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ABSTRACT

ROLE OF CHRONIC COCAINE EXPOSURE AND PFC LESION IN THE INDUCTION
OF PERSEVERATIVE RESPONDING

Craig Patrick Allen  Advisor:
University of Guelph, 2014            Professor Francesco Leri

One of the central characteristics of pathological gambling (PG) is the presence of

perseverative responding.  Perseverative responding is the repetition of a previously

appropriate response in a manner, or context, which is detrimental to the individual.  While

several studies have shown a link between perseverative responding and disruption of

prefrontal cortex (PFC) function or a history of drug, particularly cocaine, abuse, it remains

unclear whether these factors are causally related to perseveration.  The aim of the current

studies was to establish a causal relationship between perseverative responding and either

PFC dysfunction or cocaine exposure, as well as to characterize the nature of the impairment.

Using a novel experimental procedure which isolated aspects of behaviour, rats were

assessed for perseverative responding following chronic cocaine exposure or lesions to

subregions of the PFC.  Results from these experiments, and existing literature, suggest the

existence of at least three distinct types of perseveration.  Chronic cocaine exposure was

found to induce all three types of perseveration, while the effect of PFC lesions was more

selective with different regions associated with different forms of perseveration.  Perhaps the

most relevant of these for PG are lesions to the medial PFC, which produced perseveration

by impairing animals’ ability to alter behaviour to avoid punishment.

These studies advance our understanding of an important aspect of PG and addiction

and help to clarify some discrepencies in existing literature.
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Chapter 1:

General Introduction
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Perseverative responding is a behavioural symptom of impaired executive function, and is

associated with a number of psychiatric disorders, including obsessive compulsive disorder (Roh

et al., 2005), Alzheimer’s disease (Pekkala, Albert, Spiro, & Erkinjuntti, 2008), Parkinson’s

disease (Gauntlett-Gilbert, Roberts, & Brown, 1999), and schizophrenia (Freeman & Gatherco,

1966).  Perseveration is also prevalent in addictive disorders, notably pathological gambling (PG;

Leiserson & Pihl, 2007) and substance abuse (Loh, Smith, & Roberts, 1993; Ridley, 1994).

Perseveration was first identified over 100 years ago and is defined as “the inappropriate

repetition or continuation of an earlier response after a change in task requirements” (as

described by Hotz & Helmestabrooks, 1995).  Perseveration is not a uniform construct, and

several attempts to characterize the different forms of perseveration have been made (Bayles,

Tomoeda, Kaszniak, Stern, & Eagans, 1985; Luria, 1965; Sandson & Albert, 1984).  The three

categories defined by Sandson and Albert (1984) are used in this thesis, as they share common

elements with the majority of those proposed by others (see Hotz et al., 1995 for review).  These

categories are:

i. Stuck-in-Set:  improper maintenance of categories or rules.  This form of

perseveration is associated with persistence following a change in contingencies, such

as in the Wisconsin card sorting task (WCST) in humans or reversal learning in

rodents.

ii. Recurrent: repetition of a response to subsequent, inappropriate stimuli.  This form of

perseveration is often seen in aphasics who will repeat names of previous items for

subsequent images.

iii. Continuous: an inability to disengage from a response once commenced.  This form

of perseveration is measured when subjects are asked to perform a single action, (e.g.,
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draw a circle), but will persist after response should be complete (i.e., make

continuous circular motions; Sandson et al., 1984)

This thesis examines the role of prefrontal cortex (PFC) dysfunction (via lesion), or chronic

psychostimulant exposure (cocaine), in the development of the stuck-in-set form of

perseveration.

Prefrontal Cortex Anatomy and Function

In humans, the PFC is the portion of the frontal lobe which is not part of either the premotor

or primary motor cortices.  Anatomically, it occupies Brodmann areas 8-11 and 44-47 (Talairach

& Tournoux, 1988) and is characterized by the presence of granule cells (Finger, 1994), as well

as being the primary projection zone of the mediodorsal nucleus of the thalamus (Rose &

Woolsey, 1948).  Although the human PFC is more complex than that of non-human primates,

they are similar in both structure and function (Ongur, Ferry, & Price, 2003; Petrides & Pandya,

2002; Semendeferi, Armstrong, Schleicher, Zilles, & Van Hoesen, 2001), and for the purposes of

this thesis will be treated as equivalent.

The major domain of the PFC is executive functions, a collection of processes involved in

weighing consequences, selecting appropriate responses, solving novel problems, and temporal

sequencing (Kandel, Schwartz, & Jesell, 1991 pg 356).  There are five main subregions of the

primate PFC:

- The dorsolateral PFC (dl-PFC), which receives information from the dorsal visual

stream (involved in object action in space; Takahashi, Ohki, & Kim, 2013), as well as

from adjacent cortical regions. The dl-PFC is primarily involved in working memory

and response selection (reviewed in Moghaddam & Homayoun, 2008).
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- The ventrolateral PFC (vl-PFC) receives information from the ventral visual stream

and is involved in integrating this information with that from the dorsal stream

(Takahashi et al., 2013). The vl-PFC is involved in attentional control (Li, Chen, Han,

Chui, & Wu, 2012) and, like the dl-PFC, is important for the selection of motor

responses.

- The orbitofrontal cortex (OFC), which is associated with the limbic system

(particularly the amygdala; AMY), as well as with the sensory systems; the OFC is

the only portion of the PFC to receive input from all sensory modalities (reviewed in

Wallis, 2007).  The OFC is primarily responsible for emotional representation,

anticipation of outcomes, and encoding ‘value’ for rewards (Wallis, 2007).

- The ventromedial PFC (vm-PFC) is also associated with the limbic system and, like

the OFC, is involved in emotional regulation, particularly with regard to mood and

anxiety disorders (Myers-Schulz & Koenigs, 2012).

- The frontopolar PFC (fp-PFC), whose function remains largely unclear, although

there is some evidence implicating it in goal representation (Tsujimoto, Genovesio, &

Wise, 2011).

The exact extent of each of these regions is much debated, as is the possible incorporation of

additional regions/subdivisions into the PFC.  One relevant possible region is the medial PFC

(MPFC), which is composed of Brodmann’s areas 32 and 24.  While this region is more

traditionally thought to be part of the anterior cingulate cortex, it shares functional similarities

with the PFC.  The MPFC has been found to be involved in encoding ‘effort costs’ (i.e., how

much effort is needed to obtain a reward) and in the general cost-benefit analysis of behaviour

(Wallis, 2007).
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While the PFC is often thought of as an association cortex integrating information from other

cortical regions, it also has several important connections to subcortical structures.  These

connections primarily occur through parallel descending loops, which share a common basic

structure.  Specifically, information from several related cortical areas project to common

regions of the striatum, then are subsequently processed by the pallidum, followed by the

thalamus, before being projected back to a single cortical region (Alexander, Delong, & Strick,

1986).  These loops are therefore critical in integrating information across multiple regions and

funnelling them to a single cortical area for final processing.

Another important pathway innervating the PFC is the mesocortical dopamine (DA) system.

This pathway involves the projection of DA neurons from the ventral tegmental area (VTA) and

substantia nigra (SN) to the PFC, providing DA innervation to all of the PFC sub-regions.  The

PFC subsequently acts on the VTA via a direct glutaminergic path and indirectly via the nucleus

accumbens, which also receives DA projections from the VTA (mesolimbic pathway) and has

GABAergic projections back to the VTA (Kandel et al., 1991).  DA signalling within these two

pathways (mesocortical and mesolimbic) has been found to encode prediction error (Schultz,

1998).  Prediction error refers to the difference between expectations and actual outcomes.  In

monkeys, it was found that DA signalling was increased following administration of an

unexpected reinforcer (juice) and following presentation of a well conditioned cue.  No changes

in DA activity occurred following presentation of an expected reinforcer, while omission of an

expected reinforcer led to a decrease in DA firing.  In this way, DA signalling indicated whether

an unexpected outcome occurred and if it was positive or negative.

Finally, there are important reciprocal connections between the OFC and vm-PFC and the

AMY.  These connections are important for assigning emotional value to stimuli, particularly for
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negative emotional states (i.e., stress, anxiety).

Prefrontal Cortex and Perseveration

As stated above, the most common method of assessing stuck-in-set perseveration in humans

is the Wisconsin card sorting test (WCST; Berg, 1948).  For this task, patients are given a deck

of cards, each of which varies in the shape, colour, and number of items present.  Participants are

told to sort the cards into 4 piles, but not told what rule they are supposed to use to sort them

(i.e., colour, number, or shape).  After each card, participants are given feedback on whether the

card was correctly sorted.  Participants are deemed to have correctly learned the rule when they

have sorted a predetermined number of consecutive cards correctly (typically 10), at which point

the sorting rule is changed.  Perseveration is measured by the number of card sorts made

according to the previously correct rule.

Using fMRI, researchers have found that performance on the WCST is most consistently

associated with activity in the dl-PFC, vl-PFC, and ACC/MPFC (Konishi et al., 2008; Konishi et

al., 2010; Buchsbaum, Greer, Chang, & Berman, 2005; Lie, Specht, Marshall, & Fink, 2006).

However, the role each of these regions play in WCST performance is still debated.

Monchi et al. (2001) found that dl-PFC was activated during both positive and negative

feedback, while the vl-PFC was active only following negative feedback.  Thus it is possible that

the vl-PFC is the critical region for recognizing errors and shifting sets, while the dl-PFC’s

primary function is working memory, integrating feedback with previous actions/rules.  This

interpretation is supported by Lie et al. (2006), who found that activity in the right dl-PFC was

present only in the standard, working memory dependent, version of the WCST and not in less

complex versions they employed.  However, using a lexical version of the test, Simard et al.

(2011) found greater activity following negative vs positive feedback in both the dl-PFC and
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vl-PFC.  Furthermore, using a working memory independent response switching task, Smith et

al. (2004) found increased activity in the left dl-PFC was associated with rule shifts, suggesting

that this region may be more significantly involved in reversals.

Disruption of normal PFC function is also associated with impaired WCST performance.

Specifically, traumatic brain injury to the frontal lobe in humans has been found to increase

perseverative errors (Goldstein, Obrzut, John, Ledakis, & Armstrong, 2004).  While impaired

performance on WCST is one of the classic symptoms of frontal lobe damage, the degree of

impairment can be highly variable.  This is in part due to the nature of traumatic injuries; no two

are exactly the same, but there are other factors that also effect the severity of impairment

following injury, including location/lateralization of injury, gender, and ethnicity (Goldstein et

al., 2004; Niemeier, Marwitz, Lesher, Walker, & Bushnik, 2007).

Impaired WCST performance is also associated with a number of psychiatric disorders

including pathological gambling (Black et al., 2013) and substance abuse (Colzato, Huizinga, &

Hommel, 2009).

Pathological Gambling

Pathological gambling (PG) is listed in the diagnostic and statistical manual of mental health

5th edition (DSM-5, American Psychiatric Association, 2013) as a substance-related and

addictive disorder and characterized by an individual displaying four, or more, of the following

symptoms:

1. Needs to gamble with increasing amounts of money in order to achieve the desired

excitement.

2. Is restless or irritable when attempting to cut down or stop gambling.

3. Has made repeated unsuccessful efforts to control, cut back, or stop gambling.
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4. Is often preoccupied with gambling (e.g., having persistent thoughts of reliving past

gambling experiences, handicapping or planning the next venture, thinking of ways to

get money with which to gamble).

5. Often gambles when feeling distressed (e.g., helpless, guilty, anxious, depressed).

6. After losing money gambling, often returns another day to get even (“chasing” one’s

losses).

7. Lies to conceal the extent of involvement with gambling.

8. Has jeopardized or lost a significant relationship, job, or educational or career

opportunity because of gambling.

9. Relies on others to provide money to relieve desperate financial situations caused by

gambling. (American Psychiatric Association, 2013)

Of these criteria, gambling to recoup losses (“chasing”) can be the most significant and

problematic as it leads to large financial losses which then contribute to other behavioural

problems, such as lying and stealing to cover losses (Lesieur, 1979).  Perseveration is analogous

to chasing and as such is not only a symptom of PG but central to its pathology (de Ruiter et al.,

2009).  In gambling, perseverative responding can occur within a single session or across

multiple sessions/days; the latter form is generally considered more detrimental (O'Connor &

Dickerson, 2003), although some have suggested that they are simply differences in the degree of

severity rather than independent phenomena.

Whether or not they are independent of each other, both forms of perseveration appear to be

associated with PFC dysfunction.  Evidence for this comes from the fact that PG show increases

in perseverative errors on the WCST both within a single session (Han, Lyoo, & Renshaw, 2012;

Alvarez-Moya et al., 2009) and across multiple sessions (Marazziti et al., 2008). However, it
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should be noted that some studies have failed to find this typical deficit (Hur et al., 2012),

possibly due to other factors which impact on severity of PG, such as in-treatment status

(Ledgerwood et al., 2012) and preference for gaming type (Myrseth, Brunborg, & Eidem, 2010).

fMRI studies of pathological gamblers have also consistently found altered PFC function.

However, the exact nature of the changes in PFC functions have been inconsistent and their

implications for the underlying causes of perseveration in PG remain unclear.

Reduced activation has been found in the vm-PFC in pathological gamblers performing the

Stroop task, a task associated with response inhibition (Potenza et al., 2003).  Similarly, in a

go/no-go task pathological gamblers had reduced activity in the vl-PFC during no-go trials (van

Holst, van Holstein, van den Brink, Veltman, & Goudriaan, 2012), suggesting that perseveration

may result from an impaired ability to inhibit pre-existing responses. Alternatively, reduced

activation in several regions of the PFC, the vm-PFC, vl-PFC, fp-PFC, ACC and MPFC, has

been found in tasks measuring sensitivity to wins and losses (Balodis et al., 2012; Reuter et al.,

2005; de Ruiter et al., 2009), suggesting that perseveration may result from insensitivity to

changes in reward and/or loss contingencies.

Finally, perseveration in PG may in fact result from hypersensitivity to reward, particularly

when those rewards are risky or improbable.  Hewig et al. (2010) tested pathological gamblers

on a simulated blackjack game and measured activity using an electroencephalogram.

Pathological gamblers were more likely to hit (draw an additional card) on 16 than controls (in

blackjack the correct response on a value of 16 is ambiguous: on lower values it is best to hit, on

higher values to stay) and showed a significant increase in reward related amplitudes, relative to

controls, when such risky bets were successful.  Furthermore, increased activity has been found

in the OFC of pathological gamblers while anticipating a reward (van Holst, Veltman, Buchel,
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van den Brink, & Goudriaan, 2012) and while selecting risky decks in the Iowa gambling task

(IGT; Power, Goodyear, & Crockford, 2012).  Thus gamblers may persist in disadvantageous

responding due to an over-representation of the infrequent wins.

While it is generally agreed that dysfunction of the PFC is related to PG, the exact regions

and contribution to pathology remain unclear.  Despite these inconsistencies, there exists strong

evidence that the primary neurotransmitter system responsible is dopamine.

Dopamine and Pathological Gambling

There are three primary categories of evidence for dopaminergic involvement: imaging,

genetic, and pharmacological.

The ventral striatum (VS) is part of the mesolimbic DA system and one of the primary

regions involved in encoding appetitive value and prediction error.  fMRI studies have found this

region to be more active in PG than healthy controls when participants are viewing gambling

associated stimuli (van Holst et al., 2012) and when they anticipate winning money (Balodis et

al., 2012).  This increased activation would be in line with the idea that PG is the result of over

representation of rewards.  In addition to increased activation, PG patients also show increased

functional connectivity between the VS and the vm-PFC (Peters, Miedl, & Buchel, 2013), which

is associated with a reduction in functional connectivity between vm-PFC and other regions of

the PFC (Koehler et al., 2013).  This increased connectivity with the VS and isolation from other

inputs may further accentuate signalling from VS and may contribute to overestimation of

rewards.  Finally, it may not be just increased DA activity which matters, but also which

receptors are being activated.  Using PET imaging, Takahashi et al. (2010a) found that risky

decision making was associated with the density of D1 receptors in the striatum, but not D2.

Specifically, individuals with lower D1 density tended to overestimate the value of low
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probability rewards and underestimate high probability rewards.  However, the role of dopamine

in perseverative responding may not be as simple as making individuals hypersensitive to

rewards.  D1 receptor binding in the AMY has been associated with the emotional response to

fearful faces (Takahashi et al., 2010b), so it is possible that any global shift in receptor activity,

such as genetic variants, may contribute to perseveration by impairing the individuals response to

negative outcomes (i.e., they are less sensitive to loss).  D3 receptors may also play a significant

role in gambling behaviour.  While there was no difference in the level of D3 receptors between

pathological gamblers and healthy controls, D3 binding within pathological gamblers was

correlated with both gambling severity and impulsiveness (Boileau et al., 2013).

While most of the imaging studies suggest that increased DA activity is linked with

perseveration, it is a different case with genetics.  Catechol-O-methyl-transferase (COMT) is an

enzyme which is responsible for the degradation of DA in the cortex, and as such its activity is

inversely related to extracellular DA levels.  A genetic variant of the COMT gene, where a

methionine is substituted for a valine at 158th codon, produces a version of the enzyme 40% less

efficient at eliminating DA. Individuals homozygous for the valine allele (lower DA activity) are

more likely to show perseverative behaviour following traumatic brain injury (Lipsky et al.,

2005).  Similarly, when pathological gamblers were treated with the COMT antagonist

tolcapone, thus increasing DA levels, there was a reduction of gambling symptoms and a

normalization of fronto-parietal activity (Grant et al., 2013), with the effect being most

pronounced in individuals homozygous for the valine allele.

Finally, the importance of DA in our understanding of PG is indicated by reports of people

spontaneously developing PG behaviour following DA agonist therapy (DAAT).  DAAT is most

commonly associated with Parkinson’s disease, a degenerative disease which eliminates DA
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producing cells in the SN and to a lesser extent in the VTA.  Parkinson’s patients undergoing

DAAT, particularly with pramipexole, a D2/3 agonist, have been observed to develop problem

gambling behaviour, along with hypersexuality and punding (compulsive repetition of a motor

task), despite no previous history (Driver-Dunckley, Samanta, & Stacy, 2003; Seedat, Kesler,

Niehaus, & Stein, 2000).  This sudden emergence of PG is not restricted to Parkinson’s disease;

individual undergoing DAAT for restless leg syndrome have also developed gambling

behaviours (Quickfall & Suchowersky, 2007).  Imaging studies on patients of both these

disorders when they are engaged in ‘gambling’ tasks showed that deficits in performance while

medicated were related to the absence of the normal reduction in DA tone following losses

(Abler, Hahlbrock, Unrath, Gron, & Kassubek, 2009; van Eimeren et al., 2009).  That is, patients

were insensitive to the negative outcomes due to masking of the error signal by the artificially

maintained DA tone.  Interestingly, Ersche et al. (2011) found administration of pramipexole to

stimulant dependent individuals actually reduced their normally high levels of perseverative

errors in a probabilistic reversal task.

There is clear evidence that dysfunction of the DA system is involved with PG and

perseveration.  This effect appears to be related to DA’s role in encoding prediction error and

value, with evidence pointing to both a hypersensitivity to reward and insensitivity to loss.

Furthermore, both positive and negative deviations from normal functioning seem to produce

perseveration; differences in the direction of dysfunction may contribute to disparity in the

apparent cause.

Cocaine, Perseveration and Pathological Gambling

As previously mentioned, increased perseverative responding has also been found amongst

substance abusers.  Perseveration has been found in most dependent populations, including
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smokers (de Ruiter et al., 2009), alcoholics (Nowakowska, Jablkowska, & Borkowska, 2007),

and marijuana smokers (Lane, Cherek, Tcheremissine, Steinberg, & Sharon, 2007).  However,

with most drugs the effects seem to be inconsistent (see Leeman & Potenza, 2012 for review),

with the exception being psychostimulants (Henry et al., 2011), particularly cocaine (Ersche,

Roiser, Robbins, & Sahakian, 2008).

Cocaine is derived from the leaves of the coca plant (Erythroxylon coca).  Structurally, it

consists of a benzene ring and a methyl group attached to the alkaloid ecgonine (Koob & Le

Moal, 2006).  Cocaine functions, primarily, as an indirect agonist for the monoamines DA, 5-HT,

and norepinephrine (NE).  That is, cocaine binds with the associated transporter molecules and

prevents clearance of the neurotransmitters from the synaptic cleft, thus increasing and

prolonging signalling.  Although cocaine does have several medical uses, including as a local

anaesthetic, it is primarily used as a recreational drug.  In its most common hydrochloride form,

cocaine is most typically snorted or injected; if the cocaine is further refined into its ‘freebase’ or

‘crack’ form, it is typically smoked or injected.  As of 2011, it was estimated that approximately

0.9% of Canadians use cocaine (Health Canada, 2011).  Despite decreases in recent years,

cocaine remains the most frequently used (illicit) stimulant (Metcalfe, Tindale, Li, Rodayan, &

Yargeau, 2010).

Cocaine dependence has been strongly linked with deficits in behavioural flexibility (Woicik

et al., 2011), and in some cases these deficits have been accompanied by impairments in working

memory function (Madoz-Gurpide, Blasco-Fontecilla, Baca-Garcia, & Ochoa-Mangado, 2011).

