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Abstract 

The countermanding paradigm was designed to investigate the ability to cancel a prepotent 

response when a stop signal is presented and allows estimation of the stop signal response time (SSRT), 

an otherwise unobservable behaviour. Humans exhibit adaptive control of behaviour in the 

countermanding task, proactively lengthening response time (RT) in expectation of stopping and 

reactively lengthening RT following stop trials or errors. Human performance changes throughout the 

lifespan, with longer RT, SSRT and greater emphasis on post-error slowing reported for older compared 

to younger adults. Inhibition in the task has generally been improved by drugs that increase extracellular 

norepinephrine. The current thesis examined a novel choice response countermanding task in rats to 

explore whether rodent countermanding performance is a suitable model for the study of adaptive control 

of behaviour, lifespan changes in behavioural control and the role of neurotransmitters in these 

behaviours. 

Rats reactively adjusted RT in the countermanding task, shortening RT after consecutive correct 

go trials and lengthening RT following non-cancelled, but not cancelled stop trials, in sessions with a 10 

s, but not a 1 s post-error timeout interval. Rats proactively lengthened RT in countermanding task 

sessions compared to go trial-only sessions. Together, these findings suggest that rats strategically 

lengthened RT in the countermanding task to improve accuracy and avoid longer, unrewarded timeout 

intervals. Next, rats exhibited longer RT and relatively conserved post-error slowing, but no significant 

change in SSRT when tested at 12, compared to 7 months of age, suggesting that rats exhibit changes in 

countermanding task performance with aging similar to those observed in humans. Finally, acute 

administration of yohimbine (1.25, 2.5 mg/kg) and d-amphetamine (0.25, 0.5 mg/kg), which putatively 

increase extracellular norepinephrine and dopamine respectively, resulted in RT shortening, baseline-

dependent effects on SSRT, and attenuated adaptive RT adjustments in rats in the case of d-amphetamine. 

These findings suggest that dopamine and norepinephrine encouraged motivated, reward-seeking 

behaviour and supported inhibitory control in an inverted-U-like fashion. Taken together, these 
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observations validate the rat countermanding task for further study of the neural correlates and 

neurotransmitters mediating adaptive control of behaviour and lifespan changes in behavioural control. 
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 The countermanding paradigm has been developed as a behavioural procedure that 

allows the rigorous examination of the ability to inhibit a prepotent, suddenly inappropriate 

response. This task offers the potential for in depth investigations into the neural correlates of 

inhibitory control as a measure of executive function. More recent developments of the 

countermanding task for rats promised the capability to combine the strength of the 

countermanding paradigm in studying behavioural inhibition with the varied and unique 

investigative approaches amenable to rodent models. The first crucial step in validating the 

countermanding task in rats was to prove that the horse-race model, developed to account for 

human performance in the countermanding task, similarly provided an adequate account for the 

performance of rats, which we demonstrate here (chapter 2; Beuk et al., 2014).  

The aim of the current project was to explore the extent to which countermanding in rats 

provides a suitable model for the study of inhibitory control and to elucidate the role of 

neurotransmitters thought to be critical for executive function in countermanding task 

performance. First, humans and non-human primates have demonstrated the ability to make 

adaptive response time (RT) adjustments during countermanding task performance and have 

exhibited proactive response lengthening in anticipation of potential stop commands as evidence 

of cognitive flexibility. We aimed to determine whether rats demonstrated similar cognitive 

faculties. Next, humans display marked changes in countermanding task performance throughout 

the lifespan, particularly in old age. Countermanding task performance of rats throughout the 

lifespan could provide a potential animal model for cognitive decline in old age. Thus, we aimed 

to examine changes in task behaviour at two different time points within the adult lifespan of the 

rat. Finally, we investigated the effects of pharmacological agents that increase the synaptic 

availability of the neurotransmitters dopamine and norepinephrine on behavioural inhibition and 

adaptive responding of rats performing the countermanding task in an attempt to further elucidate 

the neural mechanisms of behavioural control.  
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1.1 The study of executive function and behavioural inhibition 

One of the primary functions of the central nervous system is to facilitate the production 

of movement to allow organisms to interact with the environment to obtain survival necessities 

(Wolpert et al., 2001). Central to this function are the neural systems that confer the ability to 

decide amongst various alternative behavioural approaches and allow the planning of complex 

motor sequences. Executive functions are the cognitive abilities that allow animals to make 

appropriate, voluntary decisions and behaviours in a dynamic and constantly changing 

environment through the control of various subprocesses (Logan, 1994; Jurado and Rosselli, 

2007). Without these cognitive abilities, behaviours would be bound by habitual stimulus-

response associations (Miller and Wallis, 2009). 

Organisms require the ability to efficiently and promptly inhibit inappropriate responses 

in order to generate appropriate courses of action. The ability to prevent or cancel improper 

thoughts or actions in a given circumstance is therefore considered a core executive function 

(Logan and Cowan, 1984; Verbruggen and Logan, 2008a; Diamond, 2013). Moreover, 

impairment of inhibitory control is considered a central underlying symptom for a number of 

neurological disorders in humans, including attention deficit/hyperactivity disorder (ADHD), 

obsessive compulsive disorder and schizophrenia (Alderson et al., 2007; Chamberlain and 

Sahakian, 2007; Crosbie et al., 2008; Lipszyc and Schachar, 2010). Thus, response inhibition is 

an internally generated act of control, whereby a previously initiated or prepotent motor action is 

actively withheld or cancelled, that can be precisely defined and investigated in itself, but is also a 

crucial prerequisite for appropriate performance in a variety of behavioural control contexts 

(Logan, 1994; Miyake et al., 2000; Hampshire and Sharp, 2015).  

Inhibitory control has been inherently challenging to study because it primarily involves 

the measurement of the absence of behaviour (Band and van Boxtel, 1999). Furthermore, 

behavioural inhibition can refer to proactively refraining from responding, cancelling an ongoing 
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response, or controlling interfering alternatives, all of which may be facilitated by identical or 

distinct neural processes (Barkley, 1997).  A number of popular investigative approaches have 

therefore been established to elucidate the underlying mechanisms of behavioural inhibition.  

The Stroop task was designed to study the effects of interfering information on behaviour 

by presenting compound word-colour stimuli to subjects with the instruction to give a speeded 

response by either naming the colour or the word while ignoring the alternative stimulus property 

(Stroop, 1935; MacLeod, 1991). Thus, the Stroop task examines interference control and the 

ability to inhibit automatically reading the word, which is a prepotent response for apt readers. 

The prerequisite that subjects are apt readers limits the usefulness of the Stoop task, particularly 

in animal models. The anti-saccade task was designed to investigate the ability to proactively 

inhibit reflexive pro-saccades toward a target stimulus and alternatively generate a saccadic eye 

movement in the direction opposite of the target stimulus (Hallett, 1978). The major strengths of 

the anti-saccade task are that the neural circuitry of controlled eye movements is relatively well 

established, eye movements are simple to measure and anti-saccade trials allow the uncoupling of 

stimulus encoding and response preparation (Munoz and Everling, 2004). A limitation of the anti-

saccade task is that it can be difficult to differentiate the contribution of inhibitory control 

compared to other executive processes, such as working memory, to task performance (Roberts 

Jr. and Pennington, 1996). The go/no-go task investigates the ability of a subject to make a 

primary response at the presentation of a go stimulus, but to proactively inhibit the response 

following presentation of an alternative ‘no-go’ stimulus (Donders, 1969; Rubia et al., 2001). A 

shortcoming of the go/no-go task is that subjects typically exhibit a high success rate on no-go 

trials, restricting the amount of potentially valuable information that can be explored concerning 

inhibition failure (Åkerfelt et al., 2006).  
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1.2 The countermanding task 

The countermanding (or stop) task specifically assesses the ability to cancel a prepotent, 

ongoing response, whereas the majority of response inhibition investigations primarily examine 

restraint from initiating a prepotent response (Schachar et al., 2007). In the countermanding task, 

subjects are instructed to make a primary response following the presentation of a go signal, but 

to inhibit the response on a small subset of trials following the presentation of a stop signal at a 

variable stop signal delay (SSD) subsequent to go stimulus onset (Lappin and Eriksen, 1966). A 

major strength of the countermanding paradigm is the horse-race model of response inhibition, 

which posits a race between competing neural processes, a go process initiated by the go signal 

and a stop process initiated by the stop signal. The first process to cross its finish line wins the 

race and determines the behavioural outcome. The horse-race model was confirmed to account 

for human performance in the task and allows estimation of the amount of time required to cancel 

a response, the stop signal response time (SSRT), which is an otherwise unobservable behaviour 

(Logan and Cowan, 1984; Band and van Boxtel, 1999). Hanes and Schall (1995) subsequently 

established a saccadic countermanding task for non-human primates and validated a race model 

account for their performance in the task. 

1.3 Adaptive RT adjustments in the countermanding task 

Humans have demonstrated strategic control of RT when performing the countermanding 

task. Logan (1981) discovered that participants responded more slowly on go trials in a stop task 

during blocks when the expected proportion of stop trials was higher. Rieger and Gauggel (1999) 

further reported that mean RT in an exercise block with no stop trials was significantly shorter 

than mean RT for go trials during countermanding task testing. The finding that humans exhibited 

longer RT for go trials in the countermanding task compared to RT in trials where the go signal 

indicated a ‘certain-go’ response or in simple choice response tasks without stop trials has 

subsequently been reconfirmed in reports of both saccadic (Özyurt et al., 2003; Åkerfelt et al., 
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2006; Emeric et al., 2007) and manual (Mirabella et al., 2006; Chikazoe et al., 2009; Zandbelt et 

al., 2013) countermanding performance. Stuphorn and Schall (2006) revealed that non-human 

primates similarly lengthened go trial RT in a saccadic countermanding task in comparison to a 

simple visually guided saccade task with no stop trials. Together, these findings reveal that 

humans and non-human primates proactively lengthen RT when stop trials are expected, possibly 

to increase the probability of successful task performance. 

Behavioural flexibility in the form of performance monitoring or adjusting RTs 

adaptively on a trial-to-trial basis has also been observed for humans and non-human primates 

performing the countermanding task. Rabbitt (1966) demonstrated that the first response 

following an error was significantly longer than the average RT for humans performing a choice-

response task as evidence of executive control. In the countermanding task, sequential effects of 

trial history were described for humans, who exhibited significantly slower saccades on go trials 

following a stop trial in comparison to a go trial; however, greater RT lengthening was reported 

following non-cancelled stop trials in a manual task (Rieger and Gauggel, 1999), whereas 

significantly more RT lengthening was found following cancelled stop trials in saccadic 

countermanding studies (Cabel et al., 2000; Emeric et al., 2007). Lengthening of RTs following 

stop trials, particularly non-cancelled stop trials, has been consistently replicated for humans 

performing manual countermanding tasks (Li et al., 2008; Verbruggen and Logan, 2008b; 

Verbruggen et al., 2008; Enticott et al., 2009; Chevrier and Schachar, 2010; Boehler et al., 2011; 

van de Laar et al., 2011; Beyer et al., 2012; Anguera et al., 2013; Chang et al., 2014). Non-human 

primates performing the countermanding task were similarly observed to shorten RTs following 

consecutive go trials and lengthen RTs following stop trials (Kornylo et al., 2003; Emeric et al., 

2007; Chen et al., 2010; Nelson et al., 2010; Pouget et al., 2011). The inability to effectively 

monitor errors has been suggested to underlie the behavioural impairment observed in disorders 

of executive function, such as ADHD (Schachar et al., 2004); therefore, the study of the ability to 
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adaptively adjust RT in the countermanding task may offer a window into the neural mechanisms 

of functional behavioural flexibility. 

1.4 Countermanding task performance throughout the lifespan 

Within the normal human lifespan, performance on a number of behavioural tasks has 

been reported to vary substantially. Healthy young adults generally demonstrate optimal  

performance, whereas impairment is observed at the earliest and latest stages of life, consistent 

with physiological development early and decline later in the lifespan (Dempster, 1992; 

Courchesne et al., 2000; Raz and Rodrigue, 2006). Executive control is not clearly apparent until 

after the first few years of life, as infants primarily display stimulus bound behaviour, reacting to 

immediately relevant events (Zelazo et al., 2004). The ability to appropriately perform on tests of 

behavioural inhibition is not evident until around the age of 6 years, after which improvements 

are witnessed up until early adulthood, which corresponds to the development of white matter 

tract integrity and synaptic strengthening in cortical regions (Casey et al., 2000; Craik and 

Bialystok, 2006). Diminished inhibitory control associated with normal aging in humans has been 

linked to deleterious alterations in the structure, function and plasticity of cortical synapses 

(Hasher and Zacks, 1988; Morrison and Baxter, 2012; Dickstein et al., 2013). 

In the countermanding task, humans have exhibited RT and SSRT shortening from 

childhood into early adulthood, followed by significant lengthening of RT in old age (Schachar 

and Logan, 1990; Kramer et al., 1994; Williams et al., 1999). Normal elderly populations have 

exhibited a great deal of variability in the decline of inhibitory control with aging (Coxon et al., 

2012; Colzato et al., 2013). While some studies have reported significant lengthening of SSRT 

for elderly, compared to younger adults (Bedard et al., 2002; Andres et al., 2008; Hu et al., 2012; 

Sebastian et al., 2013), other investigations have not observed significantly longer stopping in the 

countermanding task with normal aging (Kray et al., 2009; van de Laar et al., 2011).  
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The study of behavioural flexibility in the form of adaptive RT adjustments has revealed 

age-related differences in human countermanding task performance. Children and young adults 

exhibited RT lengthening following both cancelled and non-cancelled stop trials in a manual 

countermanding task; however, only RT lengthening following non-cancelled stop trials was 

observed in elderly adults (van de Laar et al., 2011). The extent of the lengthening of RT 

following non-cancelled stop trials was shown to be relatively consistent for both young adults 

and normal elderly individuals (Hu et al., 2012). Alternatively, children have been noted to 

display exaggerated lengthening of RT on go trials following non-cancelled stop trials that was 

reduced, but still evident in young adulthood (Schachar et al., 2004). Many questions remain 

regarding the changes that occur to the underlying neural correlates of behavioural control 

throughout the lifespan, particularly in normal aging, that are amenable to further investigation 

with the countermanding paradigm. 

1.5 Neuromodulatory control of countermanding task behaviour 

Investigation into the function of neurotransmitters in human countermanding task 

performance has somewhat inconsistently supported roles for dopamine, norepinephrine or 

serotonin in behavioural inhibition. Acute methylphenidate, an ADHD medication that acts 

primarily by blocking dopamine reuptake and increasing synaptically available dopamine 

(Volkow et al., 1998), resulted in SSRT shortening with no significant effects on go trial RT in 

adults diagnosed with ADHD (Aron et al., 2003), whereas children diagnosed with ADHD 

exhibited go trial RT and SSRT shortening following administration of methylphenidate 

compared to placebo (Tannock et al., 1989; Bedard et al., 2003). Nandam and colleagues (2011) 

reported that acute methylphenidate, but not the selective norepinephrine transporter inhibitor 

atomoxetine (Bymaster et al., 2002) or the selective serotonin reuptake inhibitor citalopram 

(Hyttel, 1982) significantly shortened SSRT without affecting go trial RT in healthy adults. 

Furthermore, Turner and colleagues (2003, 2004) observed SSRT shortening without a significant 
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effect on go trial RT for healthy adults, or adults and children diagnosed with ADHD following 

acute administration of modafinil, a treatment that principally acts as a dopamine transporter 

inhibitor (Schmitt and Reith, 2011).  

Further support for the role of dopamine in countermanding task inhibitory control was 

provided by de Wit and associates (2000, 2002), who reported SSRT shortening, particularly in 

slow baseline stoppers, with little effect on go trial RTs, for adults acutely administered 10 or 20 

mg of d-amphetamine in comparison to placebo. Amphetamines are exogenous substrates that 

target transporters for dopamine (DAT), serotonin (SERT) and norepinephrine (NET), as well as 

vesicular monoamine transporter 2 (VMAT2) and inhibit monoamine oxidases, enzymes 

important in the catabolism of monoamines (Sitte and Freissmuth, 2015). Thus, amphetamines 

have been reported to induce the flow of monoamines into the synapse by reversing DAT, SERT 

and NET, possibly via activation of trace amine-associated receptors that phosphorylate 

transporters through protein kinase A and protein kinase C signaling, while concurrently 

competitively inhibiting binding and uptake of endogenous monoamines at transporters (Sulzer et 

al., 1995; Fleckenstein et al., 2007; Xie and Miller, 2007; Revel et al., 2012). Moreover, 

amphetamines enter pre-synaptic cells via DAT, SERT, or NET and release monoamines from 

synaptic vesicles through inhibition of VMAT2, the vesicular monoamine transporter that is 

expressed in mammalian and rodent neurons (Eiden and Weihe, 2011). The increase in 

endogenous and exogenous substrates within the cell may further reduce the inward transport of 

monoamines due to increased proton gradient. Finally, d-amphetamine has been reported to 

inhibit monoamine oxidase, further increasing neurotransmitter levels (Miller et al., 1980). D-

amphetamine has exhibited a preference for DAT and NET over SERT and a relatively similar 

affinity for VMAT2 in comparison to dopamine (Han and Gu, 2006). Thus, although d-

amphetamine has been reported to primarily reverse the dopamine transporter to increase 



 

10 

 

extracellular dopamine (Jones et al., 1998; Robertson et al., 2009) the full mechanism of action 

may be more wide-ranging.  

Genetic polymorphisms putatively associated with increased dopamine D2-like receptor 

expression were also associated with shorter SSRT in the countermanding task without a 

noticeable correlation with go trial RT (Hamidovic et al., 2009; Colzato et al., 2010). This 

correlation was more pronounced in elderly, compared to younger adults (Colzato et al., 2013). 

Positron emission tomography and functional magnetic resonance imaging have revealed that 

greater dopamine D2 and D3 receptor availability in adults, particularly in the dorsal striatum and 

frontal cortical regions is associated with shorter SSRT, but not go trial RT (Ghahremani et al., 

2012; Albrecht et al., 2014). Robertson and colleagues (2015) further demonstrated that D1- and 

D2-like dopamine receptor availability in the human dorsal striatum was significantly correlated 

with shorter SSRTs but not go trial RT. Moreover, acute treatment with both the dopamine 

precursor tyrosine, administered an hour before countermanding task testing, or the dopamine 

D2-like receptor agonist cabergoline, resulted in SSRT shortening without a significant effect on 

go trial RT compared to placebo. A significant lengthening in SSRT without an effect on go trial 

RT was also reported in healthy adults following acute administration of Δ
9
-tetrahydrocannabinol 

(McDonald et al., 2003; Ramaekers et al., 2006), which may be associated with endocannabinoid 

modulation of dopamine signaling in the striatum and frontal cortex (Pattij and Vanderschuren, 

2008). 

 The role of norepinephrine in human countermanding task inhibitory control has been 

supported by the finding that acute treatment with the norepinephrine transporter inhibitor 

atomoxetine resulted in SSRT shortening without effecting go trial RT in adults (Chamberlain et 

al., 2006). Alternatively, acute administration of the α2A norepinephrine receptor agonist 

guanfacine did not have a significant effect on adult countermanding task performance (Müller et 

al., 2005). Acute treatment with the α2 norepinephrine receptor agonist clonidine similarly did 
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not significantly alter SSRT in adults, although an increase in errors and RT variability was 

reported, suggesting that α2 norepinephrine receptor binding may be more involved in 

attentiveness in humans (Logemann et al., 2013).  

 Evidence for the role of serotonin in countermanding task inhibitory control has been less 

conclusive. Crean and colleagues (2002) did not find a significant change in SSRT or RT for 

control participants without a family history of alcoholism following a diet depleted of the 

serotonin precursor tryptophan (Udenfriend et al., 1957); however those with a family history of 

alcoholism exhibited SSRT lengthening following tryptophan depletion diet. A significant change 

of countermanding task performance in adults was not revealed following acute tryptophan 

depletion compared to placebo, or in association with serotonin transporter genetic polymorphism 

(Clark et al., 2005). Alternatively, Landrø and colleagues (2015) did report shorter SSRT but no 

effect of go trial RT for humans with a polymorphic variant for high expression of the serotonin 

transporter. Finally, Chamberlain and associates (2006, 2007) found no effect of either the 

selective serotonin reuptake inhibitor citalopram, or the selective serotonin 5-HT1A receptor 

agonist buspirone on countermanding task performance in adults. Thus, much remains to be 

elucidated regarding the role of neurotransmitters in countermanding task performance. 

1.6 The countermanding task in rats 

A pioneering rodent countermanding report utilized a stop-change response task design 

and observed go trial RT shortening and baseline-dependent effects on stop RT, with improved 

stopping for rats that were slower baseline stoppers following acute treatment with 0.25 - 1.0 

mg/kg of d-amphetamine, as well as stop RT lengthening for ethanol-treated rats (Feola et al., 

2000). Eagle and Robbins (2003a, 2003b) replicated the behavioural findings with administration 

of 0.3 mg/kg of d-amphetamine for rats performing a simple response stop task and reported 

general behavioural impairments following lesions of the medial striatum that were improved by 

d-amphetamine treatment, but no significant changes in task performance following lesions of the 
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medial prefrontal cortex or nucleus accumbens core. Following these initial investigations, the 

countermanding task in rats has been frequently applied in an attempt to elucidate the 

neurochemical and neuroanatomical correlates of inhibitory control. 

Acute treatment with the ADHD medications modafinil and methylphenidate induced 

baseline-dependent effects on stopping in rats performing the countermanding task (Eagle et al., 

2007). While both treatments resulted in shorter SSRT for slow baseline stoppers, only 

methylphenidate produced go trial RT shortening as well, although these effects were not blocked 

by concurrent antagonism of dopamine D1/D2 receptors with cis-flupenthixol. Other dopamine 

receptor agonists or antagonists that were administered either peripherally or infused directly into 

the medial prefrontal cortex at doses that did not induce general responding impairments failed to 

significantly vary countermanding task performance (Bari et al., 2009, 2011; Bari and Robbins, 

2013b). Alternatively, dopamine D1-like receptor antagonists infused directly into the 

dorsomedial striatum but not the nucleus accumbens shortened SSRT, whereas D2-like receptor 

antagonism lengthened SSRT (Eagle et al., 2011). Thus, the effects of dopaminergic treatments 

on rat stopping in the countermanding task have yet to be fully established. 

A primary role for increased levels of synaptic norepinephrine in proficient 

countermanding task stopping has been supported by the findings that administration of the 

norepinephrine reuptake inhibitor atomoxetine, both systemically and infused directly into the 

orbitofrontal or dorsal prelimbic cortex of rats, resulted in significant shortening of SSRT, 

particularly in animals that were slow baseline stoppers, while only systemic atomoxetine 

treatment tended to lengthen go trial RTs (Robinson et al., 2008; Bari et al., 2009, 2011). 

Interestingly, systemic administration of the α2A norepinephrine receptor agonist guanfacine 

lengthened SSRT, while microinfusions of guanfacine into the dorsal prelimbic cortex impaired 

inhibitory control. Bari and Robbins (2013b) did provide support for the role of norepinephrine 

α2 receptors in countermanding task performance, demonstrating significant SSRT and go trial 
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RT shortening in rats following peripheral administration of the selective α2 norepinephrine 

receptor antagonist atipamezole, which putatively blocks presynaptic autoreceptors, thereby 

increasing overall synaptic norepinephrine (Virtanen et al., 1988). Alternatively, systemic 

administrations of the α1 norepinephrine receptor antagonist prazosin or the β1/2 norepinephrine 

receptor antagonist propranolol were reported to significantly lengthen go trial RT without 

affecting SSRT.  

The indole alkaloid yohimbine, first isolated from the bark of the West African tree 

Pausinystalia yohimbe in 1945, has been reported to primarily increase norepinephrine release in 

forebrain regions through the competitive antagonism of inhibitory presynaptic norepinephrine α2 

receptors (Peskind et al., 1989; Gurguis and Uhde, 1990; Kovács and Hernádi, 2003) . While 

yohimbine has been reported to have a high affinity for norepinephrine α2 receptor subtypes, 

moderate affinities have also been reported for norepinephrine  α1 receptor subtypes, as well as 

dopamine D2-like and serotonin receptor subtypes (Millan et al., 2000; Holmes and Quirk, 2010; 

Hai-Bo et al., 2013). Thus, the exact pharmacology of yohimbine is complex and not well 

understood. Nevertheless, yohimbine has generally been observed to impair behaviour in tasks 

measuring inhibitory control in both humans and rats (Swann et al., 2005; Sun et al., 2010; 

Caetano et al., 2012; Torregrossa et al., 2012). The suggestion that increased norepinephrine in 

the brain improves behavioural stopping, but administration of yohimbine, which putatively 

increases extracellular norepinephrine, may impair inhibitory control, deserves further 

investigation. 

