley, & Dagher, 2001).  The WCST 

begins with presenting stimulus cards to the participant.  The participant is told to match 

the cards with the only additional information being whether a match is right or wrong.  
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Researchers and clinicians can use the WCST to measure perseverative errors (Shan et 

al., 2013), which are errors that occur when a subject repeatedly chooses items that they 

have already chosen on the same recall trial.  Perseveration is the contextually 

inappropriate and unintentional repetition of a response or behavioral unit (Crider, 1997).  

 Rodent models of schizophrenia measure dysfunction in behavioral inhibition as a 

way to model executive functioning deficits.  Behavioral inhibition requires intentionally 

altering a tendency to make an automatic, predominant response.  This would involve 

changing behavioral outputs in response to environmental changes (Ragozzino, 2007).  

One example of a putative rodent model of perseveration occurs when rats show deficits 

in behavioral inhibition in response to an appetitive extinction procedure (Davis-

MacNevin, Dekraker, LaDouceur, & Holahan, 2013).  This procedure is based on the 

acute administration of (+)-5-methyl-10, 11-dihydro-5H-dibenzo [a, d,] cyclohepten-5-

10-imine maleate (MK-801) in conjunction with changes in environmental contingencies.  

The procedure begins with an acquisition phase where the rat is trained to press a lever 

for a chocolate pellets.  Following five days of rewarded training, the rats are placed in an 

operant chamber where bar pressing no longer resulted in food reward – a change in the 

environmental contingencies, not unlike what occurs during the WCST.  Rodents treated 

with the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801 prior to this 

extinction session were found to press the lever more in the absence of  reward compared 

to the control group (Davis-MacNevin et al., 2013; Holahan, Clarke, & Hines, 2010; 

Holahan, Westby, & Albert, 2012a).  Because these animals were shown to be unable to 

make behavioral changes in response to a changing environment (from rewarded to non-

rewarded behavioral output), they were said to “perseverate”. 
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Neurochemical(abnormalities(in(Schizophrenia(
!

Dopamine(Hypothesis(
!
 The DA hypothesis suggests that the symptoms of schizophrenia result from 

excess DA-dependent neuronal activity (H Y Meltzer & Stahl, 1976).  The hypothesis 

arose from the study of neuroleptics (haloperidol and chlorpromazine), which act as DA 

receptor antagonists (P Seeman, 1987) and  the finding that antipsychotics block D2 

receptors and minimize psychotic symptoms (P Seeman & Lee, 1974; P Seeman, 

1987).Support for the hypothesis also came from the clinical side effects of neuroleptics 

(parkinsonism symptoms), psychotic effects of DA mimicking drugs (amphetamines), 

and the elevated density of D2 receptors observed in schizophrenia patients (P Seeman, 

1987).     

DA is localized in a number of discrete pathways and is not present uniformly 

throughout the brain (Herbert Y. Meltzer, Bastani, Ramirez, & Matsubara, 1989).  

Positron emission tomography (PET) studies have used various radiotracers to image DA 

receptors in schizophrenia.  In the prefrontal cortex, dopaminergic neurotransmission is 

primarily mediated by D1 receptors and D1 dysfunction has been linked to cognitive 

impairment and negative symptoms in schizophrenia (Howes & Kapur, 2009).  Early 

work on DA super sensitivity focused on D2 receptor density in the human striatum, an 

area of the brain involved in movement and cognitive abilities.  Studies looking at D2 

receptor density showed an average increase of 5.8% in striatal D2 receptors in 

schizophrenia patients with or without antipsychotic treatment (Reviewed by Philip 

Seeman, 2013).  Newer theories focus less on D2 receptor density and explore 

presynaptic dopaminergic control of the D2 receptor (Howes & Kapur, 2009).  Typical 
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antipsychotic drugs used today have a higher affinity for the D2 receptor and a lower 

affinity for the D1 receptor, D2 receptors activation inhibits adenyl cyclase activity (a key 

regulatory enzyme), and D1 receptor activation excites adenyl cyclase (Reviewed by P 

Seeman, 1987).  

To further investigate the DA hypothesis, researchers have studied the effects of 

D2 receptor agonists on executive function in rodents.  A study by Kurylo (2004) 

investigated the effects of quinpirole (D2 receptor agonist) on operant conditioning and 

the perseveration of behavioral components.  Quinpirole is reported to reduce the rate of 

behavioral extinction and maintain behavior in the absence of reinforcement.  In their 

experiment, rats were deprived of water for 22.5h prior to testing and were classically 

conditioned to place their heads within a funnel in order to trigger water delivery.  

Following a fourth day of conditioning, rats underwent an extinction test where placing 

their heads within the funnel did not trigger water delivery.  During extinction, the group 

given quinpirole continued operant responding at a significantly higher rate than the 

saline control group (Kurylo, 2004).  This study showed that following administration of 

a D2 agonist, the rodents displayed deficits in behavioral inhibition, a construct of 

executive function.   

NMDA(dysfunction((
!
 Previously, schizophrenia was believed to be a direct cause of increased midbrain 

DA activity (Abi-Dargham, van de Giessen, Slifstein, Kegeles, & Laruelle, 2009; Howes 

& Kapur, 2009; P Seeman & Lee, 1974; P Seeman, 1987; Philip Seeman, 2013). This 

theory required revision when it was observed that negative and cognitive symptoms of 

schizophrenia could not be solely accounted for by an excess of DA (Thaker & 
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Carpenter, 2001).  The idea that glutamate neurotransmission is disrupted in 

schizophrenia dates back to the 1950’s when it was reported that phencyclidine (PCP) 

could produce psychotic effects in humans (Reviewed by Olney, Newcomer, & Farber, 

1999).  PCP is a non-competitive NMDA receptor antagonist, which produces a 

psychotic state similar to that seen in schizophrenia.  PCP can also block norepinephrine 

(NE), DA, serotonin (5-HT) receptors when the drug is administered at higher 

concentrations (Reviewed by Jodo, 2013).  When PCP is given acutely to healthy human 

subjects, it induces hyperactivity, paranoia, hallucinations, formal thought disorder and 

cognitive impairments (Reviewed by Jodo, 2013).  

 Both glutamatergic pyramidal neurons and GABAergic interneurons have been 

implication in theories surrounding the etiology of schizophrenia (Aghajanian & Marek, 

2000; Carlsson, Waters, & Carlsson, 1999). The organization and function of the 

forebrain glutamatergic systems strongly implicates glutamate in the pathophysiology of 

schizophrenia (Olney et al., 1999). Olney and colleagues (Olney et al., 1999) proposed 

that NMDA receptor hypo function contributed to the symptomatology present in 

schizophrenia.  DA neurons seem to be controlled by efferent glutamatergic neurons 

either directly or via GABAergic interneurons acting as ‘accelerators’ and ‘brakes’ 

(Carlsson et al., 1999).  Thus, the enhanced dopaminergic activity may result via 

hypoglutamatergic activity that induced failure of the ‘brake’ (GABAergic interneurons) 

(Carlsson et al., 1999).  There are also several risk factor genes for schizophrenia such as: 

neuregulin, dysbindin, COMT, and DISC1 that may be linked to dysfunction of the 

glutamatergic system (P J Harrison & Weinberger, 2005; Paul J Harrison & Owen, 2003). 
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Serotonin(Hypothesis(
!
 The 5-HT hypothesis of schizophrenia arose from toxicologic theories of mental 

illness that occurred in the 1950’s.  Toxicologic theories received their inspiration from 

the observation that exogenous substances could produce effects that resemble certain 

signs and symptoms of mental illness (Baumeister & Hawkins, 2004).  The 5-HT 

hypothesis is based on the theory that hallucinogenic-effects are mediated by the 5-HT2A 

receptor.  In the prefrontal cortex, stimulation of the 5-HT2A receptor increases the 

release of glutamate from pyramidal cells and increases the frequency of excitatory post 

synaptic potentials (Reviewed by Aghajanian & Marek, 2000).  However, by 1970 the 5-

HT hypothesis of schizophrenia was almost completely replaced by the DA hypothesis, 

which has remained dominant to this day (Baumeister & Hawkins, 2004). 

 In recent years, the 5-HT hypothesis has made a comeback due to the 

effectiveness of atypical antipsychotic drugs.  Atypical antipsychotics are more effective 

in reducing cognitive and negative symptoms and result in fewer extrapyramidal side 

effects when compared to typical antipsychotics (Davis, Chen, & Glick, 2003).  These 

effects are believed to be the result of their potent antagonism at the 5-HT2A receptor 

and lower affinity for the D2 receptor.  Atypical antipsychotics also act on serotonergic 

and adrenergic receptors in addition to D2-like and 5-HT2A receptors (Herbert Y 

Meltzer, Horiguchi, & Massey, 2011; Herbert Y Meltzer, Li, Kaneda, & Ichikawa, 2003; 

Adrian Newman-Tancredi & Kleven, 2011).  These drugs work by antagonizing the 5-

HT2A receptor and working as agonists at the 5-HT1A receptor, which decreases overall 5-

HT output.  These receptors are central to the 5-HT hypothesis because they are in their 

highest concentrations in the frontal cortex and hippocampus (Hoyer, Pazos, Probst, & 
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Palacios, 1986) where they are located on pyramidal glutamatergic neurons and 

GABAergic interneurons (Reviewed by Herbert Y Meltzer et al., 2003).                

Treatment(
!
 The treatment of schizophrenia provides a unique challenge due to its prevalence, 

severity, and chronicity.  Unlike most medical conditions, the treatment of schizophrenia 

requires integrating biological, psychological, and environmental factors into treatment 

regimens.  Although there are many classes of drugs currently available that have similar 

therapeutic potential for the treatment of schizophrenia (Kane, 1987), some patients 

respond better to certain pharmacological agents then to others.  This may be due to 

differences in pharmacokinetics, drug metabolism, or responses to side effects in a patient 

by patient basis (Herbert Y. Meltzer et al., 1989).  The treatments for schizophrenia were 

developed based on the neurochemical theories previously described.  The original 

treatments focused strictly on the dopamine hypothesis and later evolved to include the 

serotonin hypothesis.  To date, no particular treatment focuses directly on NMDA 

dysfunction. 

Typical(Antipsychotics(
!
 Typical antipsychotics are effective in treating positive symptoms, but are often 

ineffective against negative symptoms (Bailey, 1996).  Typical antipsychotics block D2, 

D3, and D4 receptors, which affects dopaminergic pathways in the mesocortical, 

mesolimbic, nigrostriatal, and tuberoinfundibular brain regions.  Although D2 receptor 

blockade is believed to be responsible for the therapeutic action, it is also responsible for 

adverse effects, which can decrease quality of life (Bailey, 1996).  D2 receptor blockade 

is believed to be responsible for extrapyramidal motor side effects (EPS) which include: 
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parkinsonisms, dystonia, dyskinesia, as well as endocrinological imbalances (Sumiyoshi, 

2013).  This is due to a decrease of DA in the striatum, which is also seen in Parkinson’s 

disease (Beaulieu & Gainetdinov, 2011). 

Flupenthixol,
!
 Flupenthixol is a non-selective DA receptor antagonist, which acts by blocking 

DA binding at several receptor subtypes including D1, D2, and inhibitory D2 

autoreceptors (Moller Nielsen et al., 1973).  Flupenthixol is often used as an 

antidepressant at low doses and an antipsychotic at higher doses (Gruber and Cole, 1991; 

Reviewed by Robertson & Trimble, 1982).  One advantage of Flupenthixol over other 

medications is that along with being available at low oral doses, it is available as an 

intramuscular injection (Flupenthixol decanoate) every 2-4 weeks, which facilitates 

patient compliance (Evans et al., 2001). 

Haloperidol,
!
 Haloperidol is a non-selective D2 receptor antagonist that is effective in 

controlling the positive symptoms of schizophrenia (Burris, Molski, Xu, & Ryan, 2002; 

Adrian Newman-Tancredi & Kleven, 2011).  Although effective in the short term, the 

long-term use of haloperidol can induce super sensitivity of DA receptors and result in 

EPS.  This is especially true in patients that already have an overactive DA system such 

as those with schizophrenia (Dias, de Mello Bastos, de Fátima Dos Santos Sampaio, 

Carey, & Carrera, 2013).  To reduce the possibility of developing EPS as the result of 

taking typical antipsychotics, new drugs were developed that targeted both 5-HT and DA 

receptors. 
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Atypical(Antipsychotics(
!
 The atypical antipsychotics have an improved capacity to alleviate negative and 

cognitive symptoms compared to the typical antipsychotics (Davis et al., 2003; Leucht, 

Wahlbeck, Hamann, & Kissling, 2003). The newer atypical antipsychotics act on a wider 

range of neurotransmitter receptors compared to the typical antipsychotics (Arnt & 

Skarsfeldt, 1998).   Activation and inhibition of 5-HT receptors has been shown to play 

an important role in the new generation antipsychotics.  The efficacy has been attributed 

to a weaker D2 receptor blockade and stronger action at the serotonergic receptors, in 

particular blockade of the 5-HT2A receptor (Adrian Newman-Tancredi & Kleven, 2011).  

The weaker D2 receptor blockade is believed to result in fewer incidences of EPS in 

patients taking atypical antipsychotics (Bailey, 1996).  

Clozapine,
!
 Clozapine was the first antipsychotic drug that was shown to be more effective 

than the typical antipsychotics (Kane, 1987).  The therapeutic effect of Clozapine has 

been proposed to be the result of its higher affinity for the 5-HT2A receptor than the D2 

receptors (Herbert Y. Meltzer et al., 1989).  Even when administered at lower doses, 

clozapine has been shown to occupy 5-HT2A receptors (Herbert Y Meltzer et al., 2003).  

Clozapine has also been shown to be a partial agonist at the 5-HT1A receptor, an 

inhibitory 5-HT receptor (A Newman-Tancredi & Gavaudan, 1998).  Additionally 

Clozapine demonstrated high affinity for the 5-HT2C, 5-HT3, 5-HT6, and 5-HT7 receptors.  

However, little research has studied the importance of occupancy at these receptors.  

Recently, evidence has indicated that the 5-HT6 receptor may be a target for the 

development of novel antipsychotics, as they have been proposed to modulate 
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neurotransmitter systems in brain regions implicated in schizophrenia.  Antagonists of 5-

HT6 receptors have been shown to enhance DA and glutamate efflux in the medial 

prefrontal cortex and hippocampus (Li, Huang, Prus, Dai, & Meltzer, 2007; Mørk, 

Witten, & Arnt, 2009).   

Aripiprazole,
!
 Aripiprazole is an atypical antipsychotic that has also been approved as a therapy 

for major depressive disorder when given at low doses (Russo et al., 2013).  Aripiprazole 

was the first atypical antipsychotic that was effective in reducing positive and negative 

symptoms of schizophrenia and has a low propensity for extrapyramidal side effects 

(Davies, Sheffler, & Roth, 2004).  Just like clozapine, Aripiprazole has a unique 

pharmacological profile in that it is a partial agonist at the 5-HT1A receptor and an 

antagonist at 5-HT2A receptor. Unlike clozapine, Aripiprazole acts as a partial agonist at 

the D2 receptors (Burris et al., 2002; Jordan, Koprivica, & Chen, 2002; Shapiro et al., 

2003). 

Animal(models(of(schizophrenia(
!
 Seven domains of cognition have been identified as being impaired in patients 

with schizophrenia: working memory, attention, verbal learning and memory, visual 

learning and memory, reasoning and problem solving, speed of processing, and social 

cognition (Young, Powell, Risbrough, Marston, & Geyer, 2009).  An appropriate animal 

model would focus on one or several domains of impaired cognitive functioning and 

explore the neurological basis for the observed behavior.  In order to model cognitive 

deficits, researchers focus on the prefrontal cortex, an area of the brain believed to control 

higher cognitive functions, in particular executive functions (Shallice & Burgess, 1996). 
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Prefrontal(cortex(and(extinction(learning(
!
 The pre-frontal cortex is argued to have a “supervisory” role in maintaining 

attention, particularly when tasks are not routine and require monitoring of new 

information to plan an appropriate response (Shallice & Burgess, 1996).  It is theorized 

that the prefrontal cortex plays a dynamic role in controlling executive functions, which 

are critical for appropriate interaction with a changing environment.  Interest in the 

frontal lobes began with the landmark case of Phineas Gage who baffled scientists when 

a 3 ½ feet long, 2 inch diameter iron rod shot through his left cheek bone, prefrontal 

cortex, and anterior dorsal skull.  Gage survived and appeared normal with respect to 

intelligence, language and memory; however, he displayed an array of emotional and 

behavioral problems and an inability to practice restraint of inappropriate behavior (Cato, 

Delis, Abildskov, & Bigler, 2004).     

Deficits in executive function can be seen in people with schizophrenia and 

following brain injury (Carter, MacDonald, Ross, & Stenger, 2001).  To test executive 

function in humans researchers often create tasks that require the subject to inhibit a 

previously learned behavioral response (Shallice, T and Burgess P, 1993).  In order to 

assess the role of the prefrontal cortex in executive function in rodents, extinction 

learning is used.  This can assess the ability of rodents to extinguish behavior in the 

absence of a previously presented reward (Reviewed by Kesner & Churchwell, 2011). 

 Human studies that explore the role of the prefrontal cortex in executive function 

focus on decision making and often use subjects that have frontal lobe lesions or closed 

head injury (Goel et al., 2013).  Colvin and colleagues (2001) examined the problem 

solving performance of 27 patients with focal frontal lobe damage on the Water Jug task.  
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The Water Jug task requires the solver to move from an initial state to a goal state, which 

requires the manipulation of discrete quantities of water within a defined space.  They 

found that patients with frontal lobe lesions had difficulty making counterintuitive moves 

and were less likely to finish the task compared to controls.  This suggests that patients 

with frontal lobe lesions have deficits in decision making (Colvin, Dunbar, & Grafman, 

2001).  Similarly, a study by Fellows (2006) explored how ventromedial frontal lobe 

damage impaired decision-making.  Subjects were asked to make hypothetical choices in 

a decision-making paradigm about apartments displayed on a computer screen where 

initially information was masked by white rectangles.  The subjects indicated which 

information they wanted by clicking on a relevant rectangle, which was subsequently 

replaced with the appropriate information.  They were told they did not need all of the 

information and they could choose an apartment when they felt ready.  Subjects with 

ventromedial frontal lobe damage tended to acquire all the information for one apartment 

before clicking on the attributes for apartment 2 or 3.  This study suggested that damage 

to the ventromedial frontal lobe alters the way people make decisions and may result in 

premature commitments (Fellows, 2006; Goel et al., 2013).  These studies support the 

hypothesis that patients with frontal lobe damage are impaired in planning tasks, exhibit 

poor decision making skills and have difficulty formulating plans at the global level 

(Colvin et al., 2001; Fellows, 2006; Goel et al., 2013).          

 Another set of human studies involved the use of fMRIs and EEGs to investigate 

the biological basis of the cognitive control of behavior.  Garavan and colleagues (2002) 

investigated which brain areas were activated in response to inhibition tasks.  In such a 

task participants were required to press a button in response to one of two letters, they 
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had to change or inhibit their response when the letters appeared in a different order 

(Garavan et al., 2002).  These studies examined areas of the brain that are important for 

changing behavior in response to changes in the environment.  The right frontal, 

cingulate, and parietal brain areas were predominately activated during response 

inhibition tasks.       

 Rodent models are useful for understanding prefrontal function because they 

provide simpler systems while maintaining complex characteristics that are important to 

the understanding cognition and emotional and behavioral processes (Reviewed by 

Kesner & Churchwell, 2011). The rat prefrontal cortex is generally divided into three 

topologically different regions including the medially located cortical regions, the medial 

prefrontal cortex, which constitutes the major portion of the medial wall of the 

hemisphere anterior and dorsal to the genu of the corpus callosum.  The ventrally located 

cortical region is termed the orbital prefrontal cortex and lies in part dorsal to the caudal 

end of the olfactory bulb in the dorsal bank of the rhinal sulcus.  Lastly, a laterally 

located cortical region, the lateral or sulcal prefrontal cortex, is also referred to as the 

agranular insular cortex and is located in the anterior part of the rhinal sulcus (Reviewed 

by Heidbreder & Groenewegen, 2003). 

 In the rat, the medial prefrontal cortex has been implicated in attentional 

processes, working memory and behavioral flexibility, with sub regions being 

characterized by their own functional heterogeneity (Reviewed by Heidbreder & 

Groenewegen, 2003).  The ventral medial prefrontal cortex can be subdivided into the 

prelimbic, infralimbic and medial orbital cortices.  Efferent connections to these brain 

regions include the medial dorsal nucleus, paratanial nucleus of the thalamus, midline 
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thalamic nuclei, the limbic system and limbic associated areas, such as the perirhinal 

cortex, entorhinal cortex, hippocampus, basal nucleus of the amygdala, and medial basal 

forebrain.  Efferent connections for the prelimbic cortex include the ventromedial part of 

the caudate-putamen and the core of the nucleus accumbens whereas the infralimbic 

cortex projects to the medial shell of the nucleus accumbens (reviewed by Heidbreder & 

Groenewegen, 2003; reviewed by Kesner & Churchwell, 2011).     

 In rats, extinction learning is often used to measure executive function because it 

requires the rat to change its behavior in response to the environment.  Studies have 

shown that rats with frontal lobe damage have difficulty extinguishing a previously 

learned response, hence “problems” with executive function (Cordova, Jackson, 

Langdon, Hewlett, & Corbett, 2014).  A study by Cordova and colleagues (2014) 

examined the effects of ischemic damage within the medial prefrontal cortex on 

executive function.  They found that rats with medial prefrontal cortex damage had an 

impaired ability to shift attention between stimulus dimensions (Cordova et al., 2014).  

This provides further support for the importance of the rodent medial prefrontal cortex in 

executive function. 

The infralimbic cortex has been highlighted for its role in the extinction of 

appetitive, instrumental learning tasks as neuronal activation in the infralimbic cortex is 

associated with cue-induced cocaine seeking (Koya et al., 2009).  Inactivating the 

infralimbic cortex with muscimol or baclofen immediately after cocaine extinction 

training has been shown to impair the retention of extinction learning (LaLumiere, 

Niehoff, & Kalivas, 2010).  Lesions to the infralimbic cortex have been shown to cause 

perseverative-like behavior in rodents and prevent rodents from learning a new stimulus 
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response habit.  Rats with infralimbic cortex lesions have been shown to remain goal 

directed in the absence of reward (reviewed by Dalley, Cardinal, & Robbins, 2004).  

Along with appetitive extinction learning, activity in the infralimbic cortex has also been 

shown to participate in classically conditioned fear responses (Lebrón, Milad, & Quirk, 

2004). A study by Lebron and colleagues (2004) investigated the effect of electrolytic 

lesions to the ventral medial prefrontal cortex.  Lesioned rats required twice as many days 

as controls to show a significant reduction in freezing behavior.  The authors concluded 

that other structures are capable of expressing extinction but the medial prefrontal cortex 

in an important component (Lebrón et al., 2004).  Lesions to the infralimbic cortex result 

in an inability to extinguish a classically conditioned fear response at the same rate as 

controls (Lebrón et al., 2004; Milad & Quirk, 2002; Morrow, Elsworth, Rasmusson, & 

Roth, 1999; Peters, Kalivas, & Quirk, 2009a).  Assuming extinction learning reflects 

executive function, the rat prefrontal cortex is required for the extinction of a previously 

learned response.     

Phosphorylated(Extracellular(Signal(Regulated(Kinase((pERK)((
!
 In order to study brain areas involved in extinction learning, researchers will often 

measure Extracellular signal-regulated kinase (ERK) activation to measure cellular 

activity in a given brain region (Reviewed by Thomas & Huganir, 2004).  Activation of 

ERK1/2 is often used to measure the functional outcomes of many signaling pathways, 

kinase targets, and receptor systems (Garbison, Heinz, Lajiness, & Weidner, n.d.).  

Extracellular signal-regulated kinases (ERK) belong to the family of mitogen-activated 

protein kinases (MAPKs) that are involved in regulating cellular processes including 

synaptic plasticity (Reviewed by Thomas & Huganir, 2004).  ERK pathway signal 
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transduction begins with the activation of RAS (small GTP binding protein) via tyrosine 

kinase receptors and G-protein coupled receptors.  In neurons, ERK is activated by nerve 

growth factor, neurotrophins, stimulation of NMDA receptors, Muscarinic acetylcholine 

(ACh) receptors, 5-HT receptors, and DA receptors (Kyosseva, 2004).  For example, 

NMDA receptor mediated calcium influx into the postsynaptic cell triggers signal 

transduction cascades that control activity dependent modification of synapses and 

neuronal survival (Reviewed by Sheng & Kim, 2002).  Both long-term potentiation 

(LTP) and long-term depression (LDP) require activation of NMDARs (Liu et al., 2004).    

Studies have demonstrated that activation of ERK is necessary for the induction of long-

term potentiation in the hippocampus (English & Sweat, 1996) and long-term depression 

in cerebellar purkinje cells (Kawasaki, 1999).  It is suggested that NMDAR dependent 

LTP is mediated by the surface insertion and synaptic delivery of GluR1 which is driven 

by CaM kinase II and the Ras-ERK pathway (Hayashi, 2000; Passafaro, Piëch, & Sheng, 

2001; Shi, Hayashi, Esteban, & Malinow, 2001; Zhu, Qin, Zhao, Van Aelst, & Malinow, 

2002).  Due to the fact that phosphorylation of ERK is tightly linked to LTP, it may 

provide an indication of recently activated neural populations.   

  Activation of ERK in the striatum through phosphorylation has been shown to be 

important in the development of associative learning (Kaphzan, O’Riordan, Mangan, 

Levenson, & Rosenblum, 2006; Kerr & Wickens, 2001) and be necessary for the 

encoding and performance of goal-directed associative learning  (Kyosseva, 2004), where 

prevention of ERK phosphorylation has been shown to inhibit associative learning 

(Valjent et al., 2000). Activation of ERK via phosphorylation has also been shown to be 

required for the long-term memory induced by fear conditioning (Atkins, Selcher, 
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Perraitis, Trzaskos, & D, 1998) and long-term spatial memory in rats (Blum, Moore, 

Adams, & Dash, 1999).   

The importance of ERK activation in memory formation is demonstrated in 

studies that assess the association of extinction learning with the Infralimbic cortex.  IL 

activation is suggested to be required for extinction learning to occur.  A study by 

Holahan and colleagues (2012) investigated the effect of the drug MK-801 on extinction 

learning (NMDA receptor antagonist).  The researchers found that MK-801 treated rats 

pressed significantly more during an extinction test compared to saline controls.  

Immunohistochemistry was performed on the infralimbic cortex measuring ERK1/2 

activation, which was found to be significantly higher in saline controls compared to 

MK-801 treated rats (Holahan et al., 2012a).  

MKK801((Dizocilpine)(
!
 The anticonvulsant drug Dizocilpine or (+)-5-methyl-10, 11-dihydro-5H-dibenzo 

[a, d,] cyclohepten-5-10-imine maleate (MK-801) is a NMDA receptor antagonist 

(Huettner & Bean, 1988; E. H. Wong et al., 1986) has been used in rodent models of 

cognitive dysfunction such as those observed in individuals with schizophrenia (Herbert 

Y Meltzer et al., 2011; Neill et al., 2010).  MK-801 has been used to develop animal 

models of schizophrenia (Lim, Taylor, & Malone, 2012) where a single dose has been 

shown to model symptoms observed in human patients (Neill et al., 2010; Rung, 

Carlsson, Rydén Markinhuhta, & Carlsson, 2005).   

MK6801,mechanisms,of,action,
!
 MK-801 is a non-competitive antagonist that acts on the NMDA receptor.  Under 

normal circumstances the NMDAr channel is blocked by a magnesium ion (Mg2+) 
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(Ascher & Nowak, 1988; Mayer, Westbrook, & Guthrie, 1984)  In order for MK-801 to 

bind in the channel, the Mg2+ ion needs to be expelled. In order to expel the Mg2+ ion 

and open up the channel for MK-801 to bind both depolarization of the postsynaptic 

neuron and binding of glutamate must occur (Nicoll & Malenka, 1999; Nowak, 

Bregestovski, & Ascher, 1984).  Following these two requirements, MK-801 can bind 

within the NMDAr and prevent Ca2+ influx (H. F. Wong, Knight, & Woodruff, 1988).  

Thus, the binding of MK-801 occurs in a use and voltage dependent manner where the 

ion channel within the NMDA receptor needs to be open in order for MK-801 to bind 

(Ascher & Nowak, 1988).  Although the main binding site for MK-801 is within the 

NMDA receptor it has been shown to act as a nicotinic acetylcholine receptor antagonist 

(Amador & Dani, 1991; Briggs & McKenna, 1996; Ramoa, 1990) and has been shown to 

bind to 5-HT (Iravani, Muscat, & Kruk, 1999) and DA transporters, inhibiting them 

(Clarke & Reuben, 1995). 

MK6801,and,dopamine,
!
 MK-801 has been shown to increase DA output (Mathé, Nomikos, Hildebrand, 

Hertel, & Svensson, 1996) in the nucleus accumbens (Holahan, Madularu, McConnell, 

Walsh, & DeRosa, 2011; Holahan et al., 2012a), striatum (Ali, Newport, & Bracha, 

1994), and frontal cortex (Padilla-de la Torre et al., 2008).  The increase in DA is 

believed to be caused by an increased firing on mesolimbic DA neurons in the ventral 

tegmental area (Zhang, Chiodo, & Freeman, 1992).  Studies have shown that 30 – 60 

minutes after MK-801 injection (0.1 mg/kg), homovanillic acid (HVA) but not DA is 

elevated in the nucleus accumbens (Ali et al., 1994; Baumann, Rothman, & Ali, 1998, 

2000).  This is consistent with the kinetic relationship between DA and HVA which 
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shows that 1 hour after treatment, DA returns to baseline values whereas HVA remains 

elevated (Sato, Tamura, Kitagawa, & Koshiro, 1997).  Hemitransection between the 

midbrain and forebrain have been shown to attenuate the stimulatory effects of MK-801 

on the VTA firing rate.  This result led the authors to suggest that glutamatergic 

projections originating anterior to the hemitransection may mediate MK-801’s effect on 

DA neuronal activity (Zhang et al., 1992).  Others have not reported elevations in DA 

output following MK-801 administration (Kashihara, Hamamura, Okumura, & Otsuki, 

1990; Mohn, Gainetdinov, Caron, & Koller, 1999); however in those reports, the doses 

were significantly higher than reports showing elevated DA output.  The elevated DA 

output that results from MK-801 administration is likely due to its pharmacological 

binding properties which differ from the binding properties of a competitive NMDAr 

antagonist, such as CPP (Lehmann et al., 1988), which does not activate midbrain 

dopaminergic neurons or produces a weak activation (French, 1994; Iravani & Kruk, 

1996). 

 Operant conditioning is a behavioral model that has been used to study rewarding 

behavior.  Operant conditioning is a learning procedure whereby the consequences (food 

reward) of a behavior (bar pressing) increase or decrease the probability of the behavior 

being repeated.  Previous experiments have used operant conditioning to explore the 

effect MK-801 has on extinction learning and to better understand the neural mechanisms 

responsible for the result.  One appetitive extinction study involved pretreatment with the 

D1 antagonist SCH-23390 and D2 antagonist Haloperidol followed by a 0.1 mg/kg MK-

801 injection.  It was found that pretreatment with the DA receptor antagonists 

significantly reduced extinction responding under MK-801.  The researchers also 
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examined pERK1 and pERK2 labeling in the infralimbic cortex, periform cortex, and 

nucleus accumbens.  The MK-801 treated animals showed reduced staining in the 

infralimbic and periform cortices and an increase in staining in the nucleus accumbens.  

Homovanillic acid (HVA) was also found to be elevated in the nucleus accumbens 1 hr. 

following MK-801 injection (Holahan et al., 2010).   Another study reexamined these 

results using different doses of MK-801.  The study added a novel component by 

addressing how the extinction of behavioral and neural profiles following MK-801 

administration compared to those seen when rats pressed for the primary reward.  The 

0.05 mg/kg dose of MK-801 resulted in a within day extinction deficit and was associated 

with elevated pERK1/2 labeling in the nucleus accumbens shell.  Reward pressing was 

not significantly elevated in the MK-801 group.  The data suggest that the elevated 

extinction pressing may be due to an overactive reward system within the nucleus 

accumbens shell (Holahan, Westby, & Albert, 2012b).        

  To explore the DA mechanisms of MK-801 induced operant responding, DA 

receptor agonists were administered. The study (Davis-MacNevin et al., 2013) explored if 

the MK-801 induced increase in non-reward operant responding could be mimicked by 

DA agonism.  To explore this, rats were treated systemically with MK-801, cocaine, 

GBR12909 or apomorphine and given a single trial operant extinction session.  0.05 

mg/kg of MK-801 and 10 mg/kg of cocaine significantly increased responding while the 

selective DA agonists did not.  The data suggest that rather than a primary influence of 

DA output on elevating bar pressing responses, the critical event may be inhibition or 

decreased output of medium spiny neurons in the nucleus accumbens.  The data also 



! 27!

suggest the possibility of subsequent neurotransmitter systems contributing to the 

inhibition deficit (Davis-MacNevin et al., 2013). 

MK6801,and,serotonin,
!
 DA antagonists have been shown to decrease the effect of MK-801 and normalize 

the ability to extinguish (Holahan et al., 2010).  However, when animals were given DA 

agonists to try to mimic the effects of MK-801, the rats did not behave the same as they 

did when they were given MK-801.  Of all the DA agonists that were given, cocaine was 

the closest to mimicking the effects of MK-801.  This could be due to different 

mechanisms of action between the drugs or the influence of another neurotransmitter 

system (Davis-MacNevin et al., 2013).  Cocaine has  been shown to bind to act on the 5-

HT and NE neurotransmitter systems (Lanteri, Salomon, Torrens, Glowinski, & Tassin, 

2008; Serafine & Riley, 2009), possibly contributing to the deficit seen in extinction 

learning. 

 Microdialysis studies in the nucleus accumbens have shown that MK-801 can 

alter the 5-HT system by increasing release of the neurotransmitter.  A study by Yan an 

colleagues (Yan, Reith, Jobe, & Dailey, 1997a) investigated the effect of MK-801 on DA, 

5-HT, and NE release in the nucleus accumbens using microdialysis.  MK-801 was 

administered directly to the nucleus accumbens (NAcc) to minimize effects on non-NAcc 

structures that could directly or indirectly influence NAcc monoamine neurotransmission.  

The results of the study indicated that there was a tendency towards an increase in 

extracellular concentrations of DA and 5-HT after perfusion with 5 and 50 um of MK-

801 although the effects were not statistically significant.  An infusion with 250 um of 

MK-801 caused extracellular levels of DA, NE, and 5-HT to reach maximum levels.  An 
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intraperitoneal (i.p) injection with 0.3 mg/kg of MK-801 produced a slight increase in 

extracellular DA and produced a significant increase in both NE and 5-HT with NE and 

5-HT levels peaking earlier than DA.  The authors concluded that their results are 

consistent with the hypothesis that catecholamnergic and serotonergic systems are 

involved in the mechanism by which MK-801 alters behavior in rats (Yan et al., 1997a). 

It has been shown that there are glutamatergic projections from the frontal cortex 

to the raphe nucleus, which is an origin for serotonergic projections (Puig, 2011).  The 

raphe nucleus then projects to numerous brain regions including the prelimbic and 

infralimbic cortices along with projections to the frontal cortex (Puig, M. V., 2011).  It 

has been shown that MK-801 has decreased pERK labeling in the infralimbic and 

prelimbic cortices (Holahan et al., 2012a, 2012b).  These are areas of the brain that 

receive serotonergic projections from the raphe nucleus, which may be altered by MK-

801 injection.  

Present(study(
!

Additional neurochemical and behavioral studies were conducted to assess 5-HT 

and DA antagonist effects on MK-801-induced deficit in extinction learning and 

pERK1/2 labeling.  This was done to explore if MK-801 was an appropriate animal 

model for the cognitive deficit (behavioral disinhibition) seen in schizophrenia.  The IL 

was the main area of interest due to its potential importance in extinction learning and 

behavioral inhibition.  Pretreatment with 5-HT antagonists (Clozapine and Aripiprazole) 

were used to better understand MK-801’s mechanisms, in particular, how they relate to 

behavioral inhibition.  Pretreatment with a DA antagonist (Flupenthixol) was also given 

and the effects compared to the 5-HT antagonists to determine which bests ameliorates 
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MK-801’s extinction deficit.  In prior research (Holahan et al., 2012), Flupenthixol was 

shown to diminish the effects of cocaine administration. 

Hypotheses(
!
 Preliminary studies indicated that 0.05 mg/kg of MK-801 induced an extinction 

deficit in rodents.  It was hypothesized that the administration of Aripiprazole, clozapine 

and Flupenthixol would affect non-reward operant responding in rats treated with MK-

801.  This is based on microdialysis studies that have shown an increase in serotonin and 

dopamine following MK-801 administration. As such, it was predicted the serotonin 

antagonists Aripiprazole and clozapine would effect serotonin neurotransmission and 

decrease operant responding in the absence of reward.  Flupenthixol has been shown to 

decrease operant responding following cocaine administration (acts on DA, SE and NE).  

Therefore, it was predicted that if MK-801 alters dopamine and/or serotonin transmission 

(similar to cocaine), Flupenthixol would effect non-reward operant responding. 
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Materials(and(Methods(
!

Subjects(
!
 A total of 110 male Long Evans rats (200-300 grams) were obtained from Charles 

River, Quebec were used in the study.  Rats were housed individually in clear plastic 

cages (25 x 20 x 45 cm), given water ad libitum under at 12-hour light/dark cycle (lights 

on at 8:00 a.m.) and tested during the light phase.  Food was restricted to 90% using an 

age-matched control, which was maintained throughout the operant testing.  Prior to 

behavioral testing rats were handled for 5 minutes daily.  Two days prior to testing rats 

were injected with 0.3 ml saline subcutaneously (s.c.) or intraperitoneal (i.p.) depending 

on the treatment group.  Principles of laboratory animal care were followed and all 

procedures were conducted in accordance with the Canadian Council on Animal Care.  

The Carleton University Animal Care Committee approved protocols. 

Drugs(
!
 MK-801 (Sigma-Aldrich) was stored frozen as a stock solution of 1.0 mg/ml in 

0.9% sterile saline.  It was thawed and diluted to the concentration of 0.1 mg/kg with 

0.9% sterile saline (pH7.4).  The non-selective 5-HT antagonist, clozapine (Sigma-

Aldrich) was mixed into 0.1N (1 ml) hydrochloric acid (HCL) and diluted with 0.9% 

sterile saline to the concentration of 5 mg/kg.  Clozapine was further diluted with 0.9% 

physiological saline to doses of 2.5 mg/kg and 1.25 mg/kg.  The non-selective 5-HT 

antagonist, Aripiprazole (Sigma-Aldrich) was mixed into 2 ml of tween and 8 ml of 0.9% 

sterile saline to the dose of 0.3 mg/kg.  Aripiprazole was further diluted with 0.9% sterile 

saline to the doses of 1 mg/kg and 0.3 mg/kg.  The nonselective DA receptor antagonist, 
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Flupenthixol (Sigma-Aldrich) was dissolved in 0.9% sterile saline to the concentrations 

of 0.125 mg/kg, 0.25 mg/kg, and 0.5 mg/kg. 

Operant(Acquisition(and(Extinction(
!
 Operant studies within our laboratory involve rats being trained in operant 

chambers equipped with a house light, cue lights, tones, metal-gridded floor, and two 

levers (one that dispenses food and one that does not).  During acquisition sessions, rats 

were placed in the operant chambers (Coulbourn Instruments; 30.5 cm W x 25.5 cm D x 

30.5 cm H) for 30 minutes where every second response (FR2 schedule) on the correct 

lever resulted in the delivery of a 45 mg chocolate pellet (BioServe, New Jersey).  Once 

the left lever (correct lever) had been depressed twice (FR2), the house light 

extinguished, the panel lights above the lever changed from red to green, and the pellet 

dispenser released one chocolate pellet.  The right lever (incorrect lever) had no 

programmed consequences.  The acquisition trials occurred over five days (one trial per 

day). 

Once the behavior had been established, the behavior was extinguished.  The 

extinction trial involved removing the reward where bar pressing no longer resulted in 

dispensing a chocolate pellet.  The extinction session was 60 minutes and took place on 

the third day after the last acquisition day.  Bar pressing no longer resulted in food 

reward; however, the house light extinguished and the panel lights changed from red to 

green.  The lever presses, both correct and incorrect, nose pokes into the food hopper and 

horizontal locomotor activities were recorded at five-minute intervals. 
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Experiment(1((MKK801(doseKresponse(curve)(
!

Rats (n=21) were trained to bar press for 5 days (30 minutes/day) then assigned to 

one of 3 treatment groups based on cumulative correct presses during day 5 of acquisition 

training: Saline (n=7), 0.05 mg/kg MK-801 (MK-801 0.05; n=7), or 0.1 mg/kg MK-801 

(MK-801 0.1;n=7).  There were two days between the final day of acquisition training 

and the extinction test.  During these two days, rats received a 0.3 ml s.c injection of 

0.9% saline each day to acclimate them to the injection procedure.  On extinction testing 

day, rats received either a s.c injection of 0.3 ml 0.9% saline, 0.05 mg/kg MK-801, or 0.1 

mg/kg MK-801 15 minutes prior to testing (Holahan et al., 2010). The rats underwent 

extinction testing in an operant chamber for 60 minutes where correct presses, incorrect 

presses, nose pokes, and horizontal locomotor activity were recorded at 5-minute 

intervals. 

Experiment(2((Flupenthixol(+(MKK801)(
!

Rats (n=30) were trained to bar press for 5 days then assigned to one of 5 

treatment groups: Saline + Saline (Saline + Saline;n=6), Saline + 0.1 mg/kg MK-801 

(Saline + MK-801;n=6), 0.125 mg/kg Flupenthixol + 0.1 mg/kg MK-801 (FLU 0.125 + 

MK-801;n=6), 0.25 mg/kg Flupenthixol + 0.1 mg/kg MK-801 (FLU 0.25 + MK-

801;n=6), or 0.5 mg/kg Flupenthixol + 0.1 mg/kg MK-801 (FLU 0.5 + MK-801;n=6) 

(Veeneman et al., 2011).  There were two days between the final day of acquisition 

training and the extinction test.  During these two days, rats received a 0.3 ml s.c. 

injection of 0.9% saline on one day and a 0.3 ml i.p. injection of 0.9% saline on the other 

day to acclimate them to the injection procedure.  On extinction testing day, rats received 

one of the following i.p. Flupenthixol injections 20 minutes prior to the extinction session 
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(Veeneman et al., 2011): Saline, 0.125 mg/kg Flupenthixol, 0.25 mg/kg Flupenthixol, or 

0.5 mg/kg Flupenthixol.  15 minutes prior to the extinction session all rats received a s.c. 

injection of Saline or 0.1 mg/kg MK-801 (Holahan et al., 2010).  The rats underwent 

extinction testing in an operant chamber for 60 minutes where correct presses, incorrect 

presses, nose pokes, and horizontal locomotor activity were recorded at 5-minute 

intervals. 

Experiment(3((Clozapine(+(MKK801)(
!

Rats (n=30) were trained to bar press for 5 days and then assigned to one of 4 

treatment groups based on cumulative correct presses during day 5 of acquisition 

training: Saline + 0.1 mg/kg MK-801 (Saline + MK-801;n=7), 1.25 mg/kg clozapine + 

0.1 mg/kg MK-801 (CLZ 1.25 + MK-801;n=7), 2.5 mg/kg clozapine + 0.1 mg/kg MK-

801 (CLZ 2.5 + MK-801;n=9), or 5 mg/kg clozapine + 0.1 mg/kg MK-801 (CLZ 5 + 

MK-801;n=8) (de Bruin et al., 2013).  There were two days between the final day of 

acquisition training and the extinction test.  During these two days, rats received a 0.3 ml 

s.c injection of 0.9% saline each day to acclimate them to the injection procedure.  On 

extinction testing day, rats received one of the following s.c. Clozapine injections 30 

minutes prior to the extinction session (de Bruin et al., 2013): Saline, 1.25 mg/kg 

Clozapine, 2.5 mg/kg Clozapine, or 5 mg/kg Clozapine.  15 minutes prior to the 

extinction session, all rats received a s.c. injection of 0.1 mg/kg MK-80 (Holahan et al., 

2010).  The rats underwent extinction testing in the operant chamber for 60 minutes 

where correct presses, incorrect presses, nose pokes, and horizontal locomotor activity 

were recorded at 5-minute intervals.  
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Experiment(4((Aripiprazole(+(MKK801)((
!

Rats (n=30) were trained to bar press for 5 days then assigned to one of 5 

treatment groups: Saline + Saline (Saline + Saline;n=6), Saline + 0.1 mg/kg MK-801 

(Saline + MK-801;n=6), 0.3 mg/kg Aripiprazole + 0.1 mg/kg MK-801 (ARI 0.1+ MK-

801;n=6), 1 mg/kg Aripiprazole + 0.1 mg/kg MK-801 (ARI 1;n=6), or 3 mg/kg 

Aripiprazole + 0.1 mg/kg MK-801 (ARI 3;n=6) (Russo et al., 2013).  There were two 

days between the final day of acquisition training and the extinction test.  During these 

two days, rats received a 0.3 ml s.c injection of 0.9% saline on one day and a 0.3 ml i.p. 

injection of 0.9% saline on the other day to acclimate them to the injection procedure.  

On extinction testing day, rats received one of the following i.p. Aripiprazole injections 

30 minutes prior to the extinction session (Russo et al., 2013): Saline, 0.3 mg/kg 

Aripiprazole, 1 mg/kg Aripiprazole, or 3 mg/kg Aripiprazole.  15 minutes prior to the 

extinction session, all rats received a s.c. injection of saline or 0.1 mg/kg MK-80 

(Holahan et al., 2010).  The rats underwent extinction testing for 60 minutes where 

correct presses, incorrect presses, nose pokes, and horizontal locomotor activity were 

recorded at 5-minute intervals. 

Statistical(analysis(
!
 Data from each experiment were analyzed separately.  The acquisition data were 

analyzed with a two-way, repeated measures ANOVA using group as the between factor 

and total correct presses per day over the 5 acquisition days as the repeated measure.  The 

extinction data were analyzed with a two-way, repeated measures ANOVA using group 

as the between factor and time/5 minutes as the repeated measure.  If ANOVAs were 

significant, post-hoc comparisons were performed.     
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Immunohistochemistry(
!
 Approximately 15 minutes after the end of each extinction test, rats were 

decapitated and their brains were removed.  The left hemispheres were frozen at -80 

degrees Celsius.  The right hemispheres were immersion fixed in 4% 

paraformaldehyde/0.01 M phosphate buffer solution (pH 7.4).  The following day the 

right hemisphere was placed in a 30% sucrose/0.1M phosphate buffer solution to be 

cryofixed.   

The right hemisphere was sectioned on a cryostat at 35 um and placed in a 0.1% 

sodium azide/0.1M phosphate buffer solution.  Sections underwent two 15-minute 

washes in 0.1M tris-buffered saline with 0.1% Triton X (TBS-TX) and then incubated in 

the primary antibody (1:500 pERK1/2 host: rabbit cell-signaling) overnight at room 

temperature.  The following day the tissue underwent three 10-minute washes in TBS-TX 

followed by incubation in the secondary antibody (1:200 goat anti-rabbit IgG: Vector) for 

1 hour at room temperature.  Next, the tissue underwent three 10-minute washes in TBS 

followed by immersion in Avidin-Biotin Complex (ABC) for 1 hour.  Following the ABC 

complex the tissue underwent three 5-minute washes in TBS.  The tissue was developed 

in 3,3'-diaminobenzidine (DAB) for approximately 4 minutes.  Following development, 

the tissue underwent 2, 5-minute TBS washes and then was mounted to a slide.  Tissue 

was dehydrated on the slide and cover slipped. 

pERK1/2(quantification(
!
 Quantification was undertaken using unbiased stereological principles and the 

optical fractionator method to estimate the number of pERK1/2 labeled cells in the IL sub 

region of the mPFC.  Visualization of each stained section used an Olympus BX51 bright 
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field microscope with a motorized stage (Olympus Canada, Markham, ON).  Images 

were captured using an Olympus U-CMAD3 camera.  Unbiased stereological 

quantification used stereo investigator (MBF Bioscience, Williston, VT) software.  The 

IL region (2.70-3.20 mm from bregma) was constrained by a perpendicular line drawn 

from the ventral tip of the corpus callosum (forceps minor) but not below the olfactory 

ventricle and a line drawn from the midpoint of the corpus callosum.  The IL region was 

traced at 4x magnification.  Two random coronal sections were sampled from eat rat.  

pERK1/2 counting was performed using sampling parameters sufficient to produce a 

Gunderson’s coefficient of error (GCE, m = 1) of 0.12 or less.  A minimum of 5 animals 

per group was included in the analysis.  Various factors resulted in not all animals being 

included such as section loss from some animals.  The counting parameters were set to a 

counting frame of 60 x 60 µm2 and a dissector height of 10 µm between the top and 

bottom guard zones.  The average mounted thickness of the IL was 17.5 µm.  pERK1/2 

labeled cells were quantified using a 60x magnification lens (oil immersion, NA 1.35).  

Estimated population number using weighted section thickness was recorded for each 

animal.  The estimate cell count from two sections of each animal was averaged to give 

one datum point.  The mean estimated cell count from each animal was then divided by 

the area (mm2) to produce a standardized datum point.  The data were then analyzed with 

a one-way ANOVA.  If significant group differences were found post-hoc tests were 

performed. 
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Results(

Experiment(1((MKK801(doseKresponse(curve)(
!

Acquisition 

Rats were matched based on cumulative correct lever presses during day 5 of 

acquisition training then distributed into 3 treatment groups (Figure 2A).  A two-way 

repeated measures ANOVA on the mean number of correct presses per day with day as 

the within factor and group as the between factor revealed a main effect of day (F(4,8) = 

54.852, p < 0.01) but no main effect of group (F(2,18) = 0.022, p > 0.05) and no 

interaction (F(8,72) = 1.01, p > 0.05). 

Extinction 

 A two-way repeated measures ANOVA on the number of correct lever presses 

(Figure 2B) with time (per 5-minute interval) as the within-subjects factor and group as 

the between subjects factor revealed a main effect of time (F(11,22) = 4.906, p < 0.01) 

and a main effect of group (F(2,18) = 23.929, p < 0.01) and no interaction (F(22,198) = 

0.793, p > 0.05).  Tukey post-hoc tests on the effect of group revealed that the MK-801 

0.1 group pressed significantly more than the saline or MK-801 0.05 groups (p < 0.01).  

Analysis of incorrect lever presses (Figure 2C) concluded there were no effect of group 

(F(2,18) = 0.323, p > 0.05), no effect of time (F(11,22) = 2.123, p > 0.05), and no 

interaction (F(22,198) = 0.994, p > 0.05). 

A two-way repeated measures ANOVA on the number of nose pokes (Figure 2D) 

with time (per 5-minute interval) as the within-subjects factor and group as the between 

subjects factor revealed a main effect of group (F(2,18) = 9.280, p < 0.01) and no main 

effect of time (F(11,22) = p > 0.05) and no interaction (F(22,198) = 0.673, p > 0.05).  
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Tukey post-hoc tests on the effect of group revealed that the MK-801 0.1 group had 

significantly more nose pokes into the food hopper than the saline or MK-801 0.05 

groups (p < 0.01). 

Analysis of horizontal locomotor activity (Figure 2E) using a two-way repeated 

measures ANOVA with time (per 5-minute interval) as the within-subjects factor and 

group as the between subjects factor revealed a main effect of group (F(2,18) = 15.591, p 

< 0.01), main effect of time (F(11,22) = 14.040, p < 0.01), and no interaction (F(22,198) 

= 1.127, p > 0.05).  Tukey post-hoc tests on the effect of group revealed that the MK-801 

0.1 group had significantly more horizontal locomotor activity than the saline and MK-

801 0.05 groups (p < 0.01). 

!

!

!

!

!

!

!

!
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Figure!2A.!Daily!cumulative!correct!lever!pressing!responses!for!chocolate!reward!

(mean!±!SEM).!!No group differences were reported 

 

 

 

!



! 41!

!

Figure!2B.!Average!number!of!correct!presses!per!5Nminute!time!interval!over!the!

60Nminute!extinction!session!(mean!±!SEM).!!The MK-801 0.1 group had significantly 

more correct presses compared to all other groups (**p < 0.01). 
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Figure 2C. Average number of incorrect presses per 5-minute interval over the 60-minute 

extinction session (mean ± SEM).  No significant group differences were reported. 
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Figure 2D. Average number of nose pokes per 5-minute time interval over the 60-minute 

extinction session (mean ± SEM).  The MK-801 0.1 group had significantly more nose 

pokes compared to all other groups (**p < 0.01). 
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Figure 2E. Average horizontal locomotor activity per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  The MK-801 0.1 group had significantly more 

horizontal locomotor activity compared to all other groups (**p < 0.01). 
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 pERK1/2 quantification 

A one-way ANOVA on the density of pERK1/2 labeling in the IL (Figure 2F,2G) 

revealed a main effect of group (F(2,18) = 4.009, p < 0.05).  Tukey post-hoc comparisons 

revealed that the MK-801 0.1 group had significantly less pERK1/2 staining in the IL 

compared to the saline group (p < 0.05). 

 

 

Figure 2F. Representative images of pERK1/2 labeling in the IL.  The saline group had 

significantly more staining compared to the MK-801 0.1 group (p < 0.05).   
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!
!
Figure 2G.  Average cellular density (mean cell count/area (mm^2)) of pERK1/2 labeled 

neurons in the IL (mean ± SEM).  The saline group had significantly more staining in the 

IL compared to the MK-801 0.1 group (*p < 0.05)   
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Experiment(2((Flupenthixol(+(MKK801)(
!

Acquisition 

Rats were matched based on cumulative correct lever presses during day 5 of 

acquisition training then distributed into 5 treatment groups (Figure 3A).  A two-way 

repeated measures ANOVA on the mean number of correct presses per day with day as 

the within factor and group as the between factor revealed a main effect of day (F(4,16) = 

54.807, p < 0.01) but no main effect of group (F(4,25) = 0.692, p > 0.05) and no 

interaction (F(16,100) = 0.652, p > 0.05). 

Extinction 

A two-way repeated measures ANOVA on the number of correct lever presses 

(Figure 3B) with time (per 5-minute interval) as the within-subjects factor and group as 

the between subjects factor revealed a main effect of group (F(4,25) = 5.845, p < 0.01), a 

main effect of time (F(11,44) = 10.462, p < 0.01), and a significant interaction (F(44,275) 

= 1.804, p < 0.05).  Tukey post-hoc analysis on the main effect of group revealed that the 

MK-801 0.1 group pressed significantly more than the saline + Saline (p < 0.01), Flu 0.25 

+ MK-801 (p < 0.05), and Flu 0.5 + MK-801 (p <0.01) groups.  The FLU 0.25 + MK-801 

and FLU 0.5 + MK-801 groups did not significantly differ from Saline + Saline on the 

amount of correct presses (p > 0.05).  Tukey post-hoc analysis of the time and group 

interaction revealed that the Saline + MK-801 group pressed significantly more than the 

Saline + Saline (at 20, 25, 35; P < 0.05 and 50 minutes; p < 0.01), FLU 0.125 + MK-801 

(at 40; P < 0.05 and 50 minutes; p < 0.01), FLU 0.25 + MK-801 (at 30; p < 0.05, 35; p < 

0.01, 40; p < 0.05, and 50 minutes; p < 0.01), and FLU 0.5 + MK-801 (at 20, 30, 35, 40; 

p < 0.01, 45; p < 0.05, and 50 minutes; p < 0.01) groups.  Analysis of incorrect lever 
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presses (Figure 3C) revealed a main effect of time (F(11,44) = 3.504, p < 0.05), no effect 

of group (F(4,25) = 0.941, p > 0.05), and no interaction (F(44,275) = 1.023, p > 0.05). 

A two-way repeated measures ANOVA on the number of nose pokes (Figure 3D) 

with time (per 5-minute interval) as the within-subjects factor and group as the between 

subjects factor revealed a main effect of group (F(4,25) = 5.307, p < 0.01), a main effect 

of time (F(11,44) = 2.995, p < 0.05), and no interaction (F(44,275) = 1.511, p > 0.05).  

Tukey post-hoc analysis revealed that the Saline + MK-801 group had significantly more 

nose pokes compared to the Saline + Saline (p < 0.05), FLU 0.25 + MK-801 (p < 0.05), 

and FLU 0.5 + MK-801 (p < 0.01) groups.  The FLU 25 + MK-801 and FLU 0.5 + MK-

801 groups did not significantly differ from the Saline + Saline group with respect to 

nose pokes (p > 0.05). 

Analysis of horizontal locomotor activity (Figure 3E) using a two-way repeated 

measures ANOVA with time (per 5-minute interval) as the within-subjects factor and 

group as the between subjects factor revealed a main effect of group (F(4,25) = 6.827, p < 

0.01), a main effect of time (F(11,44) = 43.172, p < 0.01), and a significant interaction 

(F(44,275) = 1.977, p < 0.05).  Tukey post-hoc analysis of group revealed that the Saline 

+ MK-801 group had significantly more locomotor activity compared to the Saline + 

Saline (P < 0.01) and FLU 0.5 + MK-801 (p < 0.01) groups.  The FLU 0.25 + MK-801 

and FLU 0.5 + MK-801 groups did not significantly differ from the Saline + Saline group 

with respect to locomotor activity (p > 0.05).  Tukey post hoc analysis of the time and 

group interaction revealed that the Saline + MK-801 group had significantly more 

locomotor activity than the Saline + Saline (at 15, 20, 25, 30; p < 0.05, 40, 45, 55; p < 

0.01, and 60 minutes; p < 0.05), FLU 0.125 + MK-801 (at 55 minutes; p < 0.01), FLU 
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0.25 (at 35; p < 0.05, 40, 45, 50, 55; p < 0.01, and 60 minutes; p < 0.05), and FLU 0.5 + 

MK-801 (at 15; p < 0.01, 20, 25, 30; p < 0.05, 35, 40, 45, 50, 55, and 60 minutes; p < 

0.01) groups. 
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Figure 3A. Daily cumulative correct lever pressing responses for chocolate reward (mean 

± SEM).  No group differences were reported. 
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Figure 3B. Average number of correct presses per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  Overall the Saline + Saline (**p < 0.01), FLU 

0.25 + MK-801 (*p < 0.05), and FLU 0.5 + MK-801 (**p < 0.01) groups had 

significantly less lever presses compared to the Saline + MK-801 group.  a; Saline + MK-

801 vs Saline + Saline (p < 0.05) and FLU 0.5 + MK-801 (p < 0.01) during 5 minute 

intervals indicated.  b; Saline + MK-801 vs Saline + Saline (p < 0.01).  c; Saline + MK-

801 vs Saline + Saline (p < 0.05), FLU 0.25 + MK-801 (p < 0.01), and FLU 0.5 + MK-

801 (p < 0.01). d; Saline + MK-801 vs FLU 0.125 + MK-801 (p < 0.05), FLU 0.25 + 

MK-801 (p < 0.05), and FLU 0.5 + MK-801 (p < 0.01).  e; Saline + MK-801 vs Saline + 

Saline (p < 0.05).  f; Saline + MK-801 vs all other groups (p < 0.01).  
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Figure 3C. Average number of incorrect presses per 5-minute interval over the 60-minute 

extinction session (mean ± SEM).  No significant group differences were reported. 
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Figure 3D. Average number of nose pokes per 5-minute time interval over the 60-minute 

extinction session (mean ± SEM).  The Saline + Saline (*p < 0.05), FLU 0.25 + MK-801 

(*p < 0.05), and FLU 0.5 + MK-801 (**p < 0.01) groups had significantly less nose 

pokes compared to the Saline + MK-801 group. 
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Figure 3E. Average horizontal locomotor activity per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  Overall the Saline + MK-801 group had 

significantly more locomotor activity compared to the Saline + Saline and FLU 0.5 + 

MK-801 groups (**p < 0.01).  a; Saline + MK-801 vs Saline + Saline (p < 0.05) and FLU 

0.5 + MK-801 (p < 0.01).  b; Saline + MK-801 vs Saline + Saline (p < 0.05) and FLU 0.5 

+ MK-801 (p < 0.05) during 5 minute intervals indicated.  c; Saline + MK-801 vs Saline 

+ Saline (p < 0.01), FLU 0.25 + MK-801 (p < 0.05) and FLU 0.5 + MK-801 (p < 0.01).  

d; Saline + MK-801 vs all other groups (p < 0.01) except FLU 0.125 + MK-801 at 5 

minute time intervals indicated.  e; Saline + MK-801 vs all other groups (p < 0.01).  f; 

Saline + MK-801 vs Saline + Saline (p < 0.05), FLU 0.25 + MK-801 (p < 0.05), and MK-

801 + FLU 0.5 + MK-801 (p < 0.01).     
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pERK1/2 quantification 

A one-way ANOVA on the density of pERK1/2 labeling in the IL (Figure 3F, 3G) 

revealed a main effect of group (F(3,24) = 4.075, p < 0.05).  Tukey post-hoc comparisons 

revealed that the FLU 0.5 + MK-801 group had significantly more staining in the IL 

compared to the Saline + MK-801 group (p < 0.05). 
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Figure!3F.!Representative images of pERK1/2 quantification in the IL.  The FLU 5 + 

MK-801 group had significantly more staining in the IL compared to the Saline + MK-

801 group (P < 0.05)!
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!

Figure!3G.!Average cellular density (mean cell count/area (mm^2)) of pERK1/2 labeled 

neurons in the IL (mean ± SEM).  The FLU 0.5 + MK-801 group had significantly more 

staining in the IL compared to the Saline + MK-801 group (*p < 0.05).!
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Experiment(3((Clozapine(+(MKK801)(
!

Acquisition 

Rats were matched based on cumulative correct lever presses during day 5 of 

acquisition training then distributed into 4 treatment groups (Figure 4A).  A two-way 

repeated measures ANOVA on the mean number of correct presses per day with day as 

the within factor and group as the between factor revealed a main effect of day (F(4,12) = 

51.401, p < 0.01) but no main effect of group (F(3,27) = 0.340, p > 0.05) and no 

interaction (F(12,108) = 0.226, p > 0.05). 

Extinction 

A two-way repeated measures ANOVA on the number of correct lever presses 

(Figure 4B) with time (per 5-minute interval) as the within-subjects factor and group as 

the between subjects factor revealed a main effect of time (F(11,33) = 3.284, p < 0.01), 

no effect of group (F(3,27) = 1.418, p > 0.05), and no interaction (F(33,297) = 1.290, p > 

0.05). Analysis of incorrect lever presses (Figure 4C) concluded there were no effect of 

group (F(3,27) = 2.999, p > 0.05), no effect of time (F(11,33) = 1.672, p > 0.05), and no 

interaction (F(33,297) = 1.672, p > 0.05). 

A two-way repeated measures ANOVA on the number of nose pokes (Figure 4D) 

with time (per 5-minute interval) as the within-subjects factor and group as the between 

subjects factor revealed a main effect of time (F(11,33) = 3.779, p < 0.01) and no main 

effect of group (F(3,27) = 2.650 p > 0.05) and no interaction (F(33,297) = 1.266, p > 

0.05).   

Analysis of horizontal locomotor activity (Figure 4E) using a two-way repeated 

measures ANOVA with time (per 5-minute interval) as the within-subjects factor and 
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group as the between subjects factor revealed a main effect of time (F(11,33) = 15.339, p 

< 0.01), no effect of group (F(3,27) = 0.821, p > 0.05, and no interaction (F(33,297) = 

0.873, p > 0.05).   
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Figure 4A. Daily cumulative correct lever pressing responses for chocolate reward (mean 

± SEM).  No significant group differences were reported. 
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Figure 4B. Average number of correct presses per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  No significant group differences were 

reported. 
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Figure 4C. Average number of incorrect presses per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  No significant group differences were 

reported. 
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Figure 4D. Average number of nose pokes per 5-minute time interval over the 60-minute 

extinction session (mean ± SEM).  No significant group differences were reported. 
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Figure 4E. Average horizontal locomotor activity per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  No significant group differences were 

reported. 
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 pERK1/2 quantification 

A one-way ANOVA on the density of pERK1/2 labeling in the IL (Figure 4F,4G) 

revealed no main effect of group (F(3,24) = 1.171, p > 0.05). 

 

 

 
 
Figure 4F. Representative images of pERK1/2 quantification in the IL.  There were no 

significant group differences. 
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Figure 4G.  Average cellular density (mean cell count/area (mm^2)) of pERK1/2 labeled 

neurons in the IL (mean ± SEM).  No significant group differences were reported.   
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Experiment(4((Aripiprazole(+(MKK801)(
!
! Acquisition!
!

Rats were matched based on cumulative correct lever presses during day 5 of 

acquisition training then distributed into 5 treatment groups (Figure 5A).  A two-way 

repeated measures ANOVA on the mean number of correct presses per day with day as 

the within factor and group as the between factor revealed a main effect of day (F(4,16) = 

49.895, p < 0.01) but no main effect of group (F(4,25) = 0.309, p > 0.05) and no 

interaction (F(16,100) = 0.410, p > 0.05). 

Extinction 

A two-way repeated measures ANOVA on the number of correct lever presses 

(Figure 5B) with time (per 5-minute interval) as the within-subjects factor and group as 

the between subjects factor revealed a main effect of group (F(4,25) = 7.798, p < 0.01), a 

main effect of time (F(11,44) = 6.228, p < 0.01), and no interaction (F(44,275) = 1.334, p 

> 0.05).  Tukey post-hoc analysis revealed that the Saline + MK-801 group pressed 

significantly more than the Saline + Saline (p < 0.01) and ARI 1 + MK-801 (p < 0.05) 

groups. The ARI 1 + MK-801 and ARI 3 + MK-801 groups did not significantly differ 

from Saline + Saline with respect to correct presses (p > 0.05).  Analysis of incorrect 

lever presses (Figure 5C) revealed a main effect of time (F(11,44) = 3.075, p < 0.05), no 

effect of group (F(4,25) = 0.289, p > 0.05, and no interaction (F(44,275) = 1.764, p > 

0.05). 

A two-way repeated measures ANOVA on the number of nose pokes (Figure 5D) 

with time (per 5-minute interval) as the within-subjects factor and group as the between 

subjects factor revealed a main effect of group (F(4,25) = 7.785, p < 0.01), an effect of 
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time (F(11,44) = 4.785, p < 0.01), and no interaction (F(44,275) = 1.184, p > 0.05).  

Tukey post-hoc analysis revealed that the Saline + MK-801 group had significantly more 

nose pokes overall compared to the Saline + Saline (p < 0.01), ARI 1 + MK-801 (p < 

0.01), and ARI 3 + MK-801 (p < 0.05) groups.  The ARI 1 + MK-801 and ARI 3 + MK-

801 groups did not significantly differ from Saline + Saline with respect to nose pokes (p 

> 0.05).   

Analysis of horizontal locomotor activity (Figure 5E) using a two-way repeated 

measures ANOVA with time (per 5-minute interval) as the within-subjects factor and 

group as the between subjects factor revealed a main effect of group (F(4,25) = 7.783, p < 

0.01), a main effect of time (F(11,44) = 35.405, p < 0.01), and no interaction (F(44,275) 

= 1.328, p > 0.05). Tukey post-hoc analysis revealed that the Saline + MK-801 group had 

more locomotor activity compared to the Saline + Saline (p < 0.01), ARI 1 + MK-801 (p 

< 0.01), and ARI 3 + MK-801 (p < 0.05) groups.  The ARI 1 + MK-801 and ARI 3 + 

MK-801 groups did not significantly differ from Saline + Saline with respect to 

locomotor activity (p > 0.05). 
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Figure 5A. Daily cumulative correct lever pressing responses for chocolate reward (mean 

± SEM).  No significant group differences were reported. 
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Figure 5B. Average number of correct presses per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  The Saline + Saline (**p < 0.01) and ARI 1 + 

MK-801 (*p < 0.05) groups had significantly less correct lever presses compared to the 

Saline + MK-801 group. 
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Figure 5C.  Average number of incorrect presses per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  No significant differences were reported. 
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Figure 5D. Average number of nose pokes per 5-minute time interval over the 60-minute 

extinction session (mean ± SEM).  The Saline + Saline (**p < 0.01), ARI 1 + MK-801 

(**p < 0.01), and ARI 3 + MK-801 (*p < 0.05) groups had significantly less nose pokes 

compared to the Saline + MK-801 group. 
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Figure 5E.  Average horizontal locomotor activity per 5-minute time interval over the 60-

minute extinction session (mean ± SEM).  The Saline + Saline (**p < 0.01), ARI 1 + 

MK-801 (**p < 0.01), and ARI 3 + MK-801 (*p < 0.05) groups had significantly less 

locomotor activity compared to the Saline + MK-801 group.   
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pERK1/2 quantification 

A one-way ANOVA on the density of pERK1/2 labeling in the IL (Figure 5F, 5G) 

revealed no main effect of group (F(3,27) = 0.801, p > 0.05). 

 

 

 
 
Figure!5F.!!Representative images of pERK1/2 quantification in the IL.  There were no 

significant group differences. 
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!

Figure 5G.  Average cellular density (mean cell count/area (mm^2)) of pERK1/2 labeled 

neurons in the IL (mean ± SEM).  No significant group differences were reported.   
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Discussion(
 

Acute administration of 0.1 mg/kg of MK-801 produced an increase in lever 

pressing in the absence of food reward (p < 0.01), a result that is consistent with previous 

findings in our laboratory (Davis-MacNevin et al., 2013; Holahan et al., 2010, 2011, 

2012b).  There were no group differences on incorrect lever pressing suggesting the MK-

801 0.1 group had learned during acquisition but had the inability to extinguish a 

previously learned lever pressing response and were possibly “perseverating” (Davis-

MacNevin et al., 2013).  Perseveration is seen as a cognitive deficit present in patients 

with schizophrenia and is the inability to change behavior in response to a changing task 

(Crider, 1997; Waford & Lewine, 2010).   

Several neural mechanisms have been suggested to be responsible for the deficit 

in extinction learning, namely increased dopaminergic neurotransmission (Mathé et al., 

1996) in particular in the nucleus accumbens (Holahan et al., 2011, 2012a), striatum (Ali 

et al., 1994), and frontal cortex (Padilla-de la Torre et al., 2008).  Studies have 

demonstrated that following acute MK-801 administration, HVA and pERK were 

increased in the nucleus accumbens (Holahan et al., 2011, 2012a).  One explanation for 

the increase in non-reward responding is hypo activity of glutamate neurons in the 

prefrontal cortex disinhibit VTA dopamine neurons by decreasing GABAergic inhibitory 

control of dopamine neurons that project to the nucleus accumbens resulting in increased 

activity on medium spiny neurons (Carlsson et al., 1999).  The decreased glutamatergic 

activity in the mPFC could result from NMDA receptor blockade on pyramidal neurons, 

which appear highly dependent on NMDA activity whereas mPFC GABAergic 
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interneurons have been shown to be more dependent on AMPA receptor activation 

(Rotaru, Yoshino, Lewis, Ermentrout, & Gonzalex-Burgos, 2011).   

Alternatively some studies have pointed to hyper-glutamatergic activity in the 

mPFC as being responsible for the behavioral deficits seen following MK-801 

administration (Adams & Moghaddam, 2001; Lorrain, Baccei, Bristow, Anderson, & 

Varney, 2003).  However, when MK-801 is injected directly into the mPFC, glutamate 

activity does not increase (Reviewed by Jodo, 2013; Jodo et al., 2005).  This suggests that 

the increased glutamatergic activity may be the result of disinhibition of GABAergic 

neurons in other brain regions that are rich in NMDA receptors, such as the ventral 

hippocampus which sends projections to the mPFC (Reviewed by Jodo, 2013; Jodo et al., 

2005).  The conflicting results between the hypo-glutamate and hyper-glutamate theories 

may result from studies that do not structurally subdivide the mPFC.  This could result in 

conflicting results as the mPFC has been shown to have distinct regions which respond 

differently to activation/inactivation and have distinct projections to subsequent brain 

regions (Hayen, Meese-Tamuri, Gates, & Ito, 2014; Sierra-Mercado, Padilla-Coreano, & 

Quirk, 2011).  Neuronal activation in the mPFC has been region specific following MK-

801 administration where the IL has shown decreased pERK1/2 labeling and the pre-

limbic cortex (PRL) has shown increased labeling (Holahan et al., 2010, 2012b).  The 

sub-regions of the mPFC may have different roles in the acquisition and extinction of 

memories (Hayen et al., 2014).    

There has been growing evidence that the IL sub region of the MPFC has an 

important role in the extinction of previously learned responses.  Experiment 1 showed a 

decrease in pERK1/2 labeling in the IL following administration of 0.1 mg/kg MK-801 
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compared to saline controls (p < 0.05).  This finding is consistent with previous studies 

(Holahan et al., 2010, 2012a). The MK-801 0.1 group also showed an increase in correct 

presses during the extinction trial compared to the saline and MK-801 0.05 groups (p < 

0.01) suggesting a deficit in extinction learning.  The infralimbic cortex has been shown 

to be important in the extinction of fear responses (Lebrón et al., 2004; Milad & Quirk, 

2002; Morrow et al., 1999; Peters, Kalivas, & Quirk, 2009b) and cue-induced cocaine 

seeking behavior (Koya et al., 2009)).  Lesions to the infralimbic cortex result in an 

inability to extinguish a classically conditioned fear response at the same rate as controls 

(Lebrón et al., 2004; Milad & Quirk, 2002; Morrow et al., 1999; Peters et al., 2009a).  

The IL may exert its consolidation of extinction learning through D2 receptors, as 

blockade of D2 receptors in the IL impairs the consolidation of extinction memory 

(Santini, Muller, & Quirk, 2001).  The decreased IL activation may reduce inhibitory 

control of dopaminergic neurotransmission in the VTA suggesting a mesocorticolimbic 

DA system interaction (Holahan et al., 2012a).   

Another possibility is that the IL modulates extinction memory via other regions, 

such as the amygdala (McDonald, Mascagni, & Guo, 1996; Patton, Bizup, & Grace, 

2013; Quirk & Mueller, 2008b).  Along with direct projections to the nucleus accumbens 

shell which have been shown to play a role in cocaine extinction (Peters, LaLumiere, & 

Kalivas, 2008), the IL sends glutamatergic projections to the amygdala (Berretta, 

Pantazopoulos, Caldera, Pantazopoulos, & Paré, 2005; McDonald et al., 1996).  The 

excitatory IL projection to the amygdala targets intercalated cell masses (ITCs) located 

between the basolateral amygdala complex (BLA) and the central nucleus (CE) (Berretta 

et al., 2005).  The ITC cells (which show NMDA receptor-dependent plasticity; (Royer & 
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Paré, 2002) send GABAergic projections to the main output station of the amygdala, the 

CE (Berretta et al., 2005).  Evidence for this neural pathway comes from studies that have 

shown increased c-fos expression in the ITC cells following IL excitation with a GABA-

A antagonist (Berretta et al., 2005). Thus, MK-801 may exert its extinction-learning 

deficit by decreasing glutamatergic output to the amygdala resulting in a decreased 

activation of ITC cells, which would result in disinhibition of the CE.  It is also possible 

that MK-801 directly reduces activity at NMDA receptors located on glutamatergic BLA 

neurons that project to the ITC resulting in disinhibition of the CE.     

 Experiment 2 explored the ability of Flupenthixol (DA antagonist) to reverse 

MK-801’s effect on non-rewarded operant responding.  Flupenthixol was previously 

shown to reverse an extinction deficit resulting from cocaine administration (Davis-

MacNevin et al., 2013).  In the present thesis, administration of 0.25 mg/kg (p < 0.05) 

and 0.5 mg/kg (p < 0.01) of Flupenthixol significantly decreased non-reward operant 

responding following MK-801 administration. The FLU 0.25 + MK-801 and FLU 0.5 + 

MK-801 groups did not significantly differ from the Saline + Saline group with respect to 

correct presses suggesting that depression of the locomotor system alone is not 

responsible for the reversal of the extinction deficit.  A similar finding was found in a 

study by Lapin and colleagues (1995) where the 0.5 mg/kg dose of Flupenthixol 

diminished the hyper-locomotion produced by MK-801 (Lapini & Rogawski, 1995).  It 

was found that selective D1 and D2 antagonists on there own did not diminish the MK-

801 induced hyperlocomotion, suggesting blockade of both receptors is necessary to 

reverse MK-801’s effect (Lapini & Rogawski, 1995).  mPFC D1 and D2 receptors appear 

to be mainly concentrated on pyramidal neurons but both receptors have been shown to 
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appear on GABAergic interneurons and on VTA afferents (Reviewed by Tzschentke, 

2001).  

The increased pERK1/2 labeling in the IL of the FLU 0.5 mg/kg group (p < 0.05) 

suggests an increase in neuronal activity.  Since pERK1/2 is activated downstream in 

response to several different mechanisms (Kyosseva, 2004; Liu et al., 2004; Perrotti et 

al., 2013; Schafe, Swank, Rodrigues, De, & Doyère, 2008), the exact neurotransmitter 

responsible for its activation is unknown.  The significant difference between groups with 

respect to correct presses and the corresponding increase in pERK1/2 labeling highlights 

the importance of the IL in extinction learning.  Although, the IL alone may not be 

responsible for extinction learning; the NAc shell has been implicated in extinction 

learning (Holahan et al., 2012b; Peters et al., 2008) and has shown a increase in pERK1/2 

labeling following MK-801 administration (Holahan et al., 2012b). It would be worth 

investigating if the NAc shell shows a decrease in pERK1/2 labeling following FLU 0.5 

+ MK-801.  0.5 mg/kg of Flupenthixol may have acted on VTA D2 autoreceptors to 

antagonize them increasing DA release to the mPFC where autoreceptors are less 

abundant (Reviewed by Tzschentke, 2001), resulting in increased neuronal activation in 

the IL.  The 0.25 mg/kg dose of Flupenthixol significantly decreased MK-801 induced 

pressing during extinction (p < 0.05) but did not significantly increase pERK1/2 labeling 

in the IL.  Perhaps the 0.25 mg/kg dose is not high enough to fully antagonize D2 

autoreceptors in the DA mesocortical pathway, which would explain the lack of increased 

pERK1/2 labeling.  The 0.25 mg/kg dose of Flupenthixol may have reduced MK-801 

extinction responding through other possible extinction mechanisms such as the NAcc 

and amygdala (Reviewed by Quirk & Mueller, 2008a).  Antagonism of D2 autoreceptors 
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in the VTA mesolimbic pathway could decrease DA output to the NAcc and antagonism 

of post-synaptic D2 receptors in the NAcc could decrease dopaminergic 

neurotransmission that was increased by MK-801 (Holahan et al., 2012a; Löscher, 

Annies, & Hönack, 1991; Yan, Reith, Jobe, & Dailey, 1997b).  It would be worth 

investigating neuronal activation in the NAcc following FLU 0.25 + MK-801 

administration to determine if there was a decrease in pERK1/2 labeling even in the 

absence of IL pERK1/2 labeling.   

Deficits in dopaminergic neurotransmission alone do not appear to be responsible 

for the deficits in extinction learning.  The use of dopamine antagonists to reverse deficits 

following MK-801 administration have been successful in reducing non-rewarded 

extinction responding induced by MK-801 (Davis-MacNevin et al., 2013).  However, 

attempts to mimic MK-801’s effect on extinction learning by administering dopamine 

agonists were unsuccessful (Davis-MacNevin et al., 2013).  Microdialysis studies in the 

mPFC and nucleus accumbens have also shown an increase in 5-HT following MK-801 

administration (Lopez-Gil et al., 2007; Yan et al., 1997a).  The administration of cocaine 

has been shown to result in non-reward extinction responding similar to that seen with 

MK-801 (Davis-MacNevin et al., 2013).  However, cocaine not only acts on dopamine 

receptors but also on 5-HT and NE neurotransmitter systems (Lanteri et al., 2008; 

Serafine & Riley, 2009), suggesting a role for neurotransmitter systems other than 

dopamine.   

Experiment 3 was undertaken to determine if the 5-HT antagonist Clozapine 

could reverse the non-rewarded extinction deficit seen in MK-801 treated rats.  There 

were no significant differences between any of the groups with respect to correct presses, 
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nose pokes, or locomotor activity during the extinction test.  Examination of pERK1/2 in 

the IL also revealed no significant group differences.  The data suggest that MK-801 does 

not mediate its effect through 5-HT2A receptors.  A similar finding was reported by 

Adams and Moghaddam (2001) who reported that PCP increased extracellular levels of 

5-HT and glutamate in the PFC and that clozapine did not alter the levels of 5-HT or 

glutamate release (Adams & Moghaddam, 2001).  In other studies Clozapine has been 

shown to reverse behavioral deficits (PPI; pre-pulse inhibition, startle response) induced 

by MK-801 and PCP (NMDA receptor antagonist) (Bakshi, Swerdlow, & Geyer, 1994; 

Varty, Ph, Bakshi, & Geyer, 2015).  D1, D2 and 5-HT2A antagonism on their own did 

not attenuate the PPI deficits induced by NMDA receptor antagonism (Bakshi et al., 

1994).  The discrepancies in the findings could result from higher doses of Clozapine, 

which were present in reports where Clozapine had an effect on NMDA receptor 

antagonism (Bakshi et al., 1994; Varty et al., 2015).  Also, PPI and extinction learning 

are likely to have different neural mechanisms responsible for their control.  Perhaps 

Clozapine is appropriate for reversing deficits in PPI but not extinction learning. 

Clozapine has an affinity for DA receptors which is lower than its affinity for 5-

HT receptors (Herbert Y. Meltzer et al., 1989).  This pharmacological profile may 

explain the lack of differences between groups.  The lower doses of clozapine employed 

in this study may affect dopaminergic and serotonergic neurotransmission differently 

than higher doses.  At lower doses clozapine has been shown to occupy 5-HT2A 

receptors (Herbert Y Meltzer et al., 2003).  Studies have also shown that the 5-HT 

modulation of DA release is different depending on the brain region. Clozapine has been 

shown to increase DA release in the mPFC and NAc on its own (Moghaddam & Bunney, 
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1990).  5-HT2A receptors are located on pyramidal neurons in the prefrontal cortex that 

project to the VTA and Dorsal raphe nucleus (Vázquez-Borsetti, Cortés, & Artigas, 

2009). It is possible that 5-HT2A receptor antagonism on pyramidal neurons projecting 

from the IL to the VTA or NAc further disinhibits GABAergic control of DA neuronal 

projections to the NAc.  It would be worth investigating DA NAc activity following 

Clozapine + MK-801 administration to determine if Clozapine further increased DA 

activity in addition to increased DA activity observed following MK-801 alone (Holahan 

et al., 2010).  Future studies are needed to determine if the present results are due to low 

doses or if neurotransmitter systems other than 5-HT and DA may be responsible for the 

deficit in behavioral inhibition.  The effect of Clozapine administration on its own should 

be tested to determine if the drug alone results in behavioral deficits or alterations in 

pERK1/2 labeling. 

Experiment 4 tested a non-selective 5-HT antagonist, Aripiprazole, which also 

acts as a partial dopamine agonist (Burris et al., 2002; Jordan et al., 2002; Shapiro et al., 

2003). The Saline + Saline (p < 0.01) and ARI 1 + MK-801 (p < 0.05) groups were found 

to lever press significantly less than the Saline + MK-801 group.  There were no 

significant differences between the Saline + Saline and ARI 1 + MK-801 groups (p > 

0.05).  There were also no differences in pERK1/2 staining between any of the groups.  

All groups except ARI 0.3 + MK-801 had significantly less locomotor activity than the 

Saline + MK-801 group.  The ARI 3 + MK-801 group had significantly less locomotor 

activity than the Saline + MK-801 (p < 0.05) group but did not significantly differ with 

respect to correct presses.  This suggests that decreased locomotor activity alone is not 

responsible for reversal of the MK-801 induced extinction deficit.  It is not surprising that 
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the lowest dose of Aripiprazole had no effect on the MK-801 induced extinction deficit.  

A study by Leite and colleagues (2007) found a similar result while investigating the 

ability of Aripiprazole to reduce MK-801 induced motor hyperactivity in mice (Leite, 

Guimarães, & Moreira, 2008).  The researchers found that MK-801 paired with a low 

dose of Aripiprazole increased motor hyperactivity above that seen with MK-801 

administration alone, whereas the higher doses of Aripiprazole paired with MK-801 

reduced motor hyperactivity to that of a saline control (Leite et al., 2008).  This suggests 

that ruling out increased locomotor activity as a cause for the differences in correct 

presses is premature.  A study by Russo and Colleagues (2013) investigated the ability of 

Aripiprazole to reverse mild-depressive symptoms and found that it had modulatory 

actions on depression and anxiety (Russo et al., 2013).  This implies that Aripiprazole 

may have an effect on a wide variety of behavioral deficits, which may be attributed to its 

unique pharmacological profile (Burris et al., 2002; Shapiro et al., 2003). 

The present result might be explained by the fact that at lower drug 

concentrations, D2 autoreceptors are bound whereas at higher drug concentrations, D2 

post-synaptic receptors are bound (Reviewed by Beaulieu & Gainetdinov, 2011).  In the 

case of Aripiprazole, the drug may display agonistic activity at D2 autoreceptors and D2 

antagonistic activity at post-synaptic D2 receptors (Kikuchi et al., 1995).  Also, in the 

mPFC, mRNA studies for D1 and D2 receptors have shown that the majority of receptors 

are located post synaptically and not pre-synaptically on mPFC afferents (Reviewed by 

Tzschentke, 2001).  In the present study, the lowest dose of Aripiprazole may have acted 

on D2 autoreceptors in the DA mesocortical pathway further decreasing mesocortical DA 

release, which may already be decreased by MK-801 administration (Holahan et al., 
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2010, 2012a).  The lack of D2 autoreceptors in the mPFC may be the reason there was no 

difference in IL pERK1/2 labeling.  At low doses, Aripiprazole tends to act as an agonist 

at D2 autoreceptors (Kikuchi et al., 1995), with the lower presence of these receptors in 

the mPFC the drug cannot exert its effect and it would take a higher dose to antagonize 

post-synaptic receptors.  This decreased mesocortical activity could further increase 

mesolimbic DA activity by reducing VTA inhibitory control or direct inhibitory control 

of the NAc.  Investigation of the amygdala and NAc could further explain the differences 

between the Saline + MK-801 and Aripiprazole groups by determining if there were 

alterations in neuronal activation independent of IL activity.  

It is also possible that Aripiprazole did not affect extinction responding at the 

highest dose due to D2 antagonism at receptors within the IL or BLA of the amygdala.  A 

study by Gremel and colleagues (2009) investigated the effect of infusion of a DA 

antagonist directly into the BLA on CPP for ethanol (Gremel & Cunningham, 2009).  

Researchers found the CPP expression was blocked in mice following DA antagonist 

infusion into the BLA but not when infused into the CE alone, suggesting the importance 

of the amygdala in conditioned responses (Gremel & Cunningham, 2009). Neural activity 

in the amygdala would have to be explored directly to confirm this hypothesis.   

Activity at DA receptors alone may not be responsible for the ability of 

Aripiprazole to reduce MK-801 induced non-rewarded operant responding (Davies et al., 

2004).  Aripiprazole is also a partial agonist at 5-HT1A receptors and an antagonist at 5-

HT2A receptors (Davies et al., 2004).  5-HT1A receptors and 5-HT2A receptors are 

localized post synaptically on pyramidal neurons In the cortex and the 5-HT1A receptor 

is an autoreceptor in the dorsal raphe attenuating serotonin release (Reviewed by Herbert 
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Y Meltzer et al., 2003).  5-HT1A has inhibitory properties as it hyperpolarizes a 

potassium current and the 5-HT2A receptor facilitates activation of phospholipase C 

(Reviewed by Herbert Y Meltzer et al., 2003).  A study by Bortozzoli and colleagues 

(2010) explored the importance of 5-HT1A and 5-HT2A receptor activation in prefrontal 

cortex DA release (Bortolozzi et al., 2010).  It was postulated that the agonistic activity at 

5-HT1A receptors found on GABAergic interneurons would result in increased excitatory 

output to the VTA resulting in enhanced DA neurotransmission (Bortolozzi et al., 2010; 

Gessa et al., 2000).  Thus, the role of the serotonin system in Aripiprazole’s effect on the 

MK-801 induced extinction deficit cannot be ruled out.  The lack of changes in pERK1/2 

labeling in the IL may be the result of low Aripiprazole doses.  Studies that found 

differences in brain activity following Aripiprazole administration tended to use higher 

doses of the drug (Nordquist et al., 2008).    
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Conclusion/Future Directions 
!
 MK-801 was found to increase non-rewarded operant responding during an 

extinction test and was associated with reduced IL pERK1/2 labeling.  Following 

Flupenthixol administration, IL activity was increased and extinction responding was 

decreased suggesting the importance of IL activation in extinction learning.  Further 

research of the potential extinction circuits is required with particular attention to how the 

BLA and the NAcc shell interact with the IL.  Clozapine had no effect on the deficit in 

extinction induced through MK-801 administration.  This suggests 5-HT 

neurotransmission alone may not be responsible for the deficit and future research should 

explore other neurotransmitter systems such as NE and Ach.  Aripiprazole decreased 

non-rewarded operant responding at the 1 mg/kg dose but not at the 0.3 mg/kg or 3 

mg/kg doses, which may be attributed to Aripiprazole’s partial dopamine agonism.  

Overall, it appeared that MK-801 produced a perseverative like behavior similar to those 

seen in patients with schizophrenia that may be independent of increased locomotor 

activity as the behavior persisted following decreased locomotor activity with the 3 

mg/kg dose of Aripiprazole.  Future research could further explore the interactions 

between the IL, amygdala, and NAcc with respect to extinction learning and possible 5-

HT/DA system interactions.     
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