It is, however, unlikely that perseveration in cocaine addicts results from impaired memory

function.  In fact, in a study of recreational cocaine users, that is, people that have used cocaine

repeatedly but do not meet the criteria for dependence, Colzato et al. found that these individuals
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displayed impaired cognitive flexibility, measured as increased perseverative errors on the

WCST, but no impairments in working memory (Colzato et al., 2009). This result suggests that

perseverative impairments predate memory disruptions, and given that increased perseveration

predates even dependence, it is possible that this cognitive deficit is pre-existing and contributes

to the development of cocaine addiction rather than being a consequence.

Like PG, cocaine dependence is associated with altered PFC functioning.  Cocaine users

show hypoactivity in the vl-PFC and ACC while performing a Stroop task (Morein-Zamir, Jones,

Bullmore, Robbins, & Ersche, 2013).  This reduced activity was associated with poorer response

inhibition.  Similarly, Bolla et al. (2003) found reduced activity in the dl-PFC and MPFC, as well

as increased activity in the OFC, of cocaine addicts performing the IGT (Bolla et al., 2003).

Increased OFC activity is related to hypersensitivity to cues or reinforcement, whereas reduced

activity in other regions may indicate memory impairments, but may also indicate reduced ability

to integrate negative feedback from loss trials.  Gu et al. (2010) provide further evidence that

cocaine addicts may be less sensitive to negative outcomes, finding that at resting state cocaine

users have a diminished functional connectivity between the AMY and the PFC.

Given the similarities between PG and cocaine abuse in terms of perseverative responding

and PFC dysfunction, it is unsurprising that these two disorders share a high rate of comorbidity

(Hall et al., 2000; Petry, 2007).  If chronic cocaine exposure does induce perseverative

responding, then this comorbidity could be causally related.  However, it is also possible that

these individuals share predisposing factors which make them vulnerable to both of these

disorders.  In fact, it has been shown that traumatic brain injury can increase the risk of substance

abuse in previously drug naive individuals (Ommaya et al., 1996; Bjork & Grant, 2009).  The

question of whether or not cocaine exposure can induce perseverative behaviour is one best
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addressed using animal models.

Summary of Key Points

Perseverative responding is a central characteristic of pathological gambling, playing an

important role not only in the development of the disorder but also in the accumulation of debt

and social harm.  There exists strong evidence that perseveration is associated with dysfunction

of both the PFC and DA system.  PG and perseveration are also associated with cocaine abuse,

likely due to the fact that it also involves dysfunction of the PFC and DA system.  However, due

in part to inconsistent and conflicting results, there remain some unanswered questions.

What is the nature of the impairment?  It remains uncertain what exactly is the underlying

cause of perseveration; likely candidates are: failure to inhibit a previous association,

insensitivity to changing win/loss contingencies, and hypersensitivity to cues and rewarding

stimuli.  These different possibilities need to be teased apart through carefully controlled

experiments.

Which regions of the PFC are involved?  The uncertainty of this question arises from the

inconsistency of existing data, as no sub-region has been consistently involved across studies,

but all have been involved in at least some.  The variability in these findings is in part the result

of the lack of specificity of lesions, or imaging studies, to a given sub-region.  Further, the

inconsistency in individuals’ histories, particularly in relation to past drug use, could play a

significant role in affecting how the different regions interact.  To identify which sub-regions of

the PFC are involved, it will be necessary to employ region specific techniques and to control

subject history.

Finally, it remains unclear what the causal relationships are.  All of the research in humans

is correlational, so it is uncertain if either PFC dysfunction or chronic cocaine exposure actually
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produce perseverative deficits or if they are just likely to co-occur due to unknown shared

causes.  To determine if perseveration does result form chronic cocaine use or PFC dysfunction it

will be necessary to induce perseveration by either of these methods in otherwise healthy

individuals.

Given the limitations of human research, these questions can be best addressed using rats in

models of gambling and perseverative behaviour.

Rodent Prefrontal Cortex

Before discussing existing evidence from rodent studies regarding the role of various

subregions of the PFC in perseveration, an existing controversy must first be addressed: do

rodents have a PFC? More specifically, do rodents have a dl-PFC?  At the heart of this debate is

a second question; what does it mean for a structure to be equivalent across species?  If this

means that in the two species the region is structurally identical, then rats definitively do not

have a PFC; if, however, we employ more open criteria, then there is room for discussion.  In

their review, Uylings et al. (2003) proposed four criteria for comparing structures across species:

pattern of connections, functional properties, presence of neuroactive substances and receptors,

and embryological development.  Regions in different species would then be judged as

equivalent based on their similarities across these categories.  Based on these criteria, rodents can

be viewed as having a PFC with two major regions: an OFC which roughly corresponds to the

OFC of primates, and a medial PFC (m-PFC) which roughly corresponds to the vm-PFC and m-

PFC of primates.  The m-PFC of rodents can then be further subdivided along the dorsal-ventral

axis into the ACC, prelimbic (PrL), and infralimbic (IL) cortices.  No gross anatomical structure

exists which correspond directly with the dl-PFC and vl-PFC; however, their functions may be

distributed amongst the other regions (Brown & Bowman, 2002b; Vertes, 2004).  Therefore,
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while rodents do not have a PFC of the complexity observed in primates, they do possess

homologous structures with similar connectivity and function, and by studying these simpler

systems we can gain insight into the basic properties which may be shared across species (for a

more in depth discussion of the existence of a rodent PFC see Brown et al., 2002b; Ongur &

Price, 2000; Preuss, 1995; Uylings et al., 2003).

Rodent PFC and Perseveration

In rats, the primary method of studying stuck-in-set perseveration is through reversal

learning.  That is, rodents are trained on one set of contingencies, which are subsequently altered

such that there is a reversal of which response is more advantageous.  Reversal learning can be

applied to a variety of tasks, provided that they involve learned contingencies and multiple

response options.  One example is the go/no-go task.  Using an odour based go/no-go task,

Geoffrey Schoenbaum and his colleagues have done extensive work examining the role of the

OFC in reversal learning.  Animals were trained to make a nose poke for an odour paired with a

sucrose reward and to withhold responses to an odour paired with quinine (a bitter tasting

substance) punishment.  Animals with lesions to their OFC were able to acquire this association,

but were impaired in learning a reversal of these associations (Schoenbaum, Nugent, Saddoris, &

Setlow, 2002).  Expanding on this relationship, they found that inactivation of the OFC produced

by lesions led to rigidity of value encoding within the basolateral amygdala (BLA), which

impaired reversal learning; lesioning of both the OFC and BLA allowed for normal reversal

learning (Stalnaker, Franz, Singh, & Schoenbaum, 2007).

A similar effect was found for OFC lesions, though not lesions of the PrL, in a spatial

discrimination task, where animals chose between two levers, only one of which yielded rewards

(Boulougouris, Dalley, & Robbins, 2007), as well as a visual discrimination task, where animals



18

are trained to approach a rewarded visual cue but not others (Chudasama & Robbins, 2003b).  In

both cases, animals with lesions to the OFC were able to acquire the initial associations

normally, but were impaired in learning a reversal of this association.

These studies provide evidence that dysfunction in the OFC, along with the BLA, is involved

in perseverative responding.  However, there is an important caveat to this relationship; the OFC

appears to be selectively involved in reversal learning only in the presence of ‘learned

irrelevance’.   Learned irrelevance refers to the situation where one or more response options

never leads to reinforcement during training, i.e., they are either punished or have no

consequence.  As a result of this lack of reinforcement rats learn to ignore these response options

and are thus impaired in switching to them following reversal. Lesions of the OFC seem to be

related to this effect.  In fact Burke et al. (2009) found that OFC lesions did not impair inhibition

of previously correct responses, but instead impaired disinhibition of the previously unreinforced

response.  Similarly, Tait and Brown (2007) found that if learned irrelevance was controlled for,

by having animals switch to a novel stimulus rather then a previously ignored one, OFC lesions

no longer impaired behaviour.

Since the development of learned irrelevance requires repeated prior exposure to cues

without reinforcement, it is unclear how likely it is to develop outside of laboratory settings.

Furthermore, OFC lesions impaired the animals’ ability to switch to a specific response, not their

ability to disengage from their previous responding.  This leads to perseveration by limiting the

available response options, making the animals more likely to engage in the previously correct

response.  In the real world, response options are numerous and potentially limitless. Therefore,

individuals that are unable to engage in a previously irrelevant behaviour may still be able to

engage in a novel alternate response rather then persisting in their previous choice. Given the
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potential high degree of situational specificity, it is possible that OFC dependent impairments

may be unable to account for the ubiquitious nature of perseveration in pathological gambling,

and other regions must also be considered.

To this end, evidence has also been found linking the m-PFC region with perseverative

responding.  Lesions to the m-PFC impaired reversal learning on the Morris water maze, leading

to perseveration of the previous location (De Bruin et al., 1994).  Similarly, lesions of the m-PFC

also impaired rule switching from non-matching- to matching-to-sample (Joel, Weiner, &

Feldon, 1997).

There is, however, ambiguity in terms of which specific subregions are involved.

Inactivation of the PrL and IL regions during a cross maze task has been found to impair

switching from a place to a response strategy (extradimensional shifts; EDS), but not switching

between different places (intradimensional shifts; IDS; Ragozzino, Detrick, & Kesner, 1999).

Inactivation of the PrL and IL also impaired EDS but not IDS in an odour x location maze task

(Ragozzino, Kim, Hassert, Minniti, & Kiang, 2003).  Performance on an odour discrimination

task was also impaired by inactivation of the ACC.  However, unlike the PrL and IL lesions,

which resulted in perseveration, ACC inactivation led to random choices, increasing responding

at never reinforced options (Ragozzino & Rozman, 2007).  In contrast to these findings, during a

random foraging task on a radial arm maze inactivation of the ACC, but not the PrL, lead to

repeated re-entries into previously baited arms (Seamans, Floresco, & Phillips, 1995).  These

results seem to indicate that which region of the m-PFC is involved may be somewhat dependent

on specific task demands.

As with humans, there appears to be considerable evidence indicating that reversal learning is

at least partially dependant on PFC functioning, and that disruption of this function can lead to
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perseveration.  However, which region(s) are involved and how they impair behaviour remains

open to debate, in part because many of the observed effects appear to be task specific.

Chronic Cocaine and Perseveration in Rodents

Chronic exposure to cocaine and other psychostimulant drugs has been associated with

perseverative responding.  Following chronic cocaine exposure, Schoenbaum et al. (2004) found

impairments in the go/no-go task similar to those reported following OFC lesion, including the

same BLA involvement (Stalnaker et al., 2007).  This effect was not only observed following

passive, but also active self-administration of cocaine (Calu et al., 2007).  Cocaine has also been

found to impair EDS from cue to response strategies on a cross maze (Goto & Grace, 2005a).

In an attentional set shift task, animals were required to dig in food bowls which varied

according material (texture) and odour. Only one of these characteristics was reinforced at a

given time, allowing three different manipulations: reversal, an IDS switch from the previously

reinforced to unreinforced cue in the same modality; IDS switch within the same modality but to

a novel cue; and EDS switch to the alternate modality.  Prior treatment with methamphetamines

impaired reversal learning but did not alter set shifting (Izquierdo et al., 2010).  Similarly,

treatment with amphetamines impaired reversal learning, but it also led to poorer performance on

EDS (Fletcher, Tenn, Rizos, Lovic, & Kapur, 2005).  Interestingly, impairments in EDS, but not

reversals, were eliminated by infusion of a DA D1 agonist into the PFC.  In animals treated with

cocaine as adolescents, and then subsequently tested on this task as adults, no behavioural

impairments were found (Black et al., 2006).  Whether this lack of effect of cocaine is indicative

of a true distinction between psychostimulants or is the result of an interaction with

developmental stage is unclear.

While cocaine has been linked with the induction of perseverative responding in rodents,
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much of this evidence comes from studies with the same limitations of learned irrelevance

previously discussed.  More research is needed to clarify the extent to which chronic cocaine

exposure can lead to perseverative behaviour.

Non-Perseverative Rodent Gambling Task

Though not assessing perseveration, Catharine Winstanley and colleagues have developed a

rodent gambling task (rIGT) modelled after the IGT in humans. The IGT, like the WCST, is a

standard task for assessing PFC function.  The task consists of four decks of cards, each varying

in the size and probability of rewards and losses.  Individuals choose between the decks and

attempt to maximize financial gain.  Optimal performance on this task requires the individual to

choose a deck with smaller rewards and less frequent punishment over those with a larger

reward.  In the rodent version of this task, the decks are represented by four openings into which

the animal may nose poke.  Each opening is associated with a different magnitude of reward (1-4

sucrose pellets) as well as different probabilities and durations of punishment (a timeout period;

Zeeb, Robbins, & Winstanley, 2009).  Optimal responding on this task requires the rats to choose

the option which grants two pellets.  Acute treatment with amphetamine impairs performance on

the task and causes the animals to be more conservative (i.e., choose the one pellet option; Zeeb

et al., 2009) as well as to make more premature responses (Zeeb, Wong, & Winstanley, 2013).

Functional inactivation of OFC-BLA connections, by lesioning these structures contra-laterally,

resulted in retarded acquisition of the task, though it did not affect performance.  However, when

rewards were subsequently devalued by satiety, animals with contralateral lesions did not alter

responding (Zeeb & Winstanley, 2013).   This result may have relevance towards our

understanding of OFC involvement in reversal impairments, as these lesions may make the

animal unable to update the value of expected outcomes.
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A Perseveration-Based Rodent Gambling Task

The studies in the current thesis were designed for the purpose of studying the role of cocaine

exposure and PFC dysfunction in the development of perseverative responding, with an

emphasis on its implications for PG.  To this end, three main characteristics were considered in

the development of the task.

First, the task needed to be free from the influence of learned irrelevance.  While studies

which are subject to this effect have yielded significant findings related to addiction and PG,

particularly with regard to the function of the OFC, given the ubiquitous nature of perseveration

by pathological gamblers it is unlikely that such a task-specific effect is a primary cause.

Second, the task should have multiple test sessions to assess responding over several days.

As previously mentioned, with regard to its contributions to PG perseveration is most harmful

when it persists across multiple days and gambling sessions.  As it is still uncertain whether

within- and across-session perseveration are distinct phenomena or simply different degrees of

severity, it is important that our task be able to capture both of these effects.

Finally, given evidence suggesting that the role of different PFC regions may be partially

dependent on the features of the task, it is necessary to incorporate elements related to PG.  To

that end, our task will allow for relatively continuous responding, as there is a relationship

between the type of gambling activity engaged in and the risk of PG.  Video lottery terminals and

slot machines, which allow for very rapid and continuous play, are more likely to be associated

with PG then games with longer delays such as lotteries (Marshall & Wynne, 2003).

This thesis will introduce a novel task encompassing these features and will report its use to

determine whether cocaine exposure can induce perseveration (Chapter 2, with a verification of

the feasibility of the cocaine manipulation in Chapter 3), whether lesions to the PFC can induce
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perseveration and which subregions are involved (Chapter 4) and finally, once the role of

cocaine exposure and PFC are determined using the strictly appetitive task, a modified version of

the task which incorporates an element of punishment (while still controlling for the effect of

learned irrelevance) will be tested to determine if appetitive and aversive processes are

differently involved in perseveration (Chapter 5).
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Chapter 2:

Effect of acute and repeated cocaine exposure on response matching capabilities of Sprague-

Dawley rats responding for sucrose on concurrent schedules of reinforcement

This manuscript is published in: Allen, C.P., and Leri, F. (2010). Effect of acute and repeated

cocaine exposure on response matching capabilities of Sprague–Dawley rats responding for

sucrose on concurrent schedules of reinforcement. Pharmacology, Biochemistry and

Behavior 96: 96-103
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2.1 Chapter introduction

This chapter introduces a novel experimental method for the study of perseverative

responding.  This design involves a dynamic reversal between two appetitive response options.

Since there are no punished or unreinforced response options, there should be no learned

irrelevance present.  Optimal performance on this task requires animals to detect changes in the

reinforcement contingencies, inhibit the previously appropriate response, and initiate responding

on the newly correct option.  Impairment of one or more of these processes should lead to an

increase in perseverative errors.

Using this new task, the effect of acute and chronic cocaine exposure on the induction of

perseverative responding was assessed.  Given the existing evidence, it was expected that

chronic cocaine exposure would produce an increase in perseverative responding.
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2.2 Abstract

Cocaine exposure impairs the ability to match responding when rewarded and non-rewarded

response options are reversed. However, it is unclear whether the impairment can also be

observed when two rewarded responses differing in delay or magnitude of reward are reversed.

Therefore, we tested the effect of acute (Experiment 1) and repeated (Experiment 2) cocaine on

response matching between options dynamically varying in reinforcement schedule. Male

Sprague-Dawley rats responded on concurrent fixed ratio 25 (FR25) and variable ratio 15

(VR15) schedules for sucrose. On tests, a progressive ratio (PR) schedule replaced the VR15,

creating a within-session dynamic reversal point. In Experiment 1, acute cocaine (0, 1, 3 or 15

mg/kg IP) did not alter response matching. In Experiment 2, rats chronically exposed to cocaine

(30 mg/kg/day × 5days, IP) were tested after a 10-day withdrawal period on three sets of

FR25/PR matching tasks with varying rates of PR escalation. Cocaine pre-exposure significantly

increased perseverative matching errors, although repeated testing compensated the impairment.

These results suggest that prior exposure to cocaine can produce perseverative behaviour even

when animals are required to match two well-learned and rewarded response options. The

implications for addictive behaviours are discussed.
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2.3 Introduction

Responding is considered “perseverative” when it continues outside the appropriate context,

in the absence of desired consequences, or in the presence of significant costs, such as in the case

of addictions (Jentsch, Olausson, De la Garza, & Taylor, 2002; Ridley, 1994). Perseveration is

common in patients with frontal lobe damage (Hornak et al., 2004; Lombardi et al., 1999) and is

also associated with a number of psychiatric disorders such as Alzheimer's (Pekkala et al., 2008),

Parkinson's disease (Gauntlett-Gilbert et al., 1999), and obsessive-compulsive disorders (Roh et

al., 2005).

In drug addiction, perseverative responding to drugs and drug-related cues may represent a

form of cognitive-behavioural impairment central to the pathology (Lane et al., 2007; Loh et al.,

1993; Ridley, 1994). Cocaine dependent individuals appear especially prone to perseverative

behaviours. In fact, when compared to individuals addicted to other drugs, they displayed

significantly more perseverative errors on a probabilistic reversal learning task (Ersche et al.,

2008). In this task, participants were given a choice between two options, one correct and one

incorrect. After the contingencies were reversed, cocaine users made more responses on the

previously correct option. Similarly, perseverative responding in the form of “chasing,” defined

as continued gambling to recoup losses (Lesieur, 1984) is a key characteristic of pathological

gambling (Leiserson et al., 2007), and there is high comorbidity between cocaine abuse and

pathological gambling (Hall et al., 2000; Kausch, 2003).

Studies in animals have suggested that perseverative responding may be the result of cocaine

exposure. Vervet monkeys were trained on a reversal learning task in which they displaced one

of three objects in order to obtain a food reward (Jentsch et al., 2002). After learning the initial

object-reward contingency, the food reward was moved to one of the previously non-rewarded
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objects, creating three response options: correct responses on the newly rewarded object,

perseverative errors on the previously rewarded object, and acquisition errors on the never

rewarded object. Chronic cocaine exposure increased perseverative errors only (Jentsch et al.,

2002).

Chronic cocaine administration has also been found to cause perseverative-like responding in

rats. Using a go/no-go task in which they were required to make or withhold responses to a food

well following presentation of an odor cue predictive of reward or punishment, Schoenbaum et

al. (2004) found that prior exposure to cocaine impaired learning reversal of the odor-outcome

contingency. Using a cross-maze, Goto and Grace (2005a) tested the ability of rats to switch

from a visual directed task (i.e., turn towards visual cue) to a response directed task (i.e., always

turn right), and they found that chronic cocaine caused impairments in switching between

strategies. Central to these behavioural effects of cocaine may be its action on central

dopaminergic (DA) activity. In fact, chronic administration of cocaine enhances (Kalivas &

Duffy, 1993b; Pettit, Pan, Parsons, & Justice, Jr., 1990) its ability to elevate mesocortical DA

levels (Hurd, Weiss, Koob, And, & Ungerstedt, 1989; Hurd & Ungerstedt, 1989), and enhanced

DA activity has been associated with perseveration (Goto & Grace, 2005b). There are even

intriguing reports of sudden emergence of perseverative-like behaviours in Parkinson's patients

treated with various DA agonists (Dodd et al., 2005; Drapier et al., 2006).

However, in most animal studies mentioned above, the behavioural impairments may have

resulted from a combination of cocaine-induced perseveration, and an inability to overcome

avoidance of previously negative, or unrewarded, response options (i.e., learned non-reward).

The need to distinguish between these two mechanisms was highlighted by Roesch et al. (2007)

who reported no impairment by cocaine exposure on response matching tasks involving a choice
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between two appetitive options varying in either delay or magnitude of reward. That is, cocaine-

treated animals showed hypersensitivity to changes in delay and magnitude of reward, but their

ability to switch responding on the basis of altered outcomes was not impaired. This result is

clearly opposite to the findings of experiments using reversal learning tasks where cocaine-

treated animals appear impaired in switching from reinforced to un-reinforced response options.