Less investigation has been conducted regarding the role of other neurotransmitters in 

countermanding task performance. General manipulation of serotonin with pharmacological 

agents has yet to reveal any substantial alteration in rodent SSRT, although systemic treatment 

with the selective serotonin reuptake inhibitor citalopram did impair go trial performance at the 

highest dose tested (Bari et al., 2009; Eagle et al., 2009). Pattij and colleagues (2007) have 
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reported that the selective cannabinoid CB1 receptor agonist and antagonist, WIN 55, 212-2 and 

rimonabant respectively, both lengthened go trial RT, but a significant effect on SSRT was not 

observed. Finally, Bari and colleagues (2015) have suggested a role for neuropeptide Y in 

behavioural inhibition, reporting significantly shorter SSRT, but no change in go trial RT 

following administration of a relatively low dose of the neuropeptide Y Y5 receptor-selective 

agonist Lu AE00654 compared to vehicle. Taken together, the findings of rodent countermanding 

tasks have revealed relatively inconsistent roles for various neurotransmitters that require further 

clarification.   

Countermanding task studies in rats examining the anatomical basis of behavioural 

inhibition have revealed longer SSRT following lesions to the orbitofrontal cortex, but not the 

infralimbic cortex (Eagle et al., 2008b). Subsequent investigations discovered longer SSRT 

following reversible lesions to the anterior cingulate cortex and dorsal prelimbic cortex, but not 

the ventromedial prefrontal cortex or orbitofrontal cortex (Bari et al., 2011). Moreover, Bryden 

and Roesch (2015) recorded cells in the orbitofrontal cortex of rats performing the 

countermanding task and noted that cells were primarily spatially selective, modulated by 

response direction, whereas few cells responded in a stop-specific manner.  

Subcortically, single-unit recording in the basal ganglia revealed go task-related firing for 

cells in the striatum, stop signal-related activity for cells in the subthalamic nucleus and stop-

associated firing for cells in the substantia nigra pars reticulata (Schmidt et al., 2013). Recently, 

Mallet and colleagues (2016) provided support that the stop-associated activity for cells 

projecting from the subthalamic nucleus to the substantia nigra may reflect a fast pause signal, 

whereas arkypallidal neurons of the globus pallidus pars externa that project solely to the striatum 

and respond selectively to the stop signal may represent a specialized response cancellation 

process in the rat brain. Mayse and associates (2015) discovered cells in the rodent basal 

forebrain that exhibited increased firing in response to the go signal that was rapidly attenuated 
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by the stop signal and were able to artificially reproduce stopping in rats in the absence of a stop 

signal by inhibiting the activity of these cells with brief electrical stimulation. Together, these 

studies have identified potential anatomical areas of interest in rodent countermanding task 

performance. 

Few studies have investigated adaptive RT adjustments in rats. Mayse and colleagues 

(2014) observed RT shortening following consecutive correctly performed go trials and RT 

lengthening following failed, but not successful stop trials for rats performing the rodent stop 

task. Alternatively, Bari and Robbins (2013b) reported adaptive RT adjustments in control rats as 

evidenced by go trial RT shortening following failed stop trials, which was lengthened following 

administration of both the dopamine D3 preferring agonist and antagonist, 7-OH-PIPAT and 

nafadotride, respectively. Thus, further analysis of adaptive RT adjustments in rats is required to 

determine if this could present a potential avenue for investigation of the neural control of 

behavioural flexibility in countermanding task performance. 

1.7 Objectives 

A countermanding task that incorporated a choice response on go trials was validated in 

rats (chapter 2; Beuk et al., 2014). A primary aim of the first experiment was to investigate the 

adaptive RT adjustments of rats performing the countermanding task, which had yet to be fully 

examined. Significant adaptive RT adjustments were observed in the form of go trial RT 

shortening following consecutive correctly performed go trials and RT lengthening following 

non-cancelled, but not cancelled stop trials. A secondary aim of the first experiment was to 

examine the behavioural effects of acute d-amphetamine treatment on rats performing a choice 

response countermanding task with doses in a similar range (0 - 0.75 mg/kg) to those that had 

previously elicited behavioural effects in stop-change (Feola et al., 2000) and simple response 

stop tasks (Eagle and Robbins, 2003a). The behaviour of rats performing a choice response 

countermanding task replicated previous results and exhibited significantly shorter go trial RT 
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and baseline-dependent effects on SSRT following acute treatment with d-amphetamine. 

Moreover, the observation that adaptive RT adjustment in rats performing the countermanding 

task was attenuated following d-amphetamine treatment was a novel finding. 

A primary purpose of the second experiment was to investigate the underlying 

behavioural nature of adaptive RT adjustments for rats performing the countermanding task. A 

key inconsistency between countermanding task investigations had been the length of the timeout 

interval resulting after errors, which varied from 0-10 s for rats, but was very short or non-

existent in human and non-human primate experiments. It was hypothesized and observed that a 

brief 1-s timeout interval, in comparison to a 10-s post-error timeout interval, attenuated adaptive 

RT adjustments for rats performing the countermanding task, suggesting that rats increased post-

error slowing by shifting their goal priority to caution over speed to avoid long, unrewarded TO 

intervals. A secondary goal of the second experiment was to determine if rats proactively 

lengthened go trial RTs in the countermanding task compared to a simple RT task, which has 

been reported for humans and non-human primates. Indeed, rats did exhibit longer go trial RTs in 

the countermanding task in comparison to a simple RT task, as further evidence that rats prioritize 

caution over speed in anticipation of stop trials. 

The primary goal of the third experiment was to investigate whether rats exhibited 

changes in countermanding task performance within the adult lifespan that modelled the 

behavioural changes observed in humans with normal aging. Significant go trial RT lengthening 

was observed for older, compared to younger rats performing the countermanding task, while 

SSRT and adaptive RT lengthening following non-cancelled stop trials was relatively conserved 

in both younger and older adult animals, which is generally consistent with countermanding task 

observations of the changes in human performance throughout adulthood. These results suggest 

that rats may provide a suitable model for the study of behavioural control changes throughout 

the adult lifespan. 
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The primary objective of the fourth experiment was to examine the effects of the α2 

norepinephrine receptor antagonist yohimbine on behavioural inhibition in the countermanding 

task. It was discovered that premature responding, characterized previously following acute 

treatment with 0.625 - 2.5 mg/kg of yohimbine in tasks measuring impulsivity (Sun et al., 2010; 

Torregrossa et al., 2012), manifested in the countermanding task as shorter go trial RT and 

impaired inhibitory control in a baseline-dependent manner, with faster baseline stoppers 

exhibiting impaired stopping following acute yohimbine treatment (1.25, 2.5 mg/kg). Together, 

these findings support the hypothesis that future rodent countermanding experiments can be 

utilized to more precisely identify the exact roles that neurotransmitters play in specific 

behavioural control mechanisms, including inhibitory control and behavioural flexibility, in order 

to recommend treatments that address precise deficits, particularly with models that examine the 

executive function deficits observed in normal aging processes. 
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Chapter 2 

Investigating a race model account of executive control in rats with the 

countermanding paradigm 

 

Disclosure: Data from figures 1-4 and table 1 of Chapter 2 were previously reported: Beuk J. 

Countermanding in rats as an animal model of inhibition of action: validation of the race model. 

Master’s Thesis, Queen’s University, 2008. 
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2.1 Abstract 

The countermanding paradigm investigates the ability to withhold a response when a stop signal 

is presented occasionally. The race model (Logan & Cowan, 1984) was developed to account for 

performance in humans and to estimate the stop signal response time (SSRT). This model has yet 

to be fully validated for countermanding performance in rats. Furthermore, response adjustments 

observed in human performance of the task have not been examined in rodents. Male Wistar rats 

were trained to respond to a visual stimulus (go signal) by pressing a lever below that stimulus, 

but to countermand the lever press (25% of trials) subsequent to an auditory tone (stop signal) 

presented after a variable delay. We found decreased inhibitory success as stop signal delay 

increased and estimated a SSRT of 157 ms. As expected by the race model, response time (RT) of 

movements that escaped inhibition: 1) were faster than responses made in the absence of a stop 

signal; 2) lengthened with increasing stop signal delay; and 3) were predictable by the race 

model. In addition, responses were slower after stop trial errors, suggestive of error monitoring. 

Amphetamine (0.25, 0.5 mg/kg) resulted in faster go trial RTs, baseline-dependent changes in 

SSRT and attenuated response adjustments. These findings demonstrate that the race model of 

countermanding performance, applied successfully in human and nonhuman primate models, can 

be employed in the countermanding performance of rodents. This is the first study to reveal 

response adjustments and amphetamine-induced alterations of response adjustments in rodent 

countermanding. 
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2.2 Introduction 

In a dynamically changing environment, executive processes are internally generated acts 

of control that allow an organism to adapt to changing situations and bring courses of thought and 

action in line with current goal sets (Logan, 1994). The executive system requires the ability to 

inhibit thoughts or actions no longer appropriate in light of new goals. Thus, inhibition of action, 

or countermanding, is one important aspect of behavioural control that can be studied to elucidate 

executive functions (Logan and Cowan, 1984). Furthermore, impairment of inhibitory control 

characterizes several human psychopathologies, including attention deficit/hyperactivity disorder, 

obsessive compulsive disorder, and schizophrenia (Alderson et al., 2007; Chamberlain and 

Sahakian, 2007; Crosbie et al., 2008; Lipszyc and Schachar, 2010).  

 The countermanding task, also known as the stop task, was specifically designed to 

investigate inhibitory control. Subjects are given a primary response to perform at the onset of a 

go signal. On a small subset of trials a stop signal is presented at a variable stop signal delay 

(SSD) following the go signal, requiring inhibition of the primary task (Lappin and Eriksen, 

1966). Logan and Cowan (1984) developed a horse-race model to account for countermanding 

performance, positing independent go and stop processes racing toward a finish line. The first 

process to cross its finish line wins the race and determines the behavioral outcome (Figure 

2.1A).  

 To validate the race model for human countermanding task performance, Logan and 

Cowan (1984) predicted and accordingly demonstrated that inhibiting a response was less 

probable as SSD lengthened and that non-cancelled responses on stop trials were generally faster 

than go trial responses and approached mean go trial response time (RT) as SSD lengthened. 

Furthermore, the race model allowed fairly precise estimations of mean non-cancelled RT at 

different SSDs given the observed go trial RTs and probability of responding at that SSD, 

although predicted non-cancelled RTs tended to underestimate the observed ones at shorter SSDs.  
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Figure 2.1: The race model and the countermanding task in rats. 

(A) The race model of countermanding performance proposes that two sets of processes, one 

initiated by a go signal and one by a stop signal after a variable stop signal delay (SSD), race 

toward a threshold whereby the winner of the race determines the behavioural outcome. The stop 

signal response time (SSRT) can be estimated as the time between stop signal onset and the point 

where the stop process crosses the threshold to countermand the response (Adapted from Paré and 

Hanes, 2003). (B) Before a trial, the centre light is illuminated. A centre lever press begins a trial 

and a light is immediately illuminated randomly above the left or right lever (i.e., the go 

stimulus). On go trials (75%), pressing the lever directly below the illuminated light results in 

reward. On stop trials (25%) an auditory tone (i.e., the stop stimulus) is presented at varying 

delays from go stimulus onset (SSD) and cancelling the lever press results in reward, whereas a 

non-cancelled lever press results in a timeout period. 

 

 

The power of the race model is that it permits estimation of the time required to cancel a response 

- the stop signal response time (SSRT) - a variable that is not directly observable (Band et al., 

2003). Confirming these specific predictions of task performance is necessary to validate the 

assumptions underlying the race model (Logan, 1994). The SSRT estimate is only valid if race 

model predictions of performance are respected. Consequently, these predictions were replicated 
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to account for both human saccade (Hanes and Carpenter, 1999) and macaque monkey (Hanes 

and Schall, 1995; Hanes et al., 1998; Paré and Hanes, 2003) countermanding task performance. 

 The application of the countermanding task to investigate inhibitory control with rats has 

grown rapidly (e.g., Feola et al., 2000; Eagle and Robbins, 2003a,b; 2009; Pattij et al., 2007; 

Kirshenbaum et al., 2011). Yet, there has been sparse systematic investigation into the validity of 

a race model account of rodent stop task performance. Rats have been omitted in previous reports 

for performing the stop task outside the framework of the race model, namely generating unstable 

go trial accuracy or non-increasing probabilities of response inhibition as SSD lengthened (Eagle 

& Robbins 2003 a,b, 2008, 2011; Pattij et al., 2007, 2009; Robinson et al., 2008; Bari et al., 2009, 

2011); however, these data were not explicitly displayed. Additionally, a number of these studies 

noted that rats included in analysis performed the task according to the assumptions of the race 

model. This was partially demonstrated with increased probability of non-cancelled responding as 

SSD increased, although these inhibition functions never spanned the full range from 0 - 100% 

inhibition. Eagle and colleagues (2007) reported that mean non-cancelled stop trial RT was faster 

than mean go trial RT in a group of control rats. To date, this is the only evidence directly 

confirming the race model predictions of stop task performance outlined by Logan (1994). Thus, 

it remains to be established whether this crucial prerequisite is fully met in rats. 

 Rat models allow behavioral and invasive investigations in large samples of animals and, 

ipso facto, the study of inter-individual variability in the control of behavior. Inter-individual 

differences in executive control are particularly significant given the non-linear role of 

catecholamine systems in this function (Lidow et al., 1998). For example, amphetamine (AMPH) 

increased or decreased SSRT in rats, dependent on fast or slow baseline performances 

respectively (Feola et al., 2000; Eagle and Robbins 2003a). Important inter-individual differences 

in adaptive response adjustment have also been documented in humans and macaque monkeys 

performing the countermanding task; slower responses usually following successfully cancelled 
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responses (Emeric et al., 2007), but have not been observed in rats. In addition, there exists 

several rat models of neuropsychiatric symptoms (Nestler and Hyman, 2010; Sontag et al., 2010; 

Bari and Robbins, 2011) for which the assessment of executive control deficits would benefit 

from the rigorous testing offered by the countermanding paradigm.  

 Here, we demonstrate that the race model does account for performance of rats in a 

countermanding task closely resembling tasks used in humans and monkeys. Rats adjusted their 

responses in this task, primarily by slowing responses following non-cancelled stop trial 

responses. Administration of AMPH attenuated these response adjustments. 

2.3 Experimental Procedures 

2.3.1 Animals 

Behavioral data were collected from two cohorts of male albino Wistar rats. The first 

cohort (n = 8) was used to test race model predictions, while the second cohort (n=16) was added 

to test the effects of AMPH. All animal care and experimental protocols were approved by the 

Queen’s University Animal Care Committee and were in accordance with the guidelines of the 

Canadian Council on Animal Care and the Animals for Research Act. Rats bred by Charles River 

Laboratories (St. Constant, QC) were housed in pairs in clear plastic cages (50.0 x 40.0 x 20.0 cm 

high) with woodchip bedding (Beta Chip; Northeastern Products Corp., Warrensberg, NY) in an 

environmentally controlled colony room with a reversed 12-h light-dark cycle, where dark began 

at 0700 h. Rats were given free access to water, with food (LabDiet 5001, PMI Nutrition Intl, 

Brentwood, MO) freely available or restricted (see procedure). 

2.3.2 Apparatus 

Data were collected from 4 identical operant chambers (30.5 x 24.1 x 21.0 cm high) with 

a clear polycarbonate door, rear wall and roof (ENV-008, Med Associated Inc., St. Albans, VT). 

The floor consisted of 0.5 cm diameter parallel stainless-steel rods 1.0 cm apart. On both side 
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walls, 4 aluminum posts separated the walls into 3 panels. On one wall, the far panel contained a 

2.8-watt incandescent house light, 1.0 cm from the roof and 5.0 cm above a tone generator. The 

tone generator emitted a single tone with a frequency that differed in each box, ranging from 

2400 to 3400 Hz at an intensity of 75 dB. On the same wall, the middle panel contained a food 

pellet receptacle (5.1 x 5.1 x 2 cm deep) that was 3.0 cm above the grid floor. Dustless precision 

food pellets (45 mg) from Bio-Serv (Frenchtown, NJ; product number: F0021) were dispensed 

from a pedestal mounted pellet dispenser located outside of the chamber. On the opposite wall, 

each of the three panels was outfitted with a 2.5 cm diameter light-emitting diode (LED) stimulus 

light that was 4.5 cm below the ceiling and 5.0 cm above a retractable response lever (4.8 x 1.7 x 

1.3 cm thick). Each chamber was isolated in a sound-attenuating case. Programming and data 

analysis was controlled by MED-PC® IV software (Med Associated Inc.). 

2.3.3 Training Procedures 

Rats were initially housed in pairs and had food and water available ad libitum. From day 

3 until 7 of colony room habituation, rats were handled in pairs approximately 5 min/day. Food 

access was restricted on the 7
th
 day to 1 h free-feeding/day for the majority of training. Food 

access was increased to 2 h/day later in the study to maintain weight growth.  

First, animals were trained to lever press for food reward. The centre light was 

illuminated and a lever was extended directly below it. The house light was always illuminated 

except during timeout periods (see below). Sucrose pellets were dispensed as rats progressed 

toward making a lever press until they successfully pressed the extended lever to dispense food 

pellets on a fixed-ratio 1 (FR1) schedule. An animal was considered trained (1-3 sessions) when it 

pressed the lever at least 30 times during a 30-min FR1 schedule session.  

Second, a stimulus light was randomly illuminated directly above either the left or right 

extended levers for light discrimination training. Pressing the lever directly below the illuminated 

light was considered a correct response. All correct responses during training resulted in sucrose 
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pellet reward and all lights above levers turning off for a 5-s intertrial interval preceding the next 

trial. Pressing the lever below the non-illuminated light was considered an incorrect response. All 

incorrect responses during training resulted in no sucrose pellet reward and all lights, including 

the house light, turning off for a 10-s timeout period. The timeout period was followed by a 5-s 

intertrial interval where only the house light was illuminated preceding the next trial. Lever press 

omission after a 60-s time limit was considered incorrect. Light discrimination training was 

considered acquired when a rat met criterion (3-5 sessions). Criterion for training sessions was 

correct responding on ≥ 80% of the last 100 trials in a session. 

Third, all three levers were extended for the duration of 60-min go trial training sessions. 

Before trial initiation, the centre light was illuminated, requiring a centre lever press. For the 

remainder of training, if the rat did not make a centre lever response within a 60-s time limit, or 

pressed a different lever, the response was considered incorrect. If the rat pressed the centre lever 

to initiate a trial, the centre light turned off. Immediately, the left or right stimulus light 

illuminated randomly (acting as the go signal) signifying the lever below the illuminated stimulus 

as the target lever. Pressing the target lever was considered a correct response. The amount of 

time from go signal onset until target lever press was recorded as the go trial RT. Pressing a lever 

other than the target lever was considered an incorrect response. Once criterion was met, the time 

limit for pressing the target lever was limited in the next session such that the target lever was 

only active for an amount of time that approximately eliminated the slowest 10% of the 

distribution of go trial RTs from the previous session. This shortening of the time limit continued 

until rats met criterion with a time limit between 1.0 and 1.6 s (4-7 sessions).  

Fourth, rats were given one 30-min tone habituation session. All levers were retracted. 

Only the house light was presented. A short acoustic burst (1 s) was presented on a variable-time 

30-s schedule. Immediately after auditory stimulus presentation a sucrose pellet was delivered to 

associate the tone with reward in the absence of lever pressing.  



 

26 

 

Fifth, rats received stop trial training. All three levers were made available for the 

duration of the 60-min sessions. The centre light was illuminated and if the centre lever was 

pressed to initiate a trial, the stimulus light was randomly illuminated immediately above the left 

or right lever; however a 1-s auditory stimulus was presented concurrently (acting as the stop 

signal). If lever press responding was withheld for the entire 1-s time limit, the response was 

considered correct. If a lever press was made during the trial, the response was considered 

incorrect. As soon criterion was met, the time limit was increased by 0.5 s in the next session 

until criterion was met with a time limit of 2-s (4-7 sessions).  

Sixth, rats were given a 30-min go trial session using the time limit previously 

established in go trial training immediately followed by a 30-min stop trial session using a 2-s 

time limit. Go and stop trial sessions were tested consecutively each day until rats met criterion in 

both sessions on the same day (3-6 days). 

Seventh, countermanding task training consisted of 75% go trials and 25% stop trials 

presented randomly throughout the session. The target lever was active for the time limit 

previously established in go trial training. The time limit varied for each rat between 1.0 and 1.6 s 

during countermanding task training until an appropriate time limit was found that eliminated 

approximately the slowest 10% of the go trial RT distribution. After a number of countermanding 

task training sessions (4-7), animals met criterion and were ready to be tested in the 

countermanding task (approximately 20 - 36 training sessions in total). 

2.3.4 Countermanding task 

Immediately prior to each countermanding session, rats completed training blocks of 10 

go trials followed by 10 stop trials with a trial time limit of 1.5 s. Countermanding sessions (60 

min) consisted of 75% go trials and 25% stop trials presented randomly (Figure 2.1B). The house 

light was always illuminated except during timeout periods. Initially the light above the centre 

lever was illuminated requiring a centre lever press to initiate a trial. Immediately after a centre 
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lever press, the target light (acting as the go signal) was randomly illuminated above either the 

left or right lever, signifying the lever below the illuminated light as the target lever. The target 

lever was active for a time limit previously established in countermanding task training for each 

rat (1.0 -1.6 s). For go trials, rats were required to press the target lever before the end of the time 

limit to be rewarded. If the target lever was not pressed before the end of the time limit, or a 

different lever was pressed, the response was considered incorrect. In stop trials, a centre lever 

press resulted in go signal presentation. An acoustic burst (white noise; 75 DB), acting as the stop 

signal, was presented for the length of the time limit plus an additional 300 ms and instructed the 

rat to inhibit a lever press to be rewarded. Any lever press was considered an incorrect response. 

All correct responses dispensed a food pellet. Incorrect responses resulted in a 10-s timeout 

period, whereby all lights in the chamber, including the house light, were turned off. A 5-s 

intertrial interval, where only the house light was illuminated, preceded the onset of the next trial 

in either case. Using a staircase procedure with a 100-ms step, countermanding task sessions 

began with an initial SSD of 100 ms. The SSD increased by 1 step if a lever press was correctly 

countermanded or decreased by 1 step if a non-cancelled lever press was made. Finally, if a lever 

press on a stop trial occurred before stop signal presentation, the trial was recorded as a non-

cancelled response; however the rat was given a sucrose pellet and a 5-s intertrial interval (i.e., it 

appeared as a go trial to the rat). In these instances the SSD was decreased by 1 step.  

2.3.5 Data Analysis 

Race model analysis sessions were omitted if they contained less than 200 total trials (this 

would include less than 50 stop trials). If SSD increased by more than 2 consecutive steps later in 

a 1-h countermanding task session and did not return back toward the mean SSD for that session, 

all trials from the point where the SSD increased were excluded from analysis. Increased SSD 

later in sessions was generally associated with slower responses, indicating a decrease in 

motivated, attentive behaviour. Models of RT slowing later in stop task sessions revealed 
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significant SSRT misestimation (Verbruggen et al., 2013). Because these data were generally 

unstable and variable, their omission from analysis was required.   

Each rat was tested over a number of sessions (11-33 sessions). We pooled data from 

multiple sessions into one data set for each rat to ensure a full range of response inhibition 

probabilities with enough stop trials at each SSD to confidently test race model predictions. For 

each rat, RT distributions on go trials were compared to other sessions using independent 

Kolmogorov-Smirnov tests (KS-Test). Five sessions found to not differ statistically were pooled 

into one data set for each animal. The number of non-cancelled responses made at a particular 

SSD was compared to the total number of stop trials of that delay to calculate the proportion of 

non-cancelled responses at each SSD (i.e., the inhibition function). Inhibition functions from 

selected individual sessions for each rat were examined to confirm that they shared a similar 

form. Furthermore, SSDs for individual sessions displayed comparable ranges for each rat (less 

than a 1-step difference for the minimum SSD and 3-steps or less for the maximum SSD).  

Independent Chi-square tests were conducted on probability contingencies of the full inhibition 

functions to determine if the proportion of non-cancelled responses varied across SSDs.  

The integration method was used to estimate SSRT (Logan and Cowan, 1984). The 

average of the peaks and valleys of each SSD run and midpoint of every second SSD run were 

estimated and averaged to approximate the SSD at which the probability of making a non-

cancelled response was 0.5 (Levitt, 1971). Assuming SSRT is a constant, the integration method 

estimates the time at which the stop process ends - given the SSD where the probability of 

making a non-cancelled response is 0.5 - by integrating the distribution of go trial RTs until the 

integral equals the RT at which the probability of making a non-cancelled response is 0.5. SSRT 

equals this time (i.e., the instant when the stop process ends) minus the SSD where the probability 

of making a non-cancelled response is 0.5 (i.e., the instant when the stop process is initiated).  

 Rats did not make a response on a small proportion of go trials. The possibility exists that 
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a correctly inhibited stop trial was in fact a failed go response. For rats 1 - 8, the proportion of 

omission errors on go trials (0.14, 0.10, 0.07, 0.08, 0.08, 0.08, 0.16, and 0.06 respectively) was 

accounted for in SSRT estimation. To account for omission errors, the inhibition probability data 

were corrected using a procedure modified from Tannock and colleagues (1989): Y = (X-O)/(N-

O), where Y is the corrected proportion of non-cancelled stop trials at a specific SSD, X is the 

observed number of non-cancelled stop trials at that SSD, O is the correction for the number of 

omission errors calculated as the proportion of omissions that occurred in go trials and N is the 

total number of stop trials at that SSD. 

Paired samples t-tests were conducted to evaluate race model predictions of stop task 

performance. Data from SSDs were excluded from analysis if there were less than 10 trials. We 

further examined RT adjustments by identifying blocks of 3 consecutive trials where a correct go 

trial occurred prior to and following a correct go trial response, a non-cancelled stop trial 

response or a cancelled stop trial response. Analysis of Variance (ANOVA) was conducted to 

analyze adaptive RT adjustments. Follow up paired samples t-tests compared the average RTs of 

the go trial before and following each interleaved trial type. Partial eta squared (ηp
2
) and Cohen’s 

d were used to estimate effect sizes (Cohen, 1988). For within-subjects tests, the effect size was 

corrected for dependence among means (Morris and DeShon, 2002; equation 8). All analyses 

were conducted using a significance level of 0.05. 

2.3.6 Amphetamine treatment 

Following race model testing, rats from the first cohort were divided into two groups and 

randomly administered d-amphetamine sulphate (AMPH, 0.5 mg/kg, i.p.; Sigma, Oakville, 

Ontario) or saline immediately before testing in the countermanding task. Two no-treatment days 

were conducted between administrations.  

 Rats were excluded from analysis if any administration session did not contain sufficient 

data (<50 total trials) or contained either >30% omissions on go trials or a non-varying inhibition 
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function that yielded an SSRT estimate <50 ms; both of which indicate improper task 

performance (e.g., Ghahremani et al., 2012). We further omitted cases where there was not at 

least an increase of 0.5 between the minimum and maximum value of the inhibition function as 

SSD increased, which is an additional indicator of proper task performance (cf. Kapoor and 

Murthy, 2008). Two rats from the first cohort were excluded because they showed non-varying 

inhibition functions: one after saline treatment and one after AMPH treatment. Six animals from 

the first cohort thus yielded data for this experiment.  

An additional 16 male albino Wistar rats (Charles River Laboratories, St. Constant, QC) 

were trained to perform the countermanding task following the same protocol as above. One 

subject was excluded due to health complications and two others were excluded for not meeting 

performance criteria regularly (i.e. <50 trials). This left 13 rats for subsequent AMPH testing 

from the second cohort.  

Rats were randomly assigned to 3 groups of 3 subjects and 1 group of 4 subjects 

following task training. Groups were randomly administered doses of AMPH (0, 0.25, 0.5, 0.75 

mg/kg; i.p.) based on previous stop task experiments investigating the effects of AMPH in rats 

(Feola et al., 2000; Eagle and Robbins, 2003a). AMPH was administered immediately prior to 

testing in the countermanding task with 2 no-treatment days between test sessions. After an 11-

day washout period, rats were reassigned into 2 groups of 4 and 1 group of 5 for a second round 

of AMPH administrations of each dose, with the exception of 0.75 mg/kg. This dose was omitted 

from testing and analysis due to increased (>30%) omissions on go trials and poorer overall task 

performance; there was no statistical difference in omission rate between saline and the lower 

AMPH doses (paired t-tests, p > 0.05). Two no-treatment days were conducted between treatment 

sessions. Administration sessions were excluded if the above performance criteria were not met. 

Go trial RT and SSRT were calculated for each session as described above. We also quantified 

the variability in go trial RT with the coefficient of variation (CV) given by the ratio of the SD 
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and the mean of the RT distribution (Bellgrove et al., 2004). If both sessions at a particular dose 

of AMPH were valid for a given rat, mean go trial RT, CV, and SSRT were averaged from both 

sessions.  

Because only rats in the 2nd cohort were administered 0.25 mg/kg AMPH, doses of 

AMPH were compared to vehicle separately. For the 0.25 mg/kg AMPH comparison, 13 rats 

from the 2nd cohort met criteria and were analyzed for SSRT. For the 0.5 mg/kg AMPH analysis, 

5 rats were omitted for displaying >30% omissions and/or <50 trials, while 1 rat was omitted for 

producing flat inhibition functions in AMPH sessions. This left 7 rats from the 2nd cohort to be 

combined with the 6 rats from the 1st cohort for analysis. Following Kapoor and Murthy (2008), 

the minimum and maximum probability values of the inhibition functions obtained from these 

animals in all sessions included in the analyses spanned at least 0.5: mean (±SD) = 0.88 ± 0.15 

(0.25 mg/kg AMPH; n = 22), 0.89 ± 0.14 (0.5 mg/kg AMPH: n = 18); 0.91 ± 0.13 (vehicle; n = 

27).  

Paired samples t-tests were conducted to evaluate the difference in go trial RT and SSRT 

after AMPH and saline administration. Percent change was calculated for SSRT after AMPH 

administration based on SSRT after saline administration for each rat. Pearson correlations were 

conducted to examine percent change in SSRT after AMPH treatment compared to vehicle SSRT.  

The inhibition functions obtained following AMPH and vehicle sessions were compared 

after converting the data obtained from each animals into the standardized relative finishing time 

described by Logan and Cowan (1984): ZRFT = [ goRT(mean) - SSD - SSRT ] / goRT(SD), where 

goRT(mean) and goRT(SD) are the mean and standard deviation of the RT in go trials. The 

standardized inhibition function, which relates the probability of canceled trials to ZRFT scores 

across animals, was fit with a Weibull function: W(ZRFT) =  - ( - )  exp[-ZRFT /)


], where 

 is the threshold (i.e., the ZRFT value at which the function reaches 64% of its full growth),  is 
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the slope and  and  are, respectively, the maximum and minimum values of the function 

(Weibull, 1951).  

Adaptive RT adjustments were analyzed as described above. In instances where both 

sessions for a particular dose of AMPH were valid for a given rat, the 3-trial blocks from each 

session were combined to calculate overall mean go trial RTs. Rats were excluded from analysis 

at a particular dose of AMPH if < 5 instances of any interleaved trial type were observed. This 

left 8 rats from the 2nd cohort for adaptive RT adjustment analysis following administration of 

0.25 mg/kg AMPH and 5 rats from the 1st cohort as well as 3 rats from the 2nd cohort for 

analysis following administration of 0.5 mg/kg AMPH. Because these dose groups contained 

different rats, 0.25 mg/kg and 0.5 mg/kg AMPH were compared to vehicle separately. All 

analysis was conducted using a significance level of 0.05. 

2.4 Results 

2.4.1 Race model analysis 

 The mean total number of trials in pooled data sets was 1362 ± 70. Thus, each data set 

contained approximately 340 stop trials and each individual session contained approximately 272 

trials. Figure 2.2 shows each rat’s distribution of go trial RTs in each of the five sessions 

considered for race model analyses. All RTs from each animal were pooled into a single 

distribution, and the mean (± SEM) go trial RT for each animal is given in Figure 2.3A. Across 

rats, mean go trial RT averaged 570 ± 17 ms. From these pooled sessions, we generated each rat’s 

inhibition function from the corrected proportions of non-cancelled responses on stop trials 

(Figure 2.3B). These proportions spanned the whole range and increased significantly with 

increasing SSD for all rats (
2
 test, p < 0.01). The nearly perfect monotonicity of the inhibition 

functions demonstrates that rats were sensitive to the stop signal, a prerequisite for the application 

of the race model. 
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Figure 2.2: Go trial response time. 

Cumulative go trial RT [GoRT] distributions of all 5 sessions for each individual subject in 

experiment 1. The 5 sessions were combined into one data set for each subject as none of the 

GoRT distributions were found to differ significantly. 
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Figure 2.3: Go trial RT, SSRT and inhibition functions. 

(A) Mean (± SEM) go (GoRT; gray) and stop signal RT (SSRT; black) for each rat. Dashed 

horizontal lines represent overall means. (B) The probability of making a non-cancelled response 

(± 95% confidence interval) increased as the stop signal delay (SSD) lengthened for all 8 

subjects. The horizontal dashed line represents the point at which the probability of making a 

non-cancelled response was 0.5. The vertical dashed line represents the staircase procedure 

estimation of the SSD at which the probability of making a non-cancelled response was 0.5. 

 

 

 The staircase procedure for SSD was analyzed to estimate the SSD at which the 

probability of making a non-cancelled response was 0.5 for each subject. The peaks and valleys 

average of SSD for subjects ranged from 315 ms to 448 ms while the midpoint of each second run 
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average of SSD for subjects ranged from 316 ms to 448 ms (Table 1). The average of these two 

estimations approximated the SSD at which the probability of making a non-cancelled response 

was 0.5 for each subject. The go trial RT distribution was then integrated until the proportion of 

RTs was equal to 0.5. The corresponding RT at which this proportion was reached ranged from 

475 to 609 ms across subjects. SSRT was calculated by taking the RT at which the probability of 

making a non-cancelled response was 0.5 for each subject, and subtracting the SSD where the 

probability of making a non-cancelled response was 0.5. The estimated mean SSRT was 157 ± 8 

ms (Figure 2.3A). 

2.4.2 Race model predictions 

The race model makes three main predictions of countermanding task performance 

(Logan, 1994). First, the model predicts that the mean non-cancelled RTs should be shorter than 

the mean go trial RTs, because the stop signal should truncate the RT distribution when presented 

(Figure 2.4A). Second, the model’s assumptions predict that non-canceled RTs should lengthen 

with increasing SSD, because gradually more responses can escape inhibition as the stop signal is 

delayed (Figure 2.4B). Finally, to fully account for the rat’s performance, the model should 

predict the observed non-cancelled RTs (Figure 2.4C). We tested these predictions with data from 

SSDs having at least 10 trials (on average, 34 trials).  

To determine whether the first prediction was respected, the mean non-cancelled RT of a 

particular SSD in each rat was compared to overall mean go trial RT for that rat (N = 36 

comparisons). All mean non-cancelled RTs were found to be shorter than their corresponding 

mean go trial RTs, as displayed in Figure 2.4E. The mean of these RT differences (-112.1 ± 8 ms) 

was significantly different from 0 (t-test, t(35) = 13.74, p < 0.01; Cohen’s d = 2.30).  

To test the second prediction, we compared in each rat the mean non-cancelled RT at a 

particular SSD (SSDn) with the mean non-cancelled RT observed at the immediately shorter SSD 

(SSDn-1) (N = 28 comparisons). We found that the mean non-cancelled RTs at the longer SSD 
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Table 1: Stop signal response time estimation. 

Peaks & Valleys and Second Run analysis is the stop signal delay (SSD) derived from the 

staircase procedure at which P[non-cancelled] = 0.5. SSD is the average of these two analyses. 

Response time [RT] is the point from the go RT distribution in which the integrated proportion of 

RTs is 0.5 (i.e., the median RT). Stop signal RT (SSRT) = RT - SSD. 

 

Rat Peaks & Valleys  Second Run SSD RT SSRT 

1 435 435 435 585 150 

2 331 330 330 484 154 

3 346 346 346 491 145 

4 391 391 391 552 161 

5 385 385 385 589 204 

6 448 448 448 609 161 

7 382 385 384 505 121 

8 315 316 316 475 159 
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Figure 2.4: Race model predictions. 

The race model predicts: (A) Mean non-cancelled RT (RT) should be shorter than mean go RT 

because only fast go RTs escape inhibition, (B) Mean non-cancelled RT increases as the stop 

signal delay (SSD) increases because more of the distribution of go RT escapes inhibition, (C) If 

stop signal RT (SSRT) is constant, mean non-cancelled RT at a specific SSD is predictable. (D) 

Race model predictions for one individual subject (Subject 1) showing mean observed non-

cancelled RTs increased as SSD increased, were generally predictable and were shorter than 

mean go RT (dashed line). (E) Mean non-cancelled RT was shorter than mean go trial RT for all 

8 subjects in support of the first prediction (p < 0.01 indicates a significant difference by paired-
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samples t-test). (F) Mean non-cancelled RT for a subject at a particular SSD (SSDn) tended to be 

longer than mean non-cancelled RT at the SSD that was 100 ms shorter (SSDn-1), in support of 

the second prediction (p < 0.01 indicates a significant difference by paired-samples t-test). (G) 

Observed mean non-cancelled RT was longer than predicted. Most (24 of 36) observed mean 

non-cancelled RTs were not significantly different than predicted at specific SSDs by paired-

samples t-test (black dots). Instances that were significantly different (Gray dots) tended to occur 

at shorter SSDs (p<0.05). 

 

 

were longer in 75% (21/28) of the comparisons, as displayed in Figure 2.4F. The mean of these 

RT differences (21.8 ± 7.4 ms) was significantly different from 0 (t-test, t(27) = 2.96, p < 0.01; 

Cohen’s d = 0.56).  

We first tested the third prediction by comparing the average non-cancelled RT observed 

across each rat’s SSDs to the average RT predicted by the race model. Because the number of 

trials varied across SSDs, we weighted the means for each SSD by the frequency of occurrence. 

The overall weighted mean non-cancelled RT predicted by the race model (mean ± SEM = 458 ± 

14 ms) did not differ significantly from the overall weighted mean observed non-cancelled RT 

(mean ± SEM = 456 ± 13 ms; paired t-test, t(7) = 0.65, p = 0.54; Cohen’s d = 0.23). We next 

analyzed observed mean non-cancelled RT at each SSD for each animal (N = 36 comparisons) to 

the mean RT that would be predicted for that SSD by the race model (Figure 2.4D). In general, 

the observed non-cancelled RT at individual SSDs were not significantly different than predicted, 

but significant differences were found in 33% (12 of 36) of the comparisons (paired t-tests, ps < 

0.05; Fig. 4G); the observed non-cancelled RTs being significantly longer. It appeared that the 

race model underestimates the non-cancelled RT at short SSDs. The SSDs at which we found 

significantly different comparisons were statistically shorter than those of the non-significant 

ones (t-test, t(24) = 2.44, p < 0.05). Unduly long non-cancelled RTs have been observed on short-

SSD stop trials previously in humans and interpreted as delayed responses following successful 
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cancellation (e.g., Boucher et al., 2007; Hanes and Carpenter 1999). If this were to account for 

our observations, we would predict the non-cancelled RT distributions of the significant 12 

comparisons to be highly skewed. Indeed, their skewness, quantified with the Fisher-Pearson 

standardized moment coefficient, was more than double that of the other comparisons (G = 2.39 ± 

0.92 vs. 1.08 ± 1; t-test, t(24) = 3.62, p < 0.01; Cohen’s d = 1.41). To further determine the 

contribution of the long tail in the distribution of non-cancelled RTs to our observations, we 

eliminated the 90
th
 percentile of non-cancelled RTs from each animal’s data set. Of the 12 

comparisons that were originally statistically different, eight became non-significant after this 

correction.  

Altogether, the race model accounted suitably well for rat performance in our 

countermanding task.  

2.4.3 Response adjustment 

Humans and macaque monkeys adjust their RT adaptively in the countermanding task, 

responding faster after consecutive go trials and slower after cancelled stop trials. We examined 

whether rats also adapt their responses to trial and/or performance history by comparing RTs in 

correct go trials that began (go1RT) and ended (go2RT) a sequence of three consecutive trials, 

when the interleaved trial was: 1) a correct go trial; 2) a cancelled stop trial; or 3) a non-cancelled 

stop trial. Figure 2.5A shows the mean (± SEM) RT for each animal, along with the average RT 

across animals.  

A two-way ANOVA, with go trial and interleaved-trial type as factors, revealed no main 

effects but a significant interaction (F(2,14) = 5.17, p < 0.05, ηp
2
 = 0.43). This interaction appears 

to arise from the significant increase in RT that was limited to when the interleaved trial was a 

non-cancelled stop trial (paired t-test, t(7) = 2.31, p < 0.05, Cohen’s d = -1.16). An increase in RT 

was also found to be significant in two individual rats. The shortening in RT across three 

consecutive go trials nearly reached statistical significance (t(7) = 2.23, p = 0.056, Cohen’s d = 
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Figure 2.5: Response time adjustments. 

(A) Bars show mean [± SEM] go trial response time [RT] for the 1
st
 (Go1) and 3

rd
 (Go2) trials 

from sequences of 3 consecutive trials where the interleaved trial was either a go trial, or a 

cancelled or non-cancelled stop trial for each rat (* significant difference in group means with t-

test, p < 0.05; Black lines show individual animal mean RTs and circle markers indicate 

significant difference in individual animal’s means with t-test, p < 0.05). (B) Bars show mean [± 

SEM]  Z change in RT on Go2 where the interleaved trial was either a go trial, or a cancelled or 

non-cancelled stop trial for each rat, where Z = [ Go2RT(trial) - Go1RT(mean) ] / Go1RT(SD) (* 

significant difference of z score from 0 with t-test, p < 0.05; Black lines display mean Z scores of 

each individual rat and circle markers indicate significant difference of an individual animal’s Z 

score from 0 with t-test, p < 0.05). 

 

 

1.06), and the RT in go trials interleaved with a cancelled stop trial was not statistically different 

(t(7) = 1.74, p = 0.12, Cohen’s d = 0.64). Because the distribution in RT was broad and varied 

substantially among animals, we also standardized the change in RT in each individual trial 

sequence by computing a Z-score:  

Z = [ go2RT(trial) - go1RT(mean) ] / go1RT(SD) 

Figure 2.5B shows the mean Z-score for each animal, along with the average across animals. 

Statistics were sensibly the same. The 4% shortening in RT across three consecutive go trials was 

significantly different from 0 (one-sample t-test, t(7) = -2.38, p < 0.05, Cohen’s d = -0.84). The 
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15% lengthening in RT following a non-cancelled stop trial just failed to reach statistical 

significance (t(7) = 2.13, p = 0.07, Cohen’s d = 0.75). The change in RT in go trials interleaved 

with a cancelled stop trial was not statistically different (t(7) = -1.71, p = 0.13, Cohen’s d = -

0.61).  

To further examine response adjustments, we compared RT in correct go trials that began 

and ended a sequence of three consecutive trials when the interleaved trial was an incorrect go 

trial response. We observed that the RT of the last go trial of this sequence was significantly 

longer than that of the first trial (612 ± 19 vs. 582 ± 16 ms; paired t-test, t(7) = 2.62, p < 0.05, 

Cohen’s d = -0.96). Altogether, these results reveal large variability in response adjustment of rats 

performing the countermanding task, but nonetheless suggest that their responses are slower 

following unrewarded, incorrect responses in both go and stop trials. 

2.4.4 Amphetamine treatment 

Previous rodent studies have shown that AMPH administration is associated with both a 

shortening of go trial RT and a change in SSRT that depends on the animal’s original SSRT 

(Feola et al., 2000; Eagle and Robbins, 2003b). Figure 2.6A shows that rats in our study similarly 

demonstrated shorter go trial RT following AMPH compared to vehicle. Paired-samples t-tests 

revealed that this response speeding was statistically significant following 0.5 mg/kg AMPH 

(t(12) = 3.56, p < 0.05, Cohen’s d = 1.34), but just failed to reach significance following 0.25 

mg/kg AMPH (t(12) = 2.11, p = 0.057, Cohen’s d = 0.58); percent change in RT amounted to 

11.4% and 4.7% shortening, respectively. In addition, the variance of go trial RT was found to 

increase near-significantly following 0.5 mg/kg AMPH (mean CV = 0.33) compared to saline 

(mean CV = 0.29; t(12) = -2.16, p = 0.051, Cohen’s d = -0.63). No significant difference was 

observed following 0.25 mg/kg AMPH (CV 0.30) compared to saline (CV = 0.28; t(12) = 1.42, p 

= 0.18, Cohen’s d = -0.52). The mean (±SEM) number of trials completed in AMPH sessions was 

not significantly higher following 0.5 mg/kg (199 ± 17) compared to saline (167 ± 24; t(12) =  
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Figure 2.6: Amphetamine effects. 

(A) Mean (± SEM) go trial response time [RT] and stop signal response time [SSRT] for rats 

performing the countermanding task immediately after injection of saline (dark gray bars) or 

amphetamine (light gray bars; N = 13 for 0.25 mg/kg group, N = 13 for 0.5 mg/kg group, i.p.) (* 

significant difference in group means with paired-samples t-test, p < 0.05); (B) Percent change in 

SSRT for individual rats after 0.25 mg/kg (dark gray diamonds; N = 13) or 0.5 mg/kg (light gray 

squares; N = 13) amphetamine (i.p.) compared to SSRT after saline administration (* significant 

correlation, p < 0.05). (C) Mean go trial response time (± SEM; N = 8) for the 1
st
 (Go1) and 3

rd
 

(Go2) trials in sequences of 3 consecutive trials where the interleaved trial was either a go trial, a 

cancelled stop trial, or a non-cancelled stop trial, after administration of either saline (dark gray 

bars) or amphetamine (0.25 mg/kg, i.p., light gray bars) (* significant difference in group means 

with t-test, p < 0.05). (D) Mean go trial response time (± SEM; N = 8) for the 1
st
 (Go1) and 3

rd
 

(Go2) trials in sequences of 3 consecutive trials where the interleaved trial was either a go trial, a 

cancelled stop trial, or a non-cancelled stop trial, after administration of either saline (dark gray 

bars) or amphetamine (0.5 mg/kg, i.p., light gray bars) (* significant difference in group means 

with t-test, p < 0.05). 
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-1.46, p = 0.17, Cohen’s d = -0.36) but was significantly higher following 0.25 mg/kg (176 ± 15) 

compared to saline (126 ±11; t(12) = -3.72, p < 0.01, Cohen’s d = -1.06). 

 We found no significant difference in SSRT when we compared either the 0.25 mg/kg 

AMPH group (t(12) = -1.50, p = 0.16, Cohen’s d = -0.44) or the 0.5 mg/kg AMPH group (t(12) = 

-1.92, p = 0.07, Cohen’s d = -0.58) with vehicle. We examined baseline-dependent effects of 

AMPH on SSRT by regressing the percent change in SSRT after AMPH administration against 

vehicle SSRT. Figure 2.6B shows that rats with short vehicle SSRT tended to display longer 

SSRT after AMPH, while rats with longer SSRT were more likely to display shorter SSRT. This 

relation was significant for the 0.5 mg/kg AMPH group (R² = 0.57, p < 0.05), but only a trend for 

the 0.25 mg/kg AMPH group (R² = 0.18, p = 0.15). In contrast, no significant correlation was 

observed between percent change in RT after AMPH administration and vehicle SSRT (R² = 0.02 

and 0.06).  

 We further investigated the effects of AMPH on inhibitory control by examining changes 

in the inhibition function. Figure 2.7 (A and B) shows the standardized inhibition function (see 

methods) obtained after each of the AMPH doses along with the associated vehicle. We first 

modeled each inhibition function with a best-fit Weibull curve, and then used the Weibull model 

of the vehicle inhibition function to account for the inhibition function obtained from the AMPH 

sessions. With the exception of slightly shallower slopes following AMPH, the best-fit curves 

were similar (see equation parameters in Figure 2.7 caption). Moreover, the model of the vehicle 

inhibition function accounted for the data as well as that calculated from the AMPH data. The 

coefficient of determination (R
2
) for the model fitting the 0.25 mg/kg AMPH data was 0.57, while 

that of the vehicle model was 0.55 for the same data; the R
2 
of the fit to the vehicle data was 0.64. 

For the 0.5 mg/kg AMPH data, these figures were 0.70 and 0.68; 0.73 for the fit to the vehicle 

data. These results thus suggest that the inhibitory control displayed by these groups of rats did 

not change significantly following AMPH administration. We also converted the inhibition  
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Figure 2.7: Standardized inhibition functions. 

Standardized inhibition functions. Probability of successfully cancelled stop trials as a function of 

standardized relative finishing time [ ZRFT = (GoRT(mean) - SSD - SSRT) / GoRT(SD) ] following 

0.25 mg/kg (A) and 0.5 mg/kg (B) AMPH (, — —) as well as vehicle (, ). Parameters of the 

best-fit Weibull curves were: =0.40, =4.12, =0.88, =0.005 (0.25 mg/kg AMPH); =0.55, 

=5.72, =0.94, =0.05 (0.25 mg/kg vehicle); =0.71, =6.71, =0.97, =0.12 (0.5 mg/kg 

AMPH); =0.59, =8.67, =0.97, =0.11 (0.5 mg/kg vehicle).  

 

 

function data into cumulative probability distributions to test whether these were statistically 

different. Two-sample Kolmogorov-Smirnov tests confirmed that the differences between vehicle 

and AMPH data were not significant (0.25 mg/kg AMPH: D = 0.13, p = 0.53; 0.5 mg/kg AMPH: 

D = 0.06, p = 0.99).  

 To examine the effects of AMPH on adaptive RT adjustments, mixed-design ANOVA 

with treatment (AMPH, vehicle), trial (go1RT, go2RT) and interleaved trial type (go, cancelled, 

non-cancelled) as within-subjects factors were conducted for both AMPH groups separately. For 

the 0.25 mg/kg AMPH group (N = 8), ANOVA revealed a significant main effect of treatment, 
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(F(1,7) = 5.96, p < 0.05, ηp
2
 = 0.46) and trial (F(1,7) = 5.75, p < 0.05, ηp

2
 = 0.45) as well as a 

significant interaction of all 3 factors (F(2,14) = 5.14, p < 0.05, ηp
2 
= 0.42). There was also a 

significant interaction of interleaved trial type and trial (F(2,14) = 5.75, p < 0.05, ηp
2 
= 0.45). 

Planned paired-samples t-tests compared RT before and after each interleaved trial type for both 

AMPH and vehicle administration. As shown in Figure 2.6C, rats displayed significantly shorter 

RT after interleaved go trials (t(7) = 3.73, p < 0.01, Cohen’s d = 1.43) as well as significantly 

longer RT following non-cancelled stop trials (t(7) = -4.44, p < 0.01, Cohen’s d = -1.70) in the 

saline condition, replicating the no-treatment results from our first cohort of rats. No significant 

difference in RT was found in the saline condition for interleaved cancelled stop trials (t(7) = -

0.81, p = 0.44, Cohen’s d = -0.32). There was no RT adjustment following treatment with 0.25 

mg/kg AMPH regardless of the interleaved trial: go (t(7) = -0.68, p = 0.52, Cohen’s d = -0.26), 

cancelled stop (t(7) = -1.70, p = 0.13, Cohen’s d = -0.64) and non-cancelled stop trial (t(7) = 0.13, 

p = 0.90, Cohen’s d = -0.06). 

 A mixed-design ANOVA for the 0.5 mg/kg AMPH group (N = 8) revealed no significant 

effects; the main effect of treatment (F(1,7) = 4.74, p = 0.07, ηp
2
 = 0.40) and trial (F(1,7) = 4.44, 

p = 0.07, ηp
2
 = 0.39) failed to reach significance. It was expected that rats would display adaptive 

RT adjustments after saline treatment. Paired-samples t-tests were therefore conducted to 

compare RT before and after each interleaved trial type for both drug and saline administration. 

As displayed in Figure 2.6D, rats had significantly shorter RT following interleaved go trials in 

the saline condition (t(7) = 3.24, p < 0.05, Cohen’s d = 1.77). Their RTs were also 10% longer 

following non-cancelled stop trials - a change observed in 7 of 8 animals and comparable to that 

observed in the 0.25-mg/kg saline and no-treatment data - but this lengthening was not 

statistically significant (t(7) = 1.48, p = 0.18, Cohen’s d = -0.53). In contrast, the change in RT for 

the AMPH condition amounted to about 1%. None of the remaining comparisons for the saline or 

0.5 mg/kg AMPH treatments were significant. 
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2.5 Discussion 

We have demonstrated in a countermanding task closely resembling human and monkey 

paradigms that the ability of rats to inhibit a motor response was thoroughly accounted for by a 

race model first developed for human countermanding performance (Logan and Cowan, 1984) 

and extended to the macaque monkey (Hanes and Schall, 1995). These results validate the race 

model in rodent stop tasks, an essential step in confidently estimating the amount of time required 

for rat response cancellation. Our observed go trial RT speeding and baseline-dependent change 

in SSRT following AMPH treatment supports the generality of rodent stop tasks.  Further 

evidence for executive control in rats was revealed through RT adjustments following primarily 

unrewarded, non-cancelled stop trials, which was impaired with AMPH treatment. 

 As the duration of time lengthened before stop signal presentation, rats were gradually 

less able to inhibit responses. Similar inhibition functions are observed in human and nonhuman 

primate countermanding (Logan and Cowan, 1984; Hanes and Schall, 1995; Hanes and 

Carpenter, 1999; Band et al., 2003). The monotonic characteristic of the inhibition function is a 

prerequisite for a race model account of countermanding performance (Logan, 1994). We pooled 

data from multiple sessions in order to demonstrate the first full inhibition functions in rats 

spanning the SSD range from 0 to 100% inhibition, aiding in the demonstration that our rat 

countermanding task is highly analogous to human and nonhuman primate tasks.  

 The race model accurately predicts response latencies at different SSDs where response 

inhibition fails in humans (Logan and Cowan, 1984). Moreover, saccade latencies in non-

cancelled stop trials are shorter compared to go trials for most subjects and increase as SSD 

increases (e.g., Hanes and Carpenter, 1999). In some cases, mean non-cancelled RTs have not 

differed from mean go RT due primarily to prolonged non-cancelled responses at the shortest 

SSDs (Colonius et al., 2001; Akerfelt et al., 2006). Unduly long non-cancelled RTs have been 

observed on short-SSD stop trials previously in humans and interpreted as delayed responses 
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following successful cancellation (Boucher et al., 2007). Pooling data to obtain many stop trials at 

each SSD allowed us to make similar observations in rats, supporting the hypothesis that rodent 

behaviour in this task can be generally accounted for by the race model and is highly comparable 

to humans, even at short SSDs where the race model doesn’t fully account for the behaviour.  

 It is possible that longer than predicted non-cancelled RTs at short SSDs observed in rats 

may be related to differences in neural circuitry between primates and rodents. Human studies 

have suggested that countermanding ability rests on the integrity of a neural network that includes 

the dorso-medial and ventro-lateral aspects of prefrontal cortex as well as the basal ganglia direct 

and hyper-direct pathways (see for review Verbruggen and Logan, 2008; Verbruggen et al., 2010; 

Jahfari et al., 2011). Work in nonhuman primates has focused on dorso-medial prefrontal cortex, 

showing that microstimulation within the supplementary eye field while monkeys perform an 

eye-movement countermanding task improved stopping by increasing RT (Stuphorn and Schall, 

2006). In addition, neuronal activity in pre-supplementary and supplementary motor areas of 

monkeys performing an arm-movement countermanding task has been suggested to contribute to 

inhibitory control (Scangos and Stuphorn 2010; see also Chen et al., 2010 as well as Stuphorn et 

al., 2010). 

 Evidence for a similar circuit in rodents is equivocal. Inhibitory control has been reported 

not to be impaired following excitotoxic lesions to the prelimbic and infralimbic areas (Eagle and 

Robbins, 2003b; Eagle et al., 2008), but reversible inactivation of the dorsal part of the prelimbic 

area has been shown to significantly lengthen SSRT (Bari et al., 2011). Conversely, excitotoxic 

lesion to the orbitofrontal cortex was shown to produce longer SSRT (Eagle et al., 2008), but 

reversible inactivation was not (Bari et al., 2011). Within the basal ganglia, excitotoxic lesions to 

either the medial striatum (Eagle and Robbins, 2003a) or subthalamic nucleus (Eagle et al., 2008) 

have been reported to flatten inhibition functions, largely because of poorer performance at short 

SSDs. The long non-cancelled RTs that we observed at short SSDs may be diagnostic of a weaker 
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inhibitory control in rodents compared to primates. This discrepancy warrants further 

investigation regarding the role of these brain regions in response countermanding, including in 

the nonhuman primate model where these areas have yet to be investigated neurophysiologically. 

 Differences in neural correlates of behaviour between primate and rodent stop tasks may 

be related to subtle differences in task design. Human and non-human primate saccade 

countermanding tasks clearly require the cancellation of a response before a movement is made 

(see Hanes and Schall, 1995; Hanes and Carpenter, 1999; Colonius et al., 2001; Stuphorn and 

Schall, 2006), whereas it is less clear if cancellation occurs before or after movement onset for 

finger or hand responses (see Logan and Cowan, 1984; Liu et al., 2009; Li et al., 2008). Rodent 

stop tasks require countermanding an ongoing elongated whole body movement (see Eagle et al., 

2003a; Pattij et al., 2007). To date, no distinction has been made between reaction time (i.e., the 

time required to react to the target lever) and movement time (e.g., the time required to move to 

the target lever) in the rodent stop task. RT variability can be produced by inconstant movement 

time between tasks. SSRT estimates arise from the distribution of RTs; therefore, incorporating a 

longer movement may artificially alter SSRT. A challenge for future experiments will be to 

evaluate and compare reaction and movement times within overall RT.  

Several variances exist between the countermanding task employed in the present study 

and other rodent stop tasks. Go responses in the single target stimulus task of Eagle and Robbins 

(2003a) may have become automated with extensive training, thus limiting the investigation of 

voluntary control of behavior usually afforded by the countermanding paradigm. Longer SSRTs 

in the Eagle and Robbins task may have resulted from estimations using partial rather than full 

inhibition functions. Pattij and colleagues (2007) may have also derived longer SSRTs due to the 

use of primarily short SSDs that did not examine full inhibition functions. Longer SSRTs may 

have also been estimated by virtue of a brief stop signal duration (50 ms), which may lead to a 

reduction in stop accuracy. Importantly, the race model, which is necessary to estimate SSRT, 
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had not previously been systematically confirmed as a valid model for rodent task performance. 

We have taken the necessary step of rigorously validating a race model account in our version of 

the countermanding task in rats.  

 Both humans and nonhuman primates display faster responses after consecutive go trials 

and slower responses following stop trials (Rieger and Gauggel, 1999; Kornylo et al., 2003; Li et 

al., 2006, 2008; Emeric et al., 2007; Verbruggen and Logan, 2008; Liu et al., 2009; Chen et al., 

2010; Nelson et al., 2010; Thakkar et al., 2011). We are the first to identify response speeding 

after consecutive go trials as well as post-error slowing, evidenced by longer go trial RTs 

following both non-cancelled stop trials and go trial errors in a rat countermanding task. 

Response speeding after consecutive go trials did not likely result from trial history, as we 

observed longer RT if errors were made during interleaved go trials. Response speeding was also 

not likely directly attributable to response history, as consecutive lever presses resulted in longer 

RT following non-cancelled stop trials. While these behavioural trends did not always meet 

statistical significance in our rats, likely owing to small sample sizes (see Button et al., 2013), we 

generally observed the same RT adjustments in the vehicle-only treatment sessions of our AMPH 

study, providing strong support for our findings. 

 Consistent with observations from a delayed response task in rats (Narayanan and 

Laubach, 2008), error monitoring may best account for the response adjustments we observed. 

Our findings are not consistent with Emeric and colleagues (2007), who reported slower 

responses after cancelled stop trials in both humans and nonhuman primates. It is possible that the 

comparatively long time-out period (10-s) in our study made errors more salient for monitoring. 

The effect of time-out duration on response adjustments should be examined in the future. Inter-

individual variability in error monitoring was evident in these studies (see also Chen et al., 2010). 

This inter-individual and interspecies variability in the control of skeletomotor and oculomotor 

responses requires more detailed investigation. 
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 Our replication of go trial RT shortening and baseline-dependent change in SSRT with 

AMPH, as reported by Feola et al (2000; see also Eagle and Robbins 2003a), supports the 

generality of the stop task. However, Feola and colleagues reported improved stopping in slow 

stoppers following AMPH and no change in fast stoppers, whereas we observed little change in 

our slow stoppers and impaired stopping in our fast stoppers. It appears that our animals were 

generally faster stoppers. Our study may have therefore spanned a different range of baseline 

performance.  

 Adaptive response adjustments in rats were additionally impaired with AMPH treatment. 

The substantial AMPH-induced increase in RT variability we observed may have contributed to 

reduced response adjustments, as RT variability is putatively associated with reduced ability to 

regulate behavior (MacDonald et al., 2006; Tamm et al., 2012). We observed a considerable 

impairment in responding on go trials with 0.75 mg/kg of AMPH and excluded many 0.5 mg/kg 

AMPH treatment sessions for not meeting performance criteria requirements. These findings 

mimic observations made by Eagle and Robbins (2003a) following administration of 1 mg/kg 

AMPH in rats, indicating that these doses of AMPH may be at the high end of an effective dose-

response range for behavioural control and may in fact impair regulatory behavior in rats. General 

AMPH-induced shortening of go RTs were likely a factor in impaired response adjusting as well. 

Enhanced striatal dopamine following AMPH increases striatal firing and is associated with 

increased locomotor activity in rats (Salamone et al., 1982; Haracz et al., 1993). We observed 

faster overall responding with AMPH, which may have produced a floor effect that prevented 

response adjustments. Increased locomotor activity following AMPH likely mediated our 

observed increase in total trials as well. Overall, AMPH led to baseline-dependent effects on 

stopping and impaired RT adjustments. These results suggest dissociable measures of executive 

function for rats in the countermanding task.  
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 A limitation of the present study is that go trial only sessions were not conducted. Faster 

RTs have been observed in sessions with only go trials compared to stop task sessions (e.g., 

Ozyurt et al., 2003; Akerfelt et al., 2006). It would be of interest to examine whether the 

introduction of stop trials has a substantial effect on rat RTs as potential evidence for the 

interaction of go and stop processes in rat brains. It is also uncertain whether rodent stopping in 

this task reflects inhibition of a small subset of muscles involved in lever pressing, or if the entire 

motor system receives inhibitory signals when the stop process is activated. Local versus global 

inhibition is a growing field of investigation (see for review Brunamonti et al., 2012). Future 

rodent behavioural inhibition studies should attempt to specify motor control modifications 

resulting from stop signal presentation and identify why variability exists in task performance 

with individual subjects and different versions of the task. These experiments will extend the 

exploration of brain mechanisms involved in behavioural inhibition and allow the examination of 

executive control deficits in animal models of neurological disease and impulsivity. 
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Chapter 3 

Behavioural response time adaptation for rats performing the 

countermanding task: Influence of stop trials and timeout interval 
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3.1 Abstract 

Inhibitory control can be investigated with the countermanding task, which requires a primary, 

pre-potent response to occasionally be inhibited following the presentation of a stop signal. In 

comparison to simple response tasks, humans and non-human primates exhibit response time 

(RT) lengthening in the countermanding task as well as trial-to-trial adaptive adjustments in RT.  

Rodent studies have revealed conflicting reports of adaptive RT adjustment in the 

countermanding task, possibly attributable to inconsistencies in the timeout (TO) interval 

following errors in different task designs. To clarify the underlying nature of adaptive RT 

adjustments in rodent countermanding performance, male Wistar rats (N = 12) were trained with 

food reward to press a lever directly below an illuminated light (go signal) but to countermand the 

lever press subsequent to a tone (stop signal) that was presented infrequently (25% of trials) at a 

variable delay. Following training, rats were tested in a counterbalanced design in a simple RT 

task (100% go trials) or a countermanding task with a 10-s or 1-s TO interval following errors. 

Rats demonstrated significant anticipatory RT lengthening in the countermanding task in 

comparison to the simple RT task. Animals also displayed RT shortening following consecutive 

go trials and RT lengthening following non-cancelled, but not cancelled stop trials in 

countermanding sessions with a 10-s, but not a 1-s TO interval. These findings indicate that rats 

exerted behavioural control in the countermanding task by lengthening RT in anticipation of stop 

trials and monitoring errors to avoid long, unrewarded TO intervals. 
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3.2 Introduction 

The countermanding task was designed to investigate behavioural inhibition as a measure 

of executive function, the cognitive abilities that allow organisms to make flexible and goal-

directed decisions in a changing and dynamic environment (Lappin & Eriksen, 1966; Verbruggen 

& Logan, 2008b). The task requires inhibition of a primary, pre-potent response following an 

infrequently presented stop-signal. Logan and Cowan (1984) developed a horse-race model of 

countermanding behaviour, positing that go and stop signal presentation initiates independent 

neural go and stop processes respectively, which race toward a threshold whereby the first 

process to cross the threshold wins the race and determines the behavioural outcome. One 

important aspect of the race model is that it permits estimation of the amount of time required to 

inhibit a response, the stop signal response time (SSRT), a measure that is not directly observable. 

The race model has been verified to account for countermanding task behaviour in humans 

(Hanes and Carpenter, 1999), non-human primates (Hanes & Schall, 1995; Hanes et al., 1998; 

Paré & Hanes, 2003) and rats (Beuk et al., 2014).  

Performance monitoring, the rapid adjustment of ongoing behaviour in an effort to 

optimize performance, has also been investigated as an instance of executive function in the 

countermanding task (Rabbitt, 1966; Schachar et al., 2004). Humans and non-human primates 

adaptively adjust their response time (RT) on a trial-to-trial basis during countermanding task 

performance depending on trial and performance history. For example, humans exhibited RT 

shortening following consecutive go trials and RT lengthening following a stop trial (Enticott et 

al., 2009; Boehler et al., 2011; Thakkar et al., 2011; Bissett & Logan, 2012; Corneil et al., 2013; 

Chang et al., 2014). While some studies have demonstrated greater RT lengthening following 

cancelled stop-trials (Cabel et al., 2000; Emeric et al., 2007), others have reported more RT 

lengthening following non-cancelled stop trials or errors (Li et al., 2008; Thakkar et al., 2014). 

Non-human primates have similarly been observed to shorten go trial RT after consecutive go 
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trials and lengthen RT following a stop trial (Kornylo et al., 2003; Nelson et al., 2010). Non-

human primates have typically demonstrated greater RT lengthening following cancelled than 

non-cancelled stop trials (Emeric et al., 2007; Pouget et al., 2011). Chen and colleagues (2010) 

noted that 1 of 2 non-human primates tested did exhibit significant post-error RT lengthening. 

Bissett and Logan (2011; 2012) have stipulated that post-stop signal slowing is an explicit 

strategy adjustment that is best explained as a shift of goal priority in order to attend to a potential 

stop signal, therefore favoring caution over speed. Importantly, evidence of adaptive RT 

adjustments has brought into question the notion that neural go and stop processes responsible for 

countermanding task behaviour are entirely independent, prompting the recent development or 

updating of modeling accounts (Boucher et al., 2007; Matzke et al., 2013; Logan et al., 2014).  

For rodents performing the countermanding task, Bari and Robbins (2013) reported 

adaptive RT adjustments in the form of shorter go trial RT following failed stop trials, contrary to 

the adaptive RT adjustments witnessed in human and non-human primates. Alternatively, Beuk 

and colleagues (2014) demonstrated significant go trial RT shortening after consecutive go trials 

and RT lengthening following non-cancelled, but not cancelled stop trials for rats performing the 

countermanding task. Similarly, Mayse and colleagues (2014) demonstrated RT shortening after 

consecutive go trials and RT lengthening following failed, but not successful stop trials. One key 

inconsistency among rodent countermanding tasks has been the length of the timeout (TO) 

interval that occurs following errors, which has varied from 0-10 s for rats but is very short or 

non-existent in human and non-human primate countermanding experiments. A longer TO 

interval could lead to less post-error slowing, as inhibitory after-effects or conflict monitoring 

activity may decrease with longer inter-trial intervals (Rabbitt and Rodgers, 1977; Rieger & 

Gauggel, 1999; Emeric et al., 2007). On the other hand, rats have been observed to actively avoid 

long timeout periods (Richardson & Baron, 2008). Therefore, a longer TO interval should 
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increase post-error slowing by shifting goal priority to caution over speed (Bissett & Logan, 

2011).  

Another piece of evidence possibly in contradiction to the hypothesis that neural go and 

stop processes are completely independent comes from findings that humans lengthening their RT 

in the countermanding task in comparison to a simple response task or when go-related stimuli 

indicate a 0% likelihood of stop signal presentation (Lappin & Eriksen, 1966; Rieger & Gauggel, 

1999; Akerfelt et al., 2006; Mirabella et al., 2006; Chikazoe et al., 2009; Zandbelt et al., 2013). 

Non-human primates have similarly displayed slower responding in the countermanding task as 

opposed to a simple response task (Stuphorn & Shall, 2006). It has been suggested that humans 

strategically lengthen responses to increase the likelihood of successful performance in the 

expectation of a stop signal (Verbruggen & Logan, 2008a). It is not known whether rats lengthen 

their responses in the countermanding task when compared to a simple RT task. 

 The primary goal of the present experiment was to investigate the underlying behavioural 

nature of adaptive RT adjustments of rats performing the countermanding task. We hypothesized 

that similar to humans and non-human primates, rats would proactively and strategically lengthen 

their responses in countermanding sessions compared to a simple RT task. We further 

hypothesized that rats would exhibit RT shortening after consecutive go trials and post-error 

slowing in the countermanding task when presented with a 10-s TO interval, but that adaptive RT 

adjustments would be attenuated in sessions with a 1-s TO interval. Findings supportive of these 

hypotheses would suggest that rats exhibit adaptive RT adjustments in the countermanding task in 

order to prioritize either caution and accuracy or speed depending upon performance history and 

task demands. The similarities or differences in human and rat adaptive RT adjustments have 

important implications regarding the application of rodent countermanding as a model of 

executive control. 
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3.3 Experimental procedures 

3.3.1 Animals 

Male Wistar rats (N = 12) were bred by Charles River Laboratories (St. Constant, QC) 

and weighed 150-250 g at the start of training. Animals were approximately 5 months of age at 

the time of testing. Subjects were kept in an environmentally controlled colony room with a 

reversed 12-h light-dark cycle (lights off at 0700 h). Rats were pair-housed in clear plastic cages 

(50.0 x 40.0 x 20.0 cm high) with woodchip bedding (Beta Chip; Northeastern Products Corp., 

Warrensberg, NY).  Food (LabDiet 5001; PMI Nutrition Intl, Brentwood, MO) was restricted (see 

procedure), while water was freely available in the home cage. All animal care and experimental 

protocols were approved by the Queen’s University Animal Care Committee and were in 

accordance with the guidelines of the Canadian Council on Animal Care and the Animals for 

Research Act. 

3.3.2 Apparatus 

Four identical operant chambers (30.5 x 24.1 x 21.0 cm high; ENV-008, Med Associated 

Inc., St. Albans, VT) were employed for data collection. Each chamber was enclosed in a sound-

attenuating cubical (55.9 x 40.6 x 55.9 cm high) with 1.9 cm thick wood composite walls and a 

ventilation fan. Operant chambers contained a transparent polycarbonate door, rear wall and 

ceiling. The floor consisted of stainless-steel parallel rods (0.5 cm diameter) separated by a 1.0 

cm gap. On both side walls of each chamber, 2 aluminum vertical posts divided the wall into 3 

panels. On 1 side wall, the far panel housed a 2.8-watt incandescent house light that was 1.0 cm 

below the ceiling and 5.0 cm above a tone generator, which emitted a tone with a chamber-

specific frequency ranging from 2400 to 3400 Hz at an intensity of 75 dB. The middle panel 

included a food pellet receptacle (5.1 x 5.1 x 2 cm deep) 3.0 cm above the grid floor. Dustless 

precision food pellets (45 mg) from Bio-Serv (Frenchtown, NJ; product number: F0021) were 

delivered into the food pellet receptacle from a pedestal mounted pellet dispenser housed outside 
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of the chamber. On the opposite side wall, each of the 3 panels was identically outfitted with a 2.5 

cm diameter LED stimulus light located 4.5 cm below the ceiling and 5.0 cm directly above a 

retractable response lever (4.8 x 1.7 x 1.3 cm thick). Programming and data analysis was 

controlled by MED-PC® IV software (Med Associated Inc.). 

3.3.3 Procedures 

Food and water were initially available ad libitum. For days 3-7, rats were handled in 

pairs for approximately 5 min/day. On the 7th day, food access was restricted to 1-h of free-

feeding/day for the rest of the experiment.  

 Following 2 days of food restriction, animals were behaviourally shaped in 30-min 

sessions to make a lever press for sucrose pellet reward on a fixed-ratio 1 schedule until the 

behaviour was acquired. The behavioural acquisition criterion for all training sessions was correct 

responding on ≥ 80% of the final 100 trials in a session. Following lever press acquisition, rats 

were trained in once-daily 60-min sessions to press only the lever directly below an illuminated 

light-emitting diode stimulus light to receive sucrose pellet reward until criterion was reached. 

Finally, rats were trained in once-daily 60-min sessions to withhold lever press responding in the 

presence of a tone (acting as the stop signal) in order to obtain sucrose pellet reward. See Beuk 

and colleagues (2014) for a more detailed description of the training methods. 

 Countermanding sessions (60 min) included random presentations of 75% go trials and 

25% stop trials, as displayed in Figure 3.1A. In countermanding sessions, the house light was 

always illuminated except during TO intervals (see below). To begin all trials, animals were 

required to press the centre lever, directly below the illuminated centre light. Immediately 

following a centre lever press, the centre light was turned off and the light directly above either 

the left or right lever was randomly illuminated, acting as the go signal. This signal indicated the 

lever below the illuminated light as the target lever. The amount of time the target lever was 

active was restricted to a time limit that was previously established for each individual rat in  
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Figure 3.1: Experimental procedures. 

(A) In the countermanding task, trials were initiated by a centre lever press (indicated by the 

black square), which immediately illuminated the light above the left or right lever, acting as the 

go signal. In go trials (75%), rats were required to press the lever directly below the illuminated 

light within a time limit (1.0 - 1.4 s) to receive food reward. The amount of time between lever 

presses was recorded as the response time (RT). In stop trials (25%), a tone, acting as the stop 

signal, was presented following a varying stop-signal delay (SSD) from go signal onset and 

instructed rats to cancel the lever press for food reward. Non-cancelled lever presses (or incorrect 

go trial responses) resulted in a timeout (TO) interval. (B) Male Wistar rats were assigned to 2 

groups, A (n = 6) and B (n = 6), to be tested in 4 blocks with 3 consecutive test days per block 

and 1 or 2 days off before the next test block was administered. In the 1st block, group A was 

tested in a simple RT task (1 h) that consisted of 100% go trials, whereas group B was tested in 

the countermanding task (1 h) with a 10-s TO interval following incorrect responses. For data 

analysis, these sessions were combined with sessions from the 4th block, in which group A was 

tested in the countermanding task and group B was tested in the simple RT task (black 

comparisons). In the 2nd block, group A was tested in the countermanding task (1 h) with a 10-s 

TO interval following incorrect responses, whereas group B was tested in the countermanding 

task (1 h) where incorrect responses resulted in a brief 1-s TO interval. For data analysis, these 

sessions were combined with sessions from the 3rd block, in which group A was tested in the 1-s 
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TO interval version of the countermanding task, whereas group B was tested in the 10-s TO 

interval version of the countermanding task (gray comparisons). (C) The race model of 

countermanding performance (Logan & Cowan, 1984) proposes that independent go and stop 

processes, initiated by a go and a stop signal respectively, race toward a threshold, whereby the 

first process to cross the threshold wins the race and determines the behavioural outcome. 

Assuming that stop signal response time (SSRT) is constant, SSRT can be estimated by 

integrating the RT distribution from go trials until the integral equals the point at which a 

response would be cancelled (i.e., the end of the stop process) given a particular SSD (i.e., the 

start of the stop process) (Adapted from Paré and Hanes, 2003). 

 

 

countermanding task training to eliminate approximately the slowest 10% of responses (1.0 - 1.4 

s). This time limit was imposed to encourage fast responding.  

 In go trials, rats were required to press the target lever before the end of the time limit to 

receive reward. Go trial RT was recorded as the elapsed time from centre to target lever press. 

The response was considered incorrect if the target lever was not pressed within the time limit, or 

a non-target lever was pressed. Incorrect responses resulted in a 10-s TO interval, whereby all 

lights in the chamber, including the house light, were turned off. In stop trials, a tone, acting as 

the stop signal, was presented following a predetermined stop-signal delay (SSD) from go signal 

onset for the length of the time limit plus an additional 300 ms. The stop signal instructed subjects 

to countermand a lever press to receive reward. Lever presses during stop trials resulted in a 10-s 

TO interval, whereby all lights in the chamber, including the house light, were turned off. A 5-s 

intertrial interval was presented before the start of each trial.  

 Countermanding sessions initially began with a SSD of 100 ms. SSD was adjusted 

throughout the session by a staircase procedure with 100-ms steps. That is, on the subsequent stop 

trial within a session, SSD lengthened by 100 ms if a lever press was correctly inhibited or 

shortened by 100 ms if a non-cancelled lever press was made on the current stop trial. This 

procedure achieved approximately 50% stop trial inhibitions. If a lever press occurred on a stop 
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trial before the SSD, the trial was recorded as a non-cancelled response and SSD was reduced by 

1 step; however the animal was rewarded as if it had correctly performed a go trial and no TO 

interval occurred. Immediately prior to all countermanding task sessions, rats completed training 

blocks of 10 go trials followed by 10 stop trials with a trial time limit of 1.5 s. Subjects were 

trained until they could consistently meet performance criteria (SSRT > 50 ms, > 100 total trials, 

< 30% go trial errors) in countermanding task sessions. From the start to of lever press training to 

test sessions, approximately 62 training sessions were conducted for each animal over 10 weeks.  

 Following training, rats were randomly assigned to 2 groups (A and B) and tested in a 

counterbalanced design with 4 blocks of 3 consecutive test days with 1-2 off days between 

blocks, as illustrated in Figure 3.1B. Overall, all rats were administered 3 consecutive 1-h test 

sessions for each of: 1) the countermanding task described above with a 10-s TO interval 

following incorrect responses compared to a simple RT task consisting of 100% go trials; and 2) 

the countermanding task with a 10-s TO interval following incorrect responses compared to the 

countermanding task with a brief 1-s TO interval following incorrect responses.  

3.3.4 Data Analysis 

SSRT was estimated with the integration method, derived from Logan and Cowan’s 

(1984) horse-race model of stop-task performance, which was recently validated in rats (Beuk et 

al., 2014). The mean of the peaks and valleys of each SSD run and midpoint of every second SSD 

run were averaged to estimate the SSD where the probability of making a non-cancelled response 

was 0.5 (Levitt, 1971). The distribution of go trial RTs was then integrated until it was equal to 

the RT where the probability of making a non-cancelled response was 0.5. As illustrated in Figure 

3.1C, SSRT can be estimated as this instant (i.e., the end of the stop process) minus the SSD 

where the probability of making a non-cancelled response was 0.5 (i.e., the beginning of the stop 

process). The ratio of the standard deviation to the mean of the RT distribution was calculated as 

the RT coefficient of variation (CV) (Bellgrove et al., 2004). 
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 The Inhibition Function (IF) for each session represents the number of non-cancelled 

responses at each SSD divided by the total number of stop trials at that SSD. To account for the 

potential that failed go responses were represented in the proportion of correctly inhibited stop 

trials, the inhibition probability data were corrected using a procedure modified from Tannock 

and colleagues (1989): Y = (X-O)/(N-O), where for a given SSD, Y is the corrected proportion of 

non-cancelled stop trials, X is the observed number of non-cancelled stop trials, N is the total 

number of stop trials and O is the proportion of omissions that occurred on all go trials. 

We excluded individual sessions where animals did not display at least an increase of 0.5 in IF as 

SSD increased, as this is a prerequisite of correct countermanding task performance (cf. Kapoor 

and Murthy, 2008). Individual sessions were also omitted from analysis if they did not meet 

behavioral criteria (i.e., < 100 total trials, > 30% go trial errors, SSRT < 50 ms) any of which are 

suggestive of improper task performance (e.g., Ghahremani et al., 2012). If SSD increased by 

more than 2 consecutive steps later in 1-h sessions and did not normalize, all trials following the 

initiation of the run were excluded from analysis, as increased SSD later in sessions may be 

indicative of decreased motivation or attentiveness and lead to notable SSRT miscalculation 

(Verbruggen et al., 2013). 

 In the 10-s vs 1-s TO interval study, 10-s TO sessions were omitted from analysis for 

containing < 100 trials (3/36 = 8.3%), SSRT < 50 ms (3/36 = 8.3%) and go trial errors > 30% 

(4/36 = 11.1 %) while 1-s TO sessions were omitted for exhibiting < 100 trials (1/36 = 2.8%), 

SSRT < 50 ms (3/36 = 8.3%) and > 30% go trial errors (4/36 = 11.1 %). This resulted in the 

omission of 18 total sessions (25%) and 1 rat, allowing 11 rats to subsequently be examined. In 

the countermanding vs. simple RT task comparison, countermanding sessions were omitted from 

analysis for containing < 100 trials (1/36 = 2.8%), SSRT < 50 ms (5/36 = 13.9%) and go trial 

errors > 30% (11/36 = 30.6%) while simple RT task sessions were omitted for > 30% go trial 

errors (6/36 = 16.7%) and equipment malfunction (1/36 = 2.8%). This necessitated the removal of 
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28 total sessions (38.9%), leaving 9 or 10 animals for subsequent investigation (1 animal 

produced adequate countermanding task performance but not simple RT task performance and 

could therefore only be included in countermanding task-specific analyses). If a rat met criteria 

on more than 1 session for any particular testing condition, overall mean number of trials per 

session, go trial RT, CV, go trial errors and SSRT were averaged from the means of all valid 

sessions within that testing condition for that subject.   

 Adaptive RT adjustments were computed in the countermanding task from blocks of 3 

consecutive trials where correct go trials started and ended sequences interleaved with either: 1) a 

correct go trial, 2) a non-cancelled stop trial or 3) a cancelled stop trial. Three trial sequences 

where correct go trials started and ended sequences interleaved with an incorrect go trial were 

computed from the simple RT task, as substantially more instances of these 3 trial sequences were 

observed in these data sets. RT varied substantially among different animals; therefore the 

adjustments in RT were standardized for each individual trial sequence by computing a Z-score:  

 Z = [ go2RT(trial) - go1RT(mean) ] / go1RT(SD) 

For each rat, the RT adjustments and Z-scores from each session within a particular testing 

condition were combined with the other sessions from that condition to determine overall mean 

RTs and Z-scores. Rats were excluded from RT adjustment analysis if less than 4 instances were 

observed for any of the interleaved trial sequences within a particular analysis. This occurred for 

1 rat in the 10-s vs. 1-s TO interval comparison and 1 rat from the countermanding task analysis 

in the countermanding vs. simple RT task study. 

 In theory, estimated adaptive RT adjustments could be biased if an animal displayed 

differences in response speed for the two go trial choice directions and the proportion of go trial 

choice directions following a particular interleaved trial type was not equal. To account for this 

possibility, we computed Z-scores for sequences of 3 consecutive trials where the 1st and 3rd 

trials of the sequence were correct go trials that were in the same choice direction. This was done 
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separately for left and right go trials. Left and right Z-score distributions were then combined into 

one distribution of same-direction Z-scores. Same-direction Z-scores from each session within a 

particular testing condition were combined with other sessions from that condition to determine 

overall mean same-direction Z-scores. Rats were excluded from same-direction Z-score analysis 

if less than 4 instances were observed for any of the 3 interleaved trial sequences, leaving 9 

animals for subsequent analysis in the 10-s vs. 1-s TO interval study and 9 or 8 animals for 

subsequent analysis in the simple RT task or the countermanding task respectively.  

 Stop trials in which animals made the go response before stop signal presentation were 

recorded as non-cancelled stop trials for estimation of SSRT, as the inclusion of these instances is 

important in the formation of full IFs. Alternatively, these particular trials were omitted from the 

analysis of adaptive RT adjustments, as these instances appeared to the animals to be correctly 

performed go trials and not non-cancelled stop trials. For all sessions that were analyzed, the 

mean ± standard error of the mean (SEM) proportion of non-cancelled stop trials in which a 

response was made before stop signal presentation compared to all non-cancelled stop trials was 

0.31 ± 0.02. 

 Countermanding task performance variables were calculated with custom written 

MATLAB scripts (The MathWorks Inc., Natick, MA). Paired samples t-tests were conducted to 

analyze differences in Go trial RT, errors, CV and SSRT. Analysis of Variance (ANOVA) was 

conducted to analyze adaptive RT adjustments. Follow-up paired samples t-tests compared the 

average RTs and Z scores for each adaptive RT adjustment interleaved trial sequence. Statistical 

analyses were conducted with SPSS software (IBM SPSS Statistics for Windows, Armonk, NY). 

Partial eta squared (ηp2) and Cohen’s d were used to estimate effect sizes (Cohen, 2013). For 

within-subjects tests, the effect size was corrected for dependence among means (Morris and 

DeShon, 2002; equation 8). All analysis was conducted using a significance level of 0.05. 
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3.4 Results 

3.4.1 10-s vs. 1-s timeout interval 

Total number of trials 

It was expected that rats (n = 11) would perform significantly less total trials on average 

in 1-h countermanding task sessions with a 10-s TO interval than in sessions with a 1-s TO 

interval, because the time spent in TOs should limit the opportunity to perform more trials. Thus, 

sessions with longer TO intervals should have resulted in less total trials performed.  As shown in 

Figure 3.2A, the observation that animals performed less total trials in sessions with a 10-s, 

compared to a 1-s TO interval was supported by the results of a paired samples t-test (t(10) = -

3.11, p = 0.01, Cohen’s d = -1.00). To further support this hypothesis, the total amount of time 

spent in TO for each session with either a 1-s or a 10-s TO interval was estimated from the 

number of incorrect responses that would have resulted in TOs. This estimate, the amount of time 

spent in TOs, was subtracted from the total session time (1-h) in order to adjust the total number 

of trials that would be performed in a 1-h session based on the rate of trials that were performed 

during active session time. The adjusted mean ± SEM total number of trials performed was not 

significantly different for sessions with a 10-s TO interval (318 ± 27) compared to sessions with a 

1-s TO interval (324 ± 16; t(10) = -0.31, p = 0.76, Cohen’s d = -0.11), suggesting that the amount 

of time spent in the TO interval accounted for the difference in the total number of trials 

performed in 1-h sessions. 

RT and SSRT 

 Mean go trial RT and mean SSRT are displayed in Figure 3.2B for animals (n = 11) 

performing either the 10-s or 1-s TO interval versions of the countermanding task. Animals 

performing the countermanding task with a 10-s TO interval were on average, 16 ms slower to 

respond on go trials than in sessions with a 1-s TO interval. The longer mean go trial RT that was 

observed for rats in sessions with 10-s, compared to 1-s TO intervals approached statistical  
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Figure 3.2: Effects of timeout (TO) interval on countermanding task performance. 

(A) Mean ± standard error of the mean (SEM) total trials performed by rats (n = 11) in 1-h 

countermanding task sessions where the TO interval following incorrect responses was either 1 or 

10 s (p indicates paired samples t-test p value for difference between means). (B) Mean (± SEM) 

go trial response time (RT; black bars) and stop signal response time (SSRT; gray bars) for rats (n 

= 11) performing the countermanding task with either a 1- or 10-s TO interval following incorrect 

responses. (C) Mean (± SEM) RT for the 1
st
 (Go1) and 3

rd
 (Go2) trials from sequences of 3 

consecutive trials where 2 correctly performed go trials were interleaved with either: 1) a correct 

go trial, 2) a cancelled stop trial or 3) a non-cancelled stop trial, for rats (n = 10) performing 

countermanding task where the TO interval was either 1 s (dark gray bars) or 10 s (light gray 

bars) in length (p indicates paired samples t-test p value for difference between means). (D) Mean 

(±SEM) Z change in go trial RT for trials following, compared to trials preceding, either an 

interleaved correct go, cancelled stop or non-cancelled stop trial, for rats (n = 10) performing the 

countermanding task with a TO interval of either 1 s (dark gray bars) or 10 s (light gray bars), 

where Z = [Go2RT(trial) - Go1RT(mean)]/Go1RT(standard deviation)] (vertical p indicates one-sample t-test 

p value for difference from 0; horizontal p indicates pairwise comparison with Sidak adjustment p 

value as a follow up for a significant Analysis of Variance interaction). 
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significance (paired samples t-test, t(10) = 2.13, p = 0.06, Cohen’s d = 0.79). The comparison of 

mean SSRT for countermanding sessions with a 10-s versus a 1-s TO interval was not significant 

(paired samples t-test, t(10) = -0.52, p = 0.96, Cohen’s d = -0.02). 

RT variability and go trial accuracy 

The mean ± SEM CVs for rats (n = 11) performing the task with a 10-s (0.31 ± 0.03) 

compared to a 1-s (0.31 ± 0.02) TO interval were not significantly different (paired samples t-test, 

t(10) = 0.42, p = 0.68, Cohen’s d = 0.14). The mean ± SEM proportion of errors on go trials in the 

10-s (0.16 ± 0.02) or 1-s (0.14 ± 0.02) TO interval versions of the countermanding task did not 

differ significantly (paired samples t-test, t(10) = 1.38, p = 0.20, Cohen’s d = 0.42). 

Adaptive RT adjustments 

 To compare adaptive RT adjustments for rats (n = 10) in the 10-s and 1-s TO interval 

versions of the stop task, we isolated sequences of 3 consecutive trials and compared the 2 

correctly performed go trials that were interleaved with either: 1) a correct go trial, 2) a cancelled 

stop trial, or 3) a non-cancelled stop trial. The mean ± SEM number of 3-trial sequences observed 

for the 10-s or 1-s TO interval respectively, were 205 ± 28 or 258 ± 30 for go, 35 ± 5 or 40 ± 3 for 

cancelled and 20 ± 4 or 30 ± 5 for non-cancelled interleaved trials.  As depicted in Figure 3.2C, 

animals demonstrated adaptive RT adjustments in sessions with a 10-s timeout interval following 

errors, but not a 1-s TO interval. A mixed-design ANOVA with TO interval (10-s, 1-s), 

interleaved trial type (go, cancelled, non-cancelled) and go trial (go1RT, go2RT) as within 

subjects factors did not reveal any significant main effects or interactions. Since RT adjustments 

were predicted, independent paired samples t-tests compared the mean go trial RT preceding and 

following each interleaved trial type for sessions with both TO intervals. These analyses revealed 

that, for sessions with a 10-s TO interval, animals exhibited significant go trial RT shortening for 

sequences of 3 consecutive go trials (t(9) = 3.21, p = 0.01, Cohen’s d = 1.04).  
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To better account for the variability of RTs within individual sessions, we computed 

mean Z scores for the change in go trial RT following correct go, cancelled stop, or non-cancelled 

stop trials for countermanding task sessions with both 10-s and 1-s TO intervals. As illustrated in 

Figure 3.2D, a 2 x 3 repeated measures ANOVA with TO interval (10-s, 1-s) and interleaved trial 

type (go, cancelled, non-cancelled) as within-subjects factors revealed that the main effects of 

interleaved trial type (F(2,18) = 1.16, p = 0.34, ηp2 = 0.11)  or TO interval (F(1,9) = 3.71, p = 

0.09, ηp2 = 0.29) were not significant, but there was a significant interaction (F(2,18) = 4.48, p = 

0.03, ηp2 = 0.33). Paired samples t-test comparing Z scores from 10-s and 1-s TO interval 

sessions for each interleaved trial type revealed that this interaction may have been driven by the 

significantly greater RT lengthening that occurred following non-cancelled stop trials in sessions 

with a 10-s, compared to a 1-s TO interval (t(9) = 3.85, p < 0.01, Cohen’s d = 1.29).  

For sessions with a 10-s TO interval, the 7% shortening in Z score RT following correct 

go trials was significantly different from 0 (one-sample t-test, t(9) = -3.05, p = 0.01, Cohen’s d = -

0.97). The 34% lengthening in Z score RT following non-cancelled stop trials was also significant 

(one-sample t-test, t(9) = 2.80, p = 0.02, Cohen’s d = 0.89). The 7% lengthening of RT following 

cancelled stop trials was not significant (one-sample t-test, t(9) = 0.42, p = 0.68, Cohen’s d = 

0.13). For countermanding sessions with a 1-s TO interval, mean Z scores did not differ 

significantly from 0 for interleaved go trials (one-sample t-test, t(9) = -1.10, p = 0.30, Cohen’s d 

= -0.35), cancelled stop trials (one-sample t-test, t(9) = 1.13, p = 0.29, Cohen’s d = 0.36), or non-

cancelled stop trials (one-sample t-test, t(9) = -0.91, p = 0.39, Cohen’s d = -0.29).  

To test whether a difference in response speed to either of the two go choice directions 

could bias the RT adjustment analysis, we computed Z scores for the change in go trial RT 

following correct go, cancelled stop, or non-cancelled stop interleaved trials where the 1st and 3rd 

correct go trials of the sequence were both in the same direction. The mean ± SEM number of 3 

trial sequences observed for rats (n = 9) when the 1st and 3rd trials were in the same direction 
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were, for the 10-s or 1-s TO interval respectively, 111 ± 14 or 145 ± 11 for go, 18 ± 3 or 22 ± 2 

for cancelled and 12 ± 3 or 19 ± 3 for non-cancelled interleaved trials. A 2 x 3 repeated measures 

ANOVA with TO interval (10-s, 1-s) and interleaved trial type (go, cancelled, non-cancelled) as 

within-subjects factors revealed a significant main effect of interleaved trial type (F(2,16) = 3.85, 

p = 0.04, ηp2 = 0.33). The main effect of TO interval was not significant (F(1,8) = 2.80, p = 0.13, 

ηp2 = 0.26). The interaction of TO interval and interleaved trial type was also not significant 

(F(2,16) = 1.40, p = 0.27, ηp2 = 0.15). The main effect of interleaved trial type was mainly driven 

by a near-significant difference in mean ± SEM Z shortening (-0.01 ± 0.03) following go trials 

and lengthening (0.41 ± 0.16) following non-cancelled stop trials (Pairwise comparison with 

Sidak adjustment, p = 0.07).  

Since we expected adaptive RT adjustments when the go trial direction was the same for 

the 1st and 3rd trials of the 3 trial sequences, we conducted one-sample t-tests for each 

interleaved trial type for both 10-s and 1-s TO interval data sets. For sessions with a 10-s TO 

interval, the 57% lengthening following non-cancelled stop trials was significant (t(8) = 2.44, p = 

0.04, Cohen’s d = 0.81). The 5% shortening following correct go trials was not significantly 

different from 0 (t(8) = -1.14, p = 0.29, Cohen’s d = -0.38). The 58% lengthening of RT 

following cancelled stop trials was not significant (t(8) = 1.98, p = 0.08, Cohen’s d = 0.66). For 

sessions with a 1-s TO interval, mean Z scores did not differ significantly from 0 when the go 

choice directions were the same for interleaved go trials (t(8) = 0.61, p = 0.56, Cohen’s d = 0.20), 

cancelled stop trials (t(8) = 1.17, p = 0.28, Cohen’s d = 0.39), or non-cancelled stop trials (t(8) = 

1.44, p = 0.19, Cohen’s d = 0.48).  

3.4.2 Simple RT task vs. the countermanding task 

Total number of trials  

The overall average ± SEM number of total trials performed within 1-h sessions did not 

differ significantly for rats (n = 9) during performance of simple RT task (314 ± 19) or 
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countermanding task (336 ± 18) sessions (paired samples t-test, t(8) = -1.00, p = 0.35, Cohen’s d 

= 0.33).  

RT and SSRT 

As the means in Figure 3.3A show, animals (n = 9) exhibited significantly longer mean 

go trial RT in the countermanding task in comparison to the simple RT task (paired samples t-

test, t(8) = -2.85, p = 0.02, Cohen’s d = 0.99). For rats that met criteria in the countermanding 

task sessions that were conducted in the simple RT task comparison blocks (n = 10), mean ± SEM 

SSRT was estimated to be 258 ± 23 ms.  

RT variability and go trial accuracy 

  The average ± SEM CV of within session go trial RT did not differ significantly for rats 

(n = 9) between countermanding (0.29 ± 0.02) and simple RT task (0.29 ± 0.03) performance 

(paired samples t-test, t(8) = -0.22, p = 0.83, Cohen’s d = 0.08). Similarly, mean proportion ± 

SEM of go trial errors when comparing performance in countermanding (0.12 ± 0.02) and simple 

RT task (0.13 ± 0.02) sessions did not differ significantly (paired samples t-test, t(8) = 0.38, p = 

0.71, Cohen’s d = 0.13).  

Adaptive RT adjustments 

 Mean go trial RTs beginning and ending each interleaved trial type for rats (n = 9) 

performing the countermanding task are illustrated in Figure 3.3B. The mean ± SEM number of 

3-trial sequences observed were 254 ± 27 for go, 41 ± 4 for cancelled and 28 ± 4 for non-

cancelled interleaved trials. A two-way ANOVA, with interleaved-trial type and go trial as 

factors did not reveal any significant main effects or interactions. Since it was expected that rats 

would provide evidence of RT adjustments, planned paired-samples t-tests compared mean RT 

for go trials prior to and following each interleaved trial type. Overall, animals demonstrated 

significant mean RT shortening following correct go trials (t(8) = 2.37, p = 0.045, Cohen’s d = 

0.79) and significant mean RT lengthening following non-cancelled stop trials (t(8) = -2.29, p =  
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Figure 3.3: Simple response time (RT) task versus countermanding task. 

(A) Mean ± standard error of the mean (SEM) go trial response time (RT) for rats (n = 9) 

performing 1-h sessions of either the simple RT task (0% stop trials) or the countermanding task 

(25% stop trials) (p indicates paired samples t-test p value for difference between means). (B) 

Mean ± SEM RT for the 1
st
 (Go1) and 3

rd
 (Go2) trials (light gray bars) from sequences of 3 

consecutive trials where 2 correctly performed go trials were interleaved with either: 1) a correct 

go trial, 2) a cancelled stop trial or 3) a non-cancelled stop trial, for rats (n = 9) performing the 

countermanding task. Black lines with black diamond indicators show individual animal mean 

RTs where Go1 and Go2 were significantly different (paired t-tests, p <= 0.05), whereas the light 

to dark gray lines show individual animal mean RTs where Go1 and Go2 were not significantly 

different (p indicates paired samples t-test p value for difference between means). (C) Mean ± 

SEM Z change in go trial RT (light gray bars) for trials following, compared to trials preceding, 

an interleaved correct go, cancelled stop or non-cancelled stop trial for rats (n = 9) performing the 

countermanding task, where Z = [Go2RT(trial) - Go1RT(mean)]/Go1RT(standard deviation). Light to dark 

gray lines represent Z scores for each individual animal with each interleaved trial type. (black 

diamond’s indicate significant difference of an individual animals Z score from 0 with a one-

sample t-test, p <= 0.05; p indicates one-sample t-test p value for difference from 0). 
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0.05, Cohen’s d = 0.77). A significant difference was not found for go trial RTs recorded 

immediately preceding and following cancelled stop trials (t(8) = -0.79, p = 0.45, Cohen’s d = 

0.26). 

Mean adaptive RT adjustment Z-scores are displayed in Figure 3.3C for each individual 

animal, along with the average across animals. A one-way ANOVA with the 3 different 

interleaved trial types as the dependent variable did not reveal a significant main effect (F(2,16) = 

2.91, p = 0.08, ηp
2
 = 0.27); however, the 7% shortening in mean Z across three consecutive go 

trials was significantly different from 0 (one-sample t-test, t(8) = -2.73, p = 0.03, Cohen’s d = -

0.91). The 29% mean Z lengthening following non-cancelled stop trials just failed to reach 

statistical significance (t(8) = 2.14, p = 0.07, Cohen’s d = 0.71). The change in mean Z following 

a cancelled stop trial was not statistically significant (t(8) = 1.13, p = 0.29, Cohen’s d = 0.38).  

To ensure that a difference in response speed to either go choice would not bias RT 

adjustments, we computed Z scores for the change in go trial RT following correct go, cancelled 

stop, or non-cancelled stop interleaved trials where the 1
st
 and 3

rd
 correct go trials of the sequence 

were both in the same direction. The mean ± SEM number of 3-trial sequences observed for rats 

(n = 8) when the two go choice directions were the same were 132 ± 15 for go, 22 ± 3 for 

cancelled and 16 ± 2 for non-cancelled interleaved trials. A one-way ANOVA with the 3 different 

interleaved trial types as the dependent variable revealed a significant main effect (F(1.06,7.45) = 

9.50, p = 0.02, ηp
2
 = 0.58). A post-hoc pairwise comparison with Sidak adjustment revealed that 

the main effect was driven by a significant difference in mean (± SEM) Z shortening (-0.09 ± 

0.03) following go trials and lengthening (0.92 ± 0.26) following non-cancelled stop trials (p = 

0.03). The 9% shortening in RT across three consecutive go trials when the go choice direction 

was the same was significantly different from 0 (one-sample t-test, t(7) = -2.84, p = 0.03, Cohen’s 

d = -0.95). The 92% RT lengthening following non-cancelled stop trials when the go choice 

direction was the same also reached statistical significance (t(7) = 3.52, p = 0.01, Cohen’s d = 
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1.17). The change in RT following a cancelled stop trial when the go choice direction was the 

same was not statistically significant (t(7) = 0.31, p = 0.77, Cohen’s d = 0.10).  

To further examine adaptive RT adjustments for rats (n = 9), we examined sequences of 3 

consecutive trials in the simple RT task where the 1
st
 and 3

rd
 trials were correct go trial responses 

in the same direction and the interleaved trial was either: 1) a correct go response in the same 

direction, 2) a correct go trial in the opposite direction, or 3) a go trial error. The mean ± SEM 

number of 3-trial sequences observed was 163 ± 24 for same direction, 151 ± 21 for opposite 

direction and 63 ± 5 for go error interleaved trials. Figure 3.4A shows the mean ± SEM of RTs 

immediately prior to and following each interleaved trial type. A two-way ANOVA with 

interleaved-trial type and go trial as factors revealed a significant main effect of the go trial 

(F(1,8) = 8.02, p = 0.02, ηp
2
 = 0.50) and a significant interaction (F(2,16) = 5.56, p = 0.02, ηp

2
 = 

0.41). The main effect of the interleaved trial type approached significance (F(2,16) = 3.42, p = 

0.06, ηp
2
 = 0.30). Paired samples t-tests revealed that there was a significant lengthening of mean 

RT on trials that followed, compared to trials that preceded errors (t(8) = -3.24, p = 0.01, Cohen’s 

d = -1.16). A significant difference in mean RT was not discovered for go trials that were 

interleaved with go trials in the same (t(8) = 0.64, p = 0.54, Cohen’s d = 0.28)  or the opposite 

direction (t(8) = 0.02, p = 0.99, Cohen’s d = 0.01).  

A one-way ANOVA was conducted to compare mean adaptive RT adjustment Z-scores 

in the simple RT task for 2 correct go responses made in the same direction that followed, 

compared to preceded a correct go responses in the same or opposite direction or following 

errors. These results are displayed in Figure 3.4B. A significant main effect was revealed (F(2,16) 

= 4.46, p = 0.03, ηp
2
 = 0.36), which was supported by a near-significant difference in the Z 

shortening following a go trial in the same direction and lengthening following a go trial error 

(Pairwise comparison with Sidak adjustment, p = 0.06). Follow up one-sample t-tests revealed 

that the 20% lengthening in RT following errors was statistically significantly (t(8) = 3.18, p =  
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Figure 3.4: Response time (RT) adjustments in the simple RT task. 

(A) Mean ± standard error of the mean (SEM) go trial RT for the 1
st
 (Go1) and 3

rd
 (Go2) trials in 

sequences of 3 consecutive trials where 2 correct go responses made on the same lever were 

interleaved with either: 1) a correct go response made on the same lever, 2) a correct go response 

made on the opposite lever or 3) an incorrect go response, for rats (n = 9) performing the simple 

RT task. Black lines with black diamond indicators show individual animal mean RTs where Go1 

and Go2 were significantly different (paired t-tests, p <= 0.05), whereas the light to dark gray 

lines show individual animal mean RTs where Go1 and Go2 were not significantly different (p 

indicates paired samples t-test p value for difference between means). (B) Mean ± SEM Z change 

in go trial RT (light gray bars) for correct go trials in the same direction following, compared to 

preceding, an interleaved correct go response made on the same or opposite lever, or an incorrect 

response for rats (n = 9) performing the simple RT task, where Z = [Go2RT(trial) - 

Go1RT(mean)]/Go1RT(standard deviation). Light to dark gray lines represent Z scores for each individual 

animal with each interleaved trial type. (black diamond’s indicate significant difference of an 

individual animals Z score from 0 with a one-sample t-test, p <= 0.05; p indicates one-sample t-

test p value for difference from 0). 

 

 

0.01, Cohen’s d = 1.06). The 3% RT shortening following go trials in the same direction was not 

significant (t(8) = -0.70, p = 0.51, Cohen’s d = -0.23), nor was the 1% RT shortening following 

go trials in the opposite direction (t(8) = -0.23, p = 0.82, Cohen’s d = -0.08). Finally, Z scores 

were computed from the simple RT task for the change in go trial RT following either correct go 

trials or go trial errors in either direction in sequences of 3 consecutive trials where the 1
st
 and 3

rd
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trials of the sequence were correct go trials that were both in the same choice direction. The mean 

± SEM number of 3-trial sequences observed for rats (n = 9) when the two go choice directions 

were the same were 315 ± 45 for interleaved correct go trial responses and 31 ± 3 for interleaved 

go trial errors. The 31% mean Z lengthening following interleaved go trial errors was found to be 

significantly different from the 2% mean Z shortening following interleaved correct go trial 

responses (paired samples t-test, t(8) = 3.66, p = 0.01, Cohen’s d = 1.24). Mean Z lengthening 

following interleaved go trial errors was also found to be significantly different from 0 (one-

sample t-test, t(8) = 4.63, p < 0.01, Cohen’s d = 1.54).  

3.5 Discussion 

In the present experiment, rats demonstrated the ability to adjust their RTs in the 

countermanding task on a trial-to-trial basis and dependent on particular task demands. Rats 

exhibited RT lengthening following non-cancelled stop trials and RT shortening following 

consecutive go trials in countermanding task sessions with a 10-s TO interval following errors. 

These RT adjustments were not observed in sessions with a 1-s TO interval. SSRT did not differ 

in countermanding sessions containing either a 1-s or 10-s TO interval. In comparison to the RTs 

observed in a simple RT task, RTs were longer in the countermanding task. Overall, these 

findings support the hypothesis that rats display caution in the countermanding task by 

lengthening their RTs, particularly following errors, possibly to avoid long TO intervals. 

A number of sessions were omitted from analysis in the present investigation because 

behavioural performance did not meet particular criteria, which suggested that animals were not 

following task instructions. A major strength of the countermanding paradigm is that models have 

been developed to account for countermanding task performance and permit estimation of SSRT 

(Logan & Cowan, 1984; Matzke et al., 2013; Logan et al., 2014). It is therefore critically 

important that animals meet performance criteria, which suggests they followed task instructions, 

in order for these models to be applied appropriately. Examination of data in which animals are 
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not performing the task properly could lead to spurious conclusions. Thus, restricting analysis to 

sessions in which rats were performing according to task instructions strengthens the validity of 

the current investigation and it is important that data collection for future rodent countermanding 

experiments is carefully considered. To account for sessions potentially being excluded from 

analysis in a small cohort presently, repeated administration of each test session was conducted to 

augment the data. While this approach may be practical in a behavioural study, the use of 

repeated test sessions may not be ideal in all countermanding experiments, for example in the 

investigation of acute drug effects.  

Small sample size, in both the number of animals that performed the task appropriately 

and the number of 3-trial sequences with a particular interleaved trial type that were obtained may 

be underlying reasons why observed RT shortening following consecutive go trials or RT 

lengthening following non-cancelled stop trials did not always reach statistical significance. 

Subjects with less than 4 observed 3-trial sequences with a particular type of interleaved trial 

were excluded from adaptive RT adjustments analysis due to the fact that a small sample size 

could artificially inflate the observed change in RT. This was especially true for interleaved non-

cancelled stop trials, which only accounted for approximately half of all stop trials due to the 

staircase procedure. Moreover, animals responded prior to stop signal presentation on 

approximately 31% of non-cancelled stop trials, requiring these trials to be omitted from adaptive 

RT adjustment analysis. Furthermore, stop trials only accounted for approximately 25% of trials 

within a session, which is an important aspect of the countermanding task that ensures subjects 

are biased toward responding as quickly as possible (Logan & Cowan, 1984; Bissett & Logan, 

2011). Future experiments of adaptive RT adjustments in rats could consider altering task 

parameters to allow more instances of non-cancelled stop trials (e.g., pre-determined SSDs or a 

higher proportion of stop trials within the session).  
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The consistent convergence of evidence supporting RT shortening following consecutive 

go trials and RT lengthening following non-cancelled stop trials in countermanding task sessions 

with a post-error 10-s TO interval that were compared to sessions with a 1-s TO interval or 

simple RT task sessions supports the hypothesis that rats do adaptively adjust RT in the 

countermanding task. These observations were revealed in the analyses of RT, Z-score RT and 

sequences of 3-consecutive trials instructing responses in the same direction, indicating that the 

adaptive RT adjustments that were hypothesized were a reliably observable behaviour. 

Significant adaptive shortening of RT following consecutive go trials and lengthening of RT 

following non-cancelled stop trials in the countermanding task with a post-error 10-s TO interval 

also replicated observations from previously tested rats (Beuk et al., 2014). 

Humans performing the countermanding task have demonstrated RT shortening 

following consecutive go trials in both manual (Thakkar et al., 2014) and saccade tasks (Cabel et 

al., 2000; Emeric et al., 2007; Corneil et al., 2013). In manual countermanding tasks, studies have 

revealed RT lengthening following all stop trials (Rieger & Gauggel, 1999; Enticott et al., 2009; 

Boehler et al., 2011; van de Laar et al., 2011; Beyer et al., 2012; Anguera et al., 2013; Chang et 

al., 2014), but RT lengthening in particular following non-cancelled stop trials (Schachar et al., 

2004; Li et al., 2008; Verbruggen & Logan, 2008a; Verbruggen et al., 2008; Chevrier & 

Schachar, 2010; Chen et al., 2014; Thakkar et al., 2014). Saccadic countermanding investigations 

have reported significant RT lengthening following all stop trials (Thakkar et al., 2011), or 

following primarily cancelled stop trials (Cabel et al., 2000; Emeric et al., 2007). Non-human 

primates have exhibited RT lengthening following stop trials in comparison to go trials in both 

manual (Chen et al., 2010) and saccadic countermanding tasks (Kornylo et al., 2003; Nelson et 

al., 2010), although Emeric and associates (2007) reported greater RT lengthening in a saccadic 

countermanding task following cancelled, as opposed to non-cancelled stop trials. Thus, there 

may be an important distinction between post-error and post-stop slowing for manual and 
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saccadic countermanding tasks. The finding that rats significantly adjusted RT adaptively 

following non-cancelled, but not correctly cancelled stop trials in sessions with a 10-s TO interval 

is consistent with previous whole body countermanding studies in rats (Beuk et al., 2014; Mayse 

et al., 2014). 

Bissett and Logan (2011; 2012) have suggested that stop signals shift goal priority to 

caution and that post-stop RT slowing is an explicit strategy adjustment of behaviour, reporting 

significant post-stop lengthening in countermanding sessions where stop trials or failed inhibition 

were more frequent, or when stop trials were not presented on back-to-back trials, but not when 

participants were informed of this rule. Post-error slowing has been suggested as most prevalent 

in tasks requiring a brief response window where accuracy is emphasized and where errors are 

infrequent and consciously perceived, as opposed to unperceived (Danielmeier & Ullsperger, 

2011). Our finding that adaptive RT adjustments are attenuated in sessions with a brief 1-s TO 

interval following errors suggests that rats make a strategy adjustment in the countermanding 

task, lengthening RTs in sessions with longer 10-s TO intervals to avoid punishment and increase 

reward likelihood.  

 The view that performance adjustment in the countermanding task reflects executive 

control has been supported by evidence of frontal cortex-related activity in this behaviour 

(Stuphorn & Emeric, 2012). Functional Magnetic Resonance Imaging-related activity was 

heightened and correlated within the ventrolateral prefrontal cortex and supplementary motor area 

during post-error RT lengthening in human countermanding tasks (Li et al., 2008; Ide & Li, 

2011). In non-human primates, cells in the supplementary motor area and pre-supplementary 

motor area signaled information about expected reward, actual outcome and the difference in 

expected and actual reward in the countermanding task (Scangos et al., 2013). Furthermore, 

Pouget and colleagues (2011) demonstrated that go trials preceded by stop trials, as opposed to go 

trials, elicited a longer average onset of accumulation in the activity of movement-related neurons 
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in both the frontal eye fields and the superior colliculus. In rats, Narayanan and Laubach (2008) 

reported RT lengthening following errors in a simple RT task requiring animals to release a held 

lever within a particular time frame that was evident in sessions with or without a 4-8-s TO 

interval following errors. Neurons in the dorsomedial prefrontal cortex, but not the motor cortex, 

exhibited increased post-error activity persisting into the following trial, while post-error slowing 

was attenuated by dorsomedial prefrontal cortex inactivation with muscimol. In the same task, 

Narayanan and colleagues (2013) showed an enhancement of low-frequency oscillations 

originating from the medial frontal cortex in rats following errors that was disrupted by muscimol 

infusion in the medial frontal cortex.  It is possible that this simple RT task, requiring accurate go 

responses in a short time frame, employed different behavioural control mechanisms that 

supported post-error slowing even in sessions with brief TO intervals following errors. 

Nevertheless, these findings provide evidence for a cortical control area exerting top down 

control of adaptive behaviour in rats that could be further elucidated by correlating frontal cortex 

activity with adaptive RT adjustments in the countermanding task. 

Mayse and colleagues (2014) revealed adaptive RT adjustments in rats performing a 

countermanding task with no apparent TO interval following errors. In this task, all trials required 

go responses for reward presentation, but not until after the end of the hold duration on stop trials. 

Two separate categories of stop trial errors were identified with this task: 1) failure-to-stop errors, 

whereby subjects failed to stop the go response and 2) failure-to-wait errors, whereby subjects 

appeared to stop the go response but then failed to wait until the end of the stop trial hold duration 

before responding for reward. This experiment did not discover adaptive lengthening of RTs 

following failure-to-stop errors, but did observe adaptive RT lengthening following failure-to-

wait errors. Interestingly, rats in this experiment exhibited a significantly greater proportion of 

responding for reward in failure-to-wait, compared to failure-to-stop errors, suggesting that 

animals behaved as if they expected reward for correctly stopping in failure-to-wait instances. 
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Thus, it seems possible that animals in this study did not exhibit post-error slowing following 

failure-to-stop trials with no TO interval, as would be suggested by the results of the present 

experiment, but did display post-error slowing following failure-to-wait trials in which a reward 

was expected but not delivered, making the error more salient and emphasizing accuracy over 

speed in the following trial.  

RT shortening following consecutive correctly performed go trials in the countermanding 

task with a post-error 10-s TO interval has been reported previously with rats (Beuk et al., 2014). 

Alternatively, Mayse and associates (2014) reported significant RT shortening in rats following 

consecutive go trials in a stop task without an apparent post-error TO interval. This was not 

observed in sessions with a 1-s TO interval presently. In the investigation by Mayse and 

colleagues, RT shortening following consecutive go trials seemed to be primarily driven by 

significantly longer go trial RT observed in trials preceding a correct go trial and not by 

significantly shorter RTs on trials immediately following them. Our results suggest that in 

countermanding sessions with a post-error 1-s TO interval, rats displayed less cautious go trial 

behaviour in general, leading to shorter overall go trial RT and an attenuation of adaptive RT 

adjustments. The near-significant shortening of mean go trial RT observed in sessions with a 1-s, 

as opposed to a 10-s TO interval supports this hypothesis.   

Contrary to the findings observed presently, Bari and Robbins (2013) reported go trial RT 

shortening following a failed stop trial as a measure of performance adjustment in the stop task, 

which has been observed in human saccade countermanding (Curtis et al., 2005). Citing evidence 

from Rabbitt and Rodgers (1977), indicating that less post-error slowing occurs with longer inter-

trial intervals, they hypothesized that the 5-s TO interval following errors that was utilized in their 

experiment may have been responsible for a post-error speeding effect, as human and non-human 

primate studies reporting post-error slowing typically had not implemented a TO interval 

following errors (Schachar et al., 2004; Li et al., 2008). Of note, the intertrial intervals in the 
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Rabbitt and Rodgers study were either 20- or 200-ms, small enough that participants reported not 

perceiving the difference. With longer TO intervals, it would be expected that subjects would 

perceive the substantial lengthening of time between trials that followed errors and adjust their 

behaviour in a way that actively avoided receiving TO intervals, particularly in sessions where 

correct responses are directly rewarded and motivationally salient. Observations from the present 

study appear to support this conclusion.  

It is possible that post-error RT speeding observed by Bari and Robbins (2013) resulted 

from differences in countermanding task experimental design. For one, the 5-s TO interval that 

they utilized may not have been long enough to promote caution on the subsequent trial, similar 

to the present finding of attenuated post-error RT lengthening with a 1-s post-error TO interval. 

Moreover, their task did not entail a choice response on go trials, only requiring subjects to press 

2 levers in quick succession. The countermanding task employed presently required an accurate 

choice response on go trials (i.e., choosing the correct target lever from 2 alternatives). It is 

possible that a task that does not require an alternative choice decision on go trials, but instead a 

more automated response, required less cautious behaviour before a correct go response could be 

made on the following trial, leading to attenuated post-error slowing. 

Bari and Robbins (2013) estimated post-error RT adjustment as a difference value by 

subtracting RT in go trials preceding an error from RT in go trials following an error, which was 

different than the analysis of adaptive RT adjustments in the present investigation. Their method 

of estimation does not include potentially valuable information about variation in RT on trials 

preceding stop trial errors. It is possible that post-error RT shortening was observed not due to 

shortening in RT following stop trial errors per se, but due to significantly longer RTs in go trials 

immediately preceding stop trial errors. Mayse and colleagues (2014) do not provide support this 

hypothesis as evidenced by significantly shorter RT on go trials immediately preceding a failure-

to-stop trial that manifested as post-error slowing when comparing only the go trials immediately 
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before and following stop trial errors. Beuk and colleagues (2014), as well as the present 

investigation, did not observe significantly different go trial RTs immediately preceding stop trial 

errors. Thus, it is unlikely that variability in RT preceding stop trial errors contributed to the post-

error RT shortening found in the Bari and Robbins study; however it is recommended that future 

experiments studying adaptive RT adjustments in rodents examine RTs of go trials preceding, as 

well as following different interleaved trial types.  

Different strains of rats may exhibit variability in adaptive RT adjustment. Male Wistar 

rats were tested in the present experiment, whereas Bari and Robbins (2013) investigated RT 

adjustments in Lister-Hooded rats. Increased locomotor burst running has been demonstrated in 

Listed-Hooded rats for up to 15 s following presentation of a 7 kHz tone, whereas Wistar rats did 

not exhibit this increased post-tone locomotor activity (Commissaris et al., 2000). The 4.5 kHz 

stop signal tone utilized in the Lister-Hooded rat countermanding task experiment may have 

acoustically elicited a similar increase in locomotor behaviour, which may have contributed to RT 

shortening on the subsequent trial following a brief 5-s TO interval. A longer TO interval may 

therefore reverse the post-error speeding witnessed in the Lister-Hooded strain, whereas a shorter 

TO interval might be expected to elicit post-error RT shortening in Lister-Hooded, but not Wistar 

rats.  

 Longer mean RT in the countermanding task in comparison to simple RT tasks requiring 

only go responses has commonly been reported in human studies (Logan & Burkell, 1986; 

Akerfelt et al., 2006; Mirabella et al., 2006; Zandbelt et al., 2013). Similarly, Chikazoe and 

colleagues (2009) reported shorter RTs in a countermanding task on trials where a ‘certain-go’ 

signal was presented as opposed to an ‘uncertain-go’ signal that indicated a 25% chance of stop 

signal presentation. These findings have provided evidence of proactive inhibitory control in the 

countermanding task, suggesting possible interaction between neural go and stop processes 

(Stuphorn and Emeric, 2012). This has required consideration in updated models accounting for 
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countermanding task performance (Boucher et al., 2007; Logan et al., 2014). Similarly, Stuphorn 

and Shall (2006) reported longer mean saccadic RT in go trials for non-human primates 

performing a countermanding task as opposed to a simple visually guided saccade task. The 

present experiment is the first to reveal that rats, similar to humans and non-human primates, 

display evidence of proactive inhibitory control by exhibiting longer RT in the countermanding 

task in comparison to a simple RT task. 

Conclusions 

Post-error RT slowing involves adaptively adjusting behaviour by lengthening RT 

following errors in comparison to correctly performed trials and has been considered evidence of 

executive control (Rabbitt, 1966). In the present study, rats performing the countermanding task 

exhibited adaptive RT lengthening following non-cancelled, but not cancelled stop trials and 

shortening following consecutive go trials in sessions with a 10-s, but not a 1-s TO interval 

following errors. Furthermore, rats demonstrated adaptive RT lengthening following go trial 

errors in a simple RT task, as well as proactive RT lengthening in countermanding task sessions 

in comparison to a simple RT task. Together, these results suggest that rats are engaging 

executive control networks to employ performance monitoring and adjustment in the 

countermanding task to reduce the likelihood of receiving a long, unrewarded TO interval and 

recommends that future experiments examine the potential role of the rodent medial prefrontal 

cortex in mediating this behaviour. 
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Chapter 4 

Lifespan changes in the countermanding performance of young and 

middle aged adult rats 
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4.1 Abstract 

Executive functions, the cognitive abilities that allow complex decision making in a dynamic 

environment, change throughout the human lifespan. Inhibitory control, an important executive 

function, can be investigated with the countermanding task, which requires subjects to make a 

response to a go signal and cancel that response when a stop signal is presented occasionally. 

Adult humans performing the countermanding task typically exhibit impaired response time (RT), 

stop signal response time (SSRT) and response accuracy as they get older, but little change in 

post-error slowing. Rodent models of the countermanding paradigm have been developed 

recently, yet none have directly examined age-related changes in performance throughout the 

lifespan. Male Wistar rats (N = 16) were trained to respond to a visual stimulus (go signal) by 

pressing a lever directly below an illuminated light for food reward, but to countermand the lever 

press subsequent to a tone (stop signal) that was presented occasionally (25% of trials) at a 

variable delay. Subjects were tested in 1-h sessions at approximately 7 and 12 months of age with 

intermittent training in between. Rats demonstrated longer go trial RT, a higher proportion of go 

trial errors and performed less total trials at 12, compared to 7 months of age. Consistent SSRT 

and post-error slowing were observed for rats at both ages. These results suggest that the 

countermanding performance of rats does vary throughout the lifespan, in a manner similar to 

humans, suggesting that rodents may provide a suitable model for behavioural impairment related 

to normal aging. These findings also highlight the importance of indicating the age at which 

rodents are tested in countermanding investigations. 

 

 

 

 



 

100 

 

4.2 Introduction 

Behavioral performance in a variety of tasks changes throughout the normal lifespan of 

humans. Children make rapid improvements in cognitive learning and testing into adolescence 

and early adulthood (Casey et al., 2000). Normal aging in humans is associated with impairments 

in cognitive function, particularly inhibitory control (Hasher & Zacks, 1988). Dempster (1992) 

associated poorer performance in a variety of cognitive tasks in old age with diminished 

resistance to interference or capacity for inhibition, resulting from declining frontal cortex 

function. Indeed, deleterious alterations in the structure, function and plasticity of cortical 

synapses has been revealed in old age, including reductions in total brain volume, gray matter and 

white matter tract integrity most notably in frontal cortex (Courchesne et al., 2000; Raz & 

Rodrigue 2006). With the recent increases in human life expectancy and the inevitability of aging 

throughout the lifespan, it is crucial to understand the specific impairments in age-related 

cognitive and inhibitory decline in order to elucidate the underlying etiology and design potential 

treatments (Morterá & Herculano-Houzel, 2012). 

In rats, the numbers of neurons in cortex, hippocampus and cerebellum decline 

progressively from 5 - 12 months of age, with significant, although substantially variable losses 

apparent at 12 and 22 compared to 3 months of age (Morterá & Herculano-Houzel, 2012). Age-

related decline of principal neurons and interneurons was particularly noticeable in the dorsal 

prefrontal cortex (Stranahan et al., 2012). Significant decreases in total synaptic and spine density 

were discovered in rat cortex with advancing age, with substantial reductions of synaptic density 

between 10 and 17 months of age (Adams & Jones, 1982; Itzev et al., 2001). Dendritic regression 

as well as a reduction in dendritic branching was also observed in rat cortex after 18 months of 

age (Grill & Riddle, 2002; Markham & Juraska, 2002). Interestingly, Bloss and colleagues (2011) 

demonstrated reduced spine density due to chronic stress in young, but not middle-aged or aged 

rats, suggesting that old age may be associated with reduced plasticity of neurons and dendritic 
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spines, which may be particularly crucial in cognitive tasks that require synaptic flexibility 

(Morrison & Baxter, 2012). 

 The countermanding task, which requires the cancellation of an ongoing primary 

response following a stop signal on a small proportion of trials, has become a valuable tool for the 

examination of inhibitory control (Lappin & Eriksen, 1966, Logan, 1994). While the task allows 

precise estimation of response time (RT) on a primary ‘Go’ task, the strength of the 

countermanding paradigm lies within the horse-race model of countermanding task performance, 

which permits estimation the stop signal response time (SSRT), the amount of time required to 

cancel the primary response on ‘Stop’ trials (Logan & Cowan, 1984). We recently validated the 

race model of countermanding performance in rats (Beuk et al., 2014). Moreover, the study of 

rodents to investigate behavioural inhibition with the countermanding task has grown rapidly, 

allowing various techniques to be applied to examine the neural correlates of inhibitory control 

more in depth (see Feola et al., 2000; Eagle & Robbins, 2003a,b; Van den Bergh et al., 2006; 

Eagle et al., 2007, 2009, 2011; Pattij et al., 2007, 2009; Robinson et al., 2008, 2009; Bari et al., 

2009, 2011, 2014; Kirshenbaum et al., 2011; Bryden et al., 2012; Torregrossa et al., 2012; Bari & 

Robbins, 2013; Schmidt et al., 2013; Walker & Kissler, 2013; Mayse et al., 2014).  

Humans performing the countermanding task exhibit shortening of go trial RT and SSRT 

from childhood into young adulthood (Schachar & Logan, 1990; Williams et al., 1999; Bedard et 

al., 2002; Van de Laar et al., 2011).  Go trial RT for elderly, compared to younger adults has been 

reported as significantly longer in the countermanding task (Kramer et al., 1994; Bedard et al., 

2002; Andrés et al., 2008; Hu et al., 2012; Sebastian et al., 2013). Inhibitory control has generally 

been reported as diminished in older adults performing the countermanding task compared to 

younger adults (Kramer et al., 1994; Bedard et al., 2002; Andrés et al., 2008; Hu et al., 2012; 

Sebastian et al., 2013), although some have observed longer SSRTs for older, compared to 

younger adults that did not reach statistical significance (Williams et al., 1999; Kray et al., 2009; 
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Van de Laar et al., 2011). Substantial variability exists in SSRT lengthening with normal aging in 

the countermanding task, which may explain why significant SSRT lengthening in elderly 

populations is not universally evident (Coxon et al., 2012; Colzato et al., 2013). Age-related go 

trial RT and SSRT variability in rat models may be evident; however, no studies to date have 

directly considered the effect of aging on countermanding task performance in rats. It would be 

expected that rats would exhibit go trial RT and SSRT lengthening with advancing age, similar to 

impairments observed in human performance of the countermanding task with aging.  

Children performing basic countermanding tasks have not demonstrated a significantly 

lower proportion of go trial accuracy than young adults (Schachar & Logan, 1990; Williams et 

al., 1999), but were significantly less accurate in more complicated selective stop tasks (Bedard et 

al., 2002; Van de Laar et al., 2011). Countermanding studies of adults have observed less 

accuracy in go trial responding as people aged (Hu et al., 2012; Sebastian et al., 2013); however, 

other studies have noted non-differing rates of incorrect responding on go trials for older 

compared to younger adults (Williams et al., 1999; Bedard et al., 2002; Andrés et al., 2008; Kray 

et al., 2009). Alternatively, Kramer and colleagues (1994) reported more accuracy in go trial 

responding for an elderly population. Thus, while there appear to be consistent changes in 

countermanding performance observed during the human lifespan, there are also inconsistencies 

in aging-related behavioural accuracy in different versions of the task that deserve further 

exploration, particularly with rats, which may allow more in depth investigation of the underlying 

mechanisms mediating task accuracy.  

As an additional measure of cognitive flexibility, the countermanding task allows the 

investigation of performance monitoring, the adjustments in RT that subjects make from trial-to-

trial based on previous trial type or performance history. Adaptive RT adjustments for humans 

performing the countermanding task typically occur in the form of go trial RT shortening 

following consecutive go trials and lengthening following stop trials (Rieger & Gauggel, 1999; 
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Cabel et al., 2000; Kornylo et al., 2003; Emeric et al., 2007; Li et al., 2008). In the lifespan, 

Schachar and colleagues (2004) observed RT lengthening following non-cancelled stop trials in 

children that reduced as age increased. Van de Laar and colleagues (2011) reported RT 

lengthening following cancelled and non-cancelled stop trials in children and young adults, 

whereas older adults exhibited RT lengthening following non-cancelled, but not cancelled stop 

trials. Similarly, Hu and colleagues (2012) noted post-error slowing for adults performing the 

countermanding task that did not vary substantially into old age. Rats have demonstrated RT 

shortening following sequential correct go trials and RT lengthening following non-cancelled 

stop trials in the countermanding task (Beuk et al., 2014; Mayse et al., 2014; but see Bari & 

Robbins, 2013). Thus, it is expected that rats should demonstrate consistent RT lengthening 

following non-cancelled stop trials in the countermanding task throughout the lifespan, as 

observed in humans.  

The countermanding paradigm has yielded valuable insights into the considerable change 

of inhibitory control that occurs during the lifespan of humans. A validated rodent model of 

countermanding may provide a useful tool to assist in elucidating the neurological correlates of 

aging-related changes. Thus, we examined the performance of a cohort of rats in the 

countermanding task over a number of sessions when animals were approximately 7 and 12 

months of age, which corresponds to early- and mid-adulthood respectively (Sengupta, 2013). We 

found that SSRT was relatively unchanged between these 2 ages; however, older animals did 

exhibit longer go trial RT and made a higher proportion of errors on go trials. While we did 

observe RT lengthening for go trials following non-cancelled stop trials, this RT adjustment 

effect was observed for rats at both 7 and 12 months of age. Thus, it appears that at 12, compared 

to 7 months of age, rats exhibit alterations in countermanding task performance that mirror 

behavioural changes witnessed in humans with aging, possibly providing a suitable model for 
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further examination of the neural basis of countermanding task behavioural change throughout 

adulthood.   

4.3 Methods 

4.3.1 Subjects 

Male Wistar rats (N = 16) were tested for adult lifespan changes in countermanding task 

performance. Rats were bred by Charles River Laboratories (St. Constant, QC) and weighed 150-

200 g at the start of training, corresponding to approximately 45 d of age, based on Wistar rat 

growth curves (Charles River Laboratories). Repeated testing was administered to this group of 

animals at approximately 7 months of age and then again at approximately 12 months of age (see 

procedures). Subjects were pair-housed in clear plastic cages (50.0 x 40.0 x 20.0 cm high) with 

woodchip bedding (Beta Chip; Northeastern Products Corp., Warrensberg, NY) in an 

environmentally controlled colony room with a reversed 12-h light-dark cycle (lights off at 0700 

h). Rats were given free access to water, with food (LabDiet 5001; PMI Nutrition Intl, 

Brentwood, MO) restricted (see procedure). All animal care and experimental protocols were 

approved by the Queen’s University Animal Care Committee and were in accordance with the 

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

animals were subsequently administered acute d-amphetamine, which is not reported presently, 

but was included in a report by Beuk and colleagues (2014). 

4.3.2 Apparatus 

For a more complete description of the methods, see Beuk and colleagues (2014). Data 

were collected from 4 identical operant chambers (30.5 x 24.1 x 21.0 cm high; ENV-008, Med 

Associated Inc., St. Albans, VT). Chambers contained a clear polycarbonate door, rear wall and 

ceiling with a 1.0 cm separated stainless-steel parallel rod floor (0.5 cm diameter rods). On both 

side walls, aluminum vertical posts separated the walls into 3 panels. On one wall, the far panel 
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contained a 2.8-watt incandescent house light, 1.0 cm below the ceiling and 5.0 cm above a tone 

generator, which emitted a tone with a chamber-specific frequency that ranged from 2400 to 3400 

Hz at an intensity of 75 dB. The middle panel contained a food pellet receptacle (5.1 x 5.1 x 2 cm 

deep) that was 3.0 cm above the grid floor. Dustless precision food pellets (45 mg) from Bio-Serv 

(Frenchtown, NJ; product number: F0021) were dispensed from a pedestal-mounted pellet 

dispenser located outside of the chamber. On the opposite wall, each of the three panels was 

outfitted with a 2.5 cm diameter LED stimulus light that was 4.5 cm below the ceiling and 5.0 cm 

above a retractable response lever (4.8 x 1.7 x 1.3 cm thick). Each chamber was isolated in a 

sound-attenuating case. Programming and data analysis was controlled by MED-PC® IV 

software (Med Associated Inc.). 

4.3.3 Procedures 

Rats were initially housed in pairs with food and water available ad libitum. For days 3 - 

7 of colony room habituation, rats were handled in pairs approximately 5 min/day. Food access 

was restricted on the 7
th
 day to 1 h free-feeding/day for the majority of training. Food access was 

increased to 2 h/day later in the study to maintain weight growth.  

 Animals were trained to press the lever below an illuminated LED stimulus light for 

sucrose pellet reward. Next, rats were trained to withhold lever press responding in the presence 

of a tone (acting as the stop signal) in order to obtain sucrose pellet reward. Criterion for training 

sessions was correct responding on ≥ 80% of the last 100 trials in a session. 

 Countermanding sessions (60 min) consisted of 75% go trials and 25% stop trials 

presented randomly (Figure 4.1A). The house light was always illuminated except during timeout 

intervals (see below). Initially, the light above the centre lever was illuminated, requiring a centre 

lever press to initiate a trial. Immediately following a centre lever press, a target light (acting as 

the go signal) was randomly illuminated above either the left or right lever, signifying the lever 

below the illuminated light as the target lever. The target lever was only active for a time limit  
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Figure 4.1: The countermanding paradigm in rats. 

(A) The light above the centre lever was illuminated (indicated by gray circle) and required a 

centre lever press (indicated by black square) to initiate a trial. Upon centre lever press, a light 

was immediately illuminated randomly above either the left or right lever, acting as the go 

stimulus. On go trials (75%), pressing the lever directly below the illuminated light before the end 

of a time limit resulted in food reward. On stop trials (25%) an auditory tone was presented as a 

stop signal at varying delays from go stimulus onset and required cancellation of the lever press 

for food reward, whereas a non-cancelled lever press resulted in a 10-s timeout interval. (B) The 

race model of countermanding performance (Logan and Cowan, 1984) proposes that two 

independent processes, one initiated the go signal, the other by the stop signal, race toward a 

threshold, whereby the first process to cross the threshold wins the race and determines the 

behavioural outcome. The distribution of response times can be integrated until the integral 

equals the probability of cancelling a response at a given stop signal delay (SSD). The time at this 

point minus the stop process start time (i.e., stop signal onset) can be represented as the stop 

signal response time (SSRT) (Adapted from Paré and Hanes, 2003). 

 

 

previously established for each individual rat in countermanding task training, which eliminated 

approximately the slowest 10% of the response time distribution (1.0 -1.6 s). This time limit was 

imposed to encourage fast responding.  

 In go trials, rats were required to press the target lever before the end of the time limit in 

order to receive sucrose pellet reward. The elapsed time from centre to target lever press was 
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recorded as go RT. If the target lever was not pressed before the end of the time limit, or a non-

target lever was pressed, the response was considered incorrect and resulted in a timeout interval, 

whereby all lights in the chamber, including the house light, were turned off for 10-s. In stop 

trials, a tone, acting as the stop signal, was presented concurrently with target light illumination 

for the length of the time limit plus an additional 300 ms. The stop signal instructed animals to 

inhibit a lever press to receive reward. Any lever press during stop trials was considered an 

incorrect response and resulted in a timeout interval, whereby all lights in the chamber, including 

the house light, were turned off for 10-s. A 5-s intertrial interval, where only the house light was 

illuminated, directly preceded the onset of the next trial following both correct and incorrect 

responses.  

 The stop signal delay (SSD) was determined with a staircase procedure. The staircase 

procedure was employed to obtain successful cancellation on approximately 50% of stop trials.  

Sessions initially began with a 100-ms SSD, which was adjusted throughout the session by 100-

ms steps. Thus, SSD increased by 100 ms on the next stop trial if a lever press was correctly 

countermanded or decreased by 100 ms on the next stop trial if a non-cancelled lever press was 

made. Finally, if a lever press on a stop trial occurred before stop signal presentation, the trial was 

recorded as a non-cancelled response and SSD was decreased on the following stop trial by 100 

ms; however the rat was given a sucrose pellet and a 5-s intertrial interval (i.e., it appeared as a go 

trial to the rat). Consequently, these trials were not included in RT adjustment analysis. 

Immediately prior to all countermanding task sessions, rats completed training blocks of 10 go 

trials followed by 10 stop trials with a trial time limit of 1.5 s.  

 Subjects were trained until they could consistently meet performance criteria (SSRT > 50 

ms, > 100 total trials, < 30% errors on go trials) in countermanding task sessions (approximately 

95 training sessions over 5 months). At this point, rats were tested in the countermanding task (1 

session/d; 3-5 sessions/wk for a total of approximately 11 test sessions) for a 17-d period that 
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occurred at approximately 7 months of age. Animals received intermittent task training (3-7 

sessions/wk for a total of approximately 72 training sessions) in the subsequent 5 months, after 

which animals were tested again (1 session/d; 3-7 sessions/week for a total of approximately 13 

test sessions) in the countermanding task over a 14-day period. This testing phase occurred at 

approximately 12 months of age. 

4.3.4 Data analysis 

Five sessions from each age epoch for each rat were compared to study lifespan changes 

in countermanding task performance. Within each countermanding task session, the number of 

non-cancelled responses made at each SSD was divided by the total number of stop trials at that 

SSD to calculate the Inhibition Function (IF). Sessions that did not exhibit an IF increase as SSD 

increased of at least 0.5 between the minimum and maximum value, which is considered a 

prerequisite of suitable countermanding task performance, were omitted from analysis (cf. 

Kapoor and Murthy, 2008). Sessions were also omitted from analysis if they did not meet 

performance criteria (see above) which would suggest that subjects did not perform the task 

according to instructions (e.g., Ghahremani et al., 2012). The 5 sessions nearest to the end of the 

2 age epochs that met performance criteria were selected for further analysis. If SSD climbed 

more than 2 consecutive steps later in a 1-h countermanding task session and did not regress back 

toward mean session SSD, all trials following the cancelled stop trial that initiated the run were 

excluded from analysis. Increased SSD later in sessions was associated with slower, unstable 

responding and can be indicative of decreased motivation and/or attention, which can lead to 

substantial SSRT miscalculations (Verbruggen et al., 2013). One subject was omitted from the 

experiment due to health complications. Five more subjects did not consistently meet 

performance criteria during one or both of the age epochs, which required their omission from the 

study. This left 10 rats for subsequent analysis of lifespan changes in countermanding 

performance.  
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We employed the integration method for estimation of Stop-Signal Response Time 

(SSRT), derived from Logan and Cowan’s (1984) horse-race model of stop-task performance 

(Figure 4.1B). First, we calculated mean SSDs from the peaks and valleys of each SSD run and 

the midpoint of every second SSD run and averaged these 2 measures to estimate the SSD where 

the probability of making a non-cancelled response was 0.5 (Levitt, 1971). The horse-race model 

assumes independence of go and stop processes; therefore we integrated the distribution of go 

trial RTs until the integral equaled the RT at which the probability of making a non-cancelled 

response on a stop trial was 0.5. Assuming SSRT is constant, SSRT is equal to this instant (i.e., 

the time at which the stop process ends) minus the SSD where the probability of making a non-

cancelled response was 0.5 (i.e., the instant when the stop process began).     

We took into account the prospect that a correctly inhibited stop trial may actually reflect 

a failed go response, as rats omitted responding on a small proportion of go trials. Thus, the 

inhibition probability data were corrected using a procedure modified from Tannock and 

colleagues (1989): Y = (X-O)/(N-O), where for a given SSD, Y is the corrected proportion of 

non-cancelled stop trials, X is the observed number of non-cancelled stop trials, N is the total 

number of stop trials and O is the proportion of omissions that occurred on all go trials. 

The coefficient of variation (CV), which was estimated as the ratio of the standard 

deviation (SD) to the mean of the RT distribution, was calculated as a measure of go trial RT 

variability for each session (Bellgrove et al., 2004). CVs were also calculated to determine day-

to-day performance variability by comparing the means from the 5 sessions to their SDs. We 

examined RT adjustments by isolating blocks of 3 consecutive trials where a correct go trial 

response occurred prior to and following a correct go trial response, a non-cancelled stop trial 

response or a cancelled stop trial response. Due to substantial variation in RT distributions among 

animals, this change in RT was also standardized for each individual trial sequence by computing 

a Z-score:  
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 Z = [ go2RT(trial) - go1RT(mean) ] / go1RT(SD) 

For each rat, the RT adjustments and Z-scores from each session within a particular age epoch 

were combined with the other sessions from that age to determine overall means. Z scores were 

also computed to examine the change in go trial RT and SSRT at 7 and 12 months of age in order 

to account for the day-to-day variability of performance. For these data: 

  Z = [ RT12 months session - RT7 months mean] / RT7 months SD 

 Countermanding task performance variables were calculated with custom written 

MATLAB scripts (The MathWorks Inc., Natick, MA). Analysis of Variance (ANOVA) was 

conducted to analyze differences in RT, SSRT and adaptive RT adjustments. Paired samples t-

tests were used to compare the average RTs of the go trial before and following each interleaved 

trial type as well as Z scores and differences in CV for each age epoch. Statistical analysis was 

conducted with SPSS software (IBM SPSS Statistics for Windows, Armonk, NY). All analysis 

was conducted using a significance level of 0.05. 

4.4 Results 

Total number of trials 

 The average ± standard error of the mean (SEM) total number of trials completed by rats 

(N = 10) over all of the 1-h sessions was 323 ± 13 at 7 months of age and 185 ± 9 at 12 months of 

age. As displayed in Figure 4.2A, this decline in trials completed per session at 12 compared to 7 

months of age was significant. A repeated measures ANOVA with age (7 or 12 months) and 

session (1 - 5) as within-subject factors revealed a significant main effect of age (F(1, 9) = 83.70, 

p < 0.01) and a significant age and session interaction (F(4, 36) = 2.75, p = 0.04). The main effect 

of session was not significant (F(4, 36) = 0.95, p = 0.45). To account for variability in the number 

of trials performed in each of the 5 sessions, we calculated the CV for each rat at both 7 and 12 

months of age. The mean CV in the total number of trials performed per session ± SEM was 

significantly higher at 12 (0.19 ± 0.01) compared to 7 (0.08 ± 0.01) months of age (t(9) = 5.16, 
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Figure 4.2: Changes in countermanding task performance of rats with aging. 

(A) Mean (±SEM) total number of trials performed in 5 individual, 1-h countermanding task 

sessions (light-dark gray bars) for rats (N = 10) at 7 and 12 months of age. (* significant main 

effect of age with Analysis of Variance [ANOVA]). (B) Frequency distribution (n = 50) for Z 

change in the total number of trials performed for rats (N = 10) comparing the total number of 

trials performed in 5 individual sessions at 12 months of age to their overall mean total number of 

trials performed over 5 sessions at 7 months of age (* significant difference from 0, one-sample t-

test). (C) Mean (±SEM) go trial response time (RT) in 5 individual countermanding task sessions 

(light-dark gray bars) for rats (N = 10) at 7 and 12 months of age. (D) Frequency distribution (n = 

50) for the Z change in mean go trial RT for rats (N = 10) comparing mean go trial RT in 5 
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individual sessions at 12 months of age to their overall mean go trial RT over 5 sessions at 7 

months of age (* significant difference from 0, one-sample t-test). (E) Mean (±SEM) proportion 

of go trial errors (p[go trial error]) in 5 individual countermanding task sessions (light-dark gray 

bars) for rats (N = 10) at 7 and 12 months of age. (F) Frequency distribution (n = 50) for the Z 

change in the p(go trial error) for rats (N = 10) comparing the p(go trial error) in 5 individual 

sessions at 12 months of age to their overall p(go trial error) over 5 sessions at 7 months of age (* 

significant difference from 0, one-sample t-test). 

 

 

p < 0.01). Due to the increased variability, Z scores were calculated to assess the change in the 

total number of trials performed in sessions at 12 months of age compared to the mean number of 

trials performed in sessions at 7 months of age. As displayed in Figure 4.2B, the reduction in the 

total number of trials performed at 12, compared to 7 months of age (Mean Z ± SEM = -7.12 ± 

0.66) was significantly different from 0 (one-sample t-test, t(49) = 10.77, p < 0.01). 

Go trial RT 

 As illustrated in Figure 4.2C, the average go trial RT (± SEM) was somewhat longer for 

rats at 12 (634 ± 22 ms) than 7 (607 ± 27 ms) months of age. A repeated measures ANOVA with 

age (7 or 12 months) and session (1 - 5) as within-subject factors did not reveal a significant main 

effect of age (F(1,9) = 1.91, p = 0.20), session (F(4, 36) = 1.50, p = 0.22), or a significant 

interaction (F(4, 36) = 1.15, p = 0.35). Because RT lengthening at 12, compared to 7 months of 

age was predicted, we computed Z scores of the change in go trial RT for each 12 month session 

in relation to mean 7 month go trial RT for each rat to better account for RT variability. As shown 

in Figure 4.2D, the increase in go trial RT (Mean Z ± SEM = 2.06 ± 0.68) was significantly 

different from 0 (one-sample t-test, t(49) = 3.05, p > 0.01). We did not observe a significant 

difference in the mean go trial RT CV ± SEM at 7 (0.03 ± 0) or 12 (0.03 ± 0.01) months of age 

(t(9) = -0.06, p = 0.95). To examine if individual session go trial RT CV differed significantly 

between age epochs, a repeated measures ANOVA with age (7 or 12 months) and session (1 - 5) 
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as within-subject factors was conducted. No significant main effects or interactions were 

discovered (data not shown).  

Go trial Accuracy 

 To examine whether rats committed more errors on go trials at 12 compared to 7 months 

of age, we conducted a repeated measures ANOVA with age (7 or 12 months) and session (1 - 5) 

as within-subject factors on the proportion of overall go trials that were incorrect lever presses 

and omissions. As displayed in Figure 4.2E, ANOVA revealed a near significant main effect of 

age (F(1,9) = 4.47., p = 0.06), and session (F(4, 36) = 2.39, p = 0.07) and a non-significant 

interaction (F(4, 36) = 0.44, p = 0.78). To account for variability in the proportion of go trial 

errors, we computed a Z score for each session at 12 months of age compared to the mean at 7 

months of age. The increase in the proportion of go trial errors (Mean Z ± SEM = 1.60 ± 0.38) 

was significantly different from 0 (one-sample t-test, t(49) = 4.20, p < 0.01), as illustrated in 

Figure 4.2F. Incorrect lever presses on go trials occurred on less than 4% of all go trials for each 

session and accounted for less than 4% of go trial errors on average. Thus, the vast majority of go 

trial errors in countermanding task session consisted of errors of omission. Of note, a significant 

correlation was not found between Z scores accounting for the change in the proportion of go trial 

errors and Z scores accounting for the change in mean go trial RT (R² < 0.01, p = 0.89); therefore, 

the observed increase in the proportion of go trial errors at 12 months of age was not likely 

related to the observed lengthening of go trial RT.  

SSRT 

 The overall mean SSRT ± SEM did not change substantially for rats at 12 (194 ± 13 ms) 

compared to 7 months of age (204 ± 12 ms). For the data displayed in Figure 4.3A, a repeated 

measures ANOVA with age (7 or 12 months) and session (1 - 5) as within-subject factors did not 

reveal a significant main effect of age (F(1,9) = 0.76, p = 0.41), session (F(4, 36) = 2.33, p = 

0.08), or a significant interaction (F(4, 36) = 0.70, p = 0.60). Z scores were calculated for the  
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Figure 4.3: Stop signal response time for rats at 7 and 12 months of age. 

(A) Mean (±SEM) stop signal response time (SSRT) in 5 individual countermanding task 

sessions (light-dark gray) for rats (N = 10) at 7 and 12 months of age. (B) Frequency distribution 

(n = 50) for the Z change in SSRT for rats (N = 10) comparing mean SSRT in 5 individual 

sessions at 12 months of age to their overall mean SSRT over 5 sessions at 7 months of age. 

 

 

 

change in SSRT for each 12 month session in relation to mean 7 month SSRT for each rat to 

account for possible day-to-day variability in SSRT. As shown in Figure 4.3B, the distribution of 

Z scores for the change in SSRT at 12 compared to 7 months of age (Mean Z ± SEM = -0.04 ± 

0.37) was not significantly different from 0 (one-sample t-test, t(49) = -0.12, p = 0.91). Z score 

estimates of the change in mean SSRT in sessions at 12, compared to the mean SSRT for sessions 

at 7 months of age for each rat were not found to be significantly correlated with the mean SSRT 

for rats at 7 months of age (n = 10; R
2
 = 0.21, p = 0.18). The Z change in SSRT was also not 

significantly correlated with the Z change in go trial RT (R² < 0.02, p = 0.38). We compared the 

CV of SSRT for rats between 12 and 7 months of age to examine if there was a substantial 

change in the day-to-day variability of SSRT. While we did observe some increase in the mean ± 

SEM CV of SSRT at 12 (0.34 ± 0.03) compared to 7 (0.24 ± 0.05) months of age, this difference 

was not statistically significant (paired samples t-test, t(9) = 1.85, p = 0.10). 

Adaptive RT adjustments 
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 We tested if rats made adaptive RT adjustments and whether this behaviour changed 

between 7 and 12 months of age by comparing mean RTs in correct go trials immediately prior to 

and following 3 different types of interleaved trials: (1) a correct go trial; (2) a cancelled stop 

trial; or (3) a non-cancelled stop trial. The mean ± SEM RT for each rat as well as the average 

RTs across all rats are shown for rats at both 7 (Figure 4.4A) and 12 months of age (Figure 4.4B). 

Significant RT shortening following a correct go trial was observed for 1 rat at both 7 and 12 

months of age, while significant RT lengthening following a non-cancelled stop trial was found 

for 3 rats at 7 months of age and 1 rat at 12 months of age (paired samples t-tests, p < 0.05). 

Because the distribution of RTs varied substantially among rats, we standardized the change in 

RT as a result of each different interleaved trial type as Z scores for each rat, as displayed in 

Figure 4.4C and Figure 4.4D for rats at 7 and 12 months of age respectively. A repeated measures 

ANOVA with age (7 or 12 months) and interleaved trial type (go, cancelled or non-cancelled) as 

within-subject factors revealed a significant main effect of interleaved trial type (F(2,18) = 4.14, 

p = 0.03). A significant main effect of age was not found (F(1,9) = 0.40, p = 0.54), nor was a 

significant interaction (F(2,18) = 0.43, p = 0.66). A follow-up pairwise comparison of the 

significant main effect adjusted with Bonferroni correction revealed that the effect was primarily 

driven by a near-significant difference in mean Z scores ± SEM for correct go interleaved trials (-

0.03 ± 0.03) compared to mean Z scores ± SEM for non-cancelled interleaved trials (0.30 ± 0.11; 

p = 0.08). Because RT adjustments were expected, planned paired-samples t-tests were conducted 

on the Z scores for each interleaved trial type. The distribution of Z scores for non-cancelled 

interleaved trials was significantly different from 0 for rats at both 7 (t(9) = 2.39, p = 0.04) and 12 

months of age (t(9) = 2.25, p = 0.05). Z scores did not differ significantly from 0 when the 

interleaved trial was a correct go trial (t(9) = -1.36, p = 0.21; t(9) = -0.77, p = 0.46) or cancelled 

stop trial (t(9) = 0.51, p = 0.63; t(9) = 1.16, p =0.28) for rats at 7 and 12 months of age 

respectively.  
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Figure 4.4: Adaptive response time adjustments. 

(A; B) Light gray bars compare mean (±SEM) go trial response time (RT) for sets of 3 

consecutive trials where go trials immediately preceded (GO1) and followed (GO2) either a 

correct go, a cancelled stop or a non-cancelled stop interleaved trial, for rats (N = 10) performing 

the countermanding task at (A) 7 months of age or (B) 12 months of age. Heavy black lines show 

individual animal mean RTs where GO1 and GO2 were significantly different (paired t-tests, p < 

0.05) whereas dark gray lines show individual animal mean RTs where GO1 and GO2 were not 

significantly different. (C; D) Dark gray bars show mean (±SEM) Z change in go trial RT for 

trials following, compared to trials preceding, an interleaved correct go, cancelled stop or non-

cancelled stop trial for rats (N = 10) at (C) 7 months of age; or (D) 12 months of age, where Z = 

[GO2RT(trial) - GO1RT(mean)]/GO1RT(standard deviation). Light gray lines represent Z scores for each 

individual animal at each interleaved trial type. (* significant difference of mean Z score from 0 

with one-sample t-test, p <= 0.05; black diamonds indicate significant difference of an individual 

animals Z score from 0 with a one-sample t-test, p < 0.05). 
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4.5 Discussion 

At 12, compared to 7 months of age, rats performed significantly less total trials in 1-h 

countermanding task sessions, exhibited longer go trial RT and made a higher proportion of 

errors on go trials, which primarily consisted of errors of omission. We did not observe a 

significant change in SSRT at these two ages. Adaptive RT adjustments in the form of RT 

lengthening following non-cancelled stop trials was observed for rats at both 7 and 12 months of 

age. This is the first study to specifically examine changes in countermanding task performance 

of rats during the lifespan.  

 Humans consistently demonstrate lengthening of RT in the countermanding task for old, 

compared to young adulthood (Kramer et al., 1994; Williams et al., 1999; Rush et al., 2006; Van 

de Laar et al., 2011; Coxen et al., 2012; Hu et al., 2012, 2013). Furthermore, age-related RT 

lengthening has been demonstrated in Go/Change (Christ et al., 2001), Go/No-Go (Nielson et al., 

2002; Sebastian et al., 2013), and flanker (Colcombe et al., 2005) tasks. RT lengthening later in 

the human lifespan has been proposed to result from impaired information processing speed 

(Salthouse, 1996); however, Ratcliff and colleagues (2001) demonstrated that older subjects did 

not exhibit considerable impairment in sensory processing but rather, adopted a more 

conservative response criterion in signal detection, favoring accuracy over speed. Albinet and 

associates (2012) have provided evidence that impaired processing speed and executive 

dysfunction may both contribute to age-related lengthening in RT. In rats, Caetano and colleagues 

(2012) similarly reported longer RT following go stimulus presentation for older (24 months of 

age) compared to younger (6 months of age) rats in an operant delayed response task, which was 

associated with reduced medial prefrontal cortex firing at go stimulus presentation, in support of a 

frontal impairment account of age-related RT lengthening in rats.  

 Evidence for variation in countermanding task go trial accuracy over the human lifespan 

has been inconclusive, with reports of significantly impaired (Hu et al., 2012; Sebastian et al., 
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2013), improved (Kramer et al., 1994) or non-significantly differing (Williams et al., 1999; 

Bedard et al., 2002; Andrés et al., 2008; Kray et al., 2009) rates of incorrect responding for older 

compared to younger adults. Older adults exhibited longer RTs and committed more errors on a 

speeded response task, emphasizing accuracy over speed, while displaying reduced white matter 

tract integrity in corticostriatal tracts implicated in decision making (Forstmann et al., 2011). In 

rats, Burwell and Gallagher (1993) reported increased response errors as well as RT lengthening 

with aging in a simple reaction time task, suggesting that the changes observed in response 

latency and accuracy were dependent. Our findings indicate that lengthened go trial RT and 

decreased go trial accuracy observed in rats with aging occurred independently. It will be of 

interest to further examine the precise nature of the age-related impairments in go trial accuracy 

and RT that we observed to investigate the degree to which sensory processing or executive 

function may be impaired in rats performing the countermanding task at 12, compared to 7 

months of age. 

 Inhibitory control in the countermanding task has not been uniformly demonstrated as 

significantly impaired in older adults. For example, Williams and colleagues (1999) tested a 

smaller sample of participants in a 60 and older age group compared to other age groups and did 

not discover significantly longer SSRT. It is possible that this smaller sample may have consisted 

of a high proportion of participants with good inhibitory control, as substantial variability in 

stopping speed has been reported in the elderly (Coxon et al., 2012; Colzato et al., 2013).  

Experiments conducted by Kray and associates (2009) and Van de Laar and colleagues (2011) 

consisted of many trials over multiple sessions that may have allowed for training effects, 

masking a significant inhibitory deficit. These studies may have also employed more basic 

versions of the countermanding task. More difficult or complex versions of countermanding tasks 

may impose a larger cognitive burden on the elderly, augmenting an inhibitory control deficit. 

Importantly, inhibitory control impairment in the countermanding task was generally not 
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witnessed until adults were beyond 60 years of age. The oldest rats in the present study were only 

12-13 months of age, which corresponds to mid-adulthood in rats (Sengupta, 2013). Investigation 

of older animals will be required in the countermanding task to test the prediction that stopping 

does indeed lengthen significantly in more elderly animals. 

 It has been suggested that longer SSRT and go trial RT in elderly humans are dependent 

variables that provide evidence of impaired inhibitory processing resulting in strategic 

lengthening of go trial RT in order to proactively increase stop trial accuracy (Andrés et al., 2008; 

Van de Laar et al., 2011; Anguera & Gazzaley, 2012). On the other hand, Bedard and colleagues 

(2002) demonstrated that age-related changes in selective inhibitory control occurred statistically 

independently of overall RT lengthening. Evidence from the age ranges tested in the present 

experiment suggest that lengthening of go trial RT occurred independently of any change in 

SSRT in rats, in argument against the hypothesis that go RT lengthening results as a strategic by-

product of impaired inhibitory control. Future countermanding studies in rats should examine 

whether inhibitory control is more highly correlated with go trial RT lengthening in more elderly 

animals.  

Declines in executive function associated with aging suggest that the prefrontal cortex 

(PFC) may be particularly vulnerable to the aging process (Burke & Barnes, 2006). Indeed, the 

PFC has exhibited substantial age-related structural and functional modification, supporting the 

postulation that a general inhibitory deficiency, resulting from PFC deterioration, may be a 

universal feature of age-related decline in cognitive performance across various behaviors 

(Hasher and Zacks, 1988; Tisserand and Jolles, 2003; Tisserand et al., 2004; Anguera & 

Gazzaley, 2012). Decreased activation in the PFC, presupplementary motor area (preSMA) and 

basal ganglia, as well as decreased gray matter volume in the PFC and preSMA were associated 

with countermanding performance impairment in the elderly compared to young adults, 

suggesting that inhibitory control deficits in the countermanding task may be associated with 
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diminished recruitment of a central executive network (Hu et al., 2012; 2013; Sebastian et al., 

2013; Coxon et al., 2014). Coxon and colleagues (2012) have further suggested that individual 

differences in preSMA-subthalamic nucleus white matter tract integrity into old age may underlie 

the variability in normal age-related declines in inhibitory function in the countermanding task. 

Similarly, Colzato and associates (2013) illustrated that older adults carrying the C957T C/C 

genetic polymorphism, which is putatively associated with greater dopamine D2-like receptor 

expression and elevated striatal dopamine (Hirvonen et al., 2009a, 2009b), were more efficient at 

countermanding responses than other elderly adults. This effect was not as strong in younger 

adults, suggesting a genetic component of individual variation in countermanding performance 

that is revealed with normal aging. Thus, there appear to be specific neural correlates of 

behavioural impairment in countermanding task performance with old age in humans, particularly 

relating to cortical dysfunction, which are potentially amenable to further investigation with 

rodents.  

Behaviourally, elderly rats (older than 24 months of age) have been reported as impaired 

on acquisition of delayed matching as well as olfactory and visual reversal learning compared to 

rats 6 months of age or younger (Dunnett et al., 1988; Brushfield et al., 2008). Tait and colleagues 

(2013) found comparable discrimination, acquisition and attentional set-shifting for rats older 

than 18 months of age compared to younger rats; however, older rats required more trials to learn 

reversals, suggesting a specific cognitive impairment. Similarly, rats at 16 and 21 months of age 

made more errors or required more sessions before reaching criteria in an 8-arm radial maze and 

showed impaired acquisition and retention of a passive avoidance conditioned response compared 

to 3 month olds (Winter, 1996; Granger et al., 1996). 

Winocur (1992) found substantial deficits in No-Go responding to nonmatching stimulus 

intensity in older (26 months of age) rats that was similar to younger (6 months of age) rats with 

PFC lesions, in comparison to younger control rats.  Roesch and colleagues (2012) demonstrated 
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that aged rats (>22 months of age) shifted responding away from bigger, delayed rewards more 

slowly than younger rats (3-6 months of age) in a delayed discounting paradigm, while exhibiting 

increased orbitofrontal cortical firing for the delayed reward when it was not optimal, suggesting 

that aging results in altered representation of reward value in orbitofrontal cortex. Dopaminergic 

deficiency in the frontal cortex of aged rats (older than 24 compared to younger than 4 months of 

age) correlated with impaired working memory in the radial maze, T-maze and the Morris water 

maze (Luine et al., 1990; Mizoguchi et al., 2009; Allard et al., 2011). These results suggest that 

that age-related remodeling of mesocortical dopaminergic fibers may be one important 

underlying feature of cognitive decline in aging. Further experiments have suggested that 

alterations in the regulation of the second messenger-dependent enzymes protein kinase A and 

protein kinase C in elderly rats may be an important factor in cognitive decline (Ramos et al., 

2003; Brennan et al., 2009). It seems therefore that the rodent countermanding task may provide a 

new and interesting avenue to elucidate the underlying neural mechanisms of impaired 

behavioural control with aging. 

Adaptive RT adjustments in the form of RT lengthening following stop trial errors and 

shortening following consecutive go trials have been reported previously for other rats 

performing the countermanding task (Beuk et al., 2014; Mayse et al., 2014). Of note, Beuk and 

colleagues also reported significant RT shortening following consecutive correct go trials and RT 

lengthening following non-cancelled stop trial for the cohort of rats investigated presently in 

subsequent vehicle control sessions when tested for the effects of 0.25 mg/kg d-amphetamine. 

The present behavioural investigation revealed post-error RT lengthening following stop trial 

errors at both 7 and 12 months of age, indicating that adaptive RT adjustments in rats may be 

relatively consistent across much of the lifespan. These findings are consistent with 

countermanding studies in humans that observed post-error RT lengthening throughout the 

lifespan (Van de Laar et al., 2011; Hu et al., 2012). Adaptive RT shortening following 
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consecutive go trials was generally observed in the present study but failed to reach statistical 

significance, possibly due to the fact that the number of subjects tested in the present experiment 

was too small to reveal a significant effect. Importantly, this is the first demonstration that RT 

adjustments in rats may remain relatively consistent throughout much of the adult lifespan. 

An unexpected result of the current study was that animals completed less total trials per 

1-h countermanding task session at 12, compared to 7 months of age. It is common for humans to 

exhibit less physical exertion later in the lifespan and generally require longer amounts of time to 

complete routine tasks (Owsley et al., 2002; Crombie et al., 2004). Rats have demonstrated 

decreased running-wheel activity and deficits in complex motor behaviour as early as 12 months 

of age (Peng et al., 1980; Wallace et al., 1980). Alternatively, older animals may simply be less 

physically engaged, as decreased locomotor activity has been reported for older, compared to 

younger rats (Willig et al., 1987; Van Waas & Soffié, 1996). The amount of trials completed per 

session in previous human countermanding studies of lifespan behaviour was generally not 

reported, as these studies employed sessions that ended following the completion of a specified 

number of trials as opposed to a specified amount of time (see Kramer et al., 1994; Williams et 

al., 1999; Bedard et al., 2002; Van de Laar et al., 2011). Hu and colleagues (2012) did conduct 

testing within a particular time frame (i.e., 10 min blocks) for countermanding task sessions but 

did not note a relationship between age and the number of trials completed, stating only that 

approximately 100 trials were completed per block for all age groups. Further investigation will 

be required to more precisely determine the exact nature of our observed reduction in the number 

of trials performed by older animals. 

It is possible that longer go trial RT and decreased number of trials performed within a 

session for rats at 12, compared to 7 months of age, resulted from increased home cage feeding 

that was required to maintain weight growth as rats aged. Some evidence for this comes from 

Baker et al. (2012), who noted differences in reinforcer devaluation depending upon alternative 
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food restriction protocols. Unfortunately, ethical considerations make this hypothesis difficult to 

fully investigate with the countermanding task, as the continued growth of rats as they age 

requires increased food availability. Whether or not food availability was a factor, these effects 

should be a consideration in future rat countermanding task investigations. It could further be 

argued that the changes in behaviour observed in our animals were due to the prolonged and 

routine training and testing regimen required by the countermanding task. One argument in 

contradiction to this hypothesis is that rats in our study exhibited lengthening of go trial RT and 

committed more go trial errors in later session, behaviours which are not normally associated 

with training effects. Nevertheless, it may be useful to investigate whether a separate cohort of 

animals trained at an older age would exhibit countermanding task performance similar to that 

witnessed in our animals at 12 months of age. It might be of further merit to examine whether an 

older group of rats would acquire countermanding task performance at a similar rate as younger 

animals.  

Variability in rodent countermanding task performance during the lifespan has yet to be 

directly considered, despite the growing exploration of rodent behavior in this task. Examination 

of the methodologies in previous reports suggests that the majority of testing has been conducted 

on rats between 4-10 months of age. While substantial variability in control rat data is evident, 

inconsistencies in task design, subject strain and the lack of reporting age at the time of testing 

preclude identifying aging as an important factor (see Feola et al., 2000; Eagle & Robbins, 

2003a,b; Van den Bergh et al., 2006; Eagle et al., 2007, 2009, 2011; Pattij et al., 2007, 2009; 

Robinson et al., 2008, 2009; Bari et al., 2009, 2011, 2014; Kirshenbaum et al., 2011; Bryden et 

al., 2012; Torregrossa et al., 2012; Bari & Robbins, 2013; Schmidt et al., 2013; Walker & Kissler, 

2013; Mayse et al., 2014). In a rodent countermanding study by Beuk and colleagues (2014), one 

cohort of rats was tested at approximately 6 months of age for race model predictions of 

performance, while a separate cohort, the rats that were also investigated in the present 
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experiment, were tested at approximately 13 months of age for the effects of acute d-

amphetamine (0.25 mg/kg) on task performance. Those findings suggested somewhat longer 

mean go trial RT ± SEM (679 ± 30 ms) and SSRT ± SEM (186 ± 19 ms) for rats receiving saline 

administration at approximately 13 months of age compared to treatment-free rats tested at 

approximately 6 months of age (mean go RT ± SEM  = 570 ± 17 ms; SSRT ± SEM  = 157 ± 8). 

On the other hand, Eagle and Robbins (2003b) and Eagle and colleagues (2008) did not show 

data supporting lengthening of go trial RT or SSRT for control rats that appear to have been 

tested at approximately 6 and 19 or 6 and 12 months of age, respectively.   

Rats at 7 and 12 months of age in the current study exhibited remarkably consistent mean 

SSRT. An important implication of this finding is that SSRT should be relatively comparable for 

adult rats in experiments that are of a long duration, as is frequently the case with rodent stop task 

studies. It will be an important consideration for future rodent experiments to carefully report the 

approximate ages of their test animals in order to further verify lifespan-related changes in 

countermanding task performance. Importantly, this study provides the first evidence that the age 

of the subjects being tested is an important element of rodent countermanding investigation. 

Conclusions 

 At 12, compared to 7 months of age, rats demonstrated changes in countermanding task 

performance similar to the deficits in task performance reported in older adult humans, including 

longer go trial RT and a greater proportion of go trial errors. Thus, rodent countermanding may 

be an appropriate model to examine aging related changes in behavioural control. Future 

experiments should explore differences in underlying physiological mechanisms that are 

associated with altered behavioural performance in the countermanding task with aging in rats. 

Further experiments should also examine more elderly rodents in the task to determine whether 

the observed effects of the present investigation are exacerbated and if inhibitory control is 
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substantially altered as rats become more elderly, in order to fully characterize performance 

throughout the rodent lifespan.  
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Chapter 5 

Yohimbine encourages motivated responding for food reward and 

reveals baseline-dependent effects on stopping for rats performing the 

countermanding task 
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5.1 Abstract 

The norepinephrine (NE) α2receptor antagonist yohimbine putatively increases extracellular 

levels of NE in forebrain regions. Increased NE in the frontal cortex has been associated with 

improved behavioural control. Yet, yohimbine has been reported to impair behavioural inhibition 

in tasks of impulsivity and inhibitory control, while commonly acting as a behavioural stimulant. 

We aimed to test the specific effects of acute yohimbine on rodent behaviour in the 

countermanding task, which permits analysis of the ability to make, stop or adaptively adjust 

responses differentially. Male Wistar rats (N = 28) were trained to quickly make a choice 

response by performing a lever press directly below an illuminated light, acting as the go signal, 

for food reward. In 60-min countermanding task sessions, a tone was presented on a subset of 

trials (25%) as the stop-signal, at a variable stop-signal delay (SSD) from go signal presentation, 

instructing rats to countermand the lever press. Rats treated with yohimbine (1.25, 2.5 mg/kg; 

i.p.), in comparison to vehicle, exhibited significantly shorter response time (RT) and increased 

total trials performed and go trial accuracy. A significant baseline-dependent effect of yohimbine 

was observed on stop-signal response time (SSRT), as vehicle-treated rats with short or longer 

SSRTs demonstrated SSRT lengthening or shortening following yohimbine treatment, 

respectively. A significant effect of yohimbine on adaptive RT adjustments was not observed. 

Overall, results provide support that yohimbine increased motivated reward-seeking behaviour in 

rats performing the countermanding task and optimal levels of synaptic NE may promote 

appropriate inhibitory control. 
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5.2 Introduction 

Inhibitory control describes the ability of organisms to regulate their behaviour in order 

to refrain from making inappropriate responses given a particular set of circumstances (Bari and 

Robbins, 2013a). What is considered appropriate behaviour must be constantly updated in a 

dynamic environment and in order to adapt to changing goal sets, successful behaviour often 

involves the ability to make rapid behavioural adjustments and suddenly cancel responses that are 

no longer appropriate (Verbruggen and Logan, 2009). The inability to exert inhibitory control or 

generate proper behavioural adaptation has been considered an important behavioural hallmark of 

a variety of psychiatric disorders, including attention deficit and hyperactivity disorder (ADHD), 

obsessive compulsive disorