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Abstract 

 Impulse control, an executive process that restrains inappropriate actions, is 

impaired in numerous psychiatric conditions.  This thesis reports three experiments that 

utilized a novel animal model of impulse control, the response inhibition (RI) task, to 

examine the substrates that underlie learning this task. 

 In the first experiment, rats were trained to withhold responding on the RI task, 

and then euthanized for electrophysiological testing.  Training in the RI task increased 

the AMPA/NMDA ratio at the synapses of pyramidal neurons in the prelimbic, but not 

infralimbic, region of the medial prefrontal cortex.  This enhancement paralleled 

performance as subjects underwent acquisition and extinction of the inhibitory response.  

AMPA/NMDA was elevated only in neurons that project to the ventral striatum.  Thus, 

this experiment identified a synaptic correlate of impulse control. 

 In the second experiment, a separate group of rats were trained in the RI task 

prior to electrophysiological testing.  Training in the RI task produced a decrease in 

membrane excitability in prelimbic, but not infralimbic, neurons as measured by maximal 

spiking evoked in response to increasing current injection.  Importantly, this decrease 

was strongly correlated with successful inhibition in the task.  Fortuitously, subjects 

trained in an operant control condition showed elevated infralimbic, but not prelimbic, 

excitability, which was produced by learning an anticipatory signal that predicted 

imminent reward availability.  These experiments revealed two cellular correlates of 

performance, corresponding to learning two different associations under distinct task 

conditions. 
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 In the final experiment, rats were trained on the RI task under three conditions: 

Short (4-s), long (60-s), or unpredictable (1-s to 60-s) premature phases.  These 

conditions produced distinct errors on the RI task.  Interestingly, amphetamine increased 

premature responding in the short and long conditions, but decreased premature 

responding in the unpredictable condition.  This dissociation may arise from interactions 

between amphetamine and underlying cognitive processes, such as attention, timing, 

and conditioned avoidance. 

 In summary, this thesis showed that learning to inhibit a response produces 

distinct synaptic, cellular, and pharmacological changes.  It is hoped that these 

advances will provide a starting point for future therapeutic interventions of disorders of 

impulse control.  
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Chapter 1 

Introduction 

Part 1:  Preface 

 Impulsivity is a multi-factorial construct which encompasses several subtypes: 

acting without thinking, discounting future gains in favour of present rewards, and failing 

to withhold an inappropriate response all represent disruptions in impulse control 

(Evenden, 1999).  The latter category, an inability to inhibit a response, is a critical 

feature of numerous psychiatric conditions (Moeller et al., 2001).  These include, but are 

not limited to, attention deficit hyperactivity disorder (ADHD; Karatekin, 2006), addiction 

(Lawrence et al., 2009), and problem gambling (Odlaug et al., 2011). The pervasiveness 

of this behaviorural trait across a multitude of pathological (and non-pathological) states 

has produced a confusing terminology:  The inability to inhibit a motor is labeled as 

motor impulsivity (Brunner and Hen, 1997; Olmstead, 2006), disinhibition (Newman et 

al., 1985; Dickman, 1993), or impulsive actions (Winstanley et al., 2006), and many 

authors use these terms interchangeably.  In fact, several of these terms are used at 

different points in this thesis, which reflects the evolution of my own thinking over the 

past 6 years.  At writing (May 2011), a consensus was arising in the research community 

to use the term impulsive action for this category of impulsivity (Dalley et al., 2011).  This 

appears to be the best descriptor of the rodent behaviour examined in this thesis as it 

emphasizes the action component of an inappropriate response. 

 Impulsive actions can be described, simply, as a correct response at an incorrect 

moment (i.e., “Right move, wrong time”).  These errors may be as trivial as failing to wait 

for the light to turn green before crossing the road, sprinting out of the blocks before the 
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starting gun is fired, or blurting out the answer to a question before it is your turn to 

speak.  In evolutionary terms, one can imagine many scenarios in which rodents, the 

animal most frequently employed to study impulsive action, would need to withhold a 

response.  For example, approaching a fertile female in the presence of a dominant male 

could result in an aggressive confrontation, whereas waiting for the rival suitor to depart 

would allow safer access to the potential mate.  Similarly, a hungry rat would be wise to 

refrain from leaving its den to forage if the scent or sounds of a predator are detected.  It 

is important to note that these examples of impulsive action arise when a response is not 

inhibited; this implies that a top-down executive process, frequently termed impulse 

control, is responsible for restraining the desired response (Bechara et al., 2005; 

Friedman and Miyake, 2004). 

 To date, the study of impulse control has focused, primarily, on neural substrates 

that control the disinhibited response, which are examined using lesions or 

pharmacological manipulations (see Dalley et al., 2008, for a review).  Despite the 

accumulation of evidence on this issue, there is relatively little understanding of how 

these substrates are impacted by prior experience.  That is, how are neural substrates of 

impulse control altered as subjects learn to inhibit a response?  This thesis aimed to 

address this gap in knowledge by studying the role of learning in impulsive action, 

focusing on the cellular, synaptic, and behavioural changes that occur when impulse 

control is acquired.  Part 2 of this introduction reviews the existing animal models of 

impulse control, as well as their anatomical and pharmacological underpinnings.  Part 3 

provides the rationale for a new animal model of impulsive action, and describes the 

conception, design, and initial pilot studies using a novel task.  The final section of the 
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Introduction (Part 4) presents the working hypotheses of this thesis and describes, in 

detail, the research questions developed to test it.  Chapters 2 through 4 are three 

separate experiments that examined the role of learning in impulse control.  Chapter 5 

places these experimental results into a theoretical framework, discussing how the 

findings further our understanding of impulse control.  This chapter also provides an 

updated description of the neural substrates of action impulsivity, explores the role of 

individual differences in impulse control, and suggests productive directions for future 

research on this topic. 

Part 2: Reconciling animal models of motor impulsivity 

 Introduction. 

 Impulsivity is a behavioral trait that varies across the general population.  

Extreme manifestations of impulsivity are revealed in a variety of pathological conditions 

including antisocial and borderline personality disorders, attention deficit hyperactivity 

disorder (ADHD), pathological gambling, eating disorders, obsessive-compulsive 

disorder and substance abuse (DSM IV-TR).  Patients with neurological impairments 

such as Parkinsonʼs disease, Schizophrenia, Touretteʼs syndrome and frontal lobe 

dementia also present with clinical features of impulsivity.  The pervasiveness of this trait 

across different patient populations, and the fact that it is a significant predictor of 

therapeutic efficacy for some disorders (Nederkoorn et al, 2006; Garavan and Hester, 

2007; Moeller et al., 2002), provide compelling arguments for understanding the neural 

substrates of impulsivity. 
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 Impulsivity includes a number of processes that can be dissociated 

neurochemically, anatomically and behaviourally (Evenden, 1999).  Over the last 20 

years, experimental research has drawn a clear distinction between cognitive and motor 

impulsivity, defined respectively as the inability to delay gratification and the inability to 

withhold a response.  Motor impulsivity is also referred to as impulsive action or 

disinhibition, whereas cognitive impulsivity is sometimes called impulsive decision 

making or delay aversion.  A third category, reflection impulsivity (acting before all of the 

relevant information is available), appears to be a separate process (Clark et al, 2006).  

Of these three, disinhibition is a consistent feature in psychiatric and neurodegenerative 

disorders of impulse control.  It is also the process that has been studied most 

thoroughly in animal models. 

 As with any animal model, paradigms that measure disinhibition are judged on 

how well they conform to construct, predictive and theoretical validity (Willner, 1997).  In 

the case of disinhibition, construct and theoretical validity are generally high, but 

predictive validity varies depending on the task.  This may indicate that the behavioural 

processes underlying optimal performance on each task are distinct and that the neural 

systems mediating these are dissociable.  By deconstructing the tasks most commonly 

used to measure disinhibition in animals, we can identify the behavioral processes that 

are unique to each, as well as those that are common across tasks.  The goal of this 

exercise is to understand the relative contribution of different neural systems to 

disinhibition, motor impulsivity and impulsive action.  
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Animal models of disinhibition. 

 Disinhibition in humans is frequently measured using the Stroop task (Stroop, 

1935), for which there is no animal equivalent.  Subjects are required to read a list of 

words, some of which have a word-colour conflict (e.g., the word “blue” in red ink); 

increased deliberation time for the conflict words reflects difficulty in inhibiting a verbal 

response.  The Wisconsin Card Sorting task provides an alternative measure of 

disinhibition that has been modeled in both primate (Dias et al., 1996) and rodent (Birrell 

and Brown, 2000) studies.  Subjects learn a series of stimulus-reward associations that 

are switched or reversed over successive trials.  Deficits in acquiring a new association 

could reflect an inability to inhibit a previously learned association, but may also be 

produced by deficits in preseveration or reversal learning.  To address these difficulties, 

a number of disinhibition tasks were developed that assess the ability to inhibit a non-

verbal motor response.  These are now used routinely in human studies to assess both 

normal and psychiatric populations.  The tests have been adapted for both rodent and 

primate research, in some cases providing more detailed behavioural measures than the 

human counterparts.  We will describe four of the most commonly used animal models of 

motor impulsivity, outlining the advantages and disadvantages of each. 

 Differential-reinforcement-of-low-rate schedules. 

 Differential-reinforcement-of-low-rate (DRL) schedules reinforce responses that 

follow the preceding response by a minimum time period.  For example, under a DRL 20 

s schedule, a reward would be delivered if a response occurred at least 20 seconds after 

the previously-reinforced response.  DRL schedules can vary in duration with delays as 

short as 10 (Reisel et al., 2005) or 15 (Horwood et al., 2001) seconds and as long as 72 
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seconds (OʼDonnell et al., 2005).  Although the rate of reinforcement is relatively low with 

longer intervals, this manipulation has the advantage of detecting both increases and 

decreases in impulsivity.  The percentage of reinforcers earned under a particular 

schedule (response efficiency) varies across animals, but remains stable for individual 

animals (OʼDonnell et al., 2005) allowing individual differences in baseline performance 

to be ascertained. 

 Responding under DRL schedules is characterized by bursts of lever presses, 

followed by pauses that may or may not meet the schedule requirement.  The burst 

pattern of responding is more variable across animals than is the pause (Richards et al., 

1993a) and may represent perseverative or compulsive responding.  A leftward shift in 

the inter-response time (IRT) distribution of responding is interpreted as increased 

disinhbition.  In the absence of an external signal indicating reinforcement availability, 

however, disruptions in timing abilities (dysrhythmia) could be interpreted, erroneously, 

as increased impulsivity.  One way to guard against this possibility is to examine the IRT 

function before and after a manipulation.  If IRTs continue to show an-inverted U-shaped 

function with the mode responses clustered at one point (but shorter than the baseline 

function), it is likely that animals are more impulsive.  In contrast, dysrhythmia would be 

manifested as a flattening of the IRT function, indicative of a more random pattern of 

responding. 

 Because responding under DRL schedules involves a number of cognitive 

processes (most notably timing), data from these sessions should be analysed using the 

Peak Deviation Analysis method (Richards et al., 1993a).  This quantitative analysis 

examines changes in the IRT distribution profile and characterizes the relationship 
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between changes in the burst and pause components of the IRT distribution.  It can 

discriminate changes in DRL performance that occur following administration of different 

drugs, even if the drugs have similar effects on response and reinforcement rates.  This 

approach, therefore, provides a sophisticated analysis of behavioural change, including 

the ability to distinguish disinhibition from dysrhythmia.  

 The fixed consecutive numbers (FCN) task is a variation on the DRL schedule.  

Under FCN schedules, animals are required to press one lever a specified number of 

times (8 or 16 are common) before switching to another lever that produces a reward.  

The tendency to terminate responses on the first lever prematurely is a measure of 

disinhibition.  Thus, rather than not responding for a set period of time as in DRL 

schedules, FCN schedules require animals to inhibit an ongoing response, switching 

from a non-reinforced to a reinforced response.  In the paced version of the task, the 

levers are withdrawn for a fixed period of time following each response on the FCN lever.  

This alteration allows the experimenter to control the maximum rate of responding and 

appears better able to discriminate the effects of different drugs (Evenden, 1998). 

 Go/no-go task. 

 The go/no-go task requires animals to respond in one stimulus condition and to 

withhold responding in another.  Initially, it was used as a discrimination task (Means et 

al., 1970) in which animals were trained to make a single response in the presence of 

one stimulus but not another.  By reversing the reinforcement contingencies, the ability 

to inhibit a response to a previously-reinforced stimulus may be tested.  In this single-trial 

version of the task, deficits in reversal learning are assumed to reflect increased 

disinhibition.  However, because the paradigm typically uses only one stimulus 
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dimension with two exemplars, it is not possible to dissociate perseverative from reversal 

learning deficits.  Nor is it clear that either reflects changes in impulsivity.  That is, 

although deficits in impulse control would likely produce perseveration and/or altered 

reversal learning, neither the inability to disengage from a previously reinforced stimulus 

nor the inability to form new stimulus-reward associations point unambiguously to a 

deficit in this domain.   

 The single trial go/no-go task was modified to provide a more direct measure of 

motor impulsivity.  See Fletcher (1993) for a succinct description of the task.  This 

continuous version measures the ability to inhibit ongoing responses when a signal 

changes.  Go and no-go intervals alternate across a session on a fixed time, typically 2 

minutes, and animals are reinforced for lever pressing during the former, but not the 

latter.  High and stable rates of responding during go intervals are maintained by a 

variable interval (VI) schedule of reinforcement (typically VI-20 s).  Thus, the task 

measures the ability to inhibit ongoing responses when a signal changes and is 

maintained.   

 Counterbalancing the presence and absence of the discriminative stimulus 

across go and no-go intervals ensures that a particular stimulus condition (e.g., light on) 

does not selectively increase rates of responding.  The human version instructs 

participants to press a computer key in response to one category of visual stimuli that 

are presented in rapid succession on the screen, and to withhold responding when 

another stimulus category is presented (numbers and letters are the most common 

categories).  In both human and rodent tasks, selective increases in no-go interval 
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responses, with no change in go interval responses, are interpreted as increases in 

motor impulsivity.  

 The main limitation with the go/no-go task is that increases in no-go responding 

could be produced by cognitive deficits that are not explicitly tested in this task.  Animals 

must be capable of detecting and responding rapidly to the presentation of auditory or 

visual stimuli, and they must be able to discriminative the stimulus states that signal go 

and no-go intervals.  Deficits in either process may occur with a particular experimental 

manipulation (e.g., lesion or drug administration) and seldom are these possibilities ruled 

out (but see Paine and Olmstead, 2004).  As a minimal control, errors of omission should 

be assessed as these likely indicate deficits in sensory, motor or attentional abilities.   

 A final caution with the go/no-go task is that it is generally insensitive to 

improvements in inhibitory control.  Prior to an experimental manipulation, animals are 

trained to a criterion level of responding, which is typically 80% of total responses during 

go intervals.  Individual animals attain stable responding at different levels, so the group 

average of percentage go responses is used to determine criterion.  Theoretically, 

greater inhibitory control would increase the proportion of responses that occur during go 

intervals, but few animals show increases in percentage go responses beyond stability 

and seldom do they attain performance levels above 90% go responses, even with 

extensive training.  For these reasons, the go/no-go paradigm is used less and less 

frequently in animal research although it remains a common measure of motor 

impulsivity in humans. 
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 Five-choice serial reaction time task (5-CSRTT). 

 The 5-CSRTT (Carli et al., 1983) is a rodent version of the continuous 

performance test of attention in humans (Mirsky and Rosvold, 1960).  A detailed 

methodology (Robbins et al., 1993) and review of pharmacological systems mediating 

task performance are provided elsewhere (Robbins, 2002).  In brief, rodents are trained 

to nose poke in one of 5 recessed holes when a 0.5 second visual stimulus is presented 

in that location.  Premature responses that occur during an inter-trial interval (ITI), prior 

to the signal onset, reflect disinhibition or motor impulsivity.  Nose pokes in incorrect 

holes, premature responses, and omissions are punished by a time-out period that 

reinstates the ITI (typically 5 seconds).  Unlike the go/no-go task, the 5-CSRTT provides 

independent measures of errors of omission, errors of commission, perseverative 

responses and accuracy that do not impact on premature responses.  Thus, the 

measure of behavioral inhibition in the 5-CSRTT is not contaminated by deficits in other 

cognitive processes.  A practical limitation of this paradigm is that it requires operant 

chambers to be configured in a specific way and training animals to criterion levels of 

performance can take up to 12 weeks, considerably longer than most other tests of 

disinhibition. 

 Stop task. 

 The stop task was originally used in humans (Logan et al., 1984; Logan, 1994) 

and later modified for rodents (Feola et al., 2000; Eagle and Robbins, 2003) and 

monkeys (Hanes and Schall, 1995).  This test measures the ability to inhibit an already-

initiated motor response.  In the rodent version, a lever and cue light are presented at 

the beginning of each trial.  Following a single response, a second lever is presented 
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and responding on that lever produces a reward.  Rapid responding is encouraged by 

limiting the presentation time of the second lever (1-2.5 seconds).  On a subset of trials 

(typically 25%), a stop signal is presented following the first response, indicating that the 

second response should be inhibited.  Failure to inhibit responding on the second lever 

leads to a time out period whereas successful inhibition of the response is reinforced.  In 

the primate version of the task, eye saccades to visual targets are used as the 

behavioural response.  

 Not surprisingly, efficacy in stopping relates inversely to the length of the delay 

between go and stop signals.  The stop signal reaction time (SSRT) can then be inferred 

by analyzing the rate of successful stops at each delay.  The task is based on a ʻrace 

modelʼ in which go and stop processes compete to control behaviour: the response is 

emitted or inhibited depending on which process ʻwinsʼ.  A key assumption of this 

mathematical model is that go and stop processes are independent (Logan, 1994), 

although more recent data suggests that the two interact briefly during the latter stages 

of both (Boucher et al., 2007).  Because analysis of the data is based on Loganʼs earlier 

race model, behavioural profiles that do not fit the model are difficult to interpret (Eagle 

et al., 2008). 

 Despite this limitation, the stop task has clear advantages over other measures of 

disinhibition, including the fact that it provides separate measures of go and stop 

response times.  Because these can be calculated independently, it is possible to 

distinguish changes in inhibitory processes (i.e., SSRT) from global alterations in 

reaction time responses (i.e., go response).  The task also allows individual subjects to 

be categorized on trait impulsivity using baseline differences in go and stop reaction 
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times.  This distinction is critical because drug manipulations produce dissociable effects 

in slow and fast responders (for an example, see Feola et al., 2000).  Finally, on each 

trial of the stop task, subjects must be prepared to withdraw a response that has already 

been initiated, even though the probability of a stop signal presentation is only 25%.  

Thus, of all the tasks discussed, the stop task probably imposes the greatest demands 

on inhibitory control. 

 Summary. 

 Disinhibition may be measured using simple reaction time tasks (Baunez et al., 

1994; Blokland et al., 2005; Logue et al., 1998) in which premature or anticipatory 

responses are assumed to reflect motor impulsivity.  An advantage of these tasks is they 

are acquired rapidly and optimal performance does not rely heavily on attentional or 

discriminative abilities.  On the other hand, the simplicity of these measures means that 

they provide less information than the sophisticated paradigms described above, thereby 

restricting the ability to dissociate changes in impulsivity from those of other cognitive 

processes.  Similarly, increased responding under extinction schedules should not be 

interpreted as evidence for increased disinhibition as this effect could be produced by 

changes in other processes (e.g., an altered ability to learn new stimulus-reward 

contingencies).  A corollary to this caution is that alterations in inhibitory control may 

explain behavioural changes in other paradigms.  For example, the inability to inhibit a 

motor response would lead to increased break points under progressive ratio schedules.  

Increased motivation to obtain the reward, therefore, cannot be dissociated from 

increased motor impulsivity in this paradigm, at least not without the proper controls and 

behavioural analyses (see Diergaarde et al. 2008, for details).   
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 In sum, the DRL, go/no-go, 5-CSRTT and stop tasks are the most commonly-

employed animal models of disinhibition.  In some cases, the experimental question will 

dictate which paradigm is employed.  For example, the go/no-go task is not appropriate 

for testing the effect of gene deletion (i.e., knockout mice) on motor impulsivity because 

animals must be trained to a baseline level of performance prior to the manipulation.  

Second, the role of developmental factors in impulsivity could not be evaluated in the 5-

CSRTT as rodents would likely reach maturity before training is completed.  Third, 

decreases in impulsivity may be difficult to detect in either the 5-CSRTT or the go/no-go 

paradigm because, once responding is at criterion levels, premature and no-go 

responses occur infrequently.  Fourth, DRL schedules could produce erroneous 

conclusions in primate studies as these animals may use alternative cognitive strategies 

to time the intervals (making the task more akin to a cognitive than a motor impulsivity 

task).  These are only some examples of the methodological limitations of specific 

paradigms and emphasize the need to carefully consider the conditions under which a 

particular disinhibition task is selected. 

 Common and distinct processes in disinhibition tasks. 

 The DRL, go/no-go, 5-CSRTT and stop tasks all provide measures of 

disinhibition in animals.  Nonetheless, each task relies on a unique combination of 

behavioural and cognitive processes, and the factors that determine appropriate 

responding in each task may vary.  Understanding how these contribute to disinhibited 

responding in each task is a necessary first step to uncovering the neural systems that 

mediate motor impulsivity. 
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 Operant response. 

 In rodent models of disinhibition, the operant response is a lever press or a nose 

poke.  The go/no-go, DRL and stop tasks use the former; 5-CSRTT and many reaction 

time tasks use the latter.  The advantage of a nose poke response is that it is easier to 

acquire, particularly for mice, and is not as likely to be disrupted by changes in motor 

function.  Nosepoking is not suitable for the go/no-go paradigm that requires high and 

stable rates of responding during go intervals.  Theoretically, DRL studies could be 

conducted with a nosepoke response, but it is unlikely that the data could be analysed 

with the Peak Deviation Analysis method as nosepoke responses seldom occur in burst 

patterns.  Primate studies of inhibitory processes use lever, button or key presses as the 

behavioural response, as well as eye saccades to a visual target.  If inhibition is 

mediated by a general cortical process that descends to control behaviour (Aron, 2007), 

then the particular response employed in any one paradigm should not affect 

disinhibition measures.  Even so, some drugs or brain lesions may alter specific motor 

responses that are mediated at different neural sites.  Contradictory findings across 

studies, therefore, could be explained by differential effects on motor mechanisms, 

rather than a dissociation of inhibitory processes. 

 The stop task is unique among disinhibition measures in that it requires subjects 

to terminate a motor response after it has been initiated.  In contrast, the other tasks 

under discussion measure the ability to inhibit the initiation of a motor response.  In the 

stop task, subjects must be prepared to withdraw a response on each trial, even though 

the probability of a stop signal being presented is only 25%.  Stopping is an ʻactive 

processʼ, not simply a cancellation of a motor response (Boucher et al., 2007) in that the 
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ʻstopʼ process must overcome the prepotent ʻgoʼ response rather than simply disrupting 

its initiation.  Of all the tasks under discussion, therefore, the stop task probably places 

the greatest demands on inhibitory processes. 

 Reinforcement. 

 Operant tasks, including disinhibition paradigms, use appetitive stimuli to 

reinforce responding.  Theoretically, any stimulus that animals will work to obtain could 

be used, but a palatable food reward (sucrose, dry pasta, water) is the most common.  

Limiting the number of reinforcers available in a single session minimizes satiety effects 

and food deprivation increases the motivation to respond, although neither manipulation 

affects performance in well-trained animals.  Response inhibition is shaped by 

withholding the reinforcer or instituting a time out period (reinstatement of the ITI) 

following incorrect responses.  The use of punishing stimuli, such as a shock, is 

inadvisable because this could induce high rates of anxiety particularly if the shock is 

unpredicted.  Indeed, serotonin (5-HT) lesions of the dorsal raphe have different effects 

on the ability to inhibit responses that are followed by no reward (Fletcher, 1993) or 

shock (Higgins et al, 1988).  

 In terms of reinforcement processes, one factor that separates disinhibition 

paradigms is the consequence of successful response inhibition.  Under DRL schedules, 

inhibiting a response in itself has no effect; rather, the first response after the termination 

of the DRL interval is reinforced.  Similarly, the absence of a premature response on any 

trial of the 5-CSRTT simply provides the opportunity to make a correct response when 

the visual stimulus is presented.  The go/no-go paradigm is typically conducted with 

asymmetrical reinforcement: go responses, but not the inhibition of no-go responses, are 
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reinforced.  The stop task is the only one that consistently reinforces subjects for 

withholding an inappropriate response (i.e., successful stops).  This distinction is 

important because symmetrical and asymmetrical versions of the go/no-go task involve 

dissociable pharmacological mechanisms (Harrison et al., 1999).  The presence or 

absence of reinforcement following successful inhibition, therefore, appears to recruit 

distinct neural systems.  One possibility is that outcomes associated with response 

inhibition produce different motivational states that interact with specific experimental 

manipulations (e.g., dopaminergic drugs). 

 Attention. 

 All operant tasks rely on attentional processes in that reinforced responding 

depends on the ability to detect, and respond to, sensory stimuli.  Even in a simple lever-

pressing task, rodents must be capable of discerning the lever if they are to respond 

appropriately.  The disinhibition paradigms described above involve much higher levels 

of attentional load, although the stimuli that animals must attend to varies across tasks.  

Under DRL schedules, attention is directed to timing with no change in environmental 

stimuli marking the end of the interval.  Rodents performing the go/no-go task must 

detect a stimulus change that is sustained over relatively long intervals (2 min).  This 

contrasts markedly with the human version requiring continuous monitoring of rapidly 

presented visual stimuli.  In that sense, the attentional demands of the human go/no-go 

test are more similar to the 5-CSRTT and stop task in that all three produce quick 

reaction time responses to a discrete stimulus presentation.  (Note, however, that 

disinhibition is reflected by errors of commission in the human go/no-go test, premature 

responses in the 5-CSRTT and unsuccessful stops in the stop task.)  An added demand 
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of the stop task is that attention to environmental stimuli must be maintained beyond the 

stimulus presentation.  That is, animals must monitor for subsequent stop signals and be 

prepared to inhibit a response accordingly. 

 The critical question is whether disruptions in attention can be distinguished from 

disinhibition measures in each task.  This appears not to be the case in the 5-CSRTT 

(Robbins, 2002), which is a real strength of this paradigm.  In contrast, inhibitory and 

attentional deficits are not easily dissociated in the go/no-go task (Paine and Olmstead, 

2004).  With the exception of timing (see discussion in next section), attentional 

demands are minimal in DRL studies so these are unlikely to impact on task 

performance.  Attentional deficits in the stop task could increase go reaction times and/or 

omissions, but both are easily detected.  Nonetheless, if the ability to sustain attention or 

to switch attention to a new stimulus is disrupted, stop (but not go) signal reaction times 

would increase, leading to an erroneous conclusion of increased disinhibition. 

 Timing. 

 The ability to estimate time is obviously critical under DRL schedules, but could 

also influence responding in 5-CSRTT, go/no-go and simpler fixed-interval reaction time 

tasks.  Indeed, with the exception of the stop task, a common description of the 

disinhibition tasks under discussion is ʻright response, wrong timeʼ.  In these tasks, 

subjects withhold responding to a stimulus presented at regular intervals so performance 

is optimized if animals can time intervals effectively.  Not surprisingly, responding 

increases close to the end of the interval, reminiscent of scalloped patterns of 

responding under fixed interval schedules.  Moreover, increasing the ITI in the 5-CSRTT 

increases premature responses (Robbins, 2002).  This suggests that premature 
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responding may be driven, at least partially, by an animalʼs history with an interval length 

rather than the signal indicating its termination.  One way to dissociate timing and 

inhibitory deficits is to present the signal at random intervals, akin to the stop signal in 

the stop task.  This manipulation is employed occasionally in the 5-CSRTT, infrequently 

in the go/no-go task and is impossible to implement in DRL tasks (i.e., regularly timed 

intervals are the basis of this task).  If premature responses in the 5-CSRTT increase 

with fixed, but not random, presentation of stimuli, it would suggest a deficit in the ability 

to time an interval.  Comparing the two conditions may produce interesting dissociations 

in that single-unit firing in the premotor cortex increases prior to a stimulus presentation, 

but only when the delay is predictable (Lucchetti and Bon, 2001).  A final issue to 

consider is that withholding responses for long versus short intervals may engage 

different neural systems, even in the same task.  This appears true under DRL 

schedules as the effect of pharmacological manipulations depend on the time 

requirements of the task (McGuire and Seiden, 1980). 

 Individual differences. 

 Impulsivity in humans varies across the population, measured in both self-report 

and laboratory tests.  This difference in trait or baseline impulsivity is not easily 

incorporated into most animal models.  In the go/no-go and 5-CSRTT there is little 

within-group variance once animals are trained to criterion and performance returns to 

baseline levels between drug administration (Fletcher, 1993; Robbins, 2002).  This 

makes it difficult to identify individual differences in behavioural measures.  On the other 

hand, by increasing the inter-trial interval from 5 to 7 seconds in the 5-CSRTT, a 

subpopulation of rats with high trait impulsivity can be identified (Dalley et al., 2007a) 
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(approximately 7% of the strain and gender under study).  Importantly, this distinction 

maps onto other neural and behavioural measures adding credence to its validity.  On 

the other hand, because this approach uses a cut-off score to identify one group of high-

impulsive animals, it does not provide information on the distribution or variance of 

scores across the entire population.  The question arises as to whether this group is one 

extreme of a normally-distributed function or a distinct population within a bimodal 

distribution.  These issues are difficult to surmount in the 5-CSRTT because there is little 

variability in the disinhibtion measure (premature responses) once animals have 

acquired the task.  Theoretically, individual differences in impulsivity can be determined 

in DRL studies using response efficacy or IRT distributions, although this analysis is 

seldom conducted.  However, a recent report revealed a relationship between high 

impulsivity in a DRL task and locomotor responses to novelty (Stoffel and Cuningham, 

2008), suggesting that this could be a fruitful approach for future studies.  As noted 

previously, the stop task is the most efficient means to examine individual differences in 

trait impulsivity across animals.  The SSRT provides a measure of motor inhibition that 

varies widely across animals, is not affected by ceiling effects, and is independent of 

individual differences in reaction time responses.  Importantly, baseline differences in 

SSRT are also revealed in psychiatric populations with impulse control disorders such as 

ADHD (Oosterlann et al., 1998). 

 Summary. 

 The use of a particular behavioural paradigm (disinhibition or otherwise) may be 

determined by precedent within a lab, ease of conducting the experiment, availability of 

equipment or a number of other extraneous factors.  A careful examination of the most 
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commonly employed tests of disinhibition, however, reveals that they do not all measure 

the same process.  Moreover, due to the specific demands of each task, alterations in 

cognitive function (e.g, attention, timing) may differentially influence behavioural 

measures in each paradigm.  Failure to control for these factors may confound the 

evaluation of different manipulations on performance in each task, an issue that we will 

explore in the following section. 

 Neural systems of disinhibition. 

 Table I shows the effects of pharmacological manipulations, lesions and gene 

deletion on disinhibition in the tasks under discussion.  Based on these findings, a 

number of pharmacological and neuroanatomical systems have been implicated in the 

inhibitory control of motor responses.  

 Dopamine (DA). 

 DA has a role in all of the processes described above, so it is not surprising that 

disinhibition in most paradigms can be modulated by DArgic drugs.  Indeed, several 

disorders associated with increased impulsivity including drug abuse, pathological 

gambling, and ADHD, have been characterized, at least in part, as disorders of DA 

function (Blum et al., 2000).  In animal studies, DA agonists increase disinhibition across 

a number of tasks.  For example, in a simple reaction time protocol in which subjects 

must push and hold a panel until a signal is presented, amphetamine increases 

premature releases (Blokland et al., 2005).  Both cocaine and amphetamine produce a 

leftward shift in the IRT distribution under DRL schedules (Lobarinas and Falk, 1999; 

Wenger and Wright, 1990, Woolverton et al., 1978), although this shift is not observed 
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Table I. Neurochemistry of disinhibition 
Neuropharmacological System           Disinhibition Task 

                  Intervention DRL Go/  
no-go 

5-CSRTT Stop 
Task 

Other 
Tasks 

Dopamine       
 Reuptake Inhibitor ▬   

 NAc 
    ▬ (*)  

(*) 
 

 D1 Agonist    NAc   
 Antagonist    NAc  NAc  

▬ NAc, mPFC 

  

  D2 Agonist   ▬ NAc   
 Antagonist       ▬ NAc  ▬ 
       Serotonin  
 5-HT Depletion      
 Reuptake Inhibitor         
 Transport Knockout      
 1A Agonist       ▬   
 Antagonist   ▬    
 Knockout ▬     
     1B Agonist ▬      
 Knockout         
 1C Agonist ▬     
 2A/C Mixed Antagonist             mPFC   
     2A Agonist      
 Antagonist             mPFC   
     2C Agonist      
 Antagonist      
       Glutamate       
 AMPA Antagonist ▬     
 NMDA Antagonist         mPFC, STN   
       Noradrenaline      
 Reuptake Inhibitor       
           α1 Agonist      
           α1 Antagonist   ▬    
           α2 Agonist       
           α2 Antagonist 

 

      
Cannabinoid      
 CB1 Agonist    ▬  ▬  
 Antagonist    ▬  
: Increases Impulsivity Measure   : Decreases Impulsivity Measure    ▬: No Change  
∗: Subset of population show change    : Blocks a pharmacolcogically-induced change 
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 with other DA reuptake inhibitors commonly used to treat depression (Dekeyne et al., 

2002).  In the go/no-go task, both cocaine (Paine and Olmstead, 2005) and 

amphetamine (Blackburn and Hevenor, 1996) increase no-go responses without 

affecting go responses suggesting that the effects of these agents in DRL tasks is not 

due to dysrhythmia.  This fits with evidence that the DA agonist, methylphenidate (MPH) 

increases premature responding in the 5-CSRTT when the ITI is varied on test day 

(Navarra et al., 2008).  That is, animals exhibit increased motor impulsivity under the 

influence of DA agonists that are independent of their ability to time intervals. 

Interestingly, amphetamine withdrawal (a state that is associated with decreased 

DA activity) also increases impulsivity in a DRL task (Peterson et al., 2003) but this effect 

could be mediated through other neurotransmitter systems that are also altered in drug 

withdrawal (Aston-Jones and Harris, 2004).  Even so, the effect of DA agonists on motor 

impulsivity is not entirely straightforward because, in the stop task, amphetamine and 

MPH improve performance only in rats with slower SSRTs (Feola et al., 2000; Eagle et 

al., 2007), and MPH has the opposite effect in rats with fast SSRTs (Eagle et al., 2007).  

These findings confirm that individual differences in impulsivity can interact with 

pharmacological effects and reiterate the advantage of employing the stop task for this 

analysis.  

The effect of DA re-uptake inhibitors in the 5-CSRTT has produced mixed results 

which may be related to methodological differences across paradigms.  First, MPH 

increases (Navarra et al., 2008), decreases (Bizarro et al., 2004) or has no effect (Paine 

et al., 2007) on premature responses.  These differences could be dose related although 

the two studies with conflicting findings (Navarra et al., 2008; Paine et al., 2007) used 
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the same dose range.  An alternative explanation is that the effects of DA agonists 

depend on whether premature responses are followed by a timeout period.  In its 

absence, amphetamine and MPH reduce premature responses (Bizarro et al., 2004) 

whereas similar doses both drugs increase premature responses when a timeout period 

is imposed (van Gaalen et al., 2006). 

The effects of amphetamine on disinhibition are mediated through DA systems in 

that an amphetamine-induced shift in DRL performance can be blocked by co-

administration of D1 or D2 receptor antagonists, which produce a flattening of the IRT 

distribution when administered alone (Liao and Cheng, 2005).  Amphetamine-induced 

disinhibition in the 5-CSRTT is also blocked by D1 or D2 receptor antagonists but, unlike 

DRL paradigms, administration of a D1, but not a D2, antagonist alone reduces 

premature responding (van Gaalen et al., 2006).  Similarly, D2 antagonists have no effect 

on premature responses in a simple reaction time task (Blokland et al., 2005).  These 

subtle differences in the effects of DA antagonists provide further evidence that 

processes controlling behaviour vary across tasks. 

 Serotonin. 

 The general conception that 5-HT and impulsivity are inversely related (Brunner 

and Hen, 1997) is confirmed in a number of animal studies: serotonin depletion shifts the 

IRT distribution leftward under DRL schedules (Fletcher, 1995; Jolly et al., 1999), 

increases disinhibition in the go/no-go task (Harrison et al., 1999), and increases 

premature responding in the 5-CSRTT (Harrison et al., 1997).  It is not surprising, 

therefore, that selective serotonin reuptake inhibitors (SSRIs) improve response 

efficiency in DRL tasks (Richards et al., 1993b; Sokolowski and Seiden, 1999), although 
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one group noted that certain SSRIs increase impulsivity under a DRL 72-s schedule 

(Dekeyne et al., 2002).  In contrast, 5-HT transport knockout mice show reduced 

premature responses in the 5-CSRTT (Homberg et al., 2007).  The differential effects of 

pharmacological blockade and gene deletion on disinhibition could reflect development 

issues as knockout mice grow up in the absence of normal 5-HT receptor function. 

 The effects of 5-HT manipulations on disinhibition are mediated, at least partially, 

through an action at 5-HT1A receptors.  Antagonism of 5-HT1A receptors has no effect 

under DRL schedules (Cousins and Sedien, 2000) or in the 5-CSRTT (Carli and 

Samanin, 2000), but it does prevent an SSRI-induced increase in response efficiency 

under DRL schedules (Cousins and Seiden, 2000).  On the other hand, using the same 

paradigm (5-CSRTT) and similar doses, two different groups reported that the 5-HT1A 

agonist, 8-OH-DPAT, increases premature responses (Carl and Samanin, 2000) or has 

no effect on this measure (Winstanley et al., 2003).  The first study also reported 

decreased accuracy, increased omissions, increased latency to collect the food reward 

and increased reaction time for correct trials, suggesting a more global disruption in 

performance rather than a specific effect on impulsivity.  A resolution to this conflict is not 

so straightforward, however, because 8-OH-DPAT (at a slightly higher dose than the 

Carli & Samanin 2000 study) decreases impulsivity in DRL (Marek et al., 1989a) and 

simple reaction time (Blokland et al., 2005) tasks.  The fact that the same drug has 

contrasting effects in different paradigms (decreases impulsivity in a DRL task and 

increases or has no effect in the 5-CSRTT) could indicate that different populations of 5-

HT1A receptors contribute to disinhibition in each task.  Although it is seldom considered, 

inhibition of a nose-poking responses may involve different mechanisms than those 
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involved in withholding a lever pressing response.  This does not necessarily contradict 

the idea that a general cognitive mechanism of inhibitory control descends to impact on 

different behavioural responses (Narayanan and Laubach, 2006); rather, the execution 

of this inhibitory process may be dissociated at the level of motor control.  Because 

increased 5-HT activity most commonly decreases impulsivity, the observed increase in 

premature responses following 8-OH-DPAT injections (Carli and Samanin, 2000) could 

be explained by a blockade of 5-HT reuptake at autoreceptors in the dorsal and median 

raphe nuclei, particularly as intra-mPFC injections have no effect (Winstanley et al., 

2003).  Finally, neither 5-HT1B nor 5-HT1C agonists impact DRL performance (Marek et 

al., 1989a), so it is surprising that 5-HT1B, but not 5-HT1A, knockout mice show increased 

impulsivity under a DRL schedule (Pattij et al., 2003).  This apparent paradox underlines 

the difficulty of interpreting results that employ different methodological tools (i.e., 

knockout or antagonists) and confirms that the role of 5-HT1 receptors in disinhibition is 

complex. 

 In contrast, drugs acting at 5-HT2 receptors produce consistent effects across 

disinhibition tasks.  Non-selective 5-HT2A/C antagonists, such as ketanserin and 

ritanserin, improve performance on DRL tasks (Marek et al., 1989b) and decrease 

premature responses on the 5-CSRTT (Talpos et al., 2006; Fletcher et al., 2007).  The 

selective 5-HT2A antagonist, M100907, shows similar effects (Marek et al., 2005; 

Winstanley et al., 2004), whereas the 5-HT2C receptor antagonist, SB242084, increases 

premature responding in the 5-CSRTT (Fletcher et al., 2007; Winstanley et al., 2004).  In 

line with this dissociation of 5-HT2A and 5-HT2C receptor effects, DOI (5-HT2A agonist) 

increases premature responding on the 5-CSRTT (Koskinen and Sirvio, 2001; Koskinen 
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et al., 2003) and in a reaction time task (Blokland et al., 2005) and 5-HT2C agonism 

improves DRL efficiency (Martin et al., 1998) and reduces premature responding in the 

5-CSRTT (Quarta et al., 2007). 

 Glutamate. 

 The few studies examining glutamate systems in motor impulsivity suggest that 

this neurotransmitter alters disinhibition through an action at ionotropic NMDA receptors.  

More specifically, an NMDA receptor antagonist increases disinihbition in DRL and 5-

CSRTT (Higgins et al., 2003a), an effect that appears to be mediated through the NR2B 

receptor (Higgins et al., 2003b).  In contrast, an AMPA receptor antagonist decreases 

overall response rates under DRL schedules, without shifting the IRT distribution or the 

frequency of burst responding (Stephens and Cole, 1996).  Thus, activation of NMDA, 

but not AMPA, receptors is associated with a reduction in motor impulsivity. 

 Noradrenaline (NA). 

 Increased NA activity also produces consistent reductions in disinhibition across 

tasks.  For example, the NA reuptake inhibitors, desipramine, nortriptyline, and 

reboxetine all improve response efficiency under a DRL schedule (Dekeyne et al., 2002), 

and desipramine also decreases premature responding in the 5-CSRTT (van Gaalen et 

al., 2006).  Similarly, atomoxetine produces a dose-dependent reduction in impulsivity in 

both the stop task and the 5-CSRTT (Robinson et al., 2008).  Finally, both α1- and α2-

receptor agonists decrease premature responding in the 5-CSRTT.  In contrast α2 

receptor antagonists increase this behaviour (Sirvio et al., 1994; Puumala et al., 1997) 

whereas α1 receptor antagonists block the increase induced by the 5-HT2A receptor 

agonist DOI, but have no effect on their own (Koskinen et al., 2003).  The effects of 
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NAergic agents on disinhibition, therefore, are mediated primarily through α2 receptors 

with α1 receptors producing an effect by interacting with 5-HT2 receptors. 

 Cannabinoids (CB). 

 Although the evidence is sparse, recent reports point to an important role for CBs 

in disinhibition.  First, Δ-9 THC (the active ingredient of marijuana) decreases response 

efficiency in a DRL task (Wiley et al., 2000; second, the CB1 receptor antagonist, 

rimonabant, decreases premature responses in the 5-CSRTT (Pattij et al., 2007a).  The 

latter effect is blocked by co-administration of the CB1 agonist, WIN55,212-2, which has 

no effect when administered alone.  Interestingly, the same drug doses have opposite 

effects in the stop task (i.e., WIN55,212-2 impairs response inhibition and rimonabant 

has no effect) (Pattij et al., 2007a).  As noted previously, different operant responses 

may explain discrepancies across studies that use different tasks.  In this case, however, 

the pharmacological dissociation is likely due to the fact that the stop task invokes 

processes not involved in the 5-CSRTT.  More specifically, if WIN55,212-2 selectively 

impairs the stop process, the drug would not affect premature responses in the 5-CSRTT 

as this paradigm does not provide a separate measure of this mechanism.  The 

rimonabant-induced reduction in motor impulsivity could be related to a deficit in the 

ability to time regularly-spaced intervals (i.e., 5-CSRTT), that would not impact 

performance in the stop task.   

 Neuroanatomy. 

The majority of work on neuroanatomical substrates of disinhibition has focused 

on the prefrontal cortex (PFC).  Early research suggested that medial PFC (mPFC) 

lesions increase motor impulsivity in DRL tasks (Rosenkilde and Divac, 1975; Nalwa and 
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Rao, 1985).  Although these initial findings were limited by small effects, small sample 

sizes, and/or large lesions, more recent studies confirmed the results using the 5-CSRTT 

and localized the effect to the anterior cingulate (Muir et al., 1996) and infralimbic (IL; 

Chudasama et al., 2003) cortices.  A distinction between processes mediating inhibition 

in different tasks is once again apparent as mPFC lesions have no effect in the stop task 

(Eagle and Robbins, 2003), whereas orbitofrontal cortex lesions impair SSRTs (Eagle et 

al., 2008) but have no effect on disinhibition in the 5-CSRTT (Chudasama et al., 2003).   

 Both DA and 5-HT systems play a role in the PFC control of inhibition in that DA 

depletion of the mPFC reduces efficiency under a DRL schedule (Sokolowski and 

Salamone, 1994) and the degree of 5-HT depletion in the mPFC determines the 

magnitude of impairment in a go/no-go task (Masaki et al., 2006).  Temporary 

inactivation of dorsal regions of the mPFC using the GABAA agonist, muscimol, 

promotes premature release of a lever in a simple reaction time task, although this effect 

may be due, at least partially, to dysrhythmia (Narayanan et al., 2006). 

Direct infusions of pharmacological agents into the mPFC also point to a critical 

role for this structure in disinhibition.  In line with lesions studies, intra-mPFC NMDA 

antagonists increase premature responding in the 5-CSRTT (Mirjana et al., 2004), with 

the effect being mediated in the IL, but not the prelimbic (PL), cortex (Murphy et al., 

2005).  Selective and non-selective 5-HT2A antagonist produce similar effects with both 

systemic and intra-mPFC injections (Winstanley et al., 2003; Pasetti et al., 2003).  In 

contrast, administration of several DA agonists or antagonists does not alter premature 

responding in the 5-CSRTT (Winstanley et al., 2003; Granon et al., 2000).  Thus, unlike 
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5-HT mechanisms, DA modulation of motor impulsivity likely involves neural substrate 

external to the mPFC. 

One of most informative studies of mPFC involvement in impulsivity recorded 

neuronal activity in the mPFC while rats pushed and held a lever until a signal was 

presented (Narayanan and Laubach, 2006).  A subpopulation of mPFC neurons 

encoded specific task elements, including the 1 second delay to the release signal.  In 

addition, inactivation of the mPFC by muscimol reduced delay-related firing in the motor 

cortex, suggesting top-down control of motor responses by the mPFC in this task 

(Narayanan and Laubach, 2006). 

 A primary target of mPFC projections, the ventral striatum (VS), has also been 

implicated in disinhibition.  Given the role of nucleus accumbens (NAc) DA in reward and 

learning, it is not surprising that modulation of this system impacts disinhibition.  VS, but 

not dorsal strium (DS), lesions decrease efficiency under a DRL schedule (Dunnett and 

Iverson, 1982; Dunnett and Reading, 1995) and VS infusions of amphetamine have the 

same effect (Neill, 1976; Neill and Herndon, 1978).  These two findings may appear 

contradictory but the large infusions of amphetamine in the Neill studies (1976, 1978) 

were not confined to the NAc and the reported increase in response rates may not be 

dissociable from the motor activating effects of the drug.  Moreover, if DA acts as a 

modulator of excitatory and inhibitory circuitry within the striatum, excitotoxic lesions and 

direct infusions of a DA agonist could produce similar behavioural effects.  VS infusion of 

D1 antagonists either decrease (Pattij et al., 2007b) or have no effect (Pezze et al., 2007) 

on premature responding in the 5-CSRTT, whereas a D1 agonist produces disinhibition 

(Pezze et a., 2007).  No effects are observed following D2 agonist or antagonist infusions 
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(Pattij et al., 2007b; Pezze et al., 2007).  Intra-NAc infusions of a D1 antagonist also 

block an amphetamine-induced increase in premature responding (Pattij et al., 2007b), 

confirming that DA modulation of disinhibition occurs primarily through D1 receptors.   

 Lesions of another mPFC output site, the subthalamic nucleus (STN), also 

increase disinhibition in both 5-CSRTT (Baunez and Robbins, 1997) and DRL tasks 

(Uslaner and Robinson, 2006).  Similar effects are observed following STN infusions of 

an NMDA receptor antagonist but not a GABAA receptor agonist (Baunez and Robbins, 

1999), suggesting that excitatory inputs from cortical sites mediate disinhibition in this 

task.  Interestingly, although STN lesions do not alter SSRTs, they produce a general 

increase in disinhibited responding across all delays (Eagle et al., 2008).  This suggests 

that the STN lesions produce a generalized stopping impairment; these errors could 

reflect a deficit in attending to, or recognition of, the stop signal. 

 The hippocampus, which also receives mPFC projections, is involved in efficient 

responding in DRL tasks: lesions to either the dorsal or ventral hippocampus 

(Bannerman et al., 1999) or to the dentate gyrus (Vosta et al., 2005) produce a leftward 

shift in the IRT distribution under DRL schedules.  This fits with evidence that 

hippocampal neurons show task specific firing that encodes the outcome and timing of 

the previous trial (Young and McNaughton, 2000).   

 In sum, the neuroanatomical substrates of disinhibited responding include the 

mPFC and target structures such as the NAc, STN, and hippocampus.  The ability to 

stop an already initiated response is mediated selectively through the orbitofrontal cortex 

(OFC), NAc core and STN (Feola et al., 2000). 
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 Conclusions. 

 Impulsivity is a primary feature of many psychiatric disorders so the ability to 

study this process in animal models is critical.  Researchers who undertake this task 

should carefully select a paradigm that contains the elements of importance to their 

study.   

 This review specifies a number of commonalities and differences in processes 

that control behaviour in four animal tests of disinhibition.  We point out that minor task 

modifications, such as changes in interval length, can lead to apparently contradictory 

results and/or erroneous conclusions.  Of all the tasks discussed, the stop task is the 

most distinct in terms of processes that control responding and in the neural systems 

that mediate effective task performance.  This likely reflects the fact that the stop task 

imposes the greatest inhibitory demands on subjects and provides independent 

measures of stop and go processes.  Moreover, this task has the advantage of 

identifying individual differences in impulsivity across a continuum.  The stop task has 

only recently been adapted for rodents and, given these obvious benefits, its use is likely 

to increase in the future. 

 Although some conflicts remain, a general consensus has emerged that 5-HT2 

receptors, as well as NA, glutamate and cannabinoid systems play a critical role in 

disinhibition.  The contribution of DA is less clear and may be confounded by an 

interaction with the processes noted above.  Although several neural substrates of 

disinhibition have been identified (PFC, STN, and striatum), our analysis reveals clear 

dissociations between tasks.  The mPFC and STN play a key role in the DRL and 5-

CSRTT, but do not mediate inhibitory processes in the Stop Task.  Conversely, the OFC 
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mediates disinhibtion in the stop task, but not the 5-CSRTT.   These functional 

dissociations may be explained by different processes that mediate responding in each 

task  

 This review focuses on four commonly employed animal models of disinhibition 

or motor impulsivity.  Cognitive and reflection impulsivity are modeled in other tasks 

which, not surprisingly, involve different behavioural and neural processes from those 

that mediate disinhibition (Evenden, 1999).  Although there are fewer animal models of 

cognitive or reflection impulsivity, an analysis of the commonalities and differences in 

processes that control responding across tasks may be instructive.  As with our 

examination of disinhibition paradigms, this exercise could reveal specific roles for 

different neural systems in the mediation of impulsive responding.  Integrating this type 

of information across paradigms would provide a framework for understanding the 

mechanisms that underlie impulsivity in both normal and pathological states 

Part 3:  The design and objectives of the Response Inhibition task  

 As the previous section makes clear, a diverse set of animal models are available 

to study impulse control, each with distinct advantages and disadvantages.  The most 

commonly used paradigms often require extensive training that can last several months.  

For example, in DRL schedules, animals must first to learn to respond at a low rate, and 

training continues until responding stabilizes in the typical, bell shaped inter-response 

times (Wilson and Keller, 1953; Kramer and Rilling, 1970).  The 5-CSRTT also requires 

extensive training as animals must learn to detect and respond to stimuli in varying 

locations; following this training, the stimulus duration is gradually shortened over 
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multiple sessions and the inhibitory component added (Robbins, 2002).  Because the 

training is so lengthy, these models are not well suited to study the role of learning in 

impulse control.  To that end, the first step of this thesis was to design a new animal 

model of impulse control, which we called the Response Inhibition (RI) task. 

There were four specific objectives in designing the RI task.  First, we wanted the 

task to incorporate the same behavioural measure of impulsive action as existing models 

(specifically DRL schedules and the 5-CSRTT), thereby allowing easy comparison 

across studies.  Second, we wanted the task to be adaptable to a standard operant 

chamber so that other labs could replicate and extend our findings.  Third, we wanted 

the task parameters to be easily modified so that changes across training, or between 

different conditions of the same experiment, could be incorporated into our experiments.  

Finally, and most importantly, we wanted the task to be acquired, easily, by rats in a 

minimum number of training sessions.  This final objective was necessary as the 

electrophysiology experiments that comprise this thesis required young subjects, ideally 

less than 60 post-natal days (PND).  Thus, even if training began in adolescence (~35 

PND), it would be ideal if subjects could learn the task in twenty sessions or less. 

 With these requirements in mind, the RI task is shown in Figure 1A.  The task, 

simply described, requires subject to withhold pressing a lever during the ʻpremature 

phaseʼ (indicated by a houselight) until they are prompted to respond by the signal light.  

Responses during the ʻcorrect phaseʼ are rewarded with a sucrose pellet, whereas 

responses during the premature phases result in no reward and reinstatement of the ITI.   

 The first objective, generalizability, is apparent in the task design.  The RI task 

bears close resemblance to existing models of impulse control; it relies on the same 
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Figure 1. The response inhibition task. A, The RI task requires subjects to withhold 
responding until the correct phase. Responses during the correct phase result in a 
sucrose pellet reward and reinstate the ITI. Responses during the premature phase 
restore the ITI with no reward. Failure to respond during the correct phase results in an 
omission and reinstates the ITI. B, Accuracy (percentage of correct responses out of 
total correct + premature responses) on RI-task across 15 daily sessions (100 
trials/session) with a 4-s premature phase (n=16). C, Accuracy on RI task across 5 
sessions (100 trials/session) at 4-s, 15-s, then 60-s premature phases (n=32). 
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behavioural measure, premature responding, as the DRL and 5-CSRTT.  The main 

difference between these existing models and the RI task is that inhibition is central to 

the latter.  Both timing and discrimination demands are removed from the RI task, 

making it a simpler version of the DRL or 5-CSRTT.  In fact, the task could be described, 

loosely, as a “Signaled DRL with an ITI” or a “1-Choice serial-reaction time task”, which 

again points to its similarity with existing models of impulse control. 

 The second objective, adaptability, is also met by the RI task design.  The 

paradigm uses a standard operant chamber with a retractable lever, signal lights, and 

reward presentation.  The task is also easily modifiable: the majority of work in this 

thesis employed a version of the task with a 10-s ITI, 4-s premature phase, 10-s correct 

phase, and 1-s reward phase, but these durations could be altered to study the effects of  

longer or unpredictable premature phases (see Chapter 4 for details).  Similarly, the 

modular nature of the task allowed us to modify different phases as control conditions 

(e.g., delaying lever insertion until the correct phase or removing the houselight from the 

premature phase; see Chapters 2 and 3 for details).  If desired, substituting a lever press 

for a nosepoke response, requiring discrimination between two levers, or changing the 

reward from a sucrose pellet to sweet water, drug infusion or intracranial stimulation, 

would be feasible with this design. 

 The final criterion of the RI task, that a typical population of rats could learn it 

easily and rapidly, was accomplished using easily discriminable stimuli and an extended 

response interval (correct phase).  Our initial experiments showed that rats learn the 

task requirements using a short, 4-s premature phase within a few sessions (Figure 1B). 

Similarly, we are able to train rats with longer (up to 60 s) premature phases (Figure 1C) 
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by increasing the premature phase in stages (intermediary sessions at 4 s and 15 s).  It 

is important to note that performance declines precipitously on the first session of a new 

delay suggesting that, despite an understanding of the task requirements (Donʼt press 

the lever until the signal light illuminates), subjects required several sessions to adapt to 

the new phase duration.  With both short and long delays in the premature phase, 

responding stabilizes within two to three weeks, a necessary prerequisite for testing 

pharmacological manipulations (Chapter 4). 

 Preliminary experiments with the RI task revealed wide variability in performance 

across task acquisition.  This led us to speculate that individual differences may exist 

between subjects with respect to their ability to learn the task, or to inhibit responding 

once the task rules are acquired.  To test this idea, we challenged subjects by 

exponentially increasing the duration of the premature phase; subjects progressed to a 

longer premature phase when they had achieved more than 80% correct for two 

consecutive sessions (Figure 2A).  After 40 daily sessions, there was a wide distribution 

in the final premature duration obtained by subjects (Figure 2B).  This suggests that the 

RI-task would also be suitable for identifying individual differences in impulse control.  

Part 4:  The role of learning in impulse control 

 The purpose of this thesis was to examine the role of learning in animal models 

of impulse control, with the working hypothesis that learning impulse control produces 

detectable changes in the brain.  More specifically, I aimed to answer several key 

questions.  First, I was interested in the physical structure of the learning: What changes 

in the brain allow an animal to withhold responding?  Second, I wanted to localize these  
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Figure 2.  Individual differences in acquisition of the RI task.  A, Subjects (2 examples 
shown) were trained on the RI task (100 trials/session) with increasing (0, 1, 2, 4, 8, 15, 
30, 60 s) premature phase durations.  Subjects were promoted to the next delay upon 
attaining > 80% accuracy (percentage of correct responses out of total correct + 
premature responses) at a delay for two consecutive sessions.  B, Distribution of 
subjectʼs maximum delay attained after 40 sessions of the RI task (n=40). 
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changes, not only to a specific region of the brain, but also to specific populations of 

neurons.  Finally, I wished to examine the universality of impulse control and the impact 

of distinct training conditions on impulsivity and the underlying pharmacology.  More 

specifically: If learning impulse control produces distinct changes, then what happens if 

the parameters of the task are adjusted?  This thesis describes three experiments, 

aimed at answering these questions.   

 In Chapter 2, we report that learning an impulse control task produces detectable 

changes in a specific population of synapses.  Briefly, we trained subjects in the RI task, 

then conducted electrophysiological recordings of mPFC neurons using whole-cell patch 

clamp.  Our results showed that learning the RI task produces a dramatic shift in the 

AMPA/NMDA ratio of synapses onto layer V pyramidal neurons of the PL, but not IL, 

subregion of the mPFC.  

 In Chapter 3, we followed up our earlier report of synaptic changes by examining 

the membrane properties of the same population of neurons.  In essence, we looked 

beyond the synapse, to see if additional changes occur in parallel with, or perhaps in 

compensation to, the synaptic changes.  We report decreased membrane excitability 

(less spiking in response to current injection) in PL, but not IL neurons, after training rats 

in the RI task.  These provide further evidence for a specific mechanism underlying the 

learning of impulse control, localized in the mPFC.  In addition, we observed an increase 

in membrane plasticity in IL neurons, which further experiments demonstrated is a 

correlate of learning a cue that predicts imminent reward availability. 

 In Chapter 4, we report on the behavioural and pharmacological effects of 

altering training conditions of the RI task.  For this experiment, we trained rats in three 
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task variations: Short (4-s), long (60-s), or unpredictable (1 to 60-s) premature phases.  

We observed that each of these conditions produced distinct patterns of when, and how 

frequently, subjects made premature responses.  In addition, amphetamine produced 

differential effects on these response patterns, decreasing premature responses in the 

unpredictable condition, but increasing premature responses in the 4-s and 60-s 

conditions. 

 Taken together, these experiments provide critical information on how the brain 

directs motor responses.  Moreover, the findings represent a first step in understanding 

the correlates of learning impulse control.  On a broader level, exploring the neural 

underpinnings of impulse control will help to identify the substrates for this form of 

learning and determine how it is disrupted in various psychiatric disorders. 
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Chapter 2 

Target-Specific Encoding of Response Inhibition: Increased 

Contribution of AMPA to NMDA Receptors at Excitatory 

Synapses in the Prefrontal Cortex 

Introduction 

 A deficit in impulse control, described as the tendency toward unplanned actions 

without due consideration of their consequences (Moeller et al., 2001), is a primary 

characteristic of many psychiatric disorders. This includes, but is not limited to, drug 

addiction, ADHD, schizophrenia, obsessive–compulsive disorder, pathological gambling, 

binge eating, and antisocial personality disorders. These disorders also share a common 

element of altered frontal cortical functioning, fitting with evidence that frontal lobe 

damage disrupts inhibition of inappropriate actions (Miller, 1992). 

 Extensive animal studies propose a central role for the mPFC in impulse control. 

First, defined anatomical lesions in rodents have isolated behavioral disinhibition to the 

mPFC (Chudasama et al., 2003; Dalley et al., 2008). Second, blockade of glutamatergic 

transmission (Carli et al., 2006) or inactivation of the mPFC by muscimol infusion 

(Narayanan and Laubach, 2008) increases premature responses in tasks that require 

subjects to inhibit responding before a signal. Third, activity of mPFC neurons increases 

during periods that subjects must inhibit a response (Niki and Watanabe, 1976, 1979). 

Persistent firing of mPFC neurons, therefore, may signal subcortical targets to inhibit a 

motor response (Narayanan and Laubach, 2006). 
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 The mPFC is not a unitary structure, but is divided into subregions based on 

connectivity and functionality (Heidbreder and Groenewegen, 2003). The efferent 

projections of the mPFC are heterogeneous (Vertes, 2004; Gabbott et al., 2005; Wang et 

al., 2006), with the PL and IL regions making denser projections to the striatum and 

amygdala, respectively. Projections from the mPFC to the striatum are of particular 

interest to the current study, as this region is implicated in impulse control (Dalley et al., 

2007a). 

 Despite extensive investigation into the neuropharmacological substrates of 

impulse control (see Hayton and Olmstead, 2009, for a review), few studies have 

examined the synaptic mechanisms that underlie this process. In fact, the neuronal 

changes associated with the acquisition of inhibitory control remain understudied. We 

addressed this gap in the literature by examining plasticity of excitatory synaptic 

transmission within the mPFC. More specifically, we combined behavioral testing with 

patch-clamp recordings in the whole-cell configuration to determine how the mPFC 

encodes impulse control. 

 Rats were trained in a simple RI task; we then prepared brain slices containing 

the mPFC and examined changes in glutamatergic transmission in these subjects. We 

hypothesized that learning to withhold a response would increase the contribution of the 

AMPA relative to the NMDA component of excitatory post-synaptic currents (EPSCs), a 

widely used indicator of plasticity at excitatory synapses (Nicoll and Malenka, 1999; 

Ungless et al., 2001). 

 In a second and third set of experiments, we recorded from slices prepared from 

rat brains midway through acquisition of the task, and following extinction of response 
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inhibition. In a final experiment, we microinjected a retrograde fluorescent tracer into 

three subcortical targets of the mPFC: the VS, DS, and basolateral amygdala (BLA). We 

then recorded from neurons projecting to these specific targets to determine whether 

changes in synaptic transmission were selective to a specific cortical efferent. 

Materials and methods 

 Subjects. 

 One hundred eight male Long–Evans rats (Charles River), aged 21 PND at the 

start of the experiment, were singly housed in standard polycarbonate cages on a 

reverse light–dark cycle (lights on at 7:00 P.M.). All testing was conducted during the 

dark cycle. During a 10 day acclimatization period, rats had ad libitum access to food 

(Lab Diet; PMI Nutrition International) and water. Three days before training, food was 

restricted to 120 min of daily ad libitum access, such that animals gained 10–15 g per 

week. 

 Subjects in the retrograde labeling experiments (n=53) had fluorescent 

microspheres injected into several PL target regions. At age 35–46 PND, rats were 

anesthetized with isoflurane (2–5% at a rate of 2 L of O2/min) and the skull was exposed 

with 1.5 cm dermal incision running caudally along the midline of the skull. The skin was 

retracted and a small hole was drilled using a dental drill. A 500 nl Hamilton Syringe 

(Hamilton) was then lowered into the VS [+1.3 anteroposterior (AP), ±1.5 lateral (L), −6.5 

dorsoventral (DV)], DS (lateral: 0.0 AP, +3.7 L, −5.2 V; medial: 0.0 AP, +1.9 L, −5.0 V), 

or BLA (−2.5 AP, ±4.5 L, −9.0 V), and 75 nl of fluorescent microbeads (0.04 μm far red-

fluorescent TransFluoSpheres beads; Invitrogen) was injected over 60 s. The rats 
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received 1 mg/kg Anafen both preoperatively and postoperatively for 3 d. Subjects were 

then food restricted for 3 d, and training began as described below. Following slice 

preparation (discussed below), the remaining brains were fixed in paraformaldehyde and 

the location of microbead infusions was verified postmortem. Data from subjects with 

injections beyond the anatomical boundaries of the intended targets were discarded. 

 All experiments were conducted in accordance with the guidelines provided by 

the Canadian Council on Animal Care, and were approved by the Queen's University 

Animal Care Committee. 

 Apparatus. 

 Behavioral testing was conducted in operant boxes (26.5 × 22.0 × 20.0 cm), each 

housed in a sound-attenuating chamber (built in house). Each box was fitted with two 

retractable levers positioned on one wall. A food magazine was located between the two 

levers, which dispensed 45 mg dustless food pellets (BioServ). Signal lights were 

located 4 cm above each lever and the food magazine, and an indirect house light 

illuminated the entire chamber. A tone generator produced a sine-wave 12–16 kHz, 80–

90 db tone. A standard PC in an adjacent room controlled the equipment and was used 

for data collection (software written in-house using BASIC). 

 Behavioral procedures. 

 Behavioral inhibition was assessed in the RI task, which is a modified version of 

the signaled nose-poke task for mice (Bowers and Wehner, 2001). Initially, rats were 

magazine trained for 1 d, receiving 20 sucrose pellets on a variable-time 90 s schedule. 

Rats were then trained to lever press for food on a continuous reinforcement schedule. 
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Only one lever was inserted into the chamber, with the lever assignment (left vs right) 

counterbalanced across animals. This lever remained consistent for future stages of the 

experiment. A signal (lever light) was turned on throughout these sessions, except 

during delivery of the reward (1-s). Training continued until the rat earned a minimum of 

80 pellets in a 60 min session for 2 consecutive days. 

 Rats then progressed to the full RI task. Trials progressed through an ITI, 

premature phase, and response phase (see Figure 3A). During the 10-s ITI, all lights 

were extinguished and the lever was retracted. During the premature phase (variable 

duration, see below), the lever was extended, the tone activated, and the house light 

illuminated. Lever presses during this period reinstated the ITI with no delivery of a 

sucrose pellet. If the rats did not respond during the premature phase, the trial 

progressed to the response phase (10-s), which was signaled by illumination of the lever 

light. A lever press during the response phase delivered a sucrose pellet, illuminated the 

magazine light for 1-s and initiated the next trial. If the response phase elapsed with no 

lever press, the lever retracted and the next trial was initiated. In each trial, responses 

were classified as “premature,” “correct,” or “omission.” Sessions were terminated once 

rats obtained 100 pellets or completed 200 trials, unless otherwise indicated. 

 Rats were initially trained without a delay for two sessions. Subsequently, 

animals were trained on a 2-s delay, and advanced to a 4-s delay after achieving >80% 

accuracy for two consecutive sessions. One rat was advanced to the 4-s delay after 

failing to reach this criterion after 15 sessions. Electrophysiological measurements 

began after rats achieved >80% accuracy at the 4-s delay for two consecutive sessions. 

 Operant control rats underwent an identical training program, but the lever was  
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Figure 3.  Visual schematic of behavioral tasks with arrows indicating possible 
outcomes. A, The RI task requires subjects to withhold responding until the correct 
phase. Responses during the correct phase result in a sucrose pellet reward and 
reinstate the ITI. Responses during the premature phase restore the ITI with no reward. 
Failure to respond during the correct phase results in an omission and reinstates the ITI. 
B, The operant control is identical to the RI task, but the lever is withdrawn during the 
premature phase, preventing any premature responses. C, The yoked control has 
identical stimuli to the RI task, but lever presses have no programmed consequence. A 
sucrose pellet is delivered automatically 1 s after the initiation of the correct phase. D, In 
the extinction task, sucrose pellets are delivered following a response in either the 
premature or correct phase. 
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withdrawn during the premature phase (Figure 3B), preventing premature responses.  

Yoked controls received identical cues as the RI task, such that all lights, sounds, lever 

extensions/retractions were identical to the experimental group, but reward deliveries 

were automatic and independent of lever presses. Reward delivery was set at 1 s to 

match mean response time in the RI group (Figure 3C). Yoked and operant controls 

were matched to rats in the RI task such that they underwent an identical number of 

sessions at each delay period. Food restricted controls were given an identical feeding 

schedule as other subjects, but did not receive any behavioral training. Age controls 

were left in their home cage with ad libitum access to food for the duration of the 

experiment. During extinction training (Figure 3D) any response after lever extension 

(correct or premature) resulted in reward delivery. That is, subjects continued to receive 

a sucrose pellet for each lever press, but no longer had to withhold responding until the 

discriminative stimulus was presented. 

 In a separate experiment, we recorded from brain slices prepared from rats as 

they acquired the ability to withhold responding. Specifically, animals were trained on 

only a 4-s delay with 100 trials per session, and we calculated AMPA/NMDA in groups of 

rats on the first session of the response inhibition task in which they achieved 40% 

(n=5), 60% (n=4), or 80% (n=4) accuracy. 

 To further probe the plasticity of mPFC synapses, we examined whether 

AMPA/NMDA would be retained after extinction of the response inhibition. Three groups 

of rats were trained on the 4-s delay, until all subjects had achieved >80% accuracy. 

Next, one group underwent extinction by reinforcing any responses, either premature or 

correct, until accuracy was reduced to <20% for 2 consecutive days (Extinct group; n=5). 
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A second group received a matched number of days without any training (Pause group; 

n=5), and a third group performed additional sessions of the standard response inhibition 

task for an equal number of days (Train group; n=4). 

 Preparation of brain slices. 

 Within 2 hours of the final training session, rats were anesthetized with isoflurane 

and killed, and the brains were extracted for slice preparation. Coronal slices (250 μm) 

were prepared on a vibrating blade microtome in an ice-cold, oxygenated physiological 

solution containing (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 25 

NaHCO3 and, 11 D-glucose. Slices were incubated in oxygenated physiological solution 

at 34°C for 60 min then transferred to a holding bath for patch-clamp electrophysiology. 

During patch clamping, slices were constantly perfused (1.5 ml/min) with physiological 

solution maintained at 34°C and equilibrated with 95% O2/5% CO2. 

 Electrophysiology recordings. 

 The mPFC was visualized and Layer V pyramidal neurons identified by shape, 

and located using white matter landmarks. Whole-cell voltage-clamp recordings were 

obtained from layer V pyramids with borosilicate glass pipettes (1.5–2.5 MΩ tip 

resistance). Recordings were obtained with a Multiclamp 700B amplifier connected to a 

Digidata 1440A digitizer (Molecular Devices). Data were collected and analyzed using 

Axograph X for windows (V 1.2, AxographX.com). 

 Neurons were voltage clamped at −60 mV, and EPSCs were evoked by 

stimulating (0.05–0.5 mA; 0.1 Hz) layer II/III with a biphasic stimulus isolator (World 

Precision Instruments) through a decapolar matrix electrode (FHC). Polysynaptic EPSCs 
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were pharmacologically isolated by bath application of picrotoxin (100 μM; Sigma-

Aldrich). Baseline recordings were made for 5 min at +40 mV. The AMPA receptor 

contribution to the EPSC determined by bath application (2–4 min) of D-AP5 (50 μM; 2-

amino-5-phosphono-pentanoate; Sigma-Aldrich). NMDA receptor contribution was 

calculated offline by subtracting AMPA current from total EPSC. Focal recordings were 

obtained by an identical process, but used a theta glass pipette (Harvard Apparatus), 

placed in close proximity (∼50 μM) to the apical dendrite of recorded neurons. 

 Statistical analyses. 

 Accuracy was assessed as the percentage of trials in which animals successfully 

inhibited lever pressing in the premature phase. This dependent measure was calculated 

as a percentage of correct response out of total trials with a response [100 × (correct 

responses)/(premature + correct responses)]. Behavioral data were analyzed using 

repeated measures ANOVA with group as a between-subjects variable. 

 Electrophysiological data were analyzed using a two-way (Region × Group) 

ANOVA for the initial experiments, and a one-way (Group) ANOVA for extinction, partial 

training, focal stimulation, and target-specific experiments using SPSS (V14.0). Post hoc 

tests (Fischer's LSD) were conducted where appropriate. All statistics were conducted 

with individual cells treated as independent measures, rather than pooling subject data 

into a complete sample, as is standard practice in electrophysiology experiments.  As 

much as possible, samples included relatively even representation of cells from all 

subjects. 
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Results 

 Response inhibition training. 

 Rats (n=6) were initially trained in the RI task with a 2 s premature phase (Figure 

4A). Despite poor performance during the initial session, the ability to inhibit premature 

responses improved rapidly from the first to the final session (t(5)=4.21, p=0.008). Five of 

the six subjects reached criterion (>80% accuracy for two consecutive sessions) within 

15 sessions and one subject was advanced without reaching criterion (Figure 4A, inset).  

Performance on the first session of the 4-s premature phase was significantly worse 

than the final session of the 2-s phase (t(5)=6.56, p=0.001) and again, accuracy improved 

from the first to the final session at the 4 s delay (t(5)=9.47, p<0.001). All rats completed 

at least two sessions with >80% accuracy at the 4 s delay. Once this criterion was 

reached, rats were killed and mPFC brain slices were prepared for patch-clamp 

recordings. 

Synaptic changes underlying response inhibition. 

 The ratio of AMPA to NMDA receptor currents (AMPA/NMDA) in layer V 

pyramidal cells was measured by stimulating layers II/II of the mPFC in the presence 

and absence of the NMDA antagonist D-AP5 (50 μM). Neurons in the PL cortex, but not 

in the adjacent IL cortex, substantially increased AMPA/NMDA after training in the RI 

task (Figure 4B,C) (Group × Region: F(4,105)=3.58, p=0.009; GroupPL: F(4,63)=10.27, 

p<0.001; GroupIL: F(4,42)= 0.58, p=0.99). Post hoc tests revealed that increased 

AMPA/NMDA was restricted to impulse control (p<0.005), and demonstrated that 

learning to lever press with identical cues, but no response inhibition (operant control; 
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Figure 4. Training on an RI task strengthened AMPA/NMDA in PL mPFC neurons. A, 
Accuracy improves after training in the RI task with both 2-s (left) and 4-s (right) 
premature phases. Individual subject data inset. B, Learning the RI task produced larger 
AMPA/NMDA in the PL (white bars), but not the IL (black bars), region of the mPFC 
(∗:p<0.005 vs all groups). Sample sizes for cells (above) and subjects (below) are 
indicated within the bars. C, Representative AMPA (black) and NMDA (gray) EPSCs 
from RI task and operant control neurons in the PL (top) and IL (bottom) cortex 
(calibration: 500 nA/0.1 s). D, Training on the RI task failed to enhance AMPA/NMDA 
when measured by focal stimulation.  
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n=5), failed to modify AMPA/NMDA. Likewise, passive food delivery (yoked control; 

n=4), food restriction (weight control; n=5), or development (age control; n=6) failed to 

alter synaptic plasticity in the PL or IL cortices. These changes in AMPA/NMDA cannot 

be attributed to different cellular properties, as input resistance, series resistance,  

membrane capacitance, and holding current showed no differences between training 

conditions (Table II). 

 Because of differing resistances, absolute values for AMPA and NMDA currents 

are intrinsically more variable than the AMPA/NMDA ratio. Thus, it is not surprising that 

peak AMPA and NMDA currents showed no significant changes with training (Table III) 

(AMPA: F(4,63)=1.21, p=0.31; NMDA: F(4,63)=0.50, p=0.73). However, examining 

cumulative EPSC evoked in the 500 ms after stimulation (i.e., area under the curve) 

revealed increased AMPA current (F(4,63)=2.87, p=0.03), but no changes in cumulative 

evoked NMDA current (F(4,63)=0.08, p=0.99), suggesting that the shift in AMPA/NMDA is 

driven by increased AMPA, not decreased NMDA, current in the PL cortex. 

 Focal stimulation was examined by stimulating proximal to the apical dendrite, 

within layer V, using a theta-glass stimulator. When AMPA/NMDA was measured using 

only focal stimulation (Figure 4D), learning the RI task failed to produce a shift in 

AMPA/NMDA (F(2,42)=0.117, p=0.89). This suggests the shift in glutamatergic 

transmission is selective to synapses between the external (II/III) and deep layers (V) of 

the cortex. 
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Table II. Electrophysiological properties of layer V pyramidal neurons 

 
Training 
Group 

Number 
of 

Subjects 

Number 
of Cells 

Holding 
Current 

(pA)α 

Series 
Resistance 

(MΩ)β 

Input 
Resistance 

(MΩ)β 

Membrane 
Capacitance 

(pF)β  

AMPA/ 

NMDAχ 

RI  

Task 6 16 
655.0 
± 38.8 

7.1 
± 0.6 

53.0 
± 3.5 

45.2 
± 2.4 

1.21 
± 0.09 

Operant 
Control 5 15 

638.8 
± 85.9 

6.3 
± 0.7 

52.5 
± 6.0 

53.4 
± 3.6 

0.70 
± 0.08 

Yoked 
Control 4 12 

637.1 
±68.1 

6.9 
± 0.8 

55.4 
± 5.9 

49.8 
± 4.2 

0.76 
± 0.07 

Weight 
Control 5 11 

595.1 
± 52.1 

5.4 
± 0.5 

48.2 
± 3.9 

59.9 
± 8.3 

0.72 
± 0.07 

PR
EL

IM
BI

C 

Age 
Control 6 16 

605.1 
± 67.0 

5.4 
± 0.2 

55.0 
± 6.0 

54.5 
± 2.4 

0.69 
± 0.05 

    

     

RI  
Task 5 11 

537.9 
± 70.8 

6.6 
± 0.7 

72.1 
± 11.0 

48.1 
± 6.3 

0.74 
± 0.09 

Operant 
Control 5 13 

449.8 
± 39.7 

8.3 
± 1.3 

73.1 
± 7.6 

41.3 
± 3.6 

0.75 
± 0.06 

Yoked 
Control 4 7 

366.4 
± 89.2 

8.2 
± 1.1 

101.5 
± 7.7 

43.7 
± 5.5 

0.76 
±0.10 

Weight 

Control 4 10 
550.9 
± 117.9 

6.6 
± 0.6 

61.6 
± 6.6 

45.1 
± 2.4 

0.83 
±0.08 

IN
FR

A
LI

M
BI

C 

Age 

Control 4 12 
579.3 
± 90.2 

5.5 
± 0.2 

48.1 
± 3.5 

48.1 
± 3.5 

0.75 
±0.07 

α: Current required voltage-clamp neurons at +40 mV (± SEM) 
β: Measured with a 10 ms, +10 mV square pulse to neurons held at +40 mV (± SEM) 
χ: Obtained by stimulating in the presence and absence of D-AP5 (± SEM) 
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Table III. Absolute contribution of AMPA and NMDA currents to prelimbic EPSCs 

 
 

RI 

Task 

Operant 

Control 

Yoked 

Control 

Weight 

Control 

Age 

Control 
F p 

EPSC Peak 
(pA)α 

1145.34 

± 106.5 

813.73 

± 122.8 

891.65 

± 163.3 

864.46 

± 118.37 

871.75 

± 114.59 
1.21 0.31 

AM
PA

 

EPSC Area 
(nA•ms)β 

232.18 

± 37.28 

133.31 

± 23.76 

145.83 

± 30.54 

113.07 

± 18.06 

129.50 

± 24.24 
2.87 0.03 

EPSC Peak 
(pA)α 

1005.31 

± 113.92 

1138.75 

± 94.51 

1159.51 

± 146.84 

1169.08 

± 123.58 

1207.24 

± 95.56 
0.50 0.73 

N
M

D
A 

EPSC Area 

(nA•ms)β 

341.5 

± 36.49 

336.07 

± 34.09 

358.06 

± 57.50 

324.16 

± 41.59 

336.93 

± 37.66 
0.08 0.99 

α: Maximum current observed following stimulation, subtracted from baseline holding current (± 
SEM) 
β: Calculated as area under the curve for 500 ms following stimulation, subtracted from baseline 
holding current (± SEM) 
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 Partial training. 

 Subjects were trained on a 4 s delay only, and we calculated AMPA/NMDA in 

groups of rats on the first session of the response inhibition task in which they achieved 

40%, 60%, or 80% accuracy. As shown in Figure 5, AMPA/NMDA in the PL cortex 

increased progressively as the ability to inhibit a response improved (F(2,48)=6.237, 

p=0.004), and post hoc tests revealed a significant difference between subjects trained 

to 40% and 80% accuracy (p<0.05). 

 Extinction. 

 After subjects reached criterion in the RI task, response inhibition was 

extinguished by reinforcing all lever presses, even those that occurred before the signal  

(Figure 6A). AMPA/NMDA in the Extinct group was compared to subjects who 

continuedto respond at criterion levels in the RI task (Train) and to subjects who had 

equivalent days without any training (Pause). Subjects in the Extinct group showed a 

rapid decline in accuracy relative to subjects in the Train group (Session: F(5,35)=14.74, 

p<0.001; Group: F(1,7)=359.13, p < 0.001; Session × Group: F(5,35)=26.95, p<0.001). 

Extinguishing response inhibition reduced AMPA/NMDA in the PL cortex (Figure 6B) 

(F(2,76)=8.88, p<0.001), restoring it to near-baseline levels. Cessation of training (Pause 

group) also reduced AMPA/NMDA (albeit to a lesser degree than extinction), suggesting 

that maintenance of task performance is necessary to preserve these plastic changes. 
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Figure 5.  Partial training produces proportional increases in AMPA/NMDA ratios. Data 
points represent AMPA/NMDA of neurons from subjects trained to 40% accuracy (n=5), 
60% accuracy (n=4), or 80% accuracy (n=4) in the RI task. Representative AMPA 
(black) and NMDA (gray) EPSCs for each group at right (calibration: 500 nA/0.1 
s;∗p<0.05). 
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Figure 6. Extinguishing response inhibition returned AMPA/NMDA to baseline. A, 
Accuracy was rapidly reduced from baseline levels (day 0) in RI-task when all lever 
presses were reinforced (extinction). The Train group continued to perform the task 
without any changes in accuracy and the Pause group received equivalent days off. B, 
Extinction of response inhibition reduced AMPA/NMDA (Extinct group). Equivalent days 
without training reduced AMPA/NMDA in the Pause group, but to a lesser degree than in 
the Extinct group (∗: p<0.05). 
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 Target specificity. 

 Fluorescent microbeads infused into the VS, medial DS, lateral DS, BLA were 

retrogradely transported to the PL and neurons containing these beads could be 

identified for patch-clamp electrophysiology after training was completed (Figure 7). 

 AMPA/NMDA increased in PL neurons projecting to the VS after training in the 

response inhibition task (Figure 8) (F(2,45)=6.74, p=0.003), whereas neurons projecting to 

the BLA showed no effect of training (F(2,44)=0.27, p=0.77). AMPA/NMDA was enhanced 

in neurons projecting to the DS following training in the operant control version of the 

task. The enhancement of AMPA/NMDA in operant controls was observed equally in 

projections to lateral and medial regions of the DS (Training: F(2,85)=8.57, p<0.001; 

Training × Projection: F(2,85)=0.61, p=0.94; TrainingMedial: F(2,33)=4.64, p=0.02; 

TrainingLateral: F(2,52)=4.75, p=0.01). 

Discussion 

 Our study demonstrates that learning to inhibit a simple response enhanced the 

relative contribution of AMPA to NMDA currents in PL, but not IL, synapses of layer V 

pyramidal neurons. We also observed a tight association between performance in the RI 

task and changes in glutamatergic transmission in that performance during extinction of 

the response inhibition and partial training sessions closely tracked changes in 

AMPA/NMDA. This effect was selective to neurons making projections to the VS, but not 

the DS or BLA. Although we recognize the difficulty in establishing causation with this 

approach, the close relationship between alterations in AMPA/NMDA and successful   
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Figure 7. Retrograde transport of fluorescent beads permits identification of neurons 
projecting to target areas. A, Representative image of PL region under fluorescence 
(medial at left; dorsal at top). Lines mark approximate boundaries of layer V, box 
indicates magnified area of interest (scale bar: 100 μm). B, C, PL pyramidal neuron 
under dark-field (B) and fluorescent (C) light (scale bars: 10 μm). 
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Figure 8. Target-specific enhancement of AMPA/NMDA after learning the RI task. A , 
Injections sites for subjects trained in the RI task (), as well as operant () and weight 
() controls. B , AMPA/NMDA increased in projections to the ventral striatum (left) after 
training in the RI task, and in projections to the dorsal striatum (center) following training 
in the operant control task. Projections to the basolateral amygdala (right) showed no 
effect of training. Sample sizes for cells (above) and subjects (below) are indicated within 
the bars (∗p < 0.001 vs all groups). 
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performance during acquisition, maintenance, and extinction of response inhibition 

suggests that we uncovered a synaptic substrate for inhibiting inappropriate responses. 

Together, our data reveal a synaptic substrate of response inhibition via a target-specific 

enhancement of excitatory synaptic transmission in the mPFC. We propose that 

synapses within the PL cortex change their relative contribution of AMPA and NMDA 

glutamate receptor components to encode response inhibition, a mechanism reminiscent 

of long-term potentiation (LTP) at excitatory synapses (Nicoll, 2003). 

 In this investigation, we designed a task that would be acquired rapidly with low 

demands on cognitive processes such as discrimination, timing, and attention. The 

simplicity of the task is an advantage in that we can minimize the possibility that changes 

in synaptic plasticity are due to confounding factors. A disadvantage is that it may be 

difficult to generalize our findings to other measures of response inhibition, particularly 

as many of these tasks require subjects to choose between several actions, time a delay 

without signals, inhibit an action already in progress, or sustain a response until a 

release signal is presented. Given the distinct pharmacological and anatomical systems 

that mediate these different tasks (see Hayton and Olmstead, 2009, for a review), it 

would be surprising if they were encoded by a mechanism that is identical to that of our 

simple RI task. Indeed, lesion studies have confirmed a role for other mPFC regions, 

including the IL and anterior cingulate cortices (Chudasama et al., 2003), in response 

inhibition. Moreover, antagonism of NMDA receptors in the IL, but not the PL, cortex 

disrupts response inhibition in the 5-CSRTT (Murphy et al., 2005), suggesting that 

subregions of the mPFC make distinct contributions to response inhibition, depending on 

the task. 
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 Learning-induced changes in AMPA/NMDA occur in a variety of paradigms and 

brain regions. For example, AMPA/NMDA increases in the ventral tegmental area 

following cocaine sensitization (Ungless et al., 2001; Borgland et al., 2004), in the 

amygdala following fear conditioning (Lin et al., 2010), and in the bed nucleus of the stria 

terminalis following lever pressing for sucrose or cocaine (Dumont et al., 2005). Most 

importantly, exposure to drug-paired cues, after responding for heroin has been 

extinguished, reduces AMPA/NMDA in the mPFC (Van den Oever et al., 2008), which in 

turn promotes relapse to drug seeking. This reduction in AMPA currents in the mPFC 

provides an exciting parallel to our findings, in that both relapse to drug seeking and 

premature responding can be defined as failures of impulse control. In line with these 

studies, inactivation of the dorsal mPFC blocks cue-, drug-, and stress-induced 

reinstatement of cocaine seeking (McFarland and Kalivas, 2001; McLaughlin and See, 

2003; McFarland et al., 2004). Changes in glutamatergic transmission within the mPFC, 

therefore, may be a mechanism that mediates the withholding of responses for both 

drugs and natural rewards. Enhancement of AMPA/NMDA after learning the RI task was 

restricted to VS projections, sparing DS or BLA projections. Given evidence that the VS 

is a substrate of impulse control (Pattij et al., 2007b, Dalley et al., 2007a), our results 

point to this structure as an intermediary in the mPFC-motor cortex circuit. In fact, neural 

recordings revealed that the mPFC indirectly inhibits the motor cortex during periods of 

response inhibition (Narayanan and Laubach, 2006). The fact that synaptic transmission 

was enhanced in a subpopulation of PL neurons demonstrates that increases in 

AMPA/NMDA were not an artifact of global changes in mPFC function or connectivity. 

Therefore, we identified an anatomical substrate for the behavioral/physiological 
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relationship we observed originally. Explicitly, response inhibition is encoded as 

increased synaptic transmission in a specific PL-VS projection. Although we did not 

examine it specifically, it is likely that this plasticity is confined to the core region of the 

NAc as PL neurons project, preferentially, to the core whereas IL neurons project, 

primarily to the shell (Berendse et al., 1992; Vertes, 2004). Moreover, deep brain 

stimulation of the core enhances impulse control, whereas stimulation of the shell 

disrupts it (Sesia et al., 2008). Antagonism of dopamine receptors in the core and shell 

subregions also produce differential effects on impulsivity (Pattij et al., 2007b; Besson et 

al., 2010), supporting the idea that the neural circuit of impulse control involves specific 

striatal targets from PL afferents. 

 To date, the best-described example of PFC plasticity is fear extinction, which 

provides a fascinating parallel to impulse control (Morgan et al., 1993; Morgan and 

LeDoux, 1995). In fear extinction paradigms, subjects initially learn a simple association 

(shock–tone pairing), which is then extinguished by presenting the tone alone. Fear 

extinction, or inhibition of a previously learned association, is encoded by LTP-like 

changes in the IL cortex (Santini et al., 2004; Quirk and Mueller, 2008). Thus, there 

appears to be a functional dissociation between the two adjoining mPFC regions: 

inhibition of conditioned fear is encoded by IL projections to the amygdala (Quirk and 

Mueller, 2008), whereas inhibition of an operant response for food is encoded by PL 

projections to the VS. The similarities between fear extinction and our response inhibition 

paradigm, as well as the previously discussed cue-induced relapse (Van den Oever et 

al., 2008), suggest a common mechanism for top-down control of subcortical processes 

by the mPFC. 



 

 63 

 Rats trained in the operant control version of the RI task showed a mild elevation 

in AMPA/NMDA of PL cortex projections to the DS. We did not observe AMPA/NMDA 

changes in the operant control group of the original experiment (Figure 4B), but less than 

one-fifth of PL neurons project to the DS (Gabbott et al., 2005). Thus, it is likely that we 

sampled only a few DS-projecting neurons in the original experiment, which would have 

minimized the effect on AMPA/NMDA in the overall population. The functional 

significance of altered synaptic transmission in the PL–DS pathway may be revealed by 

comparing performance in the RI and operant control tasks. In the latter, the lever is 

withdrawn (i.e., unavailable) during the premature phase so rats learn a predictive 

association between environmental cues (sound plus light) and the opportunity to 

respond for reward. The DS is likely activated under these conditions, given its 

prominent role in stimulus-response learning (McDonald and White, 1993; Packard and 

Knowlton, 2002). PL neurons may control DS activity by directing attention to cues 

predicting reward availability: mPFC neurons fire when attending to stimuli (Totah et al., 

2009), preparing to act (Cowen and McNaughton, 2007), or anticipating a reward 

(Mulder et al., 2003), and mPFC inactivation impairs cued responding in rats (Ishikawa 

et al., 2008). Our data, therefore, support the contention that PL–DS connections encode 

the relationship between operant contingencies (Balleine et al., 2009; Balleine and 

O'Doherty, 2010), and suggest that synaptic changes in this circuit may facilitate 

attention toward stimuli associated with responding for reward. 

 Our data fit within broader theories of mPFC function, including the idea that 

dorsal regions of the mPFC contribute to cognitive processing whereby animals make 

choices between a range of behavioral options at any given time (Seamans et al., 2008). 
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We extend this theory by showing that strengthening of synapses in the mPFC may bias 

these processes toward specific actions, such as inhibiting or initiating a response. Our 

data also support the idea that the mPFC instructs “lower” motor systems, such as the 

VS, to wait for a stimulus through top-down control (Narayanan and Laubach, 2006), and 

identify PL cortex synapses as a site for this learning. This concurs to previous findings 

showing that blockade of glutamatergic transmission (Carli et al., 2006) or inactivation of 

the mPFC (Narayanan and Laubach, 2008) impairs response inhibition. We observed 

changes in glutamatergic transmission between surface (II/III) and deep (V) layer 

neurons of the mPFC, but additional modifications to this area's functioning are likely to 

occur following the acquisition of response inhibition. For example, experience-

dependent changes in neuronal excitability (Santini et al., 2008), metabotropic glutamate 

receptors (Melendez et al., 2004), and NMDA receptors (Turnock-Jones et al., 2009) 

have all been observed in the mPFC. In particular, persistent firing of mPFC neurons, 

which supports working memory and attention, is dependent on both AMPA and NMDA 

receptors (Wang, 1999; Durstewitz, 2009). In light of these findings, our results do not 

preclude the involvement of other mPFC mechanisms in response inhibition, but suggest 

that memories for impulse control are encoded by changes in AMPA/NMDA. Therefore, 

tests of impulse control are likely subserved by dissociable neural systems as each task 

involves a unique set of cognitive processes (Hayton and Olmstead, 2009). 

 Over the past two decades, extensive information has emerged regarding the 

mediation of behavioral disinhibition, and more broadly, impulse control. In rodents, 

lesions studies identified where the neural substrates of impulse control are localized 

(Chudasama et al., 2003; Dalley et al., 2008), while unit recordings showed what these 
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neurons signal (Narayanan and Laubach, 2006). Our study provides the first evidence 

for how the mPFC encodes impulse control—by enhancing glutamatergic transmission 

within the PL cortex. The idea that behavioral inhibition is represented in the central 

nervous system as a memory of a learned response may provide new directions for 

investigating and treating psychiatric disorders of impulse control. 
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Chapter 3 

Shift in the Intrinsic Excitability of Medial Prefrontal Cortex 
Neurons Following Training in Impulse Control and Cued-

Responding Tasks 

Introduction 

 Effective interaction with the world around us depends on the ability to modify 

behavior in response to environmental cues.  These cues provide information on 

appropriate actions, not only which responses are correct but also when they should be 

initiated.  The selection and timing of responses are independent processes, in that a 

specific action may be neither right nor wrong, but require restraint until the appropriate 

moment, like waiting for a green light before crossing the street.  Withholding a response 

during these periods is controlled by an executive process, termed impulse control 

(Moeller et al., 2001), which provides a top-down signal to inhibit responses until a ʻGoʼ 

signal is presented (Hayton and Olmstead, 2009).  Unit recordings (Narayanan and 

Laubach, 2006), lesions (Chudasama et al., 2003), and temporary inactivation (Carli et 

al., 2006, Narayanan et al., 2006) all point to the medial prefrontal cortex (mPFC) as a 

critical neural substrate for impulse control.  It is not surprising, therefore, that mPFC 

dysfunction and deficits in impulse control co-occur in many psychiatric disorders, 

including attention-deficit hyperactivity disorder (Dalley et al., 2008), drug addiction 

(Moeller et al., 2001; Olmstead, 2006), compulsive gambling (Rogers et al., 2010), and 

binge eating (Waxman, 2009). 



 

 67 

 Given its importance in impulse control, we investigated the mechanisms and 

encoding of response inhibition in the rat mPFC (Hayton et al. 2010).  This work 

revealed that learning a simple RI task increased the ratio of AMPA to NMDA currents in 

layer V pyramidal neurons of the PL, but not IL region of the mPFC. Notably, this 

enhancement to excitatory transmission was selective to neurons projecting to the VS.  

These changes, which resemble LTP (Malenka and Bear, 2004), closely tracked 

performance in the RI task and suggested a mechanism for impulse control. 

 Alterations in synaptic transmission do not occur in isolation; a compensatory 

mechanism, either enhanced GABA transmission or decreased excitability, is necessary 

to maintain neurons within their physiological firing rate range (Turrigiano, 2008; Zhang 

and Linden, 2003).  In fact, the excitability of mPFC pyramidal neurons is modulated 

after training in fear conditioning, fear extinction (Santini et al., 2008), and cocaine 

withdrawal (Nasif et al., 2005a,b; Dong et al., 2005). Thus, we hypothesized that the 

excitability of PL neurons would be reduced to compensate for the increased 

glutamatergic transmission we reported previously (Hayton et al., 2010).   

 To examine whether changes in intrinsic excitability in the mPFC correlate with 

impulse control, we trained rats in a simple RI task (Hayton et al., 2010; Befort et al., 

2011).  This task requires subjects to wait for a short delay before pressing a lever to 

obtain a food reward.  After learning to withhold responding, subjects were euthanized 

and brain slice whole-cell patch clamp recordings were made of layer V pyramidal 

neurons in the PL and IL regions of the mPFC.  We then compared the excitability of 

these cells to untrained subjects and to subjects trained in one of four control versions of 

the RI task.  Our study shows that training in this task depressed the excitability of layer 
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V pyramidal neurons of the PL, but not IL, region of the mPFC relative to behavioral 

controls. These findings demonstrate that excitability and synaptic strength interact in 

the mPFC to direct impulse control.  

Methods 

 Subjects. 

 Thirty-nine male, Long-Evans rats (Charles River, QC, Canada), aged 21 PND at 

the start of the experiment, were singly housed in standard polycarbonate cages on a 

reverse light-dark cycle (lights on at 7 pm).  All testing was conducted during the dark 

cycle.  During a 10-day acclimatization period, rats had free access to food (Lab Diet; 

PMI Nutrition International, Inc.) and water.  Three days prior to training and for the 

remainder of the experiments, food was restricted to 120 min of daily ad libitum access, 

such that animals gained 10-15 g per week.   

 Apparatus. 

 Behavioral testing was conducted in operant boxes (26.5 × 22.0 × 20.0 cm), each 

housed in a sound-attenuating chamber (built in house).  Each box was fitted with two 

retractable levers positioned on one wall.  A food magazine was located between the two 

levers, which dispensed 45 mg dustless food pellets (BioServ, NJ).  Signal lights were 

located 4 cm above each lever and the food magazine, and an indirect house light 

illuminated the entire chamber.  A tone generator produced a sine wave 12-16 kHz, 80-

90 db tone.  A standard PC in an adjacent room controlled the equipment and was used 

for data collection (software written in-house using BASIC).  
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 Behavioural training. 

 Response inhibition was assessed using the RI task (see Hayton et al., 2010).  

All behavioral training began after ten days of habituation to the housing conditions (PND 

32).  Initially, rats were magazine-trained for 1 day, receiving 20 sucrose pellets on a 

variable time 90-s schedule.  Rats were then trained to lever press for food on a 

continuous reinforcement schedule.  Only one lever was inserted into the chamber, with 

the lever assignment (left versus right) counterbalanced across animals and conditions.  

Lever assignment remained consistent for future stages of the experiment.  A signal light 

above the assigned lever (lever light) was turned on throughout these sessions, except 

during delivery of the reward (1-s), which was paired with illumination of the signal light 

above the food magazine (magazine light).  Training continued until the rat earned a 

minimum of 80 pellets in a 60-min session for 2 consecutive days.   

 Rats then progressed to the full RI task (Figure 9A).  Trials progressed through 

an ITI, premature phase, and response phase.  During the 10-s ITI, all lights were 

extinguished and the lever was retracted.  During the premature phase (variable 

duration, see below), the lever was extended, the tone activated, and the house light 

illuminated.  Lever presses during this period reinstated the ITI with no delivery of a 

sucrose pellet.  If the rats did not respond during the premature phase, the trial 

progressed to the response phase (10-s), which was signaled by illumination of the lever 

light.  A lever press during the response phase delivered a sucrose pellet, illuminated the 

magazine light for 1-s, and then initiated the next trial.  If the response phase elapsed 

with no lever press, the lever retracted and the next trial was initiated.  In each trial, 

responses were classified as ʻprematureʼ, ʻcorrectʼ, or ʻomissionʼ.  Sessions were  
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Figure 9.  Behavioural training. A, The RI task requires subjects to withhold responding 
until the correct phase.  Responses during the correct phase result in a sucrose pellet 
reward and reinstate the ITI.  Responses during the premature phase restore the ITI with 
no reward.  Failure to respond during the correct phase results in an omission and 
reinstates the ITI.  B, The Operant Control condition is identical to the RI task, but the 
lever is withdrawn during the premature phase, preventing any premature responses.  C, 
Accuracy rapidly improves over 8 sessions of training on the RI task (n=8).  D, Latency 
to respond decreases over training sessions on the RI (n=8) and Operant control (n=5) 
tasks.  Response latencies were reduced in Operant Control subjects across all 
sessions. 
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terminated once rats obtained 100 pellets or completed 200 trials, and each rat was 

trained for 8 sessions. 

 Separate groups of rats were trained in one of 4 control tasks.  ʻOperant Controlʼ 

rats (Figure 9B; n=6) underwent an identical training procedure, but the lever was 

withdrawn during the premature phase, preventing premature responses.  Training in the 

ʻCueʼ condition (n=5) was similar to the operant control condition with the exception that 

the illumination of the lights during the response phase and reward delivery were omitted 

(the tone/houselight signal was present during the premature phase but animals had no 

opportunity to respond as the lever was retracted).  The premature phase cue was 

removed in the ʼNo Cueʼ condition (n=7); subjects were trained with a 14-s ITI, and no 

other stimuli.  Subjects in the ʼNo ITIʼ condition (n=6) were trained with no ITI and no 

signals. For all control conditions, responses in each trial were classified as ʻcorrectʼ, or 

ʻomissionʼ.  Sessions were terminated once rats obtained 100 pellets or completed 200 

trials, and each rat was trained for 8 sessions.  Naïve controls (n=7) were given an 

identical feeding schedule as other subjects, but did not receive any behavioral training.  

 Preparation of brain slices. 

 Within two hours of the final training session, rats were anesthetized with 

isofluorane, euthanized, and the brains were extracted for slice preparation.  Coronal 

slices (250 μm) were prepared on a vibrating blade microtome in an ice-cold, 

oxygenated physiological solution containing (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.5 

CaCl2, 1.2 NaH2PO4, 25 NaHCO3 and, 11 D-Glucose.  Slices were incubated in 

oxygenated physiological solution at 34°C for at least 60 min, then transferred to a 



 

 72 

holding bath for patch-clamp electrophysiology.  During patch clamp recordings, slices 

were constantly perfused (1.5 ml/min) with physiological solution maintained at 34°C and 

equilibrated with 95% O2/5% CO2. 

 Electrophysiology recordings.  

 The mPFC was visualized and pyramidal neurons were identified by shape, and 

located using white matter landmarks.  Whole-cell current clamp recordings were 

obtained from layer V neurons with borosilicate glass pipettes (1.5-2.5 MΩ tip 

resistance) containing  (in mM) 130 D-Gluconic Acid, 20 KCl, 10 HEPES, 1 MgCl2, 1 

EGTA, 2 MgATP, 0.3 GTP.  Recordings were obtained with a Multiclamp 700B amplifier 

connected to a Digidata 1440A digitizer (Molecular Devices Scientific, Sunnyvale, CA).  

Data were collected and analyzed using Axograph X for windows (V 1.2, 

AxographX.com).   

 Neurons were initially voltage-clamped at -70 mV for 5 min to allow diffusion 

between intracellular fluid and the recording pipette.  Recordings were then made in 

current-clamp configuration and measures of resting membrane potential (Vm) were 

obtained; experiments were terminated if resting membrane depolarized was less than    

-60 mV. 

 To measure excitability, the number of action potentials (APs) generated in 

response to increasing current steps (50-2000 pA, 800 ms steps; 50 pA increments at 

0.1 Hz) were computed while neurons were held near -70 mV. Input resistance was 

monitored throughout experiments with a 50 pA, 100 ms current step interleaved 

between the increasing current steps. 



 

 73 

 Afterhyperpolarization potentials (AHP) were measured with two protocols.  Fast 

AHP (fAHP) were produced by a current step (800 ms, 0.1 hz) that reliably produced two 

APs.  fAHP were calculated by subtracting the post-firing nadir from the firing threshold 

of the second AP.  Medium and slow AHP (mAHP and sAHP) were produced by 

injecting twenty current steps (10 ms, 50 Hz), sufficient to generate an AP on each step.  

mAHP was calculated by subtracting the post-spike nadir from the pre-injection baseline 

and sAHP was calculated by subtracting the average potential 280 to 330 ms after the 

current step from the pre-injection baseline.  To obtain a reliable measure, at least six 

(and up to 12) successful AHPs were averaged per cell. 

 Statistical analyses. 

 All statistics were analyzed using SPSS statistics (Version 19.0; IBM).  Accuracy 

was assessed as the percentage of trials in which animals successfully inhibited lever 

pressing in the premature phase.  This dependent measure was calculated as a 

percentage of correct response out of total trials with a response (100*(correct 

responses)/(premature + correct responses)).  Latency (s) to lever press in the response 

phase was also compared.  Behavioral data were analyzed using repeated measures 

ANOVA with Group as a between-subjects variable and Session as the within subject 

variable. All statistics were conducted with individual cells treated as independent 

measures, rather than pooling subject data into a complete sample, as is standard 

practice in electrophysiology experiments.  As much as possible, samples included 

relatively even representation of cells from all subjects. 
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 Electrophysiological data on APs were analyzed using repeated measures 

ANOVAs with one between-subjects factor (Group).  The Greenhouse-Geisser correction 

(Greenhouse and Geisser, 1959) for significance was reported for all p values of within-

subject effects (but uncorrected degrees of freedom are shown).  Neuron properties 

were analyzed with a one-way (Group) ANOVA and post-hoc tests (Fischerʼs LSD) were 

conducted where appropriate.  Linear regressions examined whether behavioural 

measures predicted electrophysiological properties, using adjusted R-squared (R2
adj) 

values to determine the degree of the relationship. 

Results 

 Behavioural training. 

 Subjects rapidly learned the RI task (Figure 9C), improving accuracy across the 

eight training sessions (F(1,7)=38.81, p<0.001), although individual performance varied 

(Figure 9C inset).  Subjects trained in the Operant Control task had shorter latencies to 

respond during the response phase than the RI group (Group: F(1,13)=38.86, p<0.001) 

(Figure 9D), although the time to respond decreased with training in both groups 

(Session: F(7,91)=25.10, p<0.001; Group x Session: F(7,91)=0.29, p=0.96). 

 Training induced changes in PL neurons. 

 In PL neurons (Figure 10), training in the RI task significantly modified the 

number of APs generated and ANOVA revealed effects of Current (F(39,3588)=121.13, 

p<0.001), Group (F(2,92)=11.35, p<0.001), and an interaction between Group and Current 

(F(78,3588)=7.091, p<0.001).  Post-hoc tests confirmed a significant decrease in firing after  
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Figure 10.  Training on the RI task reduced the intrinsic excitability of PL neurons.  A, 
Action potentials were produced by increasing current steps (800 ms, 50 pA steps).  
Learning the RI task produced less spiking than Operant Control and naïve conditions.  
B, Learning the RI task decreased the maximum number of action potentials evoked.  
Sample sizes for cells (above) and subjects (below) are indicated within the bars.  C, 
Representative traces show action potentials generated by 500 pA (left) and 1500 pA 
(right) current steps for RI, Operant Control, and Naïve subjects. (Calibration Bars:  20 
mV/0.1 s; ∗: p <0.05 vs. all groups) 



 

 76 

training in the RI task, compared to the operant (p<0.001) and naïve (p<0.01) controls.  

Simple effects conducted at each current step revealed that training produced a 

significant decrease in spiking at all current steps greater than 600 pA (p<0.05).  

Learning the RI task also enhanced the maximum number of spikes evoked 

(F(2,92)=11.545, p<0.001) and post-hoc tests confirmed lower maximum spikes in RI 

subjects than Operant (p<0.001) and Naïve (p=0.002) Controls.  

 Learning the RI task also had a significant effect on passive membrane 

properties (Table IV), significantly increasing the membrane resistance (F(2,92)=3.99, 

p=0.02), although post-hoc tests showed this effect was only significant when compared 

to naïve subjects (p=0.01) and not operant controls (p=0.06).  Simple effects conducted 

at each current step revealed that training in the RI task produced a significant increase 

in excitability (p<0.05) in response to small (150-200 pA) steps.  Similarly, the minimum 

current required to generate an AP (Rheobase) was also decreased after training in the 

RI task (F(2,92)=4.02, p<0.02).  Finally, we observed no change in the firing threshold at 

rheobase (F(2,92)=1.34; p=0.27). 

 To better understand the effect of training on excitability, a series of regressions 

were conducted to correlate accuracy on the subjectsʼ final session of the RI task to 

electrophysiology measurements.  This revealed that accuracy strongly predicted 

maximum spiking (R2
adj=0.23, F(1,40)=12.76, p=0.001) (Figure 11), but not input resistance 

(R2
adj=0.00; F(1,40)=1.07; p=0.31) or rheobase (R2

adj=0.03; F(1,40)=2.09; p=0.16).  

 Changes in excitability are frequently caused by changes in potassium channels, 

and can be measured by AHP.  However, we observed no significant effect of training on 

fAHP (F(2,74)=1.09; p=0.34), mAHP (F(2,78)=0.62; p=0.54), or sAHP (F(2,78)=1.23; p=0.30).   
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Table IV.  Characteristics of PL neurons. 

 Response 

Inhibition 

Operant 

Control 

Naïve 

Control 

Resting Potential 

(Vm) 

-67.79  
± 0.71 

-68.34  
± 0.83 

-68.32  
± 0.67 

Input Resistance 

(Mohm) 

115.80  
±6.14  

(*vs Naive) 

96.75 
 ± 7.86 

90.37  
± 7.30 

Rheobase (pA) 
214.63 

± 13.44 (*) 
270.00  
± 20.41 

265.52 
± 15.91 

Maximum # 

Spikes 

23.07  
± 1.67 (*) 

37.88  
± 2.66 

32.90  
± 2.76 

fAHP (mV) 
-18.73  
± 0.65 

-17.69  
± 0.63 

-17.42  
± 0.60 

mAHP (mV)  
-3.04  
± 0.35 

-3.45  
± 0.27 

-2.84 
 ± 0.36 

SAHP (mV)  
-1.42  
± 0.15 

-1.13  
± 0.13 

-0.99  
± 0.17 

*: p<0.05 vs all groups except where indicated 
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Figure 11.  Relationship between accurate performance during the final training session 
of the RI task and maximum spikes evoked for individual PL neurons.  Hatched line 
shows linear regression. 
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Training induced changes in IL neurons. 

 Training in the RI task failed to modulate excitability in the IL region, but 

unexpectedly training in the operant control condition increased excitability (Figure 12). 

ANOVA revealed a significant effect of Current (F(39,3120)=75.42, p<0.001) and Group  

(F(2,79)=5.84, p=0.004), but no Current x Group interaction (F(78,3120)=1.70, p=0.14).  Post-

hoc tests confirmed significantly more APs in neurons of the Operant Control group than 

in the Naïve (p=0.002) and RI (p=0.005) groups.  Similarly, learning the Operant Control 

task also increased the maximum spikes observed (F(2,78)=3.71, p<0.03).  A regression 

showed that response latencies during the final training session for Operant Control 

subjects had no predictive relationship with maximum spiking (R2
adj=0.05, F(1,20)=0.01, 

p=0.93). 

 Passive membrane properties in the IL region were unaffected by training in any 

of the tasks (Table V).  In contrast to PL neurons, no effects of training were observed on 

input resistance (F(2,78)=0.87) or rheobase (F(2,78)=0.38, p=0.69).  We also observed no 

effect of training on threshold to fire at rheobase (F(2,78)=2.36; p=0.10). 

 No training-induced changes to AHP were observed in the IL neurons.  

Specifically we saw no effect of training on fAHP (F(2,65)=1.22; p=0.30), mAHP 

(F(2,66)=2.87; p=0.06), or sAHP (F(2,66)=0.12; p=0.89). 

Cue-induced changes to mPFC excitability. 

 Training in the operant control task increased the excitability of IL neurons.  This 

condition exposed subjects to identical cues as the RI task, but the lever was withdrawn 

during the premature phase, preventing an incorrect response.  Subjects in the operant 
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Figure 12. Training on the Operant Control condition increased the intrinsic excitability 
of IL neurons.  A, Action potentials were produced by increasing current steps (800 ms, 
50 pA steps).  Subjects in the Operant Control condition exhibited greater spiking than 
those in the RI and naïve conditions.  B, Learning the Operant Control task increased 
the maximum number of action potentials evoked.  Sample sizes for cells (above) and 
subjects (below) are indicated within the bars.  C, Representative traces show action 
potentials generated by 500 pA (left) and 1000 pA (right) current steps for RI, Operant 
Control, and Naïve subjects. (Calibration Bars:  20 mV/0.1 s; ∗: p <0.05 vs. all groups) 
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Table V.  Characteristics of IL neurons. 

 Response 

Inhibition 

Operant 

Control 

Naïve 

Control 

Resting Potential 

(Vm) 

-65.00  
± 0.68 

-66.07 
± 0.85 

-65.94 
± 0.75 

Input Resistance 

(Mohm) 

114.41 
±6.54 

108.07 
±7.82 

101.16 
± 6.54 

Rheobase (pA) 
201.67  
± 10.07 

213.59 
± 12.80 

210.00 
± 8.78 

Maximum # 

Spikes 

21.57 

± 1.95 

28.05 

± 21.57 (*) 

22.37 

± 1.83 

fAHP (mV) 
-21.33 
± 1.10 

-19.31 
± 1.01 

-19.80 
± 0.83 

mAHP (mV)   
-3.70 
± 0.41 

-4.54 
± 0.35 

-3.87 
± 0.32 

sAHP (mV)   
-1.02 
± 0.22 

-1.07 
± 0.21 

-1.06 
±  0.14 

*: p<0.05 vs all groups  
 



 

 82 

Control task, therefore, were presented with stimuli that predicted the imminent insertion 

of the lever.  We hypothesized that repeated training with a cue prior to lever insertion 

was responsible for the changes we observed in this group.  To address this possibility, 

we designed three additional tasks: the first (Cue) employed the cue but no other signals 

(Figure 13A); the second (No Cue) had no cue, but a matched ITI (Figure 13B); the third 

(No ITI) had no cue or ITI (Figure 13C).  As previously, subjects were trained for 8 

consecutive sessions, receiving 100 rewards per session. 

 Training with the cue increased the intrinsic excitability of IL neurons (Figure 14).  

ANOVA revealed a significant effect of Current (F(39,2262)=46.03, p<0.001) and Group 

(F(2,58)=5.41, p<0.01) but Group x Current interaction (F(78,2262)=1.25, p=0.30).  Post-hoc 

tests confirmed that subjects in the Cue condition had significantly more APs than the 

other two groups (p<0.05).  Similarly, maximum number of spikes also showed a 

significant effect of Group (F(2,58)=5.79, p=0.005), with post-hoc tests confirming higher 

maximum spikes in the Cue group (p<0.05).  Passive membrane properties were also 

unaffected by these conditions, with no effects observed on input resistance (F(2,58)=1.54, 

p=0.22) or PL (F(2,58)=1.85, p=0.17).  

 In PL neurons, training with an anticipatory cue failed to modulate intrinsic 

excitability (Figure 15).  ANOVA revealed a significant effect of Current (F(40,2920)=94.12, 

p<0.001), but not Group (F(2,73)=1.51, p=0.23) and no interaction between the two  

(F(80,2920)=2.05, p=0.09).  Similarly, no effects were observed on maximum spiking, input 

resistance, or rheobase in PL neurons (all n.s). 
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Figure 13.  Behavioural training for three control conditions.  A, The Cue condition is 
similar to the Operant Control condition, but the only stimuli are the sound/houselight 
during the premature phase.  B, The ITI only condition had no premature phase, but the 
ITI was extended to 14 second to match the duration of the cue condition.  C, The No ITI 
condition had no intertrial interval and, therefore, the lever was continuously available, 
except briefly (1 s) during reward delivery. 
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Figure 14.  Training in the Cue condition increased the intrinsic excitability of IL neurons.  
A, Action potentials were produced by increasing current steps (800 ms, 50 pA steps).  
Greater spiking occurred in the Cue condition than in the ITI only and No ITI conditions.  
B, Learning the cue increased the maximum number of action potentials evoked. 
Sample sizes for subjects (above) and cells (below) are indicated within the bars. C, 
Representative traces show action potentials generated by 500 pA (left) and 1000 pA 
(right) current steps for differing behavioral conditions. (Calibration Bars:  20 mV/0.1 s; ∗: 
p <0.05 vs. all groups) 
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Figure 15. Training in the Cue condition had no effect on the intrinsic excitability of PL 
neurons.  A,  Action potentials were produced by increasing current steps (800 ms, 50 
pA steps). B, Learning the cue had no effect the maximum number of action potentials 
evoked. Sample sizes for subjects (above) and cells (below) are indicated within the 
bars. C, Representative traces show action potentials generated by 500 pA (left) and 
1500 pA (right) current steps for differing behavioral conditions. (Calibration Bars:  20 
mV/0.1 s; ∗: p <0.05 vs. all groups) 
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Discussion 

 Our study reports substantial changes to the excitability of layer V pyramidal 

neurons in the mPFC when rats are trained to respond for rewards in two distinct 

conditions.  Following acquisition of the RI task we observed fewer APs in PL neurons in 

response to increasing current steps.  This effect was significantly correlated with 

successfully withholding an inappropriate response, which suggests a cellular substrate 

for impulse control.  Conversely, training with a cue that predicted imminent reward 

availability, but did not require the inhibition of a response, produced an increase in IL 

excitability.  This dissociation between these adjoining sub-regions of the mPFC 

suggests distinct roles in the preparation and inhibition of actions in response to 

environmental cues. 

  We previously reported enhanced glutamatergic transmission in the PL region 

after learning the RI task (Hayton et al., 2010), an adaptation that appears in opposition 

to our current finding of decreased excitability in these neurons.  Several other groups, 

however, have also reported plastic changes to intrinsic excitability concomitant with 

opposing adaptations to glutamatergic transmission.  For example, cocaine withdrawal 

increased AMPA surface expression (Boudreau and Wolf, 2005; Boudreau et al., 2007) 

and decreased excitability (Zhang et al., 1998; Mu et al., 2010) of medium spiny neurons 

in the nucleus accumbens.  Similarly, these cells show increased AMPA/NMDA ratio, but 

decreased excitability from youth to adulthood (Kasanetz and Manzoni, 2009).  

Excitability changes may occur through a homeostatic mechanism (Wolf, 2010), akin to 
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synaptic scaling (Turrigiano, 2008), which would allow a neuron to remain within the 

limits of physiological firing rates, despite enhanced excitatory inputs. 

 Excitability was strongly correlated with performance in the final session of the RI 

task. However, subjects at the lower end of this distribution (i.e. making more premature 

responses), had excitability equivalent to the untrained rats (see Figure 11). Our 

previous study suggests that this level of performance correlates with elevated 

AMPA/NMDA ratios in these neurons (Hayton et al., 2010). Therefore, if synaptic scaling 

occurs during RI learning, we would expect to observe decreased excitability along with 

the increased synaptic transmission.  This suggests that changes in excitability in these 

subjects are lagging behind the synaptic changes, much like their performance in the RI 

task. 

 To date, learning-induced modulation of intrinsic excitability has been reported 

with a number of paradigms including odor discrimination in the piriform cortex (Saar et 

al., 1998; Saar and Barkai, 2003), trace conditioning (Moyer et al., 1996), spatial learning 

(Oh et al., 2003) in the hippocampus, and delay conditioning in the cerebellum (Kim and 

Thompson, 1997).  Fear conditioning and extinction provide the only evidence for 

experience-dependent modulation of intrinsic excitability in the mPFC (Santini et al., 

2008): IL excitability decreased following conditioning with a shock-tone combination.  

Extinction of the conditioned freezing response to the tone, by presenting the tone alone, 

restored excitability to pre-conditioning levels.  Intriguingly, both fear conditioning and RI 

training inhibit the subjectʼs movements: freezing in response to a tone after fear 

conditioning and withholding a response until an appropriate signal is presented in the RI 

task. The fact that both paradigms also decrease neuronal excitability supports the idea 
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that mPFC activity is critical for the initiation or selection of actions (Seamans et al., 

2008).  This would also explain the close synchrony between mPFC and motor cortex 

activity in rats performing an impulse control task that is similar to the RI paradigm 

(Narayanan and Laubach, 2006). 

 If mPFC neurons are directing actions, then changes to excitability in the PL and 

IL regions may reflect mPFC adaptations that control the initiation of responses.  If true, 

increased AMPA/NMDA and decreased excitability in PL neurons may control response 

inhibition by increasing the signal-to-noise ratio (Paz et al., 2009) of pyramidal neurons.  

That is, by decreasing excitability and increasing synaptic transmission, PL neurons 

would be less likely to fire spontaneously, but respond preferentially to synaptic inputs.  If 

mPFC activation promotes responding, then reducing spontaneous, ʻaccidentalʼ, APs 

would be immensely beneficial in preventing premature responses.  This line of 

reasoning may explain previous reports of increased impulsivity and disrupted attention 

during stimulant withdrawal (Winstanley et al., 2008; Dalley et al., 2007b; Peterson et al., 

2003).  As described earlier, cocaine withdrawal increases excitability of mPFC neurons 

(Nasif et al., 2005a), and this elevation could counteract the training-induced reductions 

we observed after learning, leading to increased responding at an inappropriate juncture.  

This could have translational implications for the study of addiction, as impulsivity is a 

critical factor in predicting relapse (Moeller et al., 2001), and suggests a mechanism for 

increased impulsivity during withdrawal from stimulants. 

 We designed our Operant Control condition to expose subjects to identical cues 

as the RI task, but with no opportunity to make a premature response.  Fortuitously, this 

design allowed us to identify elevated IL excitability after training with stimuli that reliably 
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predicted lever insertion and reward availability.  Importantly, training subjects with an 

equivalent, but unsignaled, delay had no effect on excitability.  This suggests that the 

short audio-visual cue, which signaled imminent introduction of the lever, was driving the 

enhanced excitability.  The stimulus would allow subjects to anticipate the leverʼs entry, 

and prepare their actions accordingly. 

 Enhanced excitability of IL neurons in the Cue condition could reflect an 

interaction of this region with subcortical structures.  The IL cortex sends extensive 

projections to the BLA (Gabott et al., 2005; Vertes, 2004), which has a role in cued-

responding (Murray, 2007).  Neurons in the BLA respond to cues that have been paired 

with rewards (Tye and Janak, 2007; Carelli et al., 2003) and lesions to this region 

attenuate cue-induced responding (McLaughlin and Floresco, 2007).  Similarly, 

temporary deactivation of the BLA disrupts responding and the latency to lever press for 

a cued reward (Jones et al., 2010; Ishikawa et al., 2008).  Some authors (Zhang and 

Linden, 2003) have argued that increased excitability has a permissive effect on further 

plastic changes.  That is, processes like LTP may be easier to induce when the post-

synaptic cell is more excitable.  Therefore, the changes we observed in IL neurons may 

not be influencing behavior directly, but instead would allow the mPFC to adapt to 

changes in the predictive stimuli and in turn modulate its input to the BLA or other 

subcortical regions. 

 Alterations in the potassium conductances underlying AHP have frequently been 

reported hand-in-hand with changes in neuronal excitability, including those associated 

with fear conditioning and extinction (Santini et al., 2008) in the mPFC. In this light, it 

was surprising that we observed no changes in AHP, but the most parsimonious 
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explanation may be that the changes to excitability we observed in impulse control and 

cued responding are mediated by ionic channels not specifically measured in this study. 

Given the diverse array of channels that influence excitability (Zhang and Linden, 2003; 

Saar and Barkai, 2009), identifying the specific changes could yield enormous 

therapeutic benefit for understanding impulse control and its dysfunction.  

 We identified two distinct changes that accompany learning to withhold a 

response: enhanced glutamatergic transmission and decreased intrinsic excitability in 

the PL cortex. Although these findings are not comprehensive, they represent important 

clues for understanding the mechanism by which the mPFC directs actions.  Building on 

these findings will allow a greater understanding of how the brain learns impulse control 

and, in turn, how it is disrupted in disorders such as ADHD and addiction. 
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Chapter 4 

Opposite Effects of Amphetamine on Impulsive Action with 
Predictable and Unpredictable Delays to Respond 

Introduction 

 Impulsive actions, defined as the failure to withhold an inappropriate response 

(Winstanley et al., 2006), are a prominent feature of several psychiatric disorders 

(Moeller et al., 2001).  Dopaminergic agonists, such as amphetamine and 

methylphenidate, remain the primary pharmaceutical treatment for elevated impulsivity, 

particularly in ADHD (Kollins, 2008).  Animal models of impulsivity (Dalley et al., 2011) 

support a central role for dopaminergic systems in this process (Pattij and 

Vanderschuren, 2008), although the effect of amphetamine on impulsive actions in rats 

remains inconclusive.  Specifically, amphetamine increases premature responding in the 

5-CSRTT (Cole and Robbins, 1987; Harrison et al., 1997; van Gaalen et al., 2006) and 

produces a leftward shift of IRTs using DRL schedules (Seiden et al., 1979; Lobarinas & 

Falk, 1999; Bizot 1998; Fowler et al., 2009), both indicative of increased impulsivity.  In 

contrast, amphetamine improves performance (i.e. decreases impulsive action) in the 

stop-task (Feola et al., 2000; Eagle and Robbins, 2003), but only in subjects with high 

baseline (i.e. slow) SSRTs. 

 The differential effects of amphetamine on impulsive action in rats may be 

explained by the variety of tasks employed to study this process.  Each animal model 

places unique demands on cognitive mechanisms, such as timing, discrimination, and 

attention (Hayton and Olmstead, 2009); disruption of a particular mechanism, therefore, 
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may alter performance in one task, but not another.  For example, in both the DRL and 

5-CSRTT, animals are required to withhold responding during a set delay (although the 

delay may be varied in the 5-CSRTT, it is typically held constant (Robbins, 2002)).  

Performance in both tasks would be improved by the ability to time intervals, whereas 

disruption of this ability would promote anticipatory responses, the primary measure of 

impulsive action.  Given that DA is a critical factor in interval timing (Meck et al., 2008), 

alterations in dopaminergic function may affect impulsivity, indirectly, in tasks such as 

these that include a set delay. 

 This investigation aimed to clarify the role of increased dopaminergic 

transmission on impulsive action by testing rats under conditions in which they could, 

and could not, time the interval during which they must inhibit a response.  We 

hypothesized that amphetamine would produce distinct effects when the delay to 

respond was either predictable or unpredictable.  To that end, we trained rats in the RI 

task (Befort et al., 2010; Hayton et al., 2010), which requires subjects to withhold 

pressing a lever until signaled to respond.  Separate groups were trained with short (4-

s), long (60-s), or variable (1-s to 60-s) delays.  To better understand how timing 

influences impulsive responses, we analyzed the probability of responding throughout 

the delays, determining when animals were likely to respond prematurely under each 

condition.  Amphetamine produced a dose-dependent increase in impulsive actions 

when the delay was predictable, but a decrease when it was unpredictable.  The 

probability of responding showed distinct patterns in each condition (i.e. 4 s, 60 s and 1-

60 s delays), both prior to and following amphetamine administration.  These findings 

emphasize that impulsive actions are influenced by the subjectsʼ expectation of the 
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duration that a response must be withheld, and that dopaminergic systems interact with 

this process. 

Methods 

 Subjects. 

 Male Long-Evans rats (N=72; Charles River, Quebec), weighing 175-225 g at 

arrival, were pair-housed on a reverse light-dark cycle with testing conducted during the 

dark cycle.  Three days prior to training, rats were food restricted to 120 min of free 

access (Lab Diet: PMI Nutritional International, Inc) per day; water was freely available. 

Animal care was conducted in accordance with Canadian Council on Animal Care 

guidelines and the experiments were approved by the Queenʼs University Animal Care 

Committee. 

 Apparatus. 

 Training and testing were conducted in operant conditioning chambers (26.5 × 

22.0 × 20.0 cm), housed in a sound-attenuating chamber (constructed in house).  Each 

box was fitted with two retractable levers.  Dustless sucrose pellets (45 mg; Bio-Serv, 

N.J., USA) were delivered to a food magazine, located between the levers, via a pellet 

dispenser (Med Associates, Vt., USA).  A houselight could indirectly illuminate the 

chamber and three signal lights were situated 4 cm above each lever and the magazine. 

A standard computer (Dell, Canada) controlled the equipment and was used for data 

collection (software written in-house using ECBASIC). 
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 Behavioral Training. 

 Rats were magazine trained for 1 session, receiving 20 sugar pellets on a 

random time 90-s schedule.  The houselight was illuminated until a food pellet was 

dispensed. At this point, the magazine light turned on and the house light turned off for 

1-s and the next trial commenced.  

 Rats were then trained to lever press for sucrose pellets on a continuous 

reinforcement schedule; lever assignment (left versus right) was counterbalanced across 

rats and remained consistent for the remainder of the experiment.  The houselight and 

discriminative stimulus (lever light) were turned on throughout these sessions, except 

during delivery of the reward, which was signaled by illumination of the magazine light 

(1-s).  There was no time limit for responding on each trial; training continued until 

subjects earned a minimum of 80 pellets in a 60-min session for 2 consecutive days.  

Following continuous reinforcement training, the response phase (houselight and 

discriminative stimulus on) was shortened to 10-s following lever insertion.  If 10-s 

elapsed, the lever was retracted for a 10-s ITI and the trial was scored as an omission.  

Training continued until animals reached a criterion of fewer than 20% omitted trials for 

two consecutive sessions.  Over 90% of animals reached this criterion in 2 days, with the 

remaining completing this stage of training within 4 days.  In all phases of the task, lever 

presses on the non-reinforced lever were recorded, but had no programmed 

consequence.   

 Subjects were then trained on the RI task (Figure 16).  Each trial of the task 

commenced with a 10-s ITI in which the levers were retracted and the houselight off.  At 

the end of the ITI, trials progressed to the premature phase, during which both levers  
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Figure 16.  Visual schematic of the RI task with arrows indicating possible outcomes.  
The RI task requires subjects to withhold responding until the correct phase.  Responses 
during the correct phase result in a sucrose pellet reward and reinstate ITI.  Responses 
during the premature phase restore the ITI with no reward.  Failure to respond during the 
correct phase results in an omission and reinstates the ITI. 
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were inserted and the houselight illuminated.  Lever presses on the reinforced lever 

during the premature phase (i.e., premature responses) reinstated the ITI with no 

reward.  If subjects did not press the lever in the premature phase, trials progressed to 

the correct phase, during which the houselight was extinguished and the discriminative 

stimulus illuminated.  Responses in the presence of the discriminative stimulus were 

reinforced with a sucrose pellet (and illumination of the magazine light for 1-s) and 

initiated the next trial.  Failure to lever press within 10-s of illumination of the 

discriminative stimulus resulted in an omission and initiated the next trial. Rats in the 

Predictable 4-s condition (n=16) received 21 sessions of baseline training with a 4-s 

premature phase and 100 trials/session.  Subjects in the Predictable 60-s condition 

(n=32) were initially trained for 5 sessions with a 4-s, then 15-s, then 60-s premature 

phase (100 trials/session), followed by 14 sessions of baseline training with a 60-s 

premature phase (50 trials/session).  Subjects in the Unpredictable condition (n=24) 

were initially trained for 5 sessions with a 4-s, then 15-s, then 60-s, premature phase 

(100 trials/session), followed by 14 baseline sessions with 20 trials at premature phases 

of 1, 4, 15, 30, and 60 s (100 trials in total, with delays delivered randomly).  

 Drugs. 

 D-Amphetamine sulfate (Sigma-Adrich, Canada) was dissolved in 0.9% 

physiological saline and was prepared at doses of 0.0, 0.125, 0.25, 0.5, and 1.0 

mg/kg/ml.  Amphetamine was injected 30 min prior to behavioural testing and each 

subject received two injections at each dose (10 injections in total), in either ascending  
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then descending, or descending then ascending order, counterbalanced across rats. 

Doses were separated by 48 hrs, and rats were tested drug-free on the intervening days. 

 Data analysis and statistics. 

 Premature responding was assessed as the percentage of trials in which rats 

pressed the reinforced lever press prior to the discriminative stimulus (i.e. during the 

premature phase).  This dependent measure was calculated as (premature 

responses/(premature + correct responses))*100.  Latencies to correct responses, the 

number of responses on the non-reinforced lever and trial omissions were also recorded.  

Latencies were calculated as the time from discriminative stimulus presentation to the 

first lever press on the reinforced lever.  Non-reinforced lever (NRL) pressing was 

calculated as the rate of responses per second.  Latencies and NRL for the 

Unpredictable condition were calculated using both sessions for each dose, owing to the 

small number of trials at each delay (20 per session) and an even smaller number of 

correct responses (frequently less than 10, particularly at the 60-s delay).   

 Data were analyzed using analysis of variance (ANOVA), computed with the 

Statistical Program for the Social Sciences (SPSS; V.18.0).  Degrees of freedom for 

repeated measures were adjusted using the Greenhouse-Geisser correction if 

assumptions of sphericity were violated (Greenhouse and Geisser 1959).  When 

significant main effects were observed in between-subjects analyses, post-hoc tests 

were performed using a Bonferroni correction.  When appropriate, within-subjects 

significant main effects were further analyzed for simple effects with an ∝ correction for 

the number of comparisons made. 
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 The probability of responding measure reflects the likelihood of a lever press 

occurring during a set period (1-s or 5-s bin).  This was calculated as the number of 

responses during a bin, divided by the number of trials that reached that bin.  For 

example, all subjects in the Unpredictable condition had 100 trials per session (20 at 

each delay).  If an individual subject made two premature responses in the 0-1 s bin 

when the delay was set at 30-s, the probability of responding during this bin would be 

2/100=0.02.  For this subject, there were 78 trials at the 1-2 s bin (all 20 trials at the 1-s 

delay had progressed to the correct phase and two 30-s delay trials had been terminated 

due to the previous errors).  If this subject made 4 premature responses between 1 and 

2 seconds, the probability of responding in this bin would be 4/78=0.051.  Probability of 

responding data in the Predictable 4-s condition were analyzed using four 1-s bins, 

whereas the Predictable 60-s and Unpredictable conditions were analyzed over twelve 

5-s bins. 

 Baseline calculations of probability of responding were made by pooling the final 

seven sessions, and the effects of amphetamine on this measure were calculated by 

combining data from the two sessions at each dose.  Baseline probabilities of 

responding were analyzed using repeated-measures ANOVA, with time (1-s or 5-s bins) 

as a within-subject factor and condition as a between-subjects factor.  Drug testing data 

were analyzed using repeated-measures ANOVAs with dose as a within-subject factor 

and order of injection (ascending versus descending) as a between-subjects factor.  

ANOVAs conducted on data from the Unpredictable condition also included delay (1, 4, 

15, 30, and 60-s) as a within-subject factor.  We included injection order as a factor in 

the ANOVA controls for the effect of repeated drug exposure on behavioral measures, 
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making the analysis more conservative.  Subjects who showed unstable performance 

(>10% deviation from baseline) during drug-free days were excluded from the analysis of 

drug effects (this criterion applied to 4 subjects, two from the Unpredictable condition, 

one from each of the Predictable conditions). 

Results 

 Predictable and unpredictable conditions produce distinct patterns 

of premature responses across time. 

 The probability of responding during the premature phase of the RI task followed 

distinct patterns under different training conditions (Figure 17).  Analysis of these data in 

1-s bins for the first 4 s of the premature phase (see Figure 17 inset), revealed a 

significant effect of Condition (F(2,69)=7.668, p=0.001), Time (F(3,207)=30.895, p<0.001), 

and a significant Time X Condition interaction (F(6,207)=33.315, p<0.005).  Simple effects 

confirmed significant Condition effects at 1-3 s (all p<0.005), and post hoc t-tests 

revealed significantly more premature responding by the Unpredictable group during the 

1-s bin, significantly less premature responding by the Predictable 60-s group during the 

2-s bin, and significantly more responding by the Predictable 4-s group during the 3-s bin 

(all p<0.05 versus other two conditions).  

 We also examined the probability of responding from 0 to 60-s for the 

Unpredictable and Predictable 60-s conditions, which showed no significant effect of 

Condition (F(1,53)=0.672, p=0.42), but significant effects of Time (F(11,583)=20.120, 

p<0.001), and a Time X Condition interaction (F(11,583)=12.220, p<0.001).  Post-hoc t- 
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Figure 17. Differences in the probability of responding across different conditions of the 
RI task.  The probability of responding during the final 7 sessions of baseline training is 
displayed in 1-s bins for the first 0 to 5-s of all three conditions (Inset) and 5-s bins 
across 0 to 60-s for the Predictable 60-s and Unpredictable conditions. (∗: p<0.05 vs all 
groups; Error bars display standard error of the mean) 
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tests revealed a significant effect of Condition, only during the first 5 s of the premature 

phase (p=0.01). 

 Amphetamine increases premature responding in the predictable 4-s 

condition. 

 In animals trained with a 4-s premature phase, amphetamine dose-dependently 

increased premature responding (Figure 18A) (F(4,52)=16.639, p<0.001), with post-hoc 

tests confirming significantly more premature responses at 1.0 mg/kg than all other 

doses, as well as significantly more premature responses at 0.5 mg/kg than the 0.0 and 

0.25 mg/kg doses (all p<0.05).  Amphetamine did not affect omissions (F(4,52)=1.857, 

p=0.179; Figure 18B) or NRL rate (F(4,52)=1.590, p=0.224; Figure 18C).  There was a 

mild, but non-significant, trend towards quicker latencies to respond in the correct phase 

following amphetamine injections (F(4,52)=2.689, p=0.076; Figure 18D).  For all measures,  

there was no significant effect of Dosing Order, nor were there any significant 

interactions between this factor and Dose (all p>0.05). 

 There was also a time-dependent effect of amphetamine on probability of 

responding during the 4-s premature phase (Figure 19), manifested as significant effects 

of Time (F(3,42)=52.846, p<0.001) and Dose (F(4,56)=17.566, p<0.001), as well as a Time x 

Dose interaction (F(12,168)=11.312, p<0.001).  Simple effects confirmed a significant drug 

effect during the final bin (3-4s) (p=0.024), with post-hoc t-test showing a significantly 

higher probability of responding after 0.5 mg/kg or 1.0 mg/kg amphetamine compared to 

all other doses, and a significantly higher probability of responding after 1.0 mg/kg than 

0.5 mg/kg amphetamine (all p<0.05).  
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Figure 18.  Effect of amphetamine on performance in the Predictable 4-s condition of 
the RI task.  Amphetamine increased premature responding (A), but had no effect on 
Omissions (B), NRL rate (C), or Correct Latency (D). (∗: p<0.05 vs 0.0 mg/kg dose; #: 
p<0.05 vs all groups; Error bars display standard error of the mean). 
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Figure 19.  Effect of amphetamine on the probability of responding in the Predictable 4-s 
condition of the RI task.  Amphetamine increased the probability of responding during 
the final 1-s bin of the trials.  (For clarity, data for the 0.125 and 0.25 mg/kg doses were 
not displayed, but are statistically identical to the 0.0 mg/kg dose; ∗: p<0.05 vs 0.0 mg/kg 
dose; #: p<0.05 vs all groups; Error bar displays two standard errors of the difference). 
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 Amphetamine increases premature responding in the predictable   

60-s condition. 

 In animals trained with a 60-s premature phase, amphetamine increased 

premature responding (Figure 20A; F(4,116)=11.553, p<0.001), with post-hoc tests 

confirming significantly more premature responses after 1.0 mg/kg of amphetamine than 

all other doses.  Amphetamine did not produce a significant effect on omissions 

(F(4,116)=0.429, p=0.717; Figure 20B), NRL rate (F(4,116)=0.722, p=0.506; Figure 20C), or 

latency to respond in the correct phase (F(4,116)=1.554, p=0.205; Figure 20D).  For all 

measures, there were no significant effects of Dosing Order or interaction with Dose (all 

p>0.05). 

 There was also a time-dependent effect of amphetamine on probability of 

responding during the premature phase (Figure 21).  This was revealed by significant 

effects of Time (F(11,319)=3.768, p=0.024) and Dose (F(4,116)=9.630, p=0.001), and a trend 

towards a significant Time x Dose interaction (F(44,1276)=1.931, p=0.057).  Post-hoc tests 

revealed no significant differences between the 0, 0.125, and 0.25 mg/kg doses, but a 

significantly higher probability of responding across time for the 0.5 and 1.0 mg/kg 

doses, compared to the 0 mg/kg dose (p<0.05).   

 Amphetamine reduces premature responding in the unpredictable 

condition. 

 In animals trained with an unpredictable (1-s to 60-s) premature phase, 

amphetamine dose-dependently decreased premature responding (Figure 22A), with 

significant effects of Dose (F(4,64)=3.68, p=0.009) and Delay (F(4,64)=50.44, p<0.001), and 
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Figure 20.  Effect of amphetamine on performance in the Predictable 60-s condition of 
the RI task.  Amphetamine increased premature responding (A), but had no effect on 
Omissions (B), NRL rate (C), or Correct Latency (D). (∗: p<0.05 vs 0.0 mg/kg dose; Error 
bars display standard error of the mean).
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Figure 21. Effect of amphetamine on the probability of responding in the Predictable 60-
s condition of the RI task.  Amphetamine increased the probability of responding across 
time.  (For clarity, the data for 0.125 and 0.25 mg/kg doses are not displayed, but are 
significantly identical from the 0.0 mg/kg dose; ∗: p<0.05 vs 0.0 mg/kg dose; Error bar 
displays two standard errors of the difference). 
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Figure 22. Effect of amphetamine on performance in the Unpredictable condition of the 
RI task.  Amphetamine decreased premature responding at the 60-s delay (A), while 
having no effect on Correct Latency (B), Omissions (C), or NRL rate (D). (∗: p<0.05 vs 
0.0 mg/kg dose; Error bar displays two standard errors of the difference). 
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 a Dose x Delay interaction (F(16,256)=2.90, p=0.012.  Post-hoc tests revealed significantly 

less premature responses after the 0.5 and 1.0 mg/kg doses, compared with the 0 mg/kg 

dose (p<0.05).  Simple effects showed a significant effect of Dose at the 30-s and 60-s 

delays, and post-hoc tests showed significantly fewer premature responses with 0.5 and 

1.0 mg/kg amphetamine at the 60-s delay (p<0.05), and a trend towards a significant 

difference between 0 and 1 mg/kg at the 30-s delay (p=0.051). 

 Amphetamine had no effect on response latency in this condition (Figure 22B; 

F(4,80)=1.075, p=0.351).  These was a significant effect of Delay (F(4,80)=23.419, p<0.001) 

with a decreased latency to respond after a 1-s and 4-s delay, compared to the 30-s and 

60-s delays (p<0.05), but no Dose x Delay interaction (F(16,320)=0.653, p=0.700).  

Amphetamine had no effect on the number of omissions (F(4,80)=0.711, p=0.533; Figure 

22C) and there was no effect of Delay (F(4,80)=1.498, p=0.221 or Dose x Delay 

(F(16,320)=0.872, p=0.517).  Similarly, amphetamine had no effect on responding on the 

non-reinforced lever (Figure 22D; F(4,80)=1.41, p=0.256), but there was an effect of Delay 

(F(4,80)=8.411, p=0.003), with a higher rate of responding after the 1-s and 4-s delays 

than the 30-s and 60-s delays (p<0.05), but no Dose x Delay interaction (F(16,320)=1.44,  

p=0.249).  For all measures, there were no significant effects of Dosing Order, nor were 

there any significant interactions with Dose (all p>0.05). 

 Figure 23 shows the effect of amphetamine on probability of responding during 

the premature phase in the Unpredictable condition.  Responding during the final 30 s of 

the premature phase was variable as each subject only received, at most, 40 trials at 

this delay.  There was a significant effect of Time (F(11,231)=29.304, p<0.001), a trend 

towards a significant effect of Dose (F(4,84)=2.733, p=0.054), but no Time x Dose  
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Figure 23. Effect of amphetamine on the probability of responding in the Unpredictable 
condition of RI task.  Amphetamine decreased the probability of responding across time.  
(For clarity, data for 0.125 and 0.25 mg/kg doses were not displayed, but are statistically 
identical to 0.0 mg/kg dose; ∗: p<0.05 vs 0.0 mg/kg dose; Error bar displays two 
standard errors of the difference). 
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interaction (F(44,924)=0.907, p=0.522).  Post-hoc tests confirmed a significant reduction in 

the probability of responding across time after 1.0 mg/kg amphetamine, compared with 

the 0.0 mg/kg dose (p<0.05). 

Discussion 

 A primary objective of this study was to investigate the mechanisms that control 

responding in a rat model of impulsive action.  Our analysis of time-dependent changes 

in the probability of responding revealed that subjects make distinct patterns of errors 

when they can and cannot time the response inhibition interval.  By examining the effect 

of amphetamine on different conditions of the same task, we demonstrate that the drug 

increases or decreases impulsive actions when subjects must withhold responding for a 

predictable or unpredictable delay, respectively.  These results are particularly striking 

because, at its simplest, the requirements for each variation of the RI task are identical: 

Donʼt press the lever until the signal light illuminates.  Therefore, the animalʼs 

expectation for delay length directly influenced the drugʼs effect, which may explain the 

apparently contradictory effects of amphetamine on impulsive action in previous studies.  

 Expectation of delay duration alters the probability of impulsive 

responding across time. 

 Impulsive action is commonly measured in rodent models as the number or 

proportion of premature responses per session.  This metric provides a global estimate 

of a subjectʼs inability to withhold a response.   We examined this measure in greater 

depth by analyzing the probability of impulsive responding across time.  This analysis 

revealed that the likelihood of making an impulsive response at a particular time point 
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varied, depending on the subjectsʼ expectation of the premature phase.  Specifically, 

training in the Predictable 4-s condition resulted in far more responses in the final 

second of the premature phase, reminiscent of the scalloped pattern of responding 

under fixed interval schedules (Fester and Skinner, 1957).  A likely explanation for this 

profile is that subjects are timing the interval length and premature errors are anticipatory 

responses.  This fits with evidence of increased impulsivity in the 5-CSRTT when the ITI 

is lengthened from 5 to 7+ seconds (see for example, Harrison et al., 1997; Fletcher et 

al., 2007).  Indeed, lengthening the premature delay in this task is used to screen for 

individual differences in trait impulsivity (Dalley et al., 2007a; Belin et al., 2008).   

 Unlike the Predictable 4-s condition, subjects in the Predictable 60-s condition 

showed a consistent likelihood of responding throughout the premature phase.  That is, 

even though the length of the delay interval was predictable, subjects did not exhibit 

anticipatory responding towards the end of the interval.  It is unlikely that the difference 

in these two patterns reflects the ability to time short (4-s) but not long (60-s) intervals as 

rats responding under DRL schedules can accurately assess delays of the longer 

duration (Seiden et al., 1979; Lobarinas & Falk, 1999; Bizot 1998; Fowler et al., 2007).  

The DRL task differs from the predictable delay version of the RI task in that the delay 

period in the latter is signaled.  Perhaps this presence of a clear signal reduces the need 

to time an interval, which would be particularly taxing at the long delay.  In other words, 

rats may rely on different cognitive mechanisms to inhibit responding for long and short 

predictable delays: timing the former and attending to external sensory cues to signal the 

latter.  
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 In contrast to the Predictable 4-s and 60-s conditions, subjects in the 

Unpredictable condition showed a greater likelihood of responding at the beginning of 

the premature phase.  This highlights the usefulness of breaking down the probability of 

responding across time in that a cursory examination of responses at each delay shows 

more premature responding on trials with longer delay intervals; this may have led to the 

erroneous conclusion that animals are more likely to respond at the end of the premature 

phase.  Responses that occurred early in the delay interval may have been elicited by 

the lever insertion, although it is not clear why this would occur in the Unpredictable, but 

not the Predictable 60-s, condition.  Another possibility is that the increased responding 

in the initial time bins is a rapid adaptation to one or more short delays presented in the 

random sequence.  That is, the alternation of delay intervals occasionally produced 

several trials in a row with the 1-s or 4-s delay, which could cause subjects to anticipate 

another short delay and respond accordingly.  

 Amphetamine-induced changes in impulsive action may interact with 

underlying cognitive processes. 

 One of the most important findings in our study is that amphetamine has opposite 

effects on impulsive action when the delay interval is set or variable.  Amphetamine 

increased premature responding in predictable conditions of the RI task, regardless of 

whether the delay interval was short (4-s) or long (60-s).  In contrast, if subjects were 

unable to time the duration of the delay interval (Unpredictable condition), amphetamine 

decreased premature responses.  Thus, the effect of amphetamine on impulsive action 

(at least in the RI rat model) depends on whether animals can time the delay interval.  
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This suggests that increases in DA transmission are altering some cognitive process 

(e.g. timing, attention or conditioned avoidance) which has differential effects on 

premature responding in the two conditions. 

 The simplest explanation for an amphetamine-induced increase in premature 

responding in the predictable conditions of the RI task is that the drug altered timing 

abilities.  This fits with evidence that amphetamine disrupts the ability to discriminate 

cues of different durations (Meck, 1996; Bizot, 1997) and produces a leftward shift of 

peak intervals in DRL tasks (Taylor et al., 2006; Eckerman et al., 1987).  The latter 

finding suggests that amphetamine accelerates the perception of time.  If this were true, 

increased premature responding could simply be an exacerbation of the normal, 

anticipatory responses we observed in the Predictable 4-s condition.  In agreement with 

this idea, amphetamine increases premature responses in other tasks with consistent 

delays, such as the 5-CSRTT (Cole and Robbins, 1987; Harrison et al., 1997; van 

Gaalen et al., 2006) and DRL tasks (Seiden et al., 1979; Lobarinas & Falk, 1999; Bizot 

1998; Fowler et al., 2007), but not in the stop task which uses a variable (unpredictable) 

delay to the signal for response inhibition (Feola et al., 2000; Eagle and Robbins, 2003).  

Disruptions in timing abilities would not affect performance in the Unpredictable 

condition, so it is not surprising that we failed to observe an amphetamine-induced 

increase in impulsive action in this version of the task. 

 Although amphetamine increased impulsive action in both predictable conditions 

of the RI task, the drug had different effects on the distribution of errors at long and short 

delay intervals.  More specifically, unlike the Predictable 4-s condition, amphetamine did 

not produce time-sensitive errors in the probability of responding at the longer (60-s) 
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delay interval.  These data argue against the idea that amphetamine is promoting 

impulsive actions through an accelerated perception of time, at least when the interval to 

be timed is relatively long.  As noted previously, however, rats may successfully inhibit 

responding at these long delays by attending to the sensory cue that signals the end of 

the interval, rather than timing the interval itself.  Performance improves (i.e. impulsivity 

decreases) in a 15-s DRL task when a cue is presented at the end of the delay (Carey 

and Kritkausky, 1972), suggesting that attending to an external sensory cue improves 

performance at intermediate delays.  More importantly, amphetamine does not produce 

a leftward shift in IRTs when a signal is present (Wiley et al., 2000), although it does 

increase the response rate and decrease the number of reinforcers obtained, a pattern 

of deficits that points to elevated impulsivity but no alteration in timing abilities.  The 

findings also fit with our idea that the effect of a drug on impulsive action (or any other 

response) depends on the cognitive process that is controlling behavior.  If animals are 

timing delay intervals, amphetamine speeds up this mechanism; if they are relying on 

external sensory cues, amphetamine may impact performance through another process. 

 When relying on external signals, particularly in the Predictable 60-s condition, 

rats may successfully inhibit by actively avoiding the lever.  In DRL tasks (24-s or 72-s), 

rats position themselves away from the operant manipulandum until a few seconds prior 

to responding (Fowler et al., 2009), reminiscent of a pre-commitment strategy in pigeons 

(Rachlin and Green, 1972) that reduces impulsivity.  Just as a dieter avoids temptation 

by throwing out the junk food in their house, rodents may avoid approaching the lever to 

prevent premature responding.  If rats are actively avoiding the lever in the Predictable 

60-s condition, the locomotor-activating effects of amphetamine (Kalivas and Stewart, 
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1991) may disrupt this strategy: promoting movement towards the lever, thereby 

increasing premature responding.  Lever avoidance would be a disadvantageous 

strategy in the Unpredictable condition, as it would slow the latency to respond at short 

intervals, potentially delaying reward presentation.  In fact, the latency to respond was 

reduced at short (1-s and 4-s) intervals in the Unpredictable condition, which suggests 

that subjects were not actively avoiding the lever.  Conditioned avoidance, therefore, 

may reduce the likelihood of making an error at long, but not short, delays.  This 

highlights, once again, that rats may employ different cognitive strategies to inhibit 

responding, and helps to explain the differential effects of amphetamine on action 

impulsivity in predictable and unpredictable conditions.  

 The RI task does not place strong attentional demands on the subject: Rats have 

up to 10 seconds to respond during the correct phase and the correct and premature 

phases have distinct signals that can be detected from any place in the chamber.  

Nonetheless, enhancing attention could improve performance, particularly in the 

Unpredictable condition because subjects must constantly monitor the environment as 

they wait for the signal to respond.  Amphetamine improves attention (Bizarro et al., 

2004; Grilly, 2000) and decreases distractibility (Agmo et al., 1997a,b), which may 

explain why it improves performance (i.e. decreases impulsive action) in the 

Unpredictable condition, but not in the two predictable conditions.  On the other hand, it 

may be that amphetamine improves attention in all three conditions, but the effects on 

impulsive action are masked in the predictable conditions by drug-induced disruptions in 

other processes, such as timing or conditioned avoidance. 
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 Neurotransmitter contribution to impulsive action. 

 Amphetamineʼs distinct effects on the predictable and unpredictable conditions of 

the RI task may reflect the drugʼs effects on various neurotransmitter systems.  

Amphetamine is not a selective drug: it acts preferentially on the DA transporter, but also 

has an action on 5-HT and NA transporter systems (Sulzer et al., 2005).  Increasing 

noradrenergic tone, through selective reuptake inhibitors, decreases impulsive action in 

the 5-CSRTT (Navarra et al., 2008; Robinson et al., 2008) and the Stop Task (Robinson 

et al., 2008), and improves the ability to correctly time intervals (Balci et al., 2008).  

Increases in serotonergic tone also decrease impulsive action on DRL schedules 

(Richards et al., 1993; Sokolowski and Seiden, 1993), whereas 5-HT depletion increases 

this measure in the 5-CSRTT (Harrison et al., 1997) and on DRL schedules (Jolly et al., 

2009).  Serotonergic mechanisms interact with the effect of amphetamine in the 5-

CSRTT in that blockade of the 5-HT2A receptor prevents amphetamine-induced 

increases in premature responding (Fletcher er al., 2011), although this drug also 

reduces impulsive actions when administered alone (Fletcher et al., 2007; Higgins et al., 

2003).  Amphetamine, therefore, may effect performance in the RI task by interacting 

with the multiple neurotransmitter systems that directly or indirectly (i.e. via timing, 

avoidance or attention) alter impulsive action.  Our findings further emphasize that the 

effects of a drug on any behavioral measure must be interpreted in the context of the 

cognitive processes that are controlling responding.   
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Chapter 5 

General Discussion 

 The experiments reported in this thesis probed the understudied impact of 

learning on impulse control.  By combining animal models, patch-clamp 

electrophysiology, and behavioural pharmacology, we have highlighted the substrates 

that underlie learning to withhold an inappropriate response, thereby expanding our 

understanding of the mechanisms of impulse control. 

 In our initial experiment, we asked the question: What physical changes occur to 

mPFC synapses when an animal learns an impulse control task?  We showed that 

learning the RI task increases the AMPA/NMDA ratio in the synapses of layer V 

pyramidal neurons in the PL, but not IL, region of the mPFC.  This enhancement 

corresponds to increased synaptic strength, which is akin to LTP (Malenka and Bear, 

2004).  Most importantly, the enhancement increased in parallel with the ability to inhibit 

a motor responses as subjects learned the task.  Similarly, extinguishing the learned 

impulse control, by reinforcing all responses, restored the AMPA/NMDA ratio to baseline 

levels.  We also showed that these effects were selective for neurons projecting to the 

VS, but not the BLA or DS.  These findings were the first published report of a plastic 

change that encodes impulse control. 

 Intrinsic membrane excitability controls the threshold, and frequency, of action 

potentials in neurons (Saar and Barkai, 2009).  Although studied far less frequently than 

synaptic plasticity, plastic changes to excitability are also critical in several forms of 

learning (Zhang and Linden, 2003).  In subjects that learned the RI task, we observed 

decreased excitability in layer V pyramidal neurons of the PL, but not IL, region of the 
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mPFC, the same population of cells that underwent synaptic changes.  These changes, 

in conjunction with increased glutamatergic transmission, may be a mechanism of 

increasing the signal-to-noise ratio, a homeostatic compensation, or a means of 

preventing further plasticity.  Fortuitously, we also observed an increase in the intrinsic 

excitability of IL, but not PL, neurons in subjects trained in the operant control condition.  

Using additional modifications to the control condition, we determined that these 

changes arose from subjects learning an anticipatory cue, which signaled imminent lever 

insertion.  This dissociation between PL and IL neurons suggests that both regions are 

responsible for directing actions, but under distinct circumstances. 

 In our final experiment, we took a different approach from our electrophysiology 

experiments and examined the pharmacology underlying impulse control.  We 

demonstrated that the animalʼs expectation for the duration of the premature phase 

altered not only how likely, but also when, an animal would make a premature response.  

That is, the distinct training conditions promoted distinct failures of impulse control: Early 

errors in the Unpredictable condition; anticipatory errors in the Predictable 4-s condition; 

and a constant likelihood of errors in the Predictable 60-s condition.  Surprisingly, 

amphetamine also had distinct effects in each condition, improving impulse control in the 

Unpredictable condition and impairing impulse control in the two Predictable conditions.  

As we discussed in chapter 4, amphetamine could interact with several underlying 

cognitive processes, including timing, conditioned avoidance, and attention, to produce 

these differential effects. 
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Neural and cognitive substrates of impulse control 

 The primary objective of this thesis was to examine impulse control from a 

learning perspective.  To varying degrees, all of our experiments confirmed that learning 

the RI task is a gradual process (see, for example figures 1, 2, 4, 9), with performance 

improving across repeated sessions of training.  In fact, our research group has never 

observed a subject unable to acquire the task, nor has a subject spontaneously learned 

the RI task in a single session.  Thus, these experiments highlight the importance of 

learning in the study of impulsivity by providing a better understanding of the 

mechanisms that underlie the acquisition of impulse control. 

 As noted throughout this thesis, the mPFC is a critical substrate for impulse 

control.  Lesions, both permanent (Chudasama et al., 2003) and temporary (Narayanan 

et al., 2006), increase premature responding on a variety of tasks, injection of various 

drugs into the mPFC improve or impair (Winstanley et al., 2003, Mirjana et al., 2004; 

Carli et al., 2006) impulse control, and unit recordings identified mPFC neurons whose 

firing correlates to withholding responses (Narayanan and Laubach, 2006).  Therefore, it 

is not surprising that our experiments confirmed the importance of this region, and the 

PL in particular, in impulse control. In addition to highlighting where, our experiments 

inform how the mPFC encodes this information: Through plastic changes to synaptic and 

membrane properties.  The close parallel between performance and AMPA/NMDA ratio, 

together with the strong correlation between performance and excitability, points to the 

centrality of these changes in impulse control. 

 The mPFC is obviously not solely responsible for impulse control.  Many other 

brain regions are also implicated in this process, including the hippocampus (Gray and 
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McNaughten, 1983; Young and McNaughten, 2000; Cho and Jeantet, 2010), OFC 

(Winstanley et al., 2010; Eagle et al., 2008), anterior cingulate (Chudasama et al., 2003), 

STN (Baunez and Robbins, 1997; Uslander and Robinson, 2006), and striatum (Eagle 

and Robbins, 2003; Murphy et al., 2008).  Within the VS, the core and shell of the NAc 

are critical for withholding inappropriate action (Sesia et al., 2008; Murphy et al., 2008).  

In fact, the effects of amphetamine on premature responding in the 5-CSRTT are 

mediated by the NAc (Pattij et al., 2007b; Wiskerke et al., 2011), a potential mechanism 

for our findings under the Predictable conditions in Chapter 4.  The importance of the VS 

in impulse control was strengthened by our report of the selective increase in 

AMPA/NMDA ratios in neurons projecting to this structure.  The projections from the 

mPFC to the striatum are top-down, with striatal neurons sending information back to the 

cortex indirectly through the pallidal-thalamic loop (Heidbreder and Groenewegen, 

2003), suggesting an executive role for the mPFC in the control of actions.  The NAc is 

an important substrate for associative learning (Ikemoto and Panksepp, 1999; Kelley 

2004), and therefore, the mPFC may directly promote or inhibit previously learned 

responses through cortical-striatal projections.  

 The mPFC is not a unitary structure: the anterior cingulate, PL, and IL regions 

make relatively stronger projections to the DS, VS, and BLA, respectively (Gabbott et al., 

2005).  However, other research suggests that the distinction between PL and IL reflects 

heavier projections to the core and shell of the NAc, respectively (Berendse et al., 1992; 

Vertes, 2004).  A selective lesion study showed that lesions to the IL, but not the PL, 

cortex increased premature responding in the 5-CSRTT (Chudasama et al., 2003).  

Similarly, infusing an NMDA antagonist into the IL, but not PL, cortex also increased 
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premature responding in the same task (Murphy et al., 2005).  These studies implicate 

the involvement of IL neurons in impulse control, despite our experiments pointing to the 

importance of PL neurons in this process. 

 One possibility is that both PL and IL are responsible for encoding impulse 

control, but that IL neurons inhibit responses through a differing mechanism, such as 

altered GABAergic transmission, or through a different cell population, such as inter-

neurons, stellate cells, or layer II/III pyramidal neurons, which were not examined in this 

thesis.  It is also possible that differences between the RI task and the 5-CSRTT 

necessitate top-down control of different subcortical substrates.  As discussed earlier, 

the 5-CSRTT requires discrimination abilities and places strong attentional demands on 

the subject (Robbins, 2002).  The more demanding requirements of the 5-CSRTT could 

rely on directing other subcortical targets, such as the amygdala, which receive stronger 

projections from the IL (Gabbott et al., 2005; Vertes, 2004).  Indeed, even the differing 

operant behaviours could rely on differing subcortical structures, as nose poking co-opts 

an existing ethological behaviour (Shinder et al., 1993; Roche and Timberlake, 1998) 

whereas lever pressing is a novel operant response. 

 The distinct function of IL and PL neurons in impulse control could also be based 

on their distinct projections within the NAc.  A simple model of motor control places the 

mPFC in the executive role, inhibiting the simpler, associative learning encoded by the 

striatum (Kelley, 2004).  Complicating this picture are reports that deep brain stimulation 

of the NAc shell decreases, and stimulation of the core increases, impulsivity (Sesia et 

al., 2008).  Similarly, lesions of the shell block amphetamine-induced impulsivity while 

core lesions enhance these effects (Murphy et al., 2008).  These findings imply that 
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there is an oppositional role for the core and shell in impulse control.  Therefore, PL 

projections, which are stronger to the core (Berendse et al., 1992; Vertes 2004), may 

control the initiation of actions, rather than their inhibition, a possibility raised throughout 

this thesis.  Our technique of retrograde labeling, however, was not able to distinguish 

between core and shell projecting neurons, and thus, this putative organization of 

functional effects is speculative.   

 A large body of literature suggests that the mPFC is responsible for selecting, 

sequencing, and directing actions (Seamans et al., 2008); the evidence we present 

throughout this thesis supports this contention.  Still unclear, despite our best efforts, is 

the nature of the mPFC signal to subcortical structures.  Although there are distinct 

synaptic and cellular changes that correlate to acquiring impulse control, the function of 

these modifications remains opaque.  What information is communicated by the action 

potentials from a neuron that has undergone the plastic changes we identified: Go?  

Wait?  Prepare?  Our finding of increased IL excitability after learning an anticipatory cue 

(Chapter 3) suggests distinct roles for different populations of mPFC neurons.  The 

increased AMPA/NMDA ratio in neurons projecting to the DS after training in the operant 

control condition (Chapter 2) also points to a role for the mPFC in initiating actions.  As 

described earlier, unit recordings of subjects performing a similar task (Laubach and 

Narayanan, 2006) point to a causal relationship between mPFC and motor cortex 

activity. 

 In Chapter 4, we described several cognitive processes that could interact with 

impulse control; the use of timing was evident, particularly for a short delay.  The 

perception of time is a challenging process to conceptualize in rodents (Meck et al., 
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2008), and there is a danger in anthropomorphizing the process.  It seems unlikely that, 

like humans, a rat would use a language-based mnemonic aid to time a delay (“One 

Mississippi… Two Mississippi…”), but a motor sequence could allow animals to time a 

delay with a sequence of behaviours.  Similar motor-based mnemonic cues in rats have 

been observed with other putative mPFC processes, such as working memory (Cowen 

and McNaughten, 2007).  That is, by chaining together a sequence of motor behaviours, 

an animal would be able to accurately time a period.  In fact, observations of animals 

performing the task suggests some subjects do employ consistent motor sequences – 

such as repeated presses on a non-reinforced lever, chewing sections of the operant 

chamber, or grooming – during the premature phase of the RI task (Hayton, unpublished 

observations).  It is possible that these sequences, which indirectly promote impulse 

control by providing a mnemonic aid to time the interval, could be directed by the mPFC, 

which has an established role in planning and sequencing actions (Seamans et al., 

2008).  If true, then the plastic changes we observed may not encode impulse control, 

per se, but instead the sequencing or chaining of these behaviours. 

Individual differences in impulse control 

 Impulsivity is often described as a trait in humans (Congdon and Canli, 2008; de 

Wit, 2009), and substantial evidence suggests animals show broad individual differences 

in the various subtypes of impulsivity, including impulsive actions (Dalley et al., 2007a; 

Dellu-Hagedorn, 2006; Molander et al., 2011).  In our initial pilot studies (Figure 2), we 

reported that subjects differed in their ability to learn the RI task, with some subjects 

mastering a premature phase with a 60-s duration, while others were unable to achieve 
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more than 80% correct on a 4-s or 2-s delay.  Nonetheless, ambiguity remains about the 

distinct role of learning impulse control on preexisting individual differences, particularly 

in relation to the neural correlates reported in this thesis. 

 Combined with previous evidence, the experiments in this thesis point to the 

existence of several substrates for impulse control.  If true, individual differences in 

impulse control could arise through multiple mechanisms.  For example, a highly 

impulsive individual could have a weaker inhibitory process or a stronger drive to 

respond that overcomes the suppression.  Additionally, appear to be broad individual 

differences in the ability to learn an impulse control task.  Although not explicitly 

examined, we observed a broad distribution in both the extent of training required to 

learn a delay on the RI task, as well performance once responding had stabilized (see, 

for example Figure 2, 4A, 9C).  In essence, both the slope and ceiling of individual 

learning curves varied widely across subjects.  Based on these differences, we identified 

subjects that had difficulty progressing to longer delays on the RI task (Figure 2), but it is 

unclear whether responding of these subjects stabilized at a shorter premature duration 

because they had a reduced capacity for impulse control or were merely slow learners. 

 As discussed extensively throughout this thesis, a propensity for impulsive action 

is observed in numerous psychiatric conditions (Moeller et al., 2001).  In fact, high 

premature responding on the 5-CSRTT predicts escalation of cocaine (Dalley et al., 

2007a), although not heroin (McNamara et al., 2010), self-administration in rats.  High 

impulsivity rats also display elevated compulsivity, defined as actions that persist despite 

their inappropriateness (Dalley et al., 2011), during cocaine self-administration: tolerating 

a mild foot shock to continue receiving cocaine infusions (Belin et al., 2008).  Intriguingly, 
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these experiments assessed ʻTrait Impulsivityʼ using a 5-CSRTT session that challenged 

subjects with a longer ITI (shifting from 5 s to 7 s).  These observations beg the question 

of what role learning may play in adapting to the longer delay in one session.  In fact, 

given the increased compulsion observed in these subjects, one could speculate that the 

deficits may be driven by compulsively persisting on the 5-s delay, perhaps through over 

reliance on a mnemonic motor sequence, such as those described earlier in this thesis. 

 This thesis described two physical changes in mPFC neurons that underlie 

impulse control, but the uniformity of this process across individuals remains unknown.  

We observed a strong correlation between performance on the task and decreased 

excitability after eight sessions of training (Figure 11) but these subjects were still 

learning the task; thus, the excitability of these neurons may still be in a transitory stage. 

This raises the question of how the physical encoding for impulse control may differ 

between high and low impulsive individuals.  This issue is beyond the scope of the 

current study and is an obvious direction for future research.  Even if mPFC plasticity 

differs in high and low impulsive subjects, it is unlikely that these differences would 

entirely explain trait differences in impulse control.  For example, several reports have 

correlated trait impulsivity with striatal differences, including decreased D2/D3-receptor 

binding in the VS (Dalley et al., 2007a), and reduced grey matter volume in the NAc core 

(Caprioli et al., 2010).  Therefore, the repeated failure to withhold responding could 

reflect a chronic dysfunction in the striatum, rather than the mPFC.  Interestingly, 

infusion of a D3-receptor antagonist into the NAc core of high trait impulsive subjects 

reduced impulsive actions on the 5-CSRTT, while infusions in the shell increased these 

resposnes (Besson et al., 2010).  Given PL inputs to the NAc core, it is possible that 
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mPFC signals to inhibit responding are not being transmitted effectively to the striatum 

when impulse control breaks down.  The mechanism to explain this altered signal 

transmission could be through the previously described changes in D2/D3 binding 

(Dalley et al., 2007a), as D2 activation influences both glutamate release presynaptically 

(Cepeda et al., 1993; Bamford et al., 2004) through an endocannabinoid intermediary 

(Kreitzer and Malenka, 2005; Yin and Lovinger, 2006), as well as LTP and LTD at 

cortical-striatal synapses (Lovinger, 2010). 

 Understanding the relative importance of response inhibition learning on trait 

levels of impulsivity has tremendous implications for directing therapeutic interventions 

because it highlights an interaction between behavioural tendencies and skill acquisition.  

This interaction could explain the differential effectiveness of pharmaceuticals, such as 

MPH, amphetamine and atomoxetine, in the treatment of impulsivity across individuals 

(Goldman et al., 1998; Arnsten, 2006).  As epigenetic research in other fields has shown 

(Smith et al., 2009), understanding a behavioural process (such as impulsive action) 

must take into consideration both preexisting traits and environmental experience.  

Where do we go from here? 

 This thesis reports several correlates of impulse control in the mPFC, but the 

broad parameters for this effect have not been established.  That is, how universal are 

the changes to excitability and synaptic transmission in impulse control?  Future 

experiments can, and should, examine whether other impulse control models, such as 

the 5-CSRTT and DRL, will produce similar changes.  In particular, looking for synaptic 

and excitability changes after learning the stop task would be invaluable, as there has 
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been much discussion (Winstanley et al., 2008; Dalley et al., 2011) about the potential 

differences between the neural substrates of stopping an action in progress and waiting 

to respond (i.e. 5-CSRTT, DRL, RI task).  Similarly, adding discrimination to the RI task 

could determine whether this additional demand underlies the dissociation between PL 

and IL neurons discussed above.  Earlier, it was theorized that a motor sequence could 

underlie both the scalloped pattern of responding while animals wait for short delays, 

and that this effect might also be encoded by the mPFC.  Observing similar synaptic 

and/or excitability changes after training with a chained operant or FCN schedule would 

lend support to this hypothesis.  Finally, we should examine whether predictable (short 

or long) and unpredictable premature phases produce similar changes to the mPFC, 

given the distinct pattern of errors and behavioural pharmacology we reported after 

training in these conditions (Chapter 4). 

  We identified two distinct changes that correlate to learning to withhold an 

inappropriate response but would be foolish to assume that these are the only plastic 

processes that encode impulse control.  Indeed the fact that we observed two 

substantive changes in the only two systems we examined, synaptic plasticity and 

intrinsic excitability, suggests that many more changes are likely to be present.  Although 

we failed to identify a mechanism underlying the changes in intrinsic excitability, these 

may occur through a modulation of the number or function of many different ion channels 

(Saar and Barkai, 2009).  One potential mechanism, upregulation of high voltage 

activated L-type calcium channels, has been observed alongside excitability changes in 

mPFC neurons after cocaine withdrawal (Ford et al., 2009), pointing towards a 

productive avenue for future investigation.  
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 Identifying the neural correlates of impulse control, such as those described in 

this thesis, is an important first step, but elucidating the mechanisms underlying these 

changes is also critical.  That is, enhanced synaptic transmission and decreased 

excitability may be end points of a multi-stage process, and describing the intermediary 

steps is necessary for a complete understanding of the neurobiology of impulse control.  

In this respect, the study of impulse control can be informed by research in fear 

extinction, given that both are top-down processes encoded by the mPFC (Quirk et al., 

2010).  Fear extinction is dependent on NMDA receptor (Burgos-Robles et al., 2007), 

protein kinase A (Mueller et al., 2008), and mitogen-activated protein kinase (Hugues et 

al., 2004; 2006) activity, as well as protein synthesis (Santini et al., 2004).  It is likely that 

impulse control is encoded through similar mechanisms, and identifying the specific 

pathways that mediate this process could reveal novel therapeutic targets. 

 Identifying targets for therapeutic intervention is the ultimate goal of research in 

impulse control, particularly in relationship to psychiatric disorders related to impulse 

control.  To that end, numerous animal models of elevated impulsivity have been 

developed, including spontaneous hyperactive rats (Sagvolden, 2000), Naples high 

excitability rats (Viggiano et al., 2003), DA transporter knockout mice (Gainetdinov and 

Caron, 2000), and neonatal 6-OHDA lesioned rats (Shaywitz et al., 1978).  If the neural 

correlates identified in this thesis are necessary for impulse control, then examining 

mPFC function in these models, before and after training in the RI task, could 

substantiate or refute our findings.  Similarly, establishing if LTP and LTD remain intact 

in the mPFC of these subjects would demonstrate the importance of these processes in 

learning impulse control.  
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 Elevated impulsivity has traditionally been treated with stimulant drugs, such as 

MPH and amphetamine, despite concerns about their long-term effects, particularly on 

the developing brain (Buitelaar and Medori, 2010).  Our research has focused on the 

importance of plasticity in learning impulse control, and suggests a possible new 

direction in the pharmaceutical treatment of disorders such as ADHD.  Interestingly, 

recent experiments have reported improvements in fear extinction, another process 

dependent on mPFC plasticity, with the drugs D-cycloserine (Walker et al., 2002), a 

partial NMDA agonist, and valproic acid, a histone deacetylase inhibitor and 

anticonvulsant (Brady and Barad, 2008).  These drugs could be excellent candidates for 

improving the learning component of impulse control.  Much effort has been expended 

trying to develop pharmaceutical interventions that maintain or improve learning and 

memory functions in the elderly, particularly those with neurodegenerative disorders. 

Interestingly, the glutamatergic antagonist mamantine, which partially restores cognitive 

function in Alzheimerʼs disease, also reduces impulsivity in pathological gamblers (Grant 

et al., 2010).  Although speculative, these drugs could also have the beneficial effect of 

improving the rate of learning impulse control.  

Conclusion 

 This thesis was the first sustained attempt at examining the mechanisms that 

underlie learning impulse control.  Indeed, these experiments have barely scratched the 

surface of this field of inquiry, but hopefully open the door to future investigations.  There 

is much promise in further investigating the plastic changes in the mPFC that encode 
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impulse control.  In particular, by identifying a substrate for impulse control, it is hoped 

that we have provided a target for future therapeutic interventions.  
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