Therefore, the current study was designed to investigate the effects of cocaine on response

matching in a reversal-type task where animals dynamically selected between two different

levers (A and B) differing in schedule of reinforcement. More specifically, following the

principle of the matching law (i.e., rats preferentially respond to a lever with the lowest response-

reinforcement contingency requirements; Herrnstein & Loveland, 1975), rats were initially given

the opportunity to develop a preference for one of two levers (Lever A) because of its association

with a more favourable reinforcement schedule. Then, the response requirements on this lever

were gradually increased within session, eventually making the alternate lever (Lever B) the

more favourable response option. In this situation, a point of response “equivalence” was defined

as the point where the response-reinforcement contingency on the two levers is identical.

Therefore, animals were expected to respond on Lever A until this point, and then switch

responding to Lever B. Responses made on Lever A after the equivalence point were

operationally defined as “perseverative” because they were no longer associated with a more

favourable outcome. Alternatively, responses made on Lever B prior to the equivalence point

were considered “conservative” because they did not maximize the number of reinforcers

obtained. This testing design controls for learned non-reward because animals always choose

between two response options that are both well learned and both reinforced, and this is essential

to verify whether the reversal impairments reported after cocaine exposure reflect cognitive
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inflexibility (Schoenbaum et al., 2004) or inability to overcome avoidance of previously

negative, or unrewarded, response options. Experiment 1 tested the effect of acute cocaine on

this novel response matching task because cocaine can potentially alter PR responding for food

(Brown & Stephens, 2002a), and it causes premature responding (van Gaalen, Brueggeman,

Bronius, Schoffelmeer, & Vanderschuren, 2006) which could lead to impairments in response

matching. Experiment 2 tested the effects of repeated cocaine administration on response

matching to further characterize cocaine-induced impairments noted in reversal learning tasks

(see Stalnaker, Takahashi, Roesch, & Schoenbaum, 2009 for review).

2.4 Methods and materials

2.4.1 Subjects

Subjects were adult male Sprague-Dawley rats (Charles River, QC) weighing 275–300 g at

the beginning of all experiments. They were single-housed, maintained on a reverse light/dark

cycle (8:00 am lights off; 8:00 pm lights on), and behavioural testing occurred during their dark

cycle. Initially, rats were allowed to habituate to the facility for 6 days and were then handled

twice for approximately 10 min before the beginning of the experiments. Two days prior to the

beginning of testing, rats were food restricted to 85% of their free-feeding weight, with increases

of 20 g/week to allow normal growth. Animals were fed immediately following testing sessions,

and were given approximately 10 g of food per day. All experiments were approved by the

Animal Care Committee of the University of Guelph and were carried out in accordance with the

recommendations of the Canadian Council on Animal Care.
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2.4.2 Apparatus

2.4.2.1 Operant conditioning chambers

Sixteen Plexiglas operant conditioning chambers (model ENV-008CT, Med Associates,

Lafayette, IN) were each enclosed in larger sound-attenuating plywood boxes (model ENV-018

M, Med Associates). Each operant conditioning chamber had two retractable levers (10 cm apart

and 8 cm above the floor of the box), which were both “active” in that each activated the feeder,

but with different schedules of reinforcement (see below).  The chamber also had two house

lights (28 V): one was located on the same wall of the levers and the other was located on the

opposing wall, both lights were illuminated throughout the duration of each test. Each chamber

was equipped with a food hopper, mounted on the exterior of the chamber, which delivered

sucrose pellets (45 mg Dustless Precision Pellets; Bio-Serv, Frenchtown, NJ) in a magazine

feeder located between the two levers.

2.4.2.2 Locomotor activity chambers

Horizontal and vertical locomotion was monitored using 12 custom made chambers (15.75″

× 16.125″ × 11.25″) constructed of semi-transparent Plexiglas and lit by individual LED lights

(42 diodes). Each chamber was covered by black wire mesh to allow video tracking. The

tracking software employed was EthoVision (version 3, Noldus Information Technology, The

Netherlands).

2.4.3 General procedures

The task developed to assess response-matching capability was based on the observation that

normal rats are sensitive to response-reinforcement contingencies and they tend to prefer (i.e.,

allocate more responding) more advantageous response options. The procedure used in these
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experiments involved three training phases and one test phase.

2.4.3.1 Phase 1 – training on 1st lever

Training sessions consisted of a 5 min habituation period in the absence of lights or levers,

followed by a 1 h session during which the lights were activated and a single lever was

introduced in the chamber. Rats pressed this lever for sucrose pellets delivered according to a

continuous reinforcement schedule (Fixed Ratio 1 – FR1 – one pellet for each response). This

type of training continued until rats responded consistently throughout the entire duration of the

session (approximately 5 days). The schedule was then gradually increased to a fixed ratio 25

schedule (FR25 – 25 responses per pellet) over 5 days. Training sessions with the FR25 were

maintained until responding was consistent throughout the entire duration of at least 2

consecutive sessions.

2.4.3.2 Phase 2 – training on 2nd lever

These training sessions began immediately after responding stabilized on the 1st lever. On

each session of this phase, the alternate lever was introduced in the chamber, and responses were

reinforced according to a variable ratio 15 schedule (VR15 – an average of 15 responses for each

pellet). Training sessions with the VR15 were maintained for each rat until their responding was

consistent throughout the entire duration of at least 2 consecutive sessions. A variable schedule

was used to habituate the animals to unpredictable changes in response-reinforcement

contingency, and this was deemed necessary to prevent an immediate shift in responding to the

FR25 level on test days (see below).
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2.4.3.3 Phase 3 – training with both 1st and 2nd levers simultaneously available

Rats were given 3 sessions with both levers presented simultaneously: the 1st on the same

FR25 schedule and the 2nd on the same VR15 schedule. Pilot studies in our laboratory indicated

that rats distinguish between the two schedules and preferentially respond on the VR15 lever.

Rats that failed to emit at least 75% of total responding in 1 h on the 2nd lever by the end of the

third test session were removed from the experiment (approximately 10% of subjects tested).

2.4.3.4 Phase 4 – test with both 1st and 2nd levers simultaneously available

For this test, both levers were inserted in the chamber. The schedule on the 1st lever remained

FR25, however, the schedule on the 2nd lever (i.e., previously VR15) was substituted with a

progressive ratio (PR) schedule (response ratio = (5 × e(0.2 × reward number)) − 5; Roberts & Bennett,

1993). In this situation, the “equivalence” point of responding is defined as the point at which

response-reinforcement contingencies of the two levers is identical (i.e. 25 responses/reinforcer;

see Fig. 1A). Ideally, animals should respond on the 2nd lever (PR lever) until the equivalence

point is reached, and then switch responding to the 1st lever (FR25). Therefore, responses on the

2nd lever after the equivalence point can be considered “perseverative” because they are no

longer associated with a more favourable response-reinforcement contingency. Alternatively,

responses made on the 1st (FR25) lever prior to the equivalence point can be considered

“conservative” because, at the initial stage of the PR schedule, the response-reinforcement

contingency is move favourable on the 2nd lever (PR). Perseverative and conservative responses

can be considered as “errors” because they deviate from optimal number of responses per

reinforcer, and therefore reduce the maximum number of reinforcers obtainable.
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Figure 1. A: Theoretical relationship between responding on two concurrent schedules of
reinforcement and obtainable reinforcers. The “ideal” pattern of responding involves a selection
of the PR lever up to the equivalence point and then a switch to the FR25 lever. Conservative
errors are responses made on the FR25 lever before the equivalence point and perseverative
errors are responses made on the PR lever after the equivalence point. B: Mean (sem) reinforcers
(sucrose pellets) obtained on the PR and FR25 levers over time during the baseline test session of
Experiment 1b.
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2.4.4 Experiment 1: acute cocaine

2.4.4.1 Experiment 1A: effects of acute cocaine on locomotor activity

In this experiment, the locomotor response to an acute cocaine challenge was tested in 16

rats. This test involved an injection of vehicle followed by 1 h of observation in the activity

chamber, and then an injection of 3, 5, 9, or 15 mg/kg cocaine (IP; n = 4 for each group)

followed by another hour of observation. The results of this locomotion study were used to

determine the doses used for Experiment 1B.

2.4.4.2 Experiment 1B: effects of acute cocaine on response matching to changing

reinforcement contingencies

In this experiment, 41 rats were employed to assess the effect of acute cocaine administration

on conservative and perseverative errors. Therefore, just prior to the first response-matching test,

all rats received an injection of vehicle to establish a baseline level of performance with

concurrent FR25 and PR schedules. Following this test, rats received 3 additional days of

training with concurrent FR25 and VR15 schedules (Phase 3 above) to re-establish a preference

for the VR15 lever. The animals were then assigned to one of 4 dose groups: 0 (vehicle; n = 12),

1 (n = 8), 3 (n = 11), and 15 mg/kg (n = 10) cocaine, and given a second FR25/PR test 5 min

following drug administration.

2.4.4.3 Experiment 2: effects of repeated cocaine on response matching to changing

reinforcement contingencies

In this experiment, 40 rats were employed to assess the effect of repeated cocaine

administration on conservative and perseverative errors. A modified version of the task was

employed to specifically investigate whether frequency of errors could be affected by repeated
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testing and by rate of PR escalation. This experiment had three phases.

2.4.4.3.1 Phase 1 – pre-training

Initial training for this experiment was as described above, but testing involved 18 sessions.

This was necessary to manipulate rate of escalation of the PR schedule, and hence vary how

rapidly the equivalence point could be reached. Three different PR schedules were used

escalating at different rates (see Fig. 2): PR1, response ratio = (5 × e(0.2 × reward number)) − 5; PR2,

response ratio = (5 × e(0.05 × reward number)) − 5; PR3, response ratio = (5 × e(0.02 × reward number)) – 5.

The order of PR schedule presentation was counter-balanced across animals, and all rats received

6 tests on each PR schedule (hence 18 tests) before (baseline) and after the period of cocaine

treatment. At the end of this pre-training phase, rats were assigned to one of two treatment

groups, ensuring that the overall responding and total responding on the PR lever were

equivalent in both groups.

2.4.4.3.2 Phase 2 – cocaine treatment and test of locomotion

The groups received one injection a day of 0 (n = 21) or 30 (n = 19) mg/kg cocaine (IP) for 5

days administered in the housing colony. This regimen was selected because of its effectiveness

in inducing locomotor sensitization (Kalivas et al., 1993b; Kalivas & Duffy, 1993a). To verify

sensitization in our experiment, all rats were tested in activity chambers 24 h after the last

cocaine injection. This test involved an injection of vehicle followed by 1 h of observation, and

an injection of 15 mg/kg cocaine (IP) followed by another hour of observation. Animals were left

undisturbed in the home cages for 10 days before the beginning of Phase 3.
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Figure 2. Rate of response-reinforcement escalation for the three progressive ratios tested in
Experiment 2: PR1 – Response ratio = (5 × e(0.2 × reward number)) − 5; PR2 – Response Ratio = (5 ×
e(0.05 × reward number)) − 5; PR3 – Response ratio = (5 × e(0.02 × reward number)) − 5.



38

2.4.4.3.3 Phase 3 – testing

Response matching tests included 18 sessions and involved the same procedures described in

Phase 1 above.

2.4.5 Drugs and dosages

Cocaine HCL (Dumex, Toronto, On) was dissolved in physiological saline. The doses

selected for Experiment 1B were based on the results of Experiment 1A (see Results). In

addition, 1 and 3 mg/kg were selected on the basis of studies indicating that these doses have

minor effects on responding for food reward in rats (Harris, Snell, & Loh, 1978). As mentioned

above, the selection of dose/regimen employed in Experiment 2 was based on previous studies of

cocaine-induced sensitization (Kalivas et al., 1993b; Kalivas et al., 1993a).

2.4.6 Statistical analysis

For Experiment 1B, perseverative and conservative errors were analyzed using separate two-

factor mixed design ANOVAs (Drug Group: independent factors; Test: repeated factor), and in

Experiment 2 they were analyzed using separate three-factor mixed design ANOVAs (Drug

group: independent factor; Test Session: repeated factor; and PR Schedule: repeated factor). The

second factor (i.e., Test Session) was included to detect possible changes in responding due to

repeated testing on a given PR schedule. Significant interactions or main effects were analyzed

by multiple comparisons using Fisher LSD with an alpha level of 0.05. Group differences were

analyzed using parametric (t-test) or non-parametric (Mann-Whitney U test) planned

comparisons depending on whether the assumption of normal distribution was violated. Planned

comparisons were anticipated to analyze groups at the different FR25/PR tests. For both

Experiment 1A and 2, to equate for baseline individual differences in locomotion expressed
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following vehicle (i.e., saline) injections, locomotion data were expressed and analyzed as

percent change from the 1st h following vehicle injection to the 1st h following the drug challenge

(i.e., (cocaine locomotion – vehicle locomotion)/vehicle locomotion), and group differences were

analyzed using a t-test. Statistics were calculated using SigmaStat (version 3.0 for Windows,

SPSS Inc) and GB-STAT School Pak (Dynamic Microsystems, INC, 1997). The exact values of

non-significant statistical analyses are not reported.

2.5 Results

2.5.1 Experiment 1A: effects of acute cocaine on locomotor activity

The ANOVA indicated a significant effect of drug dose [F(3, 12) = 7.84, p<0.01] and

multiple comparisons revealed that while 9 and 15 mg/kg produced greater change in activity

than 3 and 5 mg/kg, there was no difference between 9 and 15 mg/kg or 3 and 5 mg/kg (see

Table 1). Since there were no behavioural differences between the doses at the high and the low

ends of the spectrum, only the extreme doses were tested in Experiment 1B.

2.5.2 Experiment 1B: effects of acute cocaine on response matching to changing

reinforcement contingencies

The typical pattern of responding during tests with concurrent FR25/PR schedules is

represented in Fig. 1B; rats preferentially respond on PR lever for the initial portion of the

session and then shift to the FR25. Fig. 3A represents mean number of total errors committed on

test after acute vehicle and after acute cocaine. The top panels display perseverative errors, and

the ANOVA revealed a significant main effect of Test (after vehicle vs. after cocaine; [F(1,37) =

9.66, p<0.01]), but no effect of Drug Dose. The bottom panels display conservative errors, and

the ANOVA revealed a significant interaction between Drug Dose and Test [F(1,37) = 3.66,
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Table 1. Results of locomotion activity tests performed in Experiment 1A and Experiment 2.
The values represent mean (sem) percent change in locomotion from baseline to drug tests. In
Experiment 1A, four different groups received a 1 h test after vehicle followed by a 1 h test
following an injection of cocaine. The asterisk represents a significant difference from the 3
mg/kg group. In Experiment 2, animals were pre-treated (5 injections in 5 days) with vehicle or
cocaine (30 mg/kg) and then tested for locomotion after a vehicle injection (1 h) and after a
cocaine injection (1 h; 15 mg/kg).

Experiment 1A

3 mg/kg -23.4 (1.9)

5 mg/kg -4.7 (7.1)

9 mg/kg 61.5 (15.0) *

15 mg/kg 72.3 (15.4) *

Experiment 2

After vehicle exposure 28.6 (5.0)

After cocaine exposure 53.5 (8.4) *
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Figure 3. A. Mean (sem) perseverative (top panels) and conservative (bottom panels) errors on
the baseline (test after acute vehicle) and cocaine (test after acute cocaine: 0, 1, 3, or 15 mg/kg)
test sessions. The asterisk represents a significant difference between tests (p<0.05). B. Mean
(sem) sucrose pellets obtained on the PR and FR25 levers by the 15 mg/kg cocaine group on the
baseline (panel i) and cocaine (panel ii) test sessions.
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p<0.05]. Multiple comparisons indicated that there was a significant increase in the number of

conservative errors in rats injected with 15 mg/kg cocaine. But, when the pattern of responding

induced by 15 mg/kg cocaine was analyzed over time (Fig. 3B), it was found that this dose

suppressed lever pressing on both levers for the initial 40 min of the session (see panel ii).

Further, to quantify a possible non-selective effect of 15 mg/kg cocaine on operant responding,

percent change in total responding from vehicle to cocaine test sessions was analyzed using a

one-factor ANOVA. Indeed, there was a significant effect of cocaine dose [F(3, 37) = 22.78,

p<0.001], and the largest change was observed in rats injected with 15 mg/kg cocaine (72%

decrease),with the other doses showing non-significant changes (0mg/kg = 0.3% increase; 1

mg/kg = 9% decrease; 3 mg/kg = 8% decrease).

2.5.3 Experiment 2: effects of repeated cocaine exposure on response matching to changing

reinforcement contingencies

Fig. 4 represents mean perseverative and conservative errors made by vehicle- and cocaine-

treated rats on tests 1, 3 and 6 given 10 days after the period of injections. For perseverative

errors (top panels), the ANOVA revealed a main effect of PR Schedule [F(2, 76) = 8.73,

p<0.01], suggesting that perseverative errors increased as the rate of PR escalation decreases; i.e.

schedules with a slower rate of escalation lead to more perseverative errors regardless of group.

There was also a significant interaction between Test Session and Drug Group [F(2, 76) = 3.41,

p = 0.038]. This interaction was caused by cocaine-treated animals making significantly more

perseverative errors on test 1, and planned comparisons showed this effect was mainly driven by

significant differences in responding on PR2. There were no group differences on tests 3 and 6.

For conservative errors (bottom panels) there was a significant effect of Drug Group [F(1, 38) =

7.36, p = 0.01] with vehicle-treated animals making significantly more errors than rats treated
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Figure 4. Mean (sem) perseverative (top panels) and conservative (bottom panels) errors on the
first, third and sixth tests in animals previously treated with vehicle or cocaine. At the time of
testing, all animals were drug free. The asterisk represents a significant difference between
groups (p<0.05).
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with cocaine. There was also an interaction between Test Session and PR Schedule [F(4, 152) =

4.38, p<0.01], with both groups making fewer conservative errors during test 1 on the PR1

schedule.

Unlike in Experiment 1, there were no significant differences in total number of responses on

both levers between groups across PR schedules.

2.5.4 Locomotion

To assess the effect of cocaine pre-exposure on sensitivity to its stimulatory properties, mean

percent change in locomotion from vehicle baseline induced by a cocaine (15 mg/kg) challenge

in vehicle- and cocaine-treated rats was analyzed (see Table 1): animals pre-treated with cocaine

showed a significantly greater locomotor response to the cocaine challenge [t(38) = 2.37, p =

0.02].

2.6 Discussion

In this study, the effects of acute and repeated cocaine exposure on response matching

capability in rats were assessed in a task whereby animals dynamically selected a response

option on the basis of the most favourable response–reinforcement contingency. On test days,

rats were required to choose between one lever on a progressive ratio (PR) and a second lever on

a fixed ratio 25 (FR25).When the response requirement on the PR lever became equal to the

FR25, an equivalence point was reached, and after this point rats had to shift their responding

from the PR to the FR25 lever to maximize the number of reinforcements obtained.

Perseverative errors were responses made on the PR lever after this point, and conservative

errors were responses made on the FR25 lever prior to this point. In Experiment 1, it was found

that acute cocaine administration enhanced conservative errors at the highest dose, but this was
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probably the result of non-specific suppression of operant responding. In Experiment 2, when

animals were tested drug-free after withdrawal from a sensitizing regimen of cocaine exposure, it

was found that cocaine administration increased perseverative errors, although this effect was

modulated by the rate of PR escalation and was significantly reduced by repeated testing.

In Experiment 1B, it was first established that drug-free rats do respond primarily on the PR

lever at the beginning of the session and then switch to the FR25 lever soon after reaching the

equivalence point (see Fig. 1B). That rats preferentially respond on a lever associated with a

more favourable schedule of reinforcement is consistent with the matching law (Herrnstein et al.,

1975), and with the results of effort-based discounting studies (Floresco, Tse, & Ghods-Sharifi,

2008) showing that rats detect changes in response requirements and adjust their behaviour

accordingly. Following an acute challenge with cocaine at 1 or 3 mg/kg, it was found that both

conservative and perseverative errors were not altered. In contrast, 15 mg/kg produced a

significant increase in conservative errors, but it also caused a general suppression of operant

responding (see panel ii of Fig. 3B). This confirms that it is difficult to assess the effects of

cocaine on tasks that require operant responding for sucrose/food because cocaine can alter

performance both by altering activity (Flagel & Robinson, 2007) and/or food consumption

(Balopole, Hansult, & Dorph, 1979).

In Experiment 2, animals were pre-trained and tested on the FR25/PR task, then exposed to

cocaine, and after a 10-day withdrawal period, they were re-tested on the same FR25/PR task,

drug-free. Locomotion analysis revealed sensitization to the stimulatory properties of cocaine;

animals treated with cocaine showed a significantly greater response to a cocaine challenge (15

mg/kg) than animals chronically treated with vehicle. Cocaine sensitization was selected because

of the established link between sensitization, DA hyperactivity, and impairments in reversal



46

learning (Stalnaker, Roesch, Franz, Burke, & Schoenbaum, 2006; Stalnaker et al., 2007;

Stalnaker et al., 2009). Also, cocaine sensitization can lead to a hypersensitivity of the

mesocorticolimbic DA system that can be long lasting (Kalivas et al., 1993b; Pettit et al., 1990).

This was important to our experiment because it allowed conducting our tests while animals

were in a hypothesized state of heightened DA reactivity (Avena, Rada, & Hoebel, 2008; Fallon,

Shearman, Sershen, & Lajtha, 2007), but free of cocaine. In addition, psychomotor-induced

sensitization is believed to increase following termination of drug injections (Flores & Stewart,

2000; Kolta, Shreve, De, V, & Uretsky, 1985; Paulson & Robinson, 1995). Therefore, although

we did not re-assess locomotor sensitization at time closer to response-matching testing, we can

assume that the system remained sensitized based on previous literature regarding the timeline of

this process.

Analysis of the performance of the vehicle-treated animals showed that as the rate of PR

escalation increased, number of perseverative errors decreased. This probably resulted from

greater ease in detecting changes in the PR schedule, and the equivalence point, when the

increase in response requirements for successive reinforcements escalated rapidly. Vehicle-

treated animals also made a large number of conservative errors, and these errors increased with

repeated testing. This suggests that normal animals learned to anticipate the equivalence point

and started switching earlier based on expected changes in response–reinforcement contingency.

Repeated cocaine exposure caused a significant increase in perseverative errors on both PR1

and PR2 tests, but not PR3. That is, impairments in response matching were observed only when

animals responded on PR schedules that escalated more rapidly. Furthermore, it was found that

perseverative errors decreased with repeated testing on PR1 and PR2 schedules, suggesting that

the impairment caused by cocaine sensitization was compensated by repeated experience with
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the task. Although more permanent impairments may have been observed by using a more robust

regiment of cocaine exposure, such as that used in other reversal studies (Stalnaker et al., 2006),

it should be noted that the order of the PR tests were counterbalanced across rats, and therefore

repeated experience did not eliminate the effect of cocaine, it only masked it. That is, experience

was beneficial only as long as the response-matching task was kept constant; when rats were

switched to a new schedule the deficit reemerged.

There are several mechanisms that could account for the cocaine-induced elevation in

perseverative errors noted in our study. First, it is possible that cocaine exposure altered the

motivational properties of the sucrose and this in turn increased likelihood to commit

perseverative errors. After all, progressive ratio schedules have been used to measure the

motivational property of the reinforcer (Hodos, 1961), and cocaine has been found to alter PR

responding when acutely administered before a session (Brown et al., 2002a; Jones, Lesage,

Sundby, & Poling, 1995). However, our task included a second lever that was also reinforced by

sucrose, and rats were not required to respond to a breaking point on the PR lever. Therefore, any

change in general motivation for sucrose should have increased total number of responses

(though no change was observed in this study) but not distribution of responses between levers.

A second possibility is that cocaine exposure caused an increase in general locomotion. This also

does not seem a likely explanation for our results because there were no differences between

saline and cocaine-treated animals in overall rate of responding; the difference was in the

allocation of the responses. Third, it is possible that cocaine exposure altered the ability to

discriminate between the two levers, and therefore increased perseverative errors by chance.

Again, this interpretation appears unlikely because we observed a systematic distribution of

errors in cocaine-treated animals: fewer conservative errors and greater perseverative errors
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grouped immediately following the equivalence point. Fourth, Leiserson and Pihl (2007)

suggested that perseverative errors in humans reflect working memory impairments, and cocaine

exposure produces memory deficits in rats (George, Mandyam, Wee, & Koob, 2008). But,

cocaine-treated animals were clearly able to learn the task as they showed significant

improvements from test 1 to test 6 at both PR1 and PR2 tests. Interestingly, cocaine-treated rats

also made fewer conservative errors, and this did not change with additional training. Failure to

anticipate the equivalence point, and thus make fewer conservative errors, may represent a

deficit in long term planning and appears homologous to the tendency of chronic drug users to

make decisions based on immediate information without anticipating their long-term

consequences (Barry & Petry, 2008; Verdejo-Garcia et al., 2007). Two final possible

interpretations remain: cocaine exposure enhanced resistance to extinction (Beardsley, Lemaire,

& Meisch, 1993; Gomez & Meisch, 2003) and therefore promoted additional responding on the

PR lever, and/or cocaine exposure impaired ability to detect changes in the response-

reinforcement contingencies. While it is impossible to distinguish between these two

possibilities, we favour the second because we observed a consistent pattern of responding across

test sessions, and this seems more consistent with a dynamic process of matching response

options rather than responding on the PR lever to extinction before switching to the FR25 lever.

At a neurochemical level, it is possible that mechanisms responsible for the alteration in

response matching capability are similar to those underlying cocaine-induced impairments in

reversal learning. Thus, repeated cocaine administration may have altered activity of neurons

sensitive to response-outcome in the orbitofrontal cortex (Stalnaker et al., 2006) and/or

basolateral amygdala (Stalnaker et al., 2007). This may have resulted from altered DA activity in

cortical, striatal and amygdalar regions as a result of repeated cocaine administration (Goto et al.,
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2005a). Firing rates of DA neurons in the ventral tegmental area increase when an unexpected

reward is obtained, and decrease when an expected reward is not obtained (Schultz, 1998).

Therefore, alterations in DA reactivity to drug or natural rewards (Harmer & Phillips, 1999)

following cocaine exposure may impair the ability of this system to respond to changes in

response-reinforcement contingency and lead to behavioural perseveration.

In conclusion, our results suggest that exposure to cocaine can increase perseverative errors

in situations when animals are required to choose between two well learned and reinforced

response options, and this is consistent with the results of reversal learning studies. But, our

findings also suggest that tasks where animals must overcome avoidance of previously negative,

or unrewarded, response options may reveal more pronounced and permanent deficits. Overall,

these data suggest that heavy cocaine use could cause perseveration of inappropriate responding

to appetitive stimuli. The involvement of DA in perseveration is of particular interest given that

perseverative responding is a common feature of pathological gambling (Dickerson, Hinchy, &

Fabre, 1987; Leiserson et al., 2007), and there are reports of individuals with no prior gambling

experience developing pathological gambling after treatment with DA agonists for Parkinson's

disease (Dodd et al., 2005; Drapier et al., 2006), or restless leg syndrome (Tippmann-Peikert,

Park, Boeve, Shepard, & Silber, 2007).
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Chapter 3:

Effect of food restriction on cocaine locomotor sensitization in Sprague-Dawley rats: role of

kappa opioid receptors

This manuscript is published in: Allen, C.P., Zhou, Y. and Leri, F. (2013). Effect of food

restriction on cocaine locomotor sensitization in Sprague–Dawley rats: role of kappa

opioid receptors. Psychopharmacology 226: 571-578.
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3.1 Chapter introduction

Although an effect of chronic cocaine treatment was observed in the previous chapter, it was

not the persistent increase in perseverative responding that was expected.  One possible reason

that the effect was less pronounced than expected was that the animals were food restricted

throughout testing (in order to ensure responding for sucrose).  Food restriction has previously

been found to cause a hypersensitivity to at least some functions of cocaine.  If this

hypersensitivity is the same as that produced by chronic cocaine then it is possible that it would

block or mask further enhancement.  This study was designed to determine if chronic cocaine

exposure could produce an increase in locomotor sensitivity over and above what is already seen

in food restricted animals.  This study fills a gap in the existing literature and will allow for the

better interpretation of the results of the previous study.

In the second half of this chapter a potential mechanism for the enhancement of cocaine’s

action by food restriction is considered. Food restriction has previously been shown to act as a

stressor and increase plasma levels of corticosterone (CORT; Carr, 1996). Similar effects have

been observed following activation of the kappa opioid receptor (KOR) either by its endogenous

ligand dynorphin (Iyengar, Kim, & Wood, 1987) or other agonists (Laorden & Milanes, 2000).

One possible method through which food restriction could enhance reactivity to cocaine is by

elevating activation of the KOR, which may subsequently produce increases in CORT.

Similarly, KOR activity has been linked with food deprivation induced feeding behaviour, with

administration of the KOR antagonist norbinaltorphimine (nor-BNI) reducing intake (Levine et

al., 1990); though not of sucrose (Bodnar et al., 1995).  To test the possibility that the

enhancement of cocaine effects produced by food restriction is due to increased KOR activity,

cocaine induced locomotion was assessed in animals being maintained on nor-BNI.
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3.2 Abstract

Rationale The interaction between repeated cocaine exposure and food restriction on

sensitization to the stimulatory effects of cocaine has not been characterized.

Objectives To compare cocaine sensitization in rats free fed and food restricted, and begin to

explore the role of the stress-responsive dynorphin/kappa opioid system.

Methods Male rats were maintained for 10 days on two feeding conditions: free fed or food

restricted (85 % of free fed weight). Test 1 of locomotor reactivity to cocaine (3, 9, or 15 mg/kg,

IP) was followed by a sensitizing regimen of cocaine exposure (0 or 30 mg/kg/day × 5 days, IP),

by a 10-day drug-free period, and by Test 2 of reactivity to the same cocaine dose. In a second

experiment, rats received an injection of norbinaltorphimine (nor-BNI; 0, 5 or 20 mg/ kg, SC) 10

days prior to each locomotion test, and plasma corticosterone (CORT) was assessed after Test 2.

Results On Test 1, it was found that food restriction enhanced locomotor responses to all doses

of cocaine. On Test 2, it was found that free fed and food restricted animals displayed similar

sensitized responses to cocaine. However, this increase was not observed in nor-BNI-treated rats.

Furthermore, 20 mg/kg nor-BNI reduced both the locomotor response to cocaine on Test 2 and

the effect of cocaine and food restriction on CORT plasma levels.

Conclusions These results indicate that the interaction between cocaine sensitization and food

restriction is not synergistic, and that it involves activation of kappa-opioid receptors.
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3.3 Introduction

Repeated exposure to cocaine produces long-lasting behavioural and physiological changes

collectively referred as cocaine sensitization (Thomas, Kalivas, & Shaham, 2008). In rodents, a

heightened locomotor response to a cocaine challenge is one behavioural index of sensitization

(Shuster, Yu, & Bates, 1977). Sensitization is believed to contribute to substance abuse

(Robinson & Berridge, 2000; Robinson & Berridge, 1993) and has been found to affect a variety

of drug motivated behaviours. In self-administration, for example, prior cocaine sensitization

facilitates acquisition (Schenk & Partridge, 2000) and enhances cocaine-induced reinstatement

(Deroche, Le Moal, & Piazza, 1999). Also, prior cocaine sensitization has been found to enhance

cocaine conditioned place preference (CPP; Lett, 1989) and reduce the number of pairings

required to develop a CPP (Shippenberg & Heidbreder, 1995).

Similar effects have been observed in rodents following food restriction. In fact, when given

a cocaine challenge, animals that are food restricted (80 % of free fed weight) display enhanced

locomotion similar to that shown by animals following chronic cocaine exposure (Cadoni,

Solinas, Valentini, & Di, 2003). Also food restriction has similar effects on self-administration,

enhancing acquisition (65-85 % of free fed weight; De Vry, Donselaar, & Van Ree, 1989),

enhancing reinstatement by a cocaine prime (80 % of free fed weight; Comer, Lac, Wyvell,

Curtis, & Carroll, 1995), and producing reinstatement by itself (21 h food deprivation; Shalev,

Marinelli, Baumann, Piazza, & Shaham, 2003). Furthermore, food restriction enhances cocaine

CPP and reduces the dose of cocaine required to produce a significant preference (80 % of free

fed weight; Bell, Stewart, Thompson, & Meisch, 1997). Finally, food restriction (80 % of free

fed weight) increases the persistence of CPP during repeated testing, even when animals are

initially conditioned under ad libitum feeding conditions (Zheng, Cabeza, V, & Carr, 2012).
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Despite a wealth of knowledge about cocaine sensitization and food restriction in rodents, it

is not known how these processes interact. This is a basic question of interest because many

learning studies in rodents require periods of food restriction or deprivation. Therefore,

Experiment 1 was aimed at replicating the effect of food restriction on motor stimulation induced

by 3, 9 or 15 mg/kg cocaine, and at determining whether hypersensitivity to cocaine can be

further augmented by a sensitizing regimen of cocaine exposure (30 mg/kg/day × 5 days).

It is well known that stress has important effects on drug-motivated behaviours (Koob &

Kreek, 2007; Piazza & Le Moal, 1998), and there is evidence that food restriction enhances

various effects of cocaine by acting as a stressor. In fact, similarly to cocaine (Spangler, Zhou,

Schlussman, Ho, & Kreek, 1997), food restriction increases basal plasma levels of the stress

hormone corticosterone (CORT; Carr, 1996; 24 h deprivation, Dallman et al., 1999) and

enhances CORT release in response to other stressors (60 h deprivation; Kiss, Jezova, &

Aguilera, 1994). Furthermore, acute pharmacological blockade of CORT secretion eliminates

the effect of food restriction (90 % of free fed weight) on cocaine-induced dopamine release in

the nucleus accumbens (Marinelli, Le Moal, & Piazza, 1996). Finally, food restriction (50 % of

chow consumed by ad libitum animals) mimics the behavioural effects of other stressors in

rodents, increasing immobility in the forced swim test (FST) and decreasing time spent in closed

arms on the elevated plus maze (Jahng et al., 2007).

To explore the neuropharmacology of cocaine sensitization–food restriction interaction, the

current study focused on a particular component of the stress response system; dynorphin/kappa

opioid receptor (KOR) system. Like food restriction, activation of KORs elevates plasma levels

of CORT (Laorden et al., 2000), and KOR agonists increase, while antagonists decrease,

immobility in the FST (Mague et al., 2003). The KOR system also modulates the effects of
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cocaine. In fact, repeated forced swim stress enhances cocaine CPP (McLaughlin, Land, Li,

Pintar, & Chavkin, 2006) in wild type mice, but not in KOR knockouts. In rats, prior

administration of a KOR antagonist attenuates cocaine self-administration (Wee, Orio, Ghirmai,

Cashman, & Koob, 2009) and blocks stress-induced reinstatement (Beardsley, Howard, Shelton,

& Carroll, 2005). Finally, antagonism of KORs modulated food restriction stress, reducing the

augmentation of food consumption caused by food deprivation (Lambert et al., 1993).

Therefore, in order to determine if the effect of food restriction on cocaine sensitization is

mediated though KORs, Experiment 2 examined the effect of the same sensitizing regimen of

cocaine exposure in food-restricted rats treated with 0, 5 or 20 mg/kg norbinaltorphimine (nor-

BNI), a selective and long-acting KOR antagonist (Jones & Holtzman, 1992).

3.4 Methods

3.4.1 Subjects

Subjects were 102 adult male Sprague-Dawley rats (Charles River, QC, Canada) weighing

275-300 g at the beginning of the experiment. They were single-housed, maintained on a reverse

light/dark cycle (8:00AM lights off; 8:00PM lights on), and behavioural testing occurred during

their dark phase. All experiments were approved by the Animal Care Committee of the

University of Guelph and were carried out in accordance with the recommendations of the

Canadian Council on Animal Care.

3.4.2 Apparatus

Locomotion was monitored by 12 custom-made chambers (30 × 40 × 26 cm) constructed of

semi-transparent Plexiglas and lit by individual LED lights (42 diodes). Each chamber was

covered by black wire mesh to allow video tracking with EthoVision (v3, Noldus, The
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Netherlands), which was calibrated prior to each session to eliminate “lost samples” and

resulting spurious tracks.  Locomotion was measured as distance moved in cm.

3.4.3 Procedures

3.4.3.1 Experiments 1a and 1b

Rats were habituated to the facility for 6 days, and were handled for approximately 10 min

for 2 days before the beginning of the experiment.

On the first day, rats were randomly assigned to one of two feeding conditions: free fed (n =

24), with ad libitum access to regular rat chow, or food restricted (n = 23), with limited access to

chow. Body weight of the latter group was reduced to 85 % of the initial free-feeding weight,

and target weight was increased by 20 g/week to allow for normal growth (Charles River, 2014).

Food restricted animals were fed approximately 17 g of food, once daily. On test days, animals

were fed following the test of locomotion. These feeding conditions were maintained for the

duration of the experiment. In Experiment 1a, after 10 days of maintenance on these feeding

conditions, rats received the first locomotion test (Test 1). For this test, all rats were injected with

vehicle (IP) and placed in the locomotion chambers for 1 h (i.e., baseline). They were then

removed from the chambers, injected with 3, 9, or 15 mg/kg cocaine (IP; each dose group n = 7–

8), and immediately placed back in the chambers for an additional 1 h of locomotion monitoring.

Following Test 1, all rats received a sensitizing regimen of cocaine exposure that consisted of

daily injections of 30 mg/kg (IP), for 5 days. Rats were placed in a novel environment (new cage

and new room) for 60 min following each injection, because it is known that environmental

novelty has a critical effect on the induction of sensitization to psychomotor stimulants (Badiani

& Robinson, 2004). Furthermore, rats were not tested or injected for 10 days following the last

injection of cocaine, because sensitization requires a few days to be reliably expressed (Stewart



57

& Badiani, 1993). Following this drug-free period, the same rats received a second test of

locomotion (Test 2), conducted as described above.

Experiment 1b was repeated with different free fed (n = 7) and food restricted (n = 8) rats

that received vehicle instead of cocaine during the period of sensitization. Only the 15 mg/kg

cocaine challenge dose was used for locomotion tests as it was the dose that produced the most

pronounced effect on locomotion in Experiment 1a.

3.4.3.2 Experiment 2

The objective of this experiment was to test the hypothesis that KORs modulate the effect of

food restriction on cocaine sensitization. Therefore, only four groups of animals were included:

free fed/cocaine sensitized injected with vehicle (0 mg/kg nor-BNI), and food-restricted/cocaine-

sensitized injected 0, 5 or 20 mg/kg nor-BNI. Administration of nor-BNI to free fed/cocaine-

sensitized rats was not deemed necessary because it has been reported that inhibition of KORs

does not reduce cocaine sensitization (Vanderschuren, Schoffelmeer, Wardeh, & de Vries, 2000;

Heidbreder, Babovic-Vuksanovic, Shoaib, & Shippenberg, 1995).

Nor-BNI was administered on the first day of food restriction, 10 days prior to Test 1, and

following the last day of cocaine sensitization, 10 days prior to Test 2. Since nor-BNI has been

found to be effective for at least 21 days, this pattern of administration was selected to inhibit

KORs during the entire period of food restriction (Jones et al., 1992). All animals received the 15

mg/kg cocaine challenge dose on locomotion tests.

Immediately following Test 2, rats were sacrificed by decapitation. Trunk blood was

collected in tubes, placed on ice, and spun in a refrigerated centrifuge. Plasma was separated and

stored at −80°C for hormonal measurements by radioimmunoassay. Levels of CORT were

assayed using rat CORT125I kits from MP Biomedicals (Costa Mesa, CA). An additional group
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of free fed drug-naïve rats (n = 8) was included to provide a baseline level of plasma CORT

concentration. All values were determined in duplicate in a single assay.

3.4.4 Drug

Cocaine HCL (Dumex, Toronto, ON, Canada) was dissolved in physiological saline and

injected (IP) at a volume of 1 ml/kg. The selection of the dose and pattern of administration was

based on previous studies of cocaine-induced sensitization (Allen & Leri, 2010; Kalivas et al.,

1993b; Kalivas et al., 1993a). Norbinaltorphimine dihydrochloride (nor-BNI; Tocris, Bristol,

UK) was dissolved in physiological saline and injected (SC) at a volume of 1.5 ml/kg. Doses

selected were within the range previously found to reduce cocaine self-administration in rats

(Wee et al., 2009).

3.4.5 Data analysis

To equate for differences in spontaneous locomotor activity between different groups, total

cocaine-induced locomotion is presented as % change (i.e., (cocaine locomotion – vehicle

locomotion)/vehicle locomotion) from total activity displayed on baseline test. Data from

cocaine-sensitized rats in Experiment 1 were analyzed using a three-factor mixed design

ANOVA (Dose [three levels: 3, 9 and 15 mg/kg], Test [two levels: Tests 1 and 2], and Feeding

Condition [two levels: free fed and food restricted]). Data from vehicle-sensitized rats in

Experiment 1 were analyzed separately using a two-factor mixed ANOVA (Test [two levels:

Tests 1 and 2] and Feeding Condition [two levels: free fed and food restricted]). The locomotion

data of Experiment 2 were analyzed using a two-factor mixed ANOVA (Test [two levels: Tests 1

and 2], and Group [four levels: free fed+0 mg/kg nor-BNI; food restricted+0, 5 and 20 mg/kg

nor-BNI]). An additional analysis of locomotion in the 20 mg/kg nor-BNI group was performed
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using a two-factor mixed ANOVA (Test [two levels: Tests 1 and 2], and Session Time [seven

levels; last 10 min of vehicle baseline test+six 10-min periods of the cocaine test]). Analysis of

plasma CORT was conducted using a one-factor ANOVA (Group [five levels: cocaine treated

free fed+0 mg/kg nor-BNI; cocaine treated food restricted+0, 5 or 20 mg/kg nor-BNI; free fed

drug naïve]). Significant interactions were further explored by multiple comparisons using the

Newman–Keuls method with an alpha level set at 0.05. Planned comparisons were performed

using t-tests and an alpha level set at 0.05. All statistical analyses were performed using PASW

Statistics (version 18 for Windows, SPSS Inc) and SigmaStat (version 3.0 for Windows, SPSS

Inc.). The values of non-significant results are not reported.

3.5 Results

3.5.1 Experiments 1a and 1b

Figure 5 displays % change in total locomotion from vehicle baseline to cocaine-induced

locomotion on Tests 1 and 2 in free fed and food-restricted rats injected with 3, 9, or 15 mg/kg

cocaine. All animals received the same regimen of cocaine sensitization between Tests 1 and 2.

The analysis revealed significant main effects of Test [F(1, 41) = 18.4, p<0.001], Feeding

Condition [F(1,41) = 25.4, p<0.001], and Dose [F(2, 41) = 3.6, p = 0.036], but no significant

interactions. This pattern of results reflects three main findings: (1) regardless of the feeding

condition, there was a significant increase in locomotor reactivity to cocaine from Tests 1 to 2;

(2) food restriction significantly enhanced the response to all cocaine doses; and (3) food

restriction did not significantly alter the effect of cocaine sensitization.

Fig. 6 displays % change in total locomotion from vehicle baseline to 15 mg/kg cocaine-

induced locomotion on Tests 1 and 2 in free fed and food restricted rats that were not sensitized

to cocaine (i.e., only vehicle injections) between Tests 1 and 2. The ANOVA revealed only a
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Figure 5. Mean (SEM) % change in total locomotion from vehicle baseline to cocaine-induced
locomotion in animals free fed or food restricted and given a cocaine challenge of 3, 9, or 15
mg/kg. Test 2 occurred 16 days after Test 1, during which time animals received daily injections
of 30 mg/kg cocaine for 5 days, followed by a 10-day drug-free period.
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Figure 6. Mean (SEM) % change in total locomotion from vehicle baseline to cocaine-induced
locomotion in animals free fed or food restricted and given a cocaine challenge of 15 mg/kg.
Test 2 occurred 16 days after Test 1, during which time animals received daily injections of
vehicle for 5 days, followed by a 10-day drug-free period. *Significant difference between free
fed and food restricted animals (p<0.05).
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significant main effect of Feeding Condition [F(1, 13) = 6.5, p = 0.024], suggesting a lack of

sensitization between Tests 1 and 2.

3.5.2 Experiment 2

Fig. 7 displays % change in total locomotion from vehicle baseline to 15 mg/kg cocaine-

induced locomotion on Tests 1 and 2 in free fed and food-restricted rats that were sensitized to

cocaine between Tests 1 and 2 and that received different doses of nor-BNI. The ANOVA

revealed a significant main effect of Group [F(3, 28) = 4.1, p = 0.015], and a significant

interaction between Group and Test [F(3, 28) = 3.2, p = 0.038]. Multiple comparisons indicated

that food-restricted rats treated with 0, 5 or 20 mg/kg nor-BNI displayed significantly greater

locomotor reactivity to cocaine than free fed animals on Test 1. On Test 2, however, there was a

nor-BNI dose-dependent decrease in locomotor reactivity to cocaine, although the difference

between free fed+0 mg/kg nor-BNI and food-restricted+0 mg/kg nor-BNI rats failed to reach

statistical significance. Finally, in the group treated with 20 mg/kg nor-BNI, there was a

significant decrease in cocaine-induced locomotion from Test 1 to Test 2.

Fig. 8 displays locomotion displayed over time by the food restricted+20mg/kg nor-BNI

group on Tests 1 and 2. The ANOVA revealed significant main effects of Test [F(1, 7) = 5.6, p =

0.05] and Session Time [F(6, 42) = 30.9, p<0.001], as well as a significant interaction between

the factors [F(6, 42) = 3.8, p = 0.004]. Multiple comparisons indicated that there was a

significant increase from baseline to the first 10 min of both Test 1 and Test 2, but the locomotor

response to cocaine was significantly lower at 20, 30, 50 and 60 min of Test 2.

Finally, Fig. 9 displays plasma levels of CORT in the four groups tested after the cocaine

challenge on Test 2, and in the free fed drug naïve control group (horizontal line). The ANOVA

revealed a significant effect of Group [F(4, 34) = 11.4, p<0.001], and multiple comparisons
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Figure 7. Mean (SEM) % change in total locomotion from vehicle baseline to cocaine-induced
locomotion in animals free fed or food restricted and given a cocaine challenge of 15 mg/kg.
Test 2 occurred 16 days after Test 1, during which time animals received daily injections of 30
mg/kg cocaine for 5 days, followed by a 10-day drug-free period. Rats were also injected with 0,
5, or 20 mg/kg nor-BNI, 10 days before each test. *Significant difference between Test 1 and 2
(p<0.05). #Significant difference from the free fed animals on the same test (p<0.05)
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Figure 8. Mean (SEM) locomotion on the last 10 min of the baseline tests and 60 min of
locomotion Tests 1 and 2 following the 15 mg/kg cocaine challenge, in food-restricted rats
administered 20 mg/kg nor-BNI 10 days before each test. *Significant difference between Tests
1 and 2 (p<0.05)
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Figure 9. Mean (SEM) plasma concentration of corticosterone (ng/ml) in free fed or food
restricted rats and injected with 0, 5, or 20 mg/kg nor-BNI. All rats received the 15 mg/kg
cocaine challenge approximately 1.5 h prior to blood collection. The horizontal lines represent
mean (solid) and SEM (dashed) plasma CORT in free fed animals that were drug-naïve.
*Significant difference from free fed rats (p<0.05); #Significant difference from drug-naïve rats
(p<0.05)
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indicated that CORT levels were increased by cocaine (free fed drug naïve vs. free fed+0 mg/kg

nor-BNI) and by food restriction (free fed+0 mg/kg nor-BNI vs. food restricted+0 mg/kg nor-

BNI), although the former difference reached statistical significance only after a planned

comparison [t(14) = 2.93, p<0.01]. Moreover, food-restricted animals had significantly higher

levels of CORT than free fed drug naïve rats, regardless of nor-BNI dose. But, CORT in food

restricted+5 or 20 mg/kg nor-BNI rats did not differ statistically from that of free fed+0 mg/kg

nor-BNI animals, suggesting that nor-BNI blunted the increase in CORT caused by cocaine and

food restriction.

3.6 Discussion

In Experiment 1a, animals were assigned to one of two feeding conditions, free feeding or

food restriction (85 % of free fed body weight), and were tested for locomotor responses to an

acute cocaine challenge (3, 9, or 15 mg/kg) before (Test 1) and after (Test 2) a sensitizing

regimen of cocaine exposure (30 mg/kg/day × 5 days followed by a 10-day drug-free period). On

Test 1, it was found that food restriction enhanced locomotor responses to all doses of cocaine

tested. This is consistent with previous findings of enhanced locomotor reactivity to

psychostimulants in food restricted animals. For example, Campbell and Fibiger (1971) found

that length of food deprivation (i.e., starvation) progressively enhanced amphetamine-induced

locomotion. Similarly, in rats restricted to 90 % of their free feeding weight and challenged with

10 mg/kg cocaine (Rouge-Pont, Marinelli, Le Moal, Simon, & Piazza, 1995), or restricted to 80

% and challenged with 5 or 10 mg/kg cocaine (Cadoni et al., 2003), there were enhanced

locomotor responses relative to ad libitum fed animals.

On Test 2, it was found that both free fed and food-restricted animals displayed a sensitized

response to cocaine, and that the magnitude of the effect was similar. Hence, these results
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indicate that hypersensitivity to cocaine-induced locomotion observed in food restricted animals

can be enhanced further by a sensitizing regimen of cocaine exposure, but the interaction

between food restriction and cocaine sensitization does not appear to be synergistic.

Furthermore, when animals were exposed to repeated injection of vehicle (Experiment 1b), there

were no differences between Test 1 and Test 2 (Fig. 6), confirming that cocaine administration

was required to produce between-test sensitization.

Experiment 2 was designed to test the hypothesis that food restriction exerts its effect on

cocaine-induced locomotion through the dynorphin/kappa opioid receptor system. Therefore,

animals were assigned to one of four groups: free fed injected with 0 mg/kg nor-BNI, or food

restricted injected with 0, 5 or 20 mg/kg nor-BNI, and were tested for locomotor responses to an

acute cocaine challenge (15 mg/kg) before (Test 1) and after (Test 2) a sensitizing regimen of

cocaine exposure (30 mg/kg/day × 5 days followed by a 10-day drug-free period). Nor-BNI was

injected twice, 10 days prior to each test. It was found that there was no effect of nor-BNI on

Test 1 but, on Test 2, nor-BNI dose-dependently reduced motor reactivity to cocaine with no

evidence of sensitization in the 5 mg/kg nor-BNI group, and a significant decrease in the 20

mg/kg nor-BNI group. Further analyses of behaviour displayed by animals treated with 20 mg/kg

nor-BNI indicated that this effect was not due to general locomotor impairments, as there were

no differences between baseline activity on Tests 1 and 2, and the animals still showed a

significant, though diminished, response to cocaine. Finally, analysis of plasma levels of CORT

following Test 2 showed that both doses of nor-BNI blunted the elevation in CORT produced by

food restriction and cocaine.

The nor-BNI dose-dependent decrease in cocaine response on Test 2 could be explained by

the reduced CORT response, as it is known that elimination of CORT blocks the enhancing
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effect of food restriction on cocaine-induced locomotion (Marinelli et al., 1996). However,

alternative explanations can be considered because 5 and 20 mg/kg nor-BNI had a similar effect

on CORT but not on cocaine-induced locomotion (see Figs. 7(3) and 9(5)). One alternative is

that nor-BNI interacted with the sensitizing regimen of cocaine, affecting either development or

expression. This is possible because kappa opioid receptor agonists have been found to enhance

both cocaine CPP (McLaughlin et al., 2006; but see Shippenberg, LeFevour, & Heidbreder,

1996) and cocaine self-administration (Kuzmin, Semenova, Gerrits, Zvartau, & Van Ree, 1997;

but see Negus, Mello, Portoghese, & Lin, 1997). Our results point toward a reduction of

sensitization because cocaine-induced locomotion was lower on Test 2 (see Fig. 8), and because

visual analysis of videos recorded during this test did not reveal group differences in duration of

stereotypical behaviours (i.e., repetitive sniffing and/or head oscillations in one location of the

chamber; data not shown). A second alternative is that nor-BNI interacted with cocaine

sensitization to produce tolerance to cocaine’s acute locomotor effects. However, tolerance to

cocaine-induced locomotion is rare, and generally occurs when cocaine is administered

continuously (i.e., via mini-pump) and not intermittently (Martin-Iverson & Burger, 1995). A

third alternative is that the second injection of nor-BNI augmented the concentration of the

antagonist at site(s) of action, leading to a loss of receptor selectivity (Horan, Taylor, Yamamura,

& Porreca, 1992), but this is unlikely as loss of selectivity has been reported only within a few

hours from administration (Wee et al., 2009).

Finally, the observation that nor-BNI did not alter responses to cocaine in food-restricted rats

on Test 1 clearly indicates that other systems must be involved. For example, food restriction

affects the dopaminergic system (Pothos, Creese, & Hoebel, 1995), which has a critical role in

cocaine sensitization (Kalivas & Stewart, 1991). Carr et al. (2001) found that the D1 receptor
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antagonist SCH23390 blocked the effect of food restriction on amphetamine-induced

locomotion, and Cadoni et al.. (2003) reported that the sensitized response to cocaine and

amphetamine observed in food restricted rats was associated with increased dopamine

concentrations in the accumbens core. In addition to dopamine, ghrelin, neuropeptide Y, and

glutamate receptors in the nucleus accumbens (Clifford et al., 2011; Liu, Zheng, Peng, Cabeza,

V, & Carr, 2011; Maric, Cantor, Cuccioletta, Tobin, & Shalev, 2009; Wellman, Davis, & Nation,

2005) could also be involved in the effect of food restriction on cocaine sensitization.

In summary, the results of these experiments indicate that food restriction and cocaine

sensitization enhance cocaine-induced locomotion in an additive, but not synergistic, manner.

Activation of the KOR is partially involved in the enhancing effects of food restriction on

cocaine-induced locomotion and plasma CORT. Whether KOR may also be involved in the

development and/or expression of cocaine sensitization should be addressed by additional

studies. The current experiments have implications for studies exploring the effects of cocaine on

tasks that require food restriction, which is a common, and often necessary, component of

learning and memory testing in rodents.
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Chapter 4:

Excitotoxic lesions to the prefrontal cortex of Sprague-Dawley rats do not impair response

matching

This manuscript is published in: Allen, C.P., and Leri, F. (2011). Excitotoxic lesions to the

prefrontal cortex of Sprague-Dawley rats do not impair response matching. Neuroscience

Letters 495: 30-34.
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4.1 Chapter introduction

This chapter examined the effect of excitotoxic lesions to three subregions of the PFC, the

OFC, ACC, and m-PFC (incorporating the PrL and IL), on a dynamic reversal task.  Based on

the existing literature, it was expected that one or more of these regions would be necessary for

successful completion of the task, and therefore lesioning the region should lead to an increase in

perseverative responding.
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4.2 Abstract

Perseveration refers to maladaptive persistence of behaviour outside appropriate contexts and

despite negative outcomes. In humans, perseveration is a symptom of a variety of psychiatric

disorders. In rats, perseveration has been observed in reversal learning tasks following lesions of

the prefrontal cortex (PFC). However, the exact nature of the impairment underlying this effect

remains unclear. Male Sprague-Dawley rats were trained on a novel reversal task that requires

switching between two rewarded options varying in effort (concurrent fixed and progressive

ratios) necessary to obtain the reward. Following initial training, bilateral lesions of the dorsal

PFC, medial PFC, or orbitofrontal cortex were produced by NMDA infusions. When animals

were re-tested post-surgery, no significant impairments were found. These results indicate that,

in trained rats, the PFC is not necessary for selecting responses on the basis of favourable effort-

to-reward contingencies.
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4.3 Manuscript

A number of different processes, including working memory, behavioural inhibition,

response acquisition, and extinction, are necessary to regulate choice between different response

options. Dysregulation of one, or more, of these processes can lead to a variety of behavioural

deficits, including perseveration. Perseveration is defined as persistence of a previously

appropriate response outside the appropriate context, in the absence of desired consequences, or

in the presence of significant costs (de Ruiter et al., 2009; Jentsch et al., 2002). Perseverative

responding is associated with a number of psychiatric disorders, including Parkinson’s disease

(Gauntlett-Gilbert et al., 1999), Alzheimer’s disease (Pekkala et al., 2008), obsessive compulsive

disorder (Roh et al., 2005), pathological gambling (Leiserson et al., 2007) and drug addiction

(Lane et al., 2007; Loh et al., 1993; Ridley, 1994). Reversal learning studies in rodents have

indicated that perseverative responding can result from disruption of the orbitofrontal (OFC) and

prefrontal cortex (PFC; see Dalley, Cardinal, & Robbins, 2004; Stalnaker et al., 2009 for

reviews). However, a recent study by Tait and Brown (2007) suggested that “learned non-

reward” may be an important factor in the expression of lesion-induced impairments. In other

words, animals with lesions to the PFC/OFC may be impaired in reversal tasks because the new

response option has never been previously rewarded.

To further explore this issue, the current study employed a dynamic reversal learning task

that requires switching between two rewarded options varying in effort necessary to obtain the

reward (Allen et al., 2010). Rats were first trained on the task, then received lesions to the dorsal

(d-PFC), medial (m-PFC) or OFC, and then they were re-tested to assess changes in sensitivity to

effort-to-reward requirements.

Seventy-seven adult male Sprague–Dawley rats (Charles River, QC) weighing 275–300 g
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(approximately 9 weeks old) at the beginning of the experiment were singly housed, maintained

on a reverse light/dark cycle (8:00 am lights off; 8:00 pm lights on), and tested during the dark

phase of their cycle. They were habituated to the facility for 6 days prior to the beginning of the

experiment, and were handled twice during this period for 10 min. They were then food

restricted to 85% of their free-feeding weight, and target weights were increased by 20 g/week to

allow for normal growth. Animals were tested once a day, and all sessions were 1 h in duration.

All experiments were approved by the Animal Care Committee of the University of Guelph and

were carried out in accordance with the recommendations of the Canadian Council on Animal

Care.

Testing was conducted in 16 Plexiglas operant conditioning chambers (model ENV-008CT,

Med Associates, Lafayette, IN) enclosed in a larger sound-attenuating plywood box (model

ENV-018M, Med Associates). Each chamber contained two house lights (28 V), one on each

wall adjacent to the door. Both lights were illuminated throughout the duration of test sessions.

Operant responses were made on two retractable levers (located on the same wall, 10 cm apart, 8

cm above the chamber floor). Sucrose pellet (45 mg Dustless Precision Pellets; Bio-Serv,

Frenchtown, NJ) were delivered from a food hopper mounted on the exterior of the chamber to a

magazine feeder located between the two levers.

Testing procedures have previously been described in detail in Allen and Leri (2010).

Briefly, it consisted of four phases. In Response Training, animals were trained to press one lever

for sucrose on a fixed ratio 1 (FR1) schedule, and then the response requirement was gradually

increased over 5 days to a FR25. The rats were then given 3 days of training with a second lever

on a variable ratio 15 schedule (VR15). During this period, the FR25 lever was not inserted into

the chamber. Schedule Training consisted of simultaneous presentation of the two levers, one on
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FR25 and the other on VR15. Under these conditions, rats spontaneously develop a preference

for the VR15 schedule. This phase lasted approximately 3 days, or until more than 75% of total

responding was on VR15 lever.

For Pre-Lesion Testing, the schedule on one lever remained the same (FR25 schedule), while

the schedule on the other (i.e., previously the VR15 schedule) was replaced by a progressive

ratio schedule (PR; response ratio = (5 × e(0.2×reward number)) − 5; Roberts et al., 1993). Under these

conditions, an “equivalence” point of responding can be defined as the point at which response-

reward contingencies of the two levers is identical (i.e., 25 responses/reward). Perfect

performance would involve responding on the PR lever until the response-to-reward ratio

reaches the equivalence point, and then responding should be shifted to the FR25 lever.

Therefore, responses on the PR lever after the equivalence point can be considered

“perseverative errors” because they are no longer associated with a most favourable response-to-

reward contingency. Alternatively, responses made on the FR25 lever prior to the equivalence

point can be considered “conservative errors” because the response-to-reward contingency is

more favourable on the PR lever. Three different PR schedules were employed varying in rate of

escalation, with PR1 being the most, and PR3 the least, rapid. Equivalence points for each PR

test have been reported in Allen and Leri (2010). Animals received 6 tests on each PR schedule

before moving to the next schedule (18 tests in total); the order of schedules was

counterbalanced.

The final phase, Post-Lesion Testing, was identical to schedule training and Pre-Lesion

Testing phases and occurred one week after surgery. Animals were assigned to lesion or sham

surgeries on the basis of their pre-lesion performance to create equivalent groups.

For surgery, animals were anesthetized with isofluorane gas and placed into the stereotaxic
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apparatus. Holes were drilled into the skull and an intracranial injector was inserted at the

following coordinates from bregma (Paxinos & Watson, 2005): d-PFC (n = 18) +3.2 A/P, ±0.8

M/L, and −3.0 D/V; m-PFC (n = 15) +3.0 A/P, ±0.81 M/L, and −3.0 D/V; and OFC (n = 9) +3.6

A/P, ±2.4 M/L, and −5.0 D/V. Bilateral lesions were made by infusing 0.5 μL of 0.12M NMDA

at a rate of 0.1 μL/min, and the injector was left in place for 2 min after completion of the

infusion. Sham surgeries were performed identically, but no NMDA infusions were delivered.

Fig. 10 shows representative diagrams of the lesion sites for animals with the largest and smallest

lesions, as well as a representative micrograph of each type of lesion. Gliosis and cell shrinkage

were used to define the borders of lesioned areas using a microscope (10× magnification). The

structure primarily affected by lesions to the d-PFC was the anterior cingulated cortex, lesions to

the m-PFC predominantly affected the prelimbic and infralimbic cortices, and the OFC lesions

primarily affected the ventral and lateral orbital cortex.

Separate two-way mixed factor [Lesion Group × Test] analyses of variance (ANOVA) were

used to analyze each error type made after the lesion, lesion location, and PR schedule. Analyses

were performed using SigmaStat for Windows version (v 3.5, Systat Software, Germany).

To exemplify performance on this dynamic reversal-learning task, Fig. 11 shows responding

over time on both the FR25 and PR (PR2 schedule) levers in sham- and NMDA-lesioned rats.

Separate two-way repeated measure [Lever × Time] ANOVAs were performed. For all groups,

there was a significant interaction between Lever and Time (see Supplementary Table 6 for F

and p values) such that rats responded preferentially on the PR at the beginning of the session

and then, as the response requirements increased, they switched responding to the FR25 lever for

the remainder of the session.
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Figure 10. Representative diagrams of lesion size produced by tracing the largest (black) and
smallest (gray) lesions at each location. Micrographs are of a representative lesion for each site.
d-PFC n = 18, m-PFC n = 15, OFC n = 9.
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Figure 11. Mean total number of responses (sem) per minute on the FR25 and PR (PR2) levers
were averaged across all six tests for rats with NMDA lesions to the d-PFC, m-PFC, and OFC.
The data from Sham lesion groups associated with each lesion are presented as inserts.
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Fig. 12 displays perseverative (panels A, B, C) and conservative (panels D, E, F) errors

produced by each lesion on the 3 PR schedules. The ANOVAs (see Supplementary Tables 7 and

8 for F and p values) revealed no significant effect of lesions across all PR tests and error types.

Table 2 shows mean (sem) number of perseverative errors made on each PR schedule during

the first (1) and last tests (6). There was a significant effect of Test on PR1 for all groups,

indicating that animals reduced number of perseverative errors with repeated testing on the same

schedule. This effect was also seen in the m-PFC group on PR3. Similarly, Table 3 shows the

mean (sem) number of conservative errors on each PR schedule during the first (1) and last tests

(6). There was a significant effect of Test on PR1 for all groups, as animals increased the number

of conservative errors from test 1 to test 6. This effect was also seen in the OFC group on PR2.

This shift in error type is due to an increased number of animals switching from the PR to the

FR25 lever prior to the equivalence point, presumably in anticipation of the unfavourable change

in schedule. Rats that make this early shift typically will not reach the equivalence point and will

therefore make a large number of conservative errors.

To assess whether these negative results were related to variations in size of lesion within

groups, correlations were tested between area of tissue damage and number of perseverative

(Table 4) and conservative errors (Table 5). Area of tissue damage was assessed using ImageJ

(version 1.43u, U. S. National Institutes of Health) and was quantified as % of the total area of

interest (from plates of the brain atlas) that was affected by the lesion (traced on the plate). After

Bonferroni correction to the alpha level due to multiple correlations, no significant relationships

were found. These findings are inconsistent with previous research showing impairments in

reversal tasks following lesions to sub-regions of the PFC (Chudasama et al., 2003b; Chudasama

et al., 2003a). In fact, none of the lesions caused significant impairments on our task. It is
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Figure 12. Mean (sem) perseverative (top panels) and conservative (bottom panels) errors
produced on average over 6 sessions at each PR test in different groups of rats with sham or
NMDA lesions to different sub-regions of the PFC.
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Table 2.  Number of perseverative errors made on the 1st and 6th test after the lesion, values
represent mean (sem). Group size: d-PFC Lesion n = 18, Sham n = 8; m-PFC Lesion n = 15,
Sham n = 16; OFC Lesion n = 9, Sham n = 11. The * represents a significant difference between
Test 1 and Test 6 (p < 0.05).

PR1 PR2 PR3

Test 1 Test 6 Test 1 Test 6 Test 1 Test 6

Lesion 300 (66) 54 (23)* 372 (108) 165 (71)* 192 (62) 381 (151)
d-PFC

Sham 233 (86) 67 (42)* 192 (80) 152 (65) 270 (84) 275 (78)

Lesion 1278 (244) 257 (112)* 606 (223) 804 (247) 1544 (260) 1052 (335)
m-PFC

Sham 893 (264) 199 (85)* 604 (280) 578 (210) 1942 (480) 650 (256)*

Lesion 370 (95) 123 (53)* 842 (266) 554 (230) 1071 (262) 496 (137)
OFC

Sham 701 (225) 262 (169)* 1296 (569) 887 (407) 1070 (355) 1106 (320)
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Table 3. Number of conservative errors made on the 1st and 6th test after the lesion, values
represent means and (sem). Group size: d-PFC Lesion n = 18, Sham n = 8; m-PFC Lesion n =
15, Sham n = 16; OFC Lesion n = 9, Sham n = 11.The * represents a significant difference
between Test 1 and Test 6 (p < 0.05).

PR1 PR2 PR3

Test 1 Test 6 Test 1 Test 6 Test 1 Test 6

Lesion 137 (129) 1325 (644)* 553 (232) 2133 (625) 1910 (632) 1218 (393)
d-PFC

Sham 435 (358) 2006 (765)* 1124 (555) 2276 (825) 1919 (704) 1547 (578)

Lesion 4 (3) 624 (307)* 1722 (569) 803 (489) 34 (18) 492 (384)

m-PFC Sham

15 (10) 1321 (899)*

2890

(1181) 1181 (647) 657 (657) 631 (495)

Lesion

11 (9)

1533

(1002)* 24 (13)

3276

(1338)* 809 (807) 11 (7)
OFC

Sham

538 (478)

3047

(1079)* 365 (340) 1967 (1060) 1105 (747) 1141 (746)
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Table 4. Correlations between lesion size and number of perseverative errors made on the 1st and
6th tests of each PR schedule, r (p). Group size: d-PFC Lesion n = 18, Sham n = 8; m-PFC Lesion
n = 15, Sham n = 16; OFC Lesion n = 9, Sham n = 11. Alpha corrected to 0.008 using the
Bonferroni procedure.
Test Lesion

d-PFC m-PFC OFC

PR1 – Test 1 0.02 (0.94) 0.39 (0.15) 0.45 (0.22)

PR1 – Test 6 0.24 (0.35) 0.24 (0.39) 0.81 (0.009)

PR2 – Test 1 0.2 (0.44) 0.33 (0.23) -0.06 (0.87)

PR2 – Test 6 0.32 (0.19) 0.44 (0.1) -0.5 (0.17)

PR3 – Test 1 0.14 (0.57) -0.18 (0.53) -0.45 (0.22)

PR3 – Test 6 0.29 (0.24) 0.22 (0.44) 0.47 (0.2)
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Table 5. Correlations between lesion size and number of conservative errors made on the 1st and
6th tests of each PR schedule, r (p). Group size: d-PFC Lesion n = 18, Sham n = 8; m-PFC
Lesion n = 15, Sham n = 16; OFC Lesion n = 9, Sham n = 11. Alpha corrected to 0.008
according to Bonferroni procedure.

Test Lesion

d-PFC m-PFC OFC

PR1 – Test 1 0.02 (0.94) 0.26 (0.36) -0.06 (0.88)

PR1 – Test 6 0.19 (0.46) -0.24 (0.4) 0.69 (0.04)

PR2 – Test 1 0.13 (0.61) -0.23 (0.41) 0.25 (0.52)

PR2 – Test 6 0.06 (0.8) -0.1 (0.73) 0.32 (0.4)

PR3 – Test 1 -0.04 (0.89) 0.42 (0.12) 0.68 (0.04)

PR3 – Test 6 -0.04 (0.87) 0.32 (0.25) 0.31 (0.41)
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presumed that performance of this task requires at least three key abilities: distinguish between

two response options, detect and compare frequency of reward delivery, and switch responding

to the most favourable option. Apparently these abilities remained unaffected by the lesions we

produced. Although, previous studies employed a variety of methodologies including go/no-go

(Schoenbaum, Setlow, Nugent, Saddoris, & Gallagher, 2003), cue reversal (Chudasama et al.,

2003b), and spatial reversal (Boulougouris et al., 2007), one key difference of our task is absence

of both learned non-reward (animals may ignore the correct response option because it was never

previously rewarded) and immediate negative consequences. Alternatively, previous studies

involved larger lesions to the OFC. While we found no correlation between the lesion size and

performance, our lesions did not included the dorsolateral OFC, and it remains possible that

damage to this region is crucial for producing deficits in reversal. Additionally, our negative

findings might be explained by the fact that animals were trained prior to the lesions.

Boulougouris and Robbins (2009), for example, showed that lesions of the OFC did not impair

performance in a two choice spatial reversal-learning task if animals were pre-trained. However,

even with pre-training in our design, it is unlikely that rats would be able to predict changes from

one PR schedule to another. Under these conditions, rats should produce a pattern of re-emerging

impairment on days when the PR schedule is changed. While we did observe such a pattern

following chronic cocaine exposure (Allen et al., 2010), it was not evident following any of the

lesions. It is also possible that negative findings in pre-trained animals can be explained by the

absence of learned non-reward, that is, training animal prior to lesions forces them to learn that

all options are sometimes rewarded.

Perseveration is a common feature in a number of compulsive/impulsive disorders, such as

drug addiction and pathological gambling; these are complex disorders with a number of
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different behavioural elements. Presumably, our task assesses the animals’ ability to detect

differences, update representations, and inhibit inappropriate responses when choosing between

two rewarded options, and all these skills appeared unimpaired by excitotoxic lesions to the PFC.

Because hypoactivity of the frontal cortex is associated with both pathological gambling and

drug addiction (van Holst, van den, Veltman, & Goudriaan, 2010), and perseveration of

maladaptive behaviours is a key feature of these pathologies, our results suggest the hypothesis

that perseveration may be secondary to impaired sensitivity to negative outcomes and/or to a lack

of cognitive flexibility.
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4.4 Appendix A. Supplementary data

Table 6. F and p values for data presented in Figure 11.

Group Lever Time Lever x Time

d-PFC F(1,15) = 17.6, p <0.001 F(59,885) = 20.7, p <0.001 F(59,885) = 12.9, p <0.001

d-PFC Sham F(1,10) = 40.2, p < 0.001 F(59,590) = 19.3, p < 0.001 F(59,590) = 13.4, p <0.001

m-PFC F(1,15) = 11.6, p = 0.004 F(59,885) = 17.3, p <0.001 F(59,885) = 9.0, p<0.001

m-PFC Sham F(1,7) = 4.9, p = 0.06 F(59,413) = 15.5, p <0.001 F(59,413) = 4.6, p <0.001

OFC F(1,8) = 11.5, p = 0.009 F(59,472) = 229.3, p<0.001 F(59,472) = 7.6, p <0.001

OFC Sham F(1,10) = 4.9, p = 0.05 F(59,590) = 20.8, p <0.001 F(59,590) = 5.8, p <0.001
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Table 7. F and p values for perseverative errors by region and PR schedule.

Lesion

d-PFC m-PFC OFC

Group
F(1,29) = 0.162,

p = 0.690

F(1,21) = 0.913,

p = 0.350

F(1,18) = 1.439,

p = 0.246

Test
F(1,29) = 19.702,

p < 0.001

F(1,21) = 21.013,

p < 0.001

F(1,18) = 7.614,

p = 0.013
PR1

Group x Test
F(1,29) = 0.747,

p = 0.395

F(1,21) = 0.767,

p = 0.391

F(1,18) = 0.597,

p = 0.450

Group
F(1,29) = 0.703,

p = 0.409

F(1,21) = 0.209,

p = 0.652

F(1,18) = 0.682,

p = 0.420

Test
F(1,29) = 7.577,

p = 0.010

F(1,21) = 0.144,

p = 0.708

F(1,18) = 0.972,

p = 0.337
PR2

Group x Test
F(1,29) = 3.478,

p = 0.072

F(1,21) = 2.898,

p = 0.103

F(1,18) = 0.030,

p = 0.864

Group
F(1,29) = 0.091,

p = 0.766

F(1,21) < 0.001,

p = 0.996

F(1,18) = 0.666,

p = 0.425

Test
F(1,29) = 1.297,

p = 0.264

F(1,21) = 8.444,

p = 0.008

F(1,18) = 1.976,

p = 0.177
PR3

Group x Test
F(1,29) = 0.906,

p = 0.349

F(1,21) = 1.702,

p = 0.206

F(1,18) = 2.539,

p = 0.128
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Table 8. F and p values for conservative errors by brain region and PR schedule.

Lesion

d-PFC m-PFC OFC

Group
F (1,29) = 0.714,

p = 0.405

F (1,21) = 0.842,

p = 0.369

F (1,18) = 1.369,

p = 0.257

Test
F (1,29) = 8.488,

p = 0.007

F (1,21) = 6.271,

p = 0.021

F (1,18) = 8.045,

p = 0.011
PR1

Group x Test
F (1,29) = 0.168,

p = 0.685

F (1,21) = 0.793,

p = 0.383

F (1,18) = 0.481,

p = 0.497

Group
F (1,29) = 0.080,

p = 0.779

F (1,21) = 0.762,

p = 0.392

F (1,18) = 0.330,

p = 0.573

Test
F (1,29) = 5.354,

p = 0.028

F (1,21) = 7.845,

p = 0.011

F (1,18) = 7.574,

p = 0.013
PR2

Group x Test
F (1,29) = 0.062,

p = 0.805

F (1,21) = 0.709,

p = 0.409

F (1,18) = 0.876,

p = 0.362

Group
F (1,29) = 0.254,

p = 0.618

F (1,21) = 0.846,

p = 0.368

F (1,18) = 0.670,

p = 0.424

Test
F (1,29) = 0.267,

p = 0.609

F (1,21) = 0.324,

p = 0.575

F (1,18) = 0.762,

p = 0.394
PR3

Group x Test
F (1,29) = 0.771,

p = 0.387

F (1,21) = 0.409,

p = 0.529

F (1,18) = 0.911,

p = 0.353
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Chapter 5:

Perseveration in the presence of punishment: The effects of chronic cocaine exposure and lesions

to the prefrontal cortex

This manuscript is published in: Allen, C.P., and Leri, F. (2014). Perseveration in the presence of

punishment: The effects of chronic cocaine exposure and lesions to the prefrontal cortex.

Behavioural Brain Research 261: 185-192.
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5.1 Chapter introduction

As outlined in the General Introduction, perseveration in pathological gamblers is persistent

across multiple days and related to PFC dysfunction.  In Chapter 2 increased perseverative

responding resulted from cocaine exposure, but only within a single session, and in Chapter 4 no

impairment was observed following lesions to PFC subregions.  This suggests that the

experimental design used for those experiments was not sensitive to the form of perseveration

critical for pathological gamblers.  In those studies, proper responding relied on the animal’s

sensitivity to reinforcement changes, ability to inhibit responses and switch to an alternative

choice.  Having eliminated these possibilities the studies contained in this chapter were designed

to determine if perseveration resulted from a specific impairment related to their processing of

negative consequences.

Negative outcomes, or punishment, such as burning fingers on a stove or having a forced

timeout for fighting with your sister, can be just as important as reinforcement in learning how to

regulate behaviour.  An individual unable to properly process or regulate behaviour with regard

to negative outcomes may then choose behaviours which give equivalent benefits, but net less if

they had factored in losses.  In terms of problem gamblers this would suggest that they respond

to their wins the same as normal people, but place significantly less, or no, value on losses when

making decisions, which is why they persist in gambling despite the massive debt they

accumulate.

To test this possibility a modified version of the dynamic reversal task was created in which

both response options gave an equivalent density of reinforcement but only one led to

punishment.  Animals should then shift towards the punishment free choice because it has a

higher net value for them.  Both chronic cocaine exposure and PFC lesions were tested to
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determine if they would impair the animal’s ability to adjust responding to minimize punishment.
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5.2 Abstract

Perseveration is the repetition of a previously appropriate response in a manner, or context,

which is detrimental to the individual. Although both cocaine exposure and prefrontal cortex

(PFC) dysfunctions have been implicated in perseverative-like behaviours, the underlying nature

of the impairments has been debated.

The current study tested whether chronic cocaine exposure and PFC lesions induce

perseverative-like behaviours by causing insensitivity to punishment. Food-restricted male

Sprague-Dawley rats were trained to respond for sucrose on concurrent schedules of

reinforcement. After initial training, rats received either a sensitizing regimen of cocaine

exposure, or excitotoxic lesions to subregions of the PFC. The test of perseveration involved a

choice of responding between two levers associated with fixed ratio and progressive ratio (PR)

schedules. Responding on the PR lever was punished by a 1 min timeout period. It was found

that, unlike control subjects, those exposed to chronic cocaine, or with lesions to the medial

prefrontal cortex, were significantly slower in adapting their responding to avoid punishment.

The current study provides evidence that both cocaine exposure and lesions to the prefrontal

cortex can increase perseverative-like responding, although the magnitude and permanence of

these effects are contingent on the nature of the task.
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5.3 Introduction

Perseveration refers to the persistence of a previously appropriate response outside of its

appropriate context, in the absence of the desired consequences, or in the presence of significant

costs (Jentsch et al., 2002; de Ruiter et al., 2009). Perseverative behaviours can be observed in

individuals suffering from various psychiatric conditions, including Alzheimer’s disease

(Pekkala et al., 2008), Parkinson’s disease (Gauntlett-Gilbert et al., 1999), and obsessive-

compulsive disorders (Roh et al., 2005). Additionally, perseveration is believed to be central to

substance dependence (Loh et al., 1993; Ridley, 1994) and pathological gambling (Leiserson et

al., 2007), disorders that involve persistent drug taking or gambling despite consequences that

are detrimental to the individual.

In the context of substance dependence, psychostimulant users appear particularly prone to

perseveration (Ersche et al., 2011). In a probabilistic reversal task, cocaine dependent individuals

showed increased perseverative errors following changes in contingency (Ersche et al., 2008).

Similarly, methamphetamine users display impairments following rule switching in the

Wisconsin card sorting task (Henry et al., 2011). These impairments in performance appear to be

associated with hypoactivity in the prefrontal cortex (PFC; Kim et al., 2009; Bolla et al., 2003).

However, it is unclear whether the impairments are due to chronic exposure to psychostimulants,

or to a pre-existing propensity for perseveration due to PFC hypofunction.

This critical question can be addressed using laboratory animals: if perseveration has

multiple and independent causes, then chronic exposure to psychostimulants, or inactivation of

the PFC in drug-naïve animals, should induce similar behavioural impairments. Supporting this

hypothesis, there is evidence that chronic exposure to cocaine (Goto et al., 2005a; Schoenbaum

et al., 2004; Stalnaker et al., 2007; Stalnaker et al., 2006; Stalnaker et al., 2009), amphetamine
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(Fletcher et al., 2005), or methamphetamine (Izquierdo et al., 2010) can increase perseverative

responding. Furthermore, lesions to the orbitofrontal cortex (OFC; Chudasama et al., 2003b;

Schoenbaum et al., 2002; Kim & Ragozzino, 2005; Schoenbaum & Roesch, 2005; Schoenbaum

et al., 2003) and medial PFC (m-PFC; Kosaki & Watanabe, 2012; Ragozzino et al., 2003), but

not anterior cingulate cortex (ACC; Ragozzino et al., 2007), also induce perseverative errors on

reversal tasks. The effects of these manipulations, however, have not been consistent, and appear

dependent on the experimental design (Boulougouris et al., 2007; Boulougouris et al., 2009;

Hankosky, Kofsky, & Gulley, 2013). For example, one factor of particular importance is

“learned irrelevance.” Learned irrelevance, which can be considered a form of conditioned

inhibition, is likely to occur when subjects learn to ignore a response option that is never

reinforced. Hence, when this option becomes correct as a result of a reversal of contingencies,

animals are slower to modify responding because they have to overcome this inhibitory learning.

The effects of OFC lesions on reversal learning seem particularly dependent on this avoidance of

previously unreinforced options and may represent a specific impairment in overcoming learned

irrelevance (Tait et al., 2007; Burke et al., 2009).

To further complicate the nature of the relationship between drug exposure, PFC

dysfunctions and perseveration, recent studies suggested that perseveration following lesions to

the OFC or m-PFC does not result from a failure to inhibit the previously correct response. In

fact, using a dynamic reversal task in which both responses were reinforced, but to differing

degrees, lesions to the OFC, m-PFC, or ACC did not impair performance (Allen & Leri, 2011).

Similarly, chronic cocaine exposure produced a transient increase in perseverative errors that

was attributable to a failure of normal anticipation (displayed by vehicle-treated animals), rather

than perseveration (Allen et al., 2010). These observations were nevertheless informative
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because they indicated that chronic cocaine exposure, and lesions to the PFC, do not produce

gross impairments in detecting changes in reinforcement, or impair basic learning processes

involved in the dynamic reversal task.

The current study was designed to test the possibility that similar perseverative deficits can

occur after chronic cocaine exposure and PFC lesions in drug-naïve animals because of reduced

sensitivity to punishment. In fact, both cocaine exposure and PFC dysfunction have been

previously associated with diminished responding to punished behaviour in the contexts of

anxiety testing (Shah, Sjovold, & Treit, 2004) and operant responding for cocaine (Pelloux,

Everitt, & Dickinson, 2007; Vanderschuren & Everitt, 2004). The current study employed a

dynamic reversal task not affected by learned irrelevance. In this task, rats are allowed to select

between two responses that grant equivalent reinforcement, but vary in punishment (a 1 min

timeout). It was predicted that normal animals would shift responding to the unpunished

response, while cocaine-treated and PFC-lesioned animals would display perseverative

responding on the punished response option.

5.4 Methods

5.4.1 Subjects

Subjects were 59 adult male Sprague-Dawley rats (Charles River, QC) weighing 275–300 g

at the beginning of the experiments. They were single-housed, maintained on a reverse light/dark

cycle (8:00 am lights off; 8:00 pm lights on), and tested during the dark phase. Two days prior to

the beginning of testing, rats were food restricted to 85% of their free-feeding weight, and target

weights were increased by 20 g/week to allow for normal growth. All experiments were

approved by the Animal Care Committee of the University of Guelph and were carried out in

accordance with the recommendations of the Canadian Council on Animal Care.
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5.4.2 Apparatus

5.4.2.1. Operant chambers

Behavioural testing was conducted in Plexiglas operant chambers (model ENV-008CT, Med

Associates, Lafayette, IN) enclosed in larger sound-attenuating plywood boxes (model ENV-

018M, Med Associates). Responses were made on two retractable levers located on the same

wall, 10 cm apart and 8 cm above the floor of the chamber. The chambers contained a house

light (28 V) located on the wall opposite the levers, and a cue light (28 V) located above each

lever. Each chamber was also equipped with a food hopper mounted on the exterior of the

chamber which delivered sucrose pellets (45 mg Dustless Precision Pellets; Bio-Serv,

Frenchtown, NJ) in a magazine feeder located between the two levers.

5.4.2.2. Activity chambers

Horizontal and vertical locomotion (distance moved) was monitored in 12 custom chambers

(40 cm × 40 cm × 29 cm) constructed of semitransparent Plexiglas and lit by individual LED

lights (42 diodes). Each chamber was covered by black wire mesh to allow video tracking. The

tracking software employed was EthoVision (version 3, Noldus Information Technology, The

Netherlands).

5.4.3. General procedures

The procedures were modified from those previously described in Allen and Leri (2010;

2011) to include punishment in the form of a 1 min timeout period. During the experiments, rats

received one session per day. This session consisted of a 5-min habituation period, followed by a

30-min session during which they could respond for sucrose pellets. The beginning of the session

was indicated by the illumination of house light and the insertion of lever(s). The experiment had
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3 phases: response training, schedule training, and test.

5.4.3.1. Phase 1: response training

A single lever was introduced into the chamber and rats were trained to press it on a fixed

ratio 1 (FR1). Delivery of sucrose was accompanied by retraction of the lever for 1 s and

illumination of the cue light above it. After acquisition (approximately 6 sessions), the response

requirement was gradually increased over 5 days to a FR25. Training sessions on the FR25

schedule continued until animals made at least 300 responses in 30 min; a criterion found to

ensure appropriate responding in subsequent phases of training (Allen et al., 2010). Once this

criterion was reached, the FR25 lever was removed from the chamber, and rats were given 3

days of training on the alternate lever on a variable ratio 15 (VR15) schedule of reinforcement.

Sucrose delivery was accompanied by retraction of the lever for 1 s and illumination of the cue

light above it.

5.4.3.2. Phase 2: schedule training

Schedule training consisted of presenting both levers simultaneously, the first on a FR25

schedule and the second on a VR15 schedule, to allow development of a preference for the more

favourable VR15 schedule. This typically occurred after 3 days of training. During these

sessions, when animals made enough responses on either lever to earn a sucrose pellet, the cue

light above the corresponding lever was illuminated and both levers were retracted for 1 s.

Animals that failed to emit at least 75% of their responses on the VR15 lever after 3 days of

training were eliminated from the study (approximately 15% of animals).

This process was repeated for an additional 3 days following either chronic cocaine exposure

(experiment 1) or lesions to the PFC (experiment 2) to re-establish the preference for the VR15
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lever prior to the test phase.

5.4.3.3. Phase 3: test

During the test sessions (30 min), the schedule on the FR25 lever remained constant, while

the schedule on the VR15 lever was replaced by a progressive ratio (PR) schedule. For the PR

schedule, every time the animal received sucrose, the number of responses required for the next

sucrose pellet increased exponentially (response ratio = (5 × e(0.2 × reinforcer number)) − 5; Roberts et

al., 1993) until the animal reached the 14th reinforcer. At this point, a punishment in the form of a

timeout period was delivered: both levers were retracted and the house light was turned off for 1

min. This form of punishment was selected because it effectively reduces operant behaviour

without producing general suppression of responding (Branch, Nicholson, & Dworkin, 1977;

Mcmillan, 1967; Zeeb et al., 2009). At the end of the timeout period, the house light was

illuminated, both levers were re-introduced into the chamber, and the PR schedule was reset to

its initial ratio (i.e., 1 response = 1 reinforcer). The total number of responses required to achieve

the 14th reinforcer, and hence cause the punishment and the reset of PR schedule, was 350

responses. Therefore, the average number of responses per reinforcer on the PR lever was 25

(see Fig. 13). In other words, the schedules on the two levers resulted in equivalent

reinforcement-to-effort ratios. However, because responding on the PR lever was occasionally

punished, it was predicted that animals would cease responding on that lever and switch to the

FR25 lever. Within this context, therefore, perseveration was defined as persistence of

responding on the PR lever, and perseverative errors were indexed as responses made on the PR

lever when the response requirement for the next reinforcer was greater than 25. All rats received

5 of these test sessions to allow for behaviour stabilization.
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Figure 13. Panel A: number of responses required for each reinforcer on the fixed ratio 25 and
progressive ratio levers. Non-perseverative responses are indicated by the solid lines for both the
FR25 and PR. Perseverative errors are those responses made on the PR lever when the response
requirement is greater then the equivalence point (25) and are indicated by the dashed line.
Squares represent the 1 min timeout period at the end of each progressive ratio cycle. Panel B:
timeline for experiment 1 – effect of chronic cocaine exposure on perseveration. Panel C:
timeline for experiment 2 – effect of lesions to sub-regions of the PFC on perseveration.
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5.4.4. Experiment 1: effect of chronic cocaine exposure on perseveration

Following schedule training, rats (n = 20) were divided in two groups receiving 3 daily

injections (1 h apart) of either cocaine (15 mg/kg/injection, IP, 45 mg/kg/day; n = 10) or vehicle

(n = 10) for 14 days. For 1 h following each injection, rats were placed in a clean cage positioned

outside the experimental room. Following cocaine treatment and a 14-day drug and test free

period, they were tested for perseveration as described above. One day after the last test, rats

underwent a locomotion test to verify behavioural sensitization. This test consisted of a 1 h

habituation period, preceded by a vehicle injection, and then a 15 mg/kg cocaine challenge

followed by a second hour of locomotion testing. Locomotion was analyzed in 5 min bins. This

test was videotaped to allow scoring of stereotyped behaviours using a modified version of the

scale described by Creese and Iversen (1973). More specifically, stereotypy was measured as

time spent engaged in high-frequency, low-amplitude stationary head movements (i.e., head

bobbing) or intense sniffing in a single location (Leri, Zhou, Carmichael, Cummins, & Kreek,

2012).

5.4.5. Experiment 2: effect of lesions to sub-regions of the PFC on perseveration

Following schedule training, rats received stereotaxic surgery to produce excitotoxic lesions

to one of three sub-regions of the PFC. Stereotaxic procedures have previously been described in

detail in Allen and Leri (2011) . In brief, each animal was anesthetised with isofluorane, placed

in the stereotaxic apparatus, and holes were drilled for insertion of an intracranial injector at the

following coordinates from bregma: d-PFC (n = 8) + 3.2 A/P, ±0.8 M/L, −3.0 D/V; m-PFC (n =

6) + 3.0 A/P, ±0.81 M/L, −3.0 D/V; OFC (n = 10) + 3.5 A/P, ±2.5 M/L, −5.0 D/V and +4.4 A/P,

±1.2 M/L, −4.4 D/V (Paxinos et al., 2005). Each infusion consisted of 0.5 μL of 0.12 M NMDA.

Sham surgeries (n = 15) were performed identically, except that the injectors were not inserted,



102

and no infusions were made. Following surgery and recovery (7 days), animals were tested as

described above.

At the conclusion of the experiment, rats were sacrificed with an overdose of pentobarbital

(65 mg/kg, Somnotol, IP) and perfused intracardially with 0.9% saline followed by 4% para-

formaldehyde. After removal, brains were placed in 30% sucrose/para-formaldehyde solution for

at least 72 h before sectioning. Using a cryostat, coronal sections 30 μm thick were taken and

stained with Cresyl Violet. Gliosis and cell shrinkage were used to define the borders of lesions

under 10 × magnification. ImageJ (version 1.43u, Wayne Rasband, National Institute of Health,

USA) was used to calculate the percent of target areas lesioned.

5.4.6. Drugs and doses

Cocaine HCl (Dumex, Toronto, ON, Canada) was dissolved in physiological saline and

injected at a volume of 1 ml/kg (IP). The regimen of cocaine exposure (15 mg/kg/injection × 3

injections/day × 14 days) was chosen because it has previously been found to produce robust

sensitization and stereotypy (Leri et al., 2012; Spangler et al., 1996). A locomotion challenge

dose of 15 mg/kg cocaine was used because it has previously been found to be effective in

revealing sensitization (Allen, Zhou, & Leri, 2013).

5.4.7. Statistical analysis

Two- and three-factor mixed design ANOVAs were used as appropriate. Multiple

comparisons were performed using the Newman-Keuls method (α = 0.05). Statistical analyses

were performed using SigmaStat (version 3.0 for Windows, SPSS Inc.) and SPSS Statistics

(version 20, IBM). The exact values of non-significant results are not reported.
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5.5. Results

5.5.1. Experiment 1: effect of chronic cocaine exposure on perseveration

5.5.1.1. Test of behavioural sensitization

Fig. 14A displays the mean distance moved during habituation following a vehicle

injection, and during the locomotion test following a 15 mg/kg cocaine challenge, in animals that

were pre-treated with cocaine or vehicle. The ANOVA revealed a significant interaction between

group, test and time [F(11, 198) = 3.4, p < 0.001], as well as a significant interaction between

test and group [F(1, 18) = 5.8, p = 0.03]. Multiple comparisons indicated that there were no

group differences during habituation; however, following the cocaine challenge, vehicle treated

rats displayed significantly greater locomotion during the 10–30 min portion of the test.

Fig. 14B displays the mean time spent in stereotypy during the locomotion test. The ANOVA

indicated a significant main effects of Group [F(1, 8) = 15.3, p = 0.004] and time [F(11, 88) =

3.3, p < 0.001], as well as a significant interaction between group and time [F(11, 88) = 3.3, p <

0.001]. Multiple comparisons indicated that cocaine treated rats spent significantly more time in

stereotypy throughout most of the session.

5.5.1.2. Tests of perseveration

Fig. 15A displays the mean number of perseverative errors in animals that were treated with

cocaine or vehicle. The ANOVA revealed a significant main effect of Session [F(4, 72) = 16.9, p

< 0.001], with the number of perseverative errors decreasing across sessions. Importantly, there

was a significant effect of drug treatment [F(1, 18) = 5.9, p = 0.025], indicating that cocaine

treated rats made significantly more perseverative errors.

Fig. 15B displays mean responses on the FR25 lever. The ANOVA revealed a significant

main effect of session [F(4, 72) = 24.6, p < 0.001], with the number of responses increasing
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Figure 14. Panel A: mean (sem) distanced moved by animals, previously treated with either
vehicle (n = 10) or cocaine (n = 10), following a vehicle injection (habituation) and 15 mg/kg
cocaine challenge (test). Panel B: mean (sem) time spent engaged in stereotypy during test.
Asterisk indicates a significant difference from vehicle treated.
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Figure 15. Panel A: mean (sem) number of perseverative errors (responses on PR lever when
response requirement is greater then 25) made across 5 test sessions by animals previously
treated with vehicle (n = 10) or cocaine (n = 10). Panel B: mean (sem) number of responses on
the fixed ratio 25 lever. Asterisk indicates a significant difference from vehicle treated.
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across sessions. There was also a significant effect of drug treatment [F(1, 18) = 4.7, p = 0.04],

as cocaine treated animals made significantly fewer responses on the FR25 lever.

There were no group differences in total responses across both levers, or in pellets earned.

5.5.2. Experiment 2: effect of lesions to sub-regions of the PFC on perseveration

5.5.2.1. Histology

Fig. 16 displays diagrams of the smallest and largest lesions, as well as representative

micrographs. For the d-PFC lesions, damage was primarily restricted to the anterior cingulate

cortex (ACC), with the extent of damage ranging between 51% and 93% of the area. For the m-

PFC lesions, damage primarily involved the prelimbic cortex (PrL), with damage ranging

between 53% and 93% of the area. The extent of damage to the OFC ranged between 64% and

88%, and generally encompassed ventral and lateral OFC, as well as anterior portions of the m-

PFC.

5.5.2.2. Tests of perseveration

Fig. 17A displays the mean number of perseverative errors made by animals with lesions to

different sub-regions of the PFC. The ANOVA revealed significant main effects of session [F(4,

140) = 14.1, p < 0.001], lesion [F(3, 35) = 3.5, p = 0.03] and a significant interaction between

session and lesion [F(12, 140) = 2.3, p = 0.01]. Multiple comparisons further indicated that,

beginning on session 3, rats with lesions to the m-PFC made significantly more perseverative

errors than those with sham lesions or lesions to the d-PFC. Animals with OFC lesions also

displayed decreases in errors made during later sessions, but this decrease was not significant.

Fig. 17B displays mean responses on the FR25 lever. The ANOVA revealed significant main

effects of session [F(4, 140) = 22.6, p < 0.001], lesion [F(3, 35) = 3.2, p = 0.036] and a
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Figure 16. Representative diagrams of lesions produced by tracing the smallest (grey) and largest

(black) lesions. Micrographs are of a representative lesion for each group.
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Figure 17. Panel A: mean (sem) number of perseverative errors made across 5 test sessions by
animals with NMDA lesions to the d-PFC (n = 8), m-PFC (n = 6), OFC (n = 10) or Shams (n =
15). Panel B: mean (sem) number of responses on the fixed ratio 25 lever. Asterisk indicates a
significant difference from Sham lesions.
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significant interaction between session and test [F(12, 140) = 2.3, p = 0.01]. Multiple

comparisons indicated that animals with m-PFC lesions made significantly fewer responses on

the FR25 lever than either the sham or d-PFC lesion animals on sessions 4 and 5. Animals with

OFC lesions made significantly fewer responses on the FR25 lever only on session 4.

There were no group differences in total responses across both levers, or in pellets earned.

5.6 Discussion

In these experiments, it was found that cocaine pre-exposure and neurotoxic lesions of the m-

PFC produced similar impairments on a dynamic reversal learning task in which responding was

punished by a timeout period. Specifically, animals were trained to preferentially respond on one

of two levers. During test sessions, the schedule of the preferred lever was converted to a PR

schedule, and responding on this lever was punished by a 1 min timeout. Control animals ceased

responding on the punished PR lever and switched to the alternate lever. This indicates that the

timeout functioned effectively as punishment, despite the fact that it might also have functioned

as a cue for the more favourable resetting of the schedule. However, rats treated with cocaine, or

with lesions to the m-PFC, maintained a higher level of responding on the punished lever,

making significantly more perseverative errors. These results support the hypothesis that both

cocaine exposure and damage to the PFC induce perseveration by decreasing sensitivity to

punishment.

The basic result of the current study is consistent with previous data indicating that chronic

exposure to cocaine impairs reversal performance, producing perseverative responding

(Schoenbaum et al., 2004; Stalnaker et al., 2006; Stalnaker et al., 2009; Stalnaker et al., 2007).

However, because of the nature of the task employed, the current experiments addressed a

question that has not been previously considered; that is, are animals exposed to cocaine
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impaired in learning reversals because they avoid responses that were never reinforced (i.e.,

learned irrelevance)? Clearly, this does not seem to be the case here, as rats pre-exposed to

cocaine displayed perseverative impairments in a task where all response options were

reinforced. Moreover, these findings elucidate the nature of the impairment induced by cocaine.

In fact, Allen and Leri (2010) noted only a mild impairment when rats were tested on the

dynamic reversal task.  This task did not include punishment and their lack of consistent

impairment suggests that they were not impaired in detecting changes in the schedule or in

extinguishing the previous response. In the current study, since cocaine-treated rats remained

sensitive to differences in reinforcement schedules (shown by their continued preference for the

VR15 schedule after treatment), and showed no changes in motivation to consume sucrose (there

were no differences in total responding, or pellets received between groups), it is concluded that

the persistence of responding observed on the PR lever was due to a reduced sensitivity to

punishment. While differences in the effects of passive (delivered by the experimenter) and

active (self-administered by the animal) administration of cocaine can be observed (Stefanski et

al., 2007; Jacobs, Smit, de Vries, & Schoffelmeer, 2003), reversal impairments have been

reported following both forms of exposure (Calu et al., 2007; Schoenbaum et al., 2004; Porter et

al., 2011). Hence, it appears that perseveration deficits may be primarily related to the direct

effects of cocaine on neural substrates of response selection and sensitivity to negative outcomes.

The results from the lesion study indicate that elimination of m-PFC is sufficient to induce

subsequent increases in perseveration in drug naïve animals. More specifically, it appears that

lesions that included the PrL (and cortex above it) were particularly effective in altering

performance on the dynamic reversal learning task. Previous work examining the effect of

lesions to the PrL on reversal have been inconsistent, with some showing increased perseveration
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(Ragozzino et al., 2003; Ragozzino et al., 1999; Dias & Aggleton, 2000) and others finding no

effect (Boulougouris et al., 2007; McDonald, King, Foong, Rizos, & Hong, 2008). This

inconsistency may be due to task design, as the PrL (and cortex above it) is not involved in

reversal tasks that include learned irrelevance (Boulougouris et al., 2007) or in tasks that do not

include negative outcomes (Allen et al., 2011). The conclusion that animals with lesions to the

PrL (and cortex above it) cannot use punishment to select appropriate responses is consistent

with the observations that PFC manipulations alter performance on aversive tasks. For example,

using a rodent version of the Iowa gambling task, Paine et al. (2013) found that lesions to the m-

PFC that included the PrL, increased responding for more punished response options. Resstel et

al. (2008) found that selective inactivation of PrL with lidocaine caused an increase in punished

licking responses in the Vogel conflict test. Further, sustained activation of PrL neurons has been

found to correlate with increased freezing during tests of conditioned fear (Burgos-Robles,

Vidal-Gonzalez, & Quirk, 2009). Nevertheless, it should also be considered that punishment

adds a level of complexity to tasks that involve multiple response options, and that the m-PFC

may be recruited by increased cognitive demands rather than by sensitivity to negative

consequences (Floresco et al., 2008). Additionally, since there was significant damage to the

ACC in the m-PFC group, it is possible that combined PrL-ACC damage may be necessary to

reveal behavioural impairments. Finally, because some degree of compensatory changes may

have taken place in other regions of the brain, it is possible that behavioural impairments may

reflect a variety of neural changes initiated by the lesions.

Given the similarities in the pattern of responding, it is possible that cocaine pre-exposure

exerted its effects through alteration of m-PFC function, a conclusion supported the finding of

Chen et al. (2013), who reported reduced activity in the PrL of rats trained to self-administer
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cocaine. Interestingly, this reduction was associated with reduced behavioural sensitivity to

punishment and greater cocaine seeking. Although the exact neurobiological basis of such a

putative “lesion-like” action of cocaine exposure remains unclear, it is possible that the

dopaminergic (DA) system may be involved. In fact, cocaine exposure has been shown to

modulate concentrations of DA receptors on interneurons, increasing D1 and decreasing D2, and

to increase GABA release, leading to an overall reduction in activity in the PFC (Kroener &

Lavin, 2010). Furthermore, cocaine pre-exposure may have reduced activity of the DA

transporter (Masserano, Venable, & Wyatt, 1994) and reduced clearance of DA. Because

consumption of sucrose causes DA release in the PFC (Bassareo, De Luca, & Di Chiar, 2002),

reduced clearance could lead to asymptotic occupation of DA receptors, and consequent

impairment in sensitivity to phasic signalling. For example, presentation of conditioned fear

stimuli increases DA levels in the m-PFC, and blocking this increase also prevents the fear

response (Yoshioka, Matsumoto, Togashi, & Saito, 1996). Therefore, if cocaine pre-exposure

increased DA tone in the m-PFC to an asymptote, further increases would not have been

possible, resulting in reduced sensitivity to punishment.

It should be noted, however, that unlike cocaine-treated rats, those with m-PFC lesions

showed no clear tendency to reduce perseverative errors with repeated testing. Hence, the

persistence of the response deficit was not identical between groups, and this suggests that other

regions of the brain may have been involved in mediating the effect of cocaine. For example,

cocaine exposure may have acted primarily through sub-cortical regions to induce perseverative

responding. While several areas have been linked to reversal learning deficits (Haluk & Floresco,

2009; Castane, Theobald, & Robbins, 2010), activity in the nucleus accumbens (NAc) and

ventral tegmental area (VTA) may play the most critical role. In fact, DA signalling within the
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VTA has been shown to encode prediction error, increasing activity in response to unexpected

rewards and reducing activity when expected rewards are not obtained (Schultz, 1998). Chronic

cocaine administration alters DA activity in the VTA and NAc, producing increased extra-

cellular DA following a cocaine challenge (Kalivas et al., 1993b; Parsons & Justice, 1993).

Because DA in these regions also encode for natural rewards (Segovia, Correa, & Salamone,

2011; Doyon, Ramachandra, Samson, Czachowski, & Gonzales, 2004), it is possible that

cocaine’s alteration of this system may have altered normal prediction error functions engaged

by changes in reinforcement contingencies.

The other two cortical regions investigated in the current study, the ACC (d-PFC lesions) and

the OFC, did not appear to play a role in performance of the dynamic reversal task. Given that

ACC lesions typically impair reversal performance in a non-perseverative manner, this effect is

not surprising. The results of the OFC lesions, however, appear in conflict with the existing

literature implicating this region in reversal learning (Chudasama et al., 2003b; Schoenbaum et

al., 2002; Kim et al., 2005; Boulougouris et al., 2007). It is unlikely that the lesions in the current

study were not large enough as they encompassed the ventral and lateral OFC, as well as anterior

portions of the m-PFC. Rather, it is more likely that the dynamic reversal task does not tap on

functions dependent upon an intact OFC. In fact, studies that have found impairments following

OFC lesion/inactivation, typically involved reversal to a previously unreinforced response

option. Furthermore, when learned irrelevance was eliminated, OFC lesions were found not to

impair reversal learning (Boulougouris et al., 2009; Tait et al., 2007). Here it should be noted

that, while not significantly different from controls, OFC lesioned animals were also not

significantly different from the m-PFC group. This partial effect is likely due to the fact that

many of the lesions in the OFC also involved damage to medial structures, including portions of
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the m-PFC. Finally, it should be noted that none of the lesion groups displayed obvious signs of

altered motor behaviour following recovery from surgery. This is also reflected by the absence of

group differences in total operant responding on tests.

5.7 Conclusion

The results of the current study contribute important new evidence to the understanding of

the possible causes of perseveration. Specifically, perseveration can be induced by both chronic

cocaine exposure and inactivation, by lesion, of the m-PFC. Therefore, it is possible that in

psychostimulant abusers, hypoactivity in the PFC and increased perseveration may in fact

predate, and possibly contribute to, excessive drug use. In the current study, we provide evidence

that these increases in perseveration are the result of a reduced sensitivity to punishment. This

finding has implications for the treatment of perseverative symptoms, as it suggests that

emphasis should be placed on increasing awareness and attention to negative outcomes.
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Chapter 6:

General Discussion and Conclusions
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Summary of Results

Chapter 2

In Chapter 2, a new experimental design for the study of perseverative responding was

introduced.  This design incorporates elements of response matching (Herrnstein et al., 1975) and

reversal learning (Harlow, 1944) to create a dynamic reversal in which animals must continually

update response contingencies and adjust behaviour accordingly.

Experiment 1 focused on the effect of acute cocaine administration on this task.  Low doses

of cocaine (1 and 3 mg/kg) had no effect on animal behaviour.  A higher dose (15 mg/kg) did

alter behaviour, but led to a general suppression of responding.  This suppression was likely due

to the anorexic effect of cocaine, i.e., the elimination of appetite led to diminished responding for

food.  This result was not entirely surprising, as previous research had suggested that doses of

cocaine higher than 3 mg/kg cause suppression of feeding (Harris et al., 1978).  Unfortunately,

any changes in behavioural regulation induced by the cocaine were indiscernible against the

background of this suppression.

Experiment 2 tested the effect of chronic cocaine exposure.  In this experiment, animals were

administered a sensitizing regimen of cocaine (30 mg/kg/day x 5 day; (Kalivas et al., 1993b),

then tested 10 days later drug free.  This process not only allowed animals to be tested in a drug

free state, and therefore avoided interactions with appetite, it also allowed for the study of long

lasting changes produced by chronic cocaine use, which may have more relevance for addiction

(O'Connor et al., 2003).

When tested following chronic cocaine exposure, drug treated animals showed a significant

increase in the number of perseverative errors on the first day of testing for two of the three PR

schedules used.  It is important to note that animals were tested on the different schedules in a
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counterbalanced order; therefore, this was not a transitory effect which was eliminated after a

day of testing, but rather a permanent impairment which only manifested when animals were

faced with a novel schedule.  In contrast, the vehicle treated animals made significantly more

conservative errors; that is, they anticipated the equivalence point and switched responding to the

FR25 earlier than was optimal.

These results indicate that when animals are tested on a completely appetitive task, free from

learned irrelevance, chronic cocaine is capable of inducing an increase in perseveration.

However, the effect is somewhat limited in that it only resulted in a within session increase in

perseverative responding, and it was only observable under conditions of novelty.

Chapter 3

One possible explanation for the limitations of the effects observed in Chapter 2 was that

there was an interaction between the cocaine exposure and food restriction.  Like chronic cocaine

exposure, food restriction has been shown to enhance the locomotor and behavioural effects of

cocaine (Cadoni et al., 2003; De Vry et al., 1989).  Since both groups of animals in our studies

were food restricted, it was possible that vehicle treated animals had altered baseline behaviour,

due to food restriction, which could have masked the effects of cocaine exposure.  To address

this possibility, we conducted the experiments in Chapter 3 to determine if, and to what extent,

chronic cocaine exposure could enhance the locomotor response to a cocaine challenge in

animals previously food restricted.

In Experiment 1, free fed or food restricted (to 85% of free fed weight) rats were tested

for their locomotor response to a cocaine challenge (Test 1; 3, 9, or 15 mg/kg), then underwent

cocaine exposure (30 mg/kg/day x 5 day), followed by a second locomotion test (Test 2).  As

expected, drug naïve animals that were food restricted showed a greater locomotor response to a
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cocaine challenge on Test 1. On Test 2, both the free fed and food restricted animals showed a

significant increase in locomotor response; this increase was equivalent in both groups,

suggesting that the locomotion enhancing effects of food restriction and cocaine exposure are

additive and independent of each other.

In Experiment 2, we examined one possible method of action, the kappa opioid system.  Both

food restriction and kappa agonism cause increases in plasma levels of CORT (Carr, 1996;

Laorden et al., 2000).  Blockade of CORT can eliminate food restriction’s enhancement of DA

release to a cocaine challenge (Marinelli et al., 1996), and disruption of the KOR system blocked

stress induced reinstatement of cocaine seeking (Beardsley et al., 2005).  Therefore, it is possible

that food restriction enhances cocaine activity by activating the KOR and/or increasing CORT.

To test this hypothesis, food restricted animals were maintained on the KOR antagonist nor-BNI

throughout testing.  At Test 1, nor-BNI had no effect on the enhancement of cocaine induced

locomotion by food restriction.  This suggests that, whether food restriction is impacting on

cocaine via its action as a stressor or not, it is doing so independently of activation of the KOR.

At Test 2, the low nor-BNI dose (5 mg/kg) blocked the increase in locomotion due to cocaine

exposure, while the higher dose (20 mg/kg) actually caused a reduction in responsiveness to

cocaine.  These results indicate that, unlike food restriction, enhancement by chronic cocaine

exposure is dependent on KOR activity.

Overall, the results described in Chapter 3 indicate that the locomotor sensitizing effects of

food restriction and chronic cocaine exposure are behaviourally, and at least partly

mechanistically, independent of each other.  Thus, it is unlikely that food restriction interfered

with detection of the effects of cocaine exposure in Chapter 2.
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Chapter 4

In Chapter 4, perseverative responding was assessed in animals with excitotoxic (NMDA)

lesions to different subregions of the PFC (d-PFC, m-PFC, OFC).  None of the lesions made

resulted in changes in the number of either perseverative or conservative errors.  As a further

analysis, lesion size (as a percentage of corresponding area of interest) was calculated and tested

for correlations to number of errors.  No significant relationship between the lesion size and

performance was found.   These results suggest that the PFC is unnecessary for proper

performance, and that the deficits observed in Chapter 2 are most likely due to alteration of

subcortical structures. Furthermore, this finding suggests that the impairments in reversal after

PFC lesions observed in previous research may in fact be the result of learned irrelevance.

Chapter 5

In Chapter 5, a modified task was used in which both response options were equivalent in

reinforcement but differed in the inclusion of punishment.  These experiments were conducted to

determine if either cocaine exposure or PFC lesions induce perseveration by altering response

selection based on punishment rather then reinforcement.

In Experiment 1, rats with prior cocaine exposure were tested for their ability to regulate

behaviour with regard to punishment.  On the first day of testing, there were no differences

between the cocaine and vehicle treated animals.  Across sessions, vehicle treated animals

showed a significant reduction in perseverative errors as they adjusted responding to avoid

punishment.  While there was an overall reduction in the number of errors made over five days

of testing, the cocaine treated animals made significantly more perseverative errors than controls

after the first session.  These results indicate that across session perseveration can be induced by

chronic cocaine exposure when regulation of behaviour is dependent on aversive rather than
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appetitive stimuli.

Experiment 2 employed the same methodology, but tested the effect of lesions to sub-regions

of the PFC.  Rodents with lesions to the m-PFC (primarily the prelimbic region) showed no

reduction in perseverative errors across sessions, unlike animals with sham lesions or lesions to

the d-PFC.  These results suggest that the m-PFC is necessary for proper regulation of behaviour

on this task, unlike the task used in Chapter 4.  Similar to the m-PFC lesioned animals, rats with

lesions to OFC also did not show a significant decrease in perseverative errors across sessions;

however, there was no significant difference between OFC lesion and sham animals on any test.

This intermediate effect may be due to many of the OFC lesion animals also having significant

damage to portions of the m-PFC, but may also indicate that the OFC contributes (though less

critically) to performance.

These findings indicate that perseveration across multiple sessions can be induced by chronic

cocaine exposure or disruption of PFC function.  Furthermore, this across session perseveration

appears to be a result of improper integration of punishment.

Can Perseveration Be Induced by PFC Dysfunction or Cocaine Exposure?

As previously described, perseverative behaviour in pathological gamblers is related to both

PFC dysfunction and cocaine abuse.  However, studies in humans are unable to demonstrate

whether perseveration results from these factors or if their comorbidity is the result of some other

predisposing factor.  Previous studies in rodents have attempted to address this issue

(Boulougouris et al., 2007; Stalnaker et al., 2009), but are limited by the inclusion of learned

irrelevance (Tait et al., 2007).  The set of experiments described in this thesis aimed to clarify

this issue by testing whether chronic cocaine exposure or lesions to subregions of the PFC could

induce perseverative behaviour on either a purely appetitive task, or an appetitive/aversive mixed
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task, both of which were free from the influence of learned irrelevance.  The results of these

studies (summarized above) found that across session perseveration could be induced by lesions

centered on the prelimbic region and by cocaine exposure, but only when animals were shifting

responding away from a punished response.  Cocaine exposure also induced a within session

increase in perseverative responding when the task was purely appetitive.

These results indicate that both cocaine exposure and PFC dysfunction are capable of

inducing perseverative responding, even when controlling for learned irrelevance, though

observance of perseveration is situation dependent.  The fact that the appearance of perseverative

impairment is somewhat task dependant may in part account for the inconsistency in reports of

regions and mechanisms involved.

What is Actually Impaired?

The exact nature of impairment causing perseveration has also been a source of debate.

Inconsistencies between different studies are likely the result of differences in task demands.  In

fact, the results of the current studies suggest the existence of at least three distinct reversal

impairments leading to perseveration: impaired disinhibition, impaired avoidance, and impaired

foresight.

The first impairment, impaired disinhibition, is associated with learned irrelevance and was

therefore not observed in the current experiments, though it has been described by others

(Schoenbaum et al., 2002; Schoenbaum et al., 2004; Boulougouris et al., 2007; Chudasama et al.,

2003b). In this impairment, animals are unable to negate the previously learned inhibition of

responding towards unrewarded or punished cues (Burke et al., 2009), thus leading to persistent

responding for the previously rewarded response.    This impairment has been observed

following lesions to the OFC (Chudasama et al., 2003b) and following chronic cocaine exposure
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(Stalnaker et al., 2006); in both cases, the impairment resulted from an inflexibility of stimulus

encoding in the amygdala (Stalnaker et al., 2007).

The second form of impairment, impaired foresight, was observed following chronic cocaine

exposure in Chapter 2.  This impairment manifested as a within session increase in perseverative

responding, and appears to be the result of the animals failing to anticipate the continued

escalation of the PR and switch to avoid it.  This is consistent with human research suggesting

that cocaine abusers have impaired insight and are impaired in making decisions based on long-

term consequences (Moeller et al., 2014; Verdejo-Garcia et al., 2007).  Recently, Lucantonio et

al. (2014) provided evidence suggesting that impairments in insight following cocaine use may

result from reduced activity in OFC.  However, this is unlikely to be the case for the current

experiments, as lesioning of the OFC, or other regions of the PFC, failed to alter behaviour

(Chapter 4).  This suggests that the failure to anticipate the changing schedule observed in

Chapter 2 is most likely due to changes in subcortical structures and systems, probably via

modulation of DA (Goto et al., 2005a).

The final impairment type, impaired avoidance, was reported in Chapter 5.  In this case,

animals are impaired in their ability to alter responding to avoid an introduced punishment.

Impaired avoidance was observed following both chronic cocaine exposure and lesion to the m-

PFC.  Interestingly, there appears to be a distinct functional organization of PFC, such that the

OFC but not the m-PFC is involved in simple reversals between dichotomous stimuli

(Boulougouris et al., 2007), while the m-PFC and not the OFC is required for reversals between

more complex stimuli.  For example, the m-PFC is more commonly associated with extra-

dimensional rather then intra-dimensional shifts (Ragozzino et al., 2003; Ragozzino et al., 1999).

In this case, intra-dimensional shifts involve a reversal from an always reinforced option to a
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never reinforced option, and are therefore insensitive to lesions of m-PFC.  In the extra-

dimensional shifts, animals are required to switch to a previously non-contingent stimuli (of a

different modality) which was incidentally paired with reinforcement fifty percent of the time;

this eliminates the involvement of learned irrelevance, therefore making this task sensitive to

dysfunction of the m-PFC, but not the OFC.  An alternative possibility is that these regions are

selectively involved in simple reversals (OFC) versus rule changes (m-PFC; for discussion see

(Ragozzino et al., 2007).

While it is impossible to tell from the current studies if cocaine and m-PFC lesion are

producing their effects through the same mechanisms, the similarity in their behavioural profiles

and the existing literature showing that cocaine can alter PFC function make it likely that the two

effects are linked.  In fact, rats with a history of cocaine self-administration showed reduced

activity in the PrL region, which was associated with a reduced sensitivity to punishment and

persistence under extinction conditions (Chen et al., 2013).  Furthermore, chronic cocaine

exposure in rats has been found to alter the relative concentrations of DA receptor subtypes on

interneurons, increasing D1 and decreasing D2; this change led to an increase in GABA release

and an overall reduction in PFC activity (Kroener et al., 2010).  If perseveration in cocaine

treated animals did result from changes in relative receptor densities, then administration of

specific DA agonists and/or antagonists should be able to normalize behaviour; future studies are

needed to address this possibility.

Changes in DA signalling following cocaine exposure may also produce perseveration by

altering prediction error signalling.  DA activity has been shown to encode prediction error, with

punishment signalled by a silencing of DA activity (Schultz, 1998).  Chronic cocaine exposure

can reduce synaptic clearance of DA by reducing activity of DA transporter (Masserano et al.,
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1994), and this lack of clearance could result in elevated levels of extracellular DA, which may

in turn mask error signalling and therefore diminish sensitivity to punishment.  This possibility

could be tested by artificially elevating extracellular DA levels (by administration of DA

agonists or inactivation of DA transporter) and determining if animals show similar levels of

perseveration.  Alternatively, behaviour could result from subnormal DA activity.  Activation of

D1 receptors in the m-PFC leads to increased GABA release and general suppression of the

region (Kroener et al., 2010). Furthermore, Trantham-Davidson et al., (2004) found that at low

DA concentrations (< 500 nM), activity in PFC slices is primarily D1 mediated (i.e., increased

GABA release), while at higher DA concentrations activity is primarily D2 mediated (i.e.,

inhibition of GABA release). This shift is due to increased activity at D2 receptors masking D1

effects rather than eliminating them (Trantham-Davidson et al., 2004).  Since impaired

performance appears to result from hypoactivity in the PFC it is possible that increasing DA

levels may normalize behaviour in some patients.

Another possibility is that cocaine withdrawal produced anhedonia via activation of the KOR

(Chartoff et al., 2012).   Anhedonia and depression have been linked to pathological gambling in

humans, with depression symptoms correlating with gambling behaviour in pathological

gamblers (Thomsen, Callesen, Linnet, Kringelbach, & Moller, 2009). Furthermore, patients with

Parkinson’s disease and PG show higher levels of anhedonia than those without, and this

relationship was also associated with reduced frontal executive function (Pettorruso et al., 2014).

Anhedonia can diminish responding to both positive and negative feedback (Steele, Kumar, &

Ebmeier, 2007; Brinkmann, Schupbach, Joye, & Gendolla, 2009); in this case, without any

emotional value to stimuli, animals may perseverate in response selection purely by habit.
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Implications

The data reported in this thesis provides strong evidence that both chronic cocaine exposure

and PFC dysfunction are causally related to perseverative responding, and therefore likely to

induce gambling behaviour.  This gives us a better understanding of the development of this

pathology, which can aid in determining risk factors and possible treatments.

Results also suggest that different regions of the PFC appear to be linked with different forms

of perseveration; OFC dysfunction is related to a learned irrelevance based failure to disinhibit,

while the m-PFC is associated with a failure to avoid punishment.  This finding, that there are

distinct forms of perseveration associated with different regions of the brain, helps to clarify

existing discrepancies in literature as tasks that are sensitive to one form of perseveration and not

others will yield different and often conflicting results.

While future research is ultimately needed to determine to what degree each form of

perseveration is involved in PG, some inferences can be made based on the current data.  The

OFC related, failure of disinhibition form of perseveration is dependent on the reversal of a

dichotomy between a rewarded and unrewarded stimuli; few real world situations involve

choices where one option is never rewarded, and as such the contributions of this type of

perseveration to pathology will be limited by the actual occurrence of such scenarios outside of

laboratory settings.    Furthermore, while the impaired foresight type of perseveration does not

possess the same situational limitations, its impact on pathology is likely limited, as it only led to

a within session increase in perseveration.  While this form of perseveration can be detrimental

to the individual, research has shown it to be less significant to pathology then perseveration

across sessions (O'Connor et al., 2003).  This suggests that the impaired avoidance form of

perseveration may be the most important with regard to its contribution to PG, as it both
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produces across session perseveration and can plausibly occur in a variety of real world settings.

As such, it may be important for future research to focus on m-PFC function, in particular as it

relates to the processing and utilization of negative feedback, to determine the causes of PG and

work towards the development of treatments.

The presented data suggest that the high comorbidity between cocaine abuse and PG (Petry,

2007) may be due to the induction of perseverative responding.  In fact, chronic cocaine

exposure has been shown to induce all three forms of perseveration.  Given its ubiquitous effect

on such a central feature of PG, it is almost surprising that cocaine use does not co-occur with

PG more frequently.  One possible explanation for this is that both disorders have significant

financial burdens, which may limit their co-occurrence.  A more likely possibility is that all of

the observed effects of cocaine on perseveration occurred in animals when they were drug free,

after cocaine treatment had ceased.  Grant et al. (2013) have suggested that PG results from

insufficient DA activity in PFC, and since acute cocaine elevates DA levels, it is possible that

active cocaine use normalizes addicts’ systems enough to protect them from developing PG.

This suggests that cocaine users may be most susceptible to developing a gambling problem

during abstinence, something treatment programs should be aware of and protect against.

Limitations and Future Directions

The primary limitation of the studies presented in this thesis is that they are all predominantly

behavioural.  This means that while it is possible to conclusively show that cocaine exposure and

m-PFC lesion can induce perseverative behaviour, any discussion of the mechanisms by which

they exert this effect is speculative.  To address this limitation, a series of future experiments are

necessary to establish the underlying causes of impairment.  First, one would need to determine

if cocaine treated animals show reduced activity in m-PFC region related to perseverative
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behaviour, possibly by measuring excitability of m-PFC neurons in cocaine treated animals using

electrophysiology.  It is expected that the m-PFC of cocaine treated animals would be less

responsive to stimulation, and inactivity should correlate with perseverative behaviour.  Further

evidence that cocaine induces perseveration via inactivation of the m-PFC could be obtained by

use of optogenetic techniques (i.e., insertion of channelrhodopsin into m-PFC neurons).  If

impairment results from inactivity in the m-PFC, artificially restoring activity should normalize

behaviour.  The role of DA in perseveration could also be tested by infusing DA receptor

agonists and antagonists into the m-PFC of drug naïve animals to determine if perseveration can

be induced, or into cocaine treated animals to determine if perseveration can be eliminated.

A second limitation is that rats received cocaine via passive administration rather than self-

administration.  Self-administration of cocaine has been found to produce different

neurochemical changes than passive administration (Chen et al., 2008; Palamarchouk, Smagin,

& Goeders, 2009; Stefanski et al., 2007; Wilson et al., 1994), and it is possible that the effects

observed in the current thesis may be limited to individuals receiving passive cocaine.  This

limitation could be addressed by having rodents actively self-administer cocaine (rather than

receiving passive injections) prior to perseveration testing.  It is likely that similar results would

be obtained following self-administration; in fact, Chen et al. (2013) found that cocaine self-

administration produced reduced activity in the PrL, which was linked to an insensitivity to

punishment and persistent responding.

A third limitation is that all of the animals tested were male.  While there is no difference

between males and females in frequency of PG, there are some differences in age of onset and

speed of progression (for review see Fattore, Melis, Fadda, & Fratta, 2014). To address this,

studies could be replicated using female animals.
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A final limitation is that all studies were conducted using rats, and thus results may not

generalize to humans.  While it is difficult to draw direct parallels between human and rodent

studies due to the lack of a completely analogous PFC, the results from the current studies do

appear to be consistent with existing human literature (Potenza et al., 2003; Balodis et al., 2012;

Koehler et al., 2013; Peters et al., 2013). As knowledge of the mechanisms underlying

impairment advances, more specific predictions can be made which can be verified in humans.

Conclusion

The studies described in this thesis help to clarify the role of cocaine and the PFC in

perseverative behaviour.  The results presented indicate that there are at least three behaviourally

and mechanistically distinct forms of perseverative behaviour, and suggest that conflicting

results in existing literature may result from studies employing tasks that are sensitive to one

form of perseveration and not others.  Chronic exposure to cocaine can induce all three types of

perseveration, and this likely contributes to its comorbidity with PG as well as its own addictive

properties.  Disruption of normal PFC function can also induce perseveration, though the type of

impairment is dependant on which region is effected.  Lesions of the m-PFC produced an

impaired avoidance perseveration, and the behavioural profile of this form of perseveration

suggest that it may be the most relevant to PG, though future studies are needed to confirm this.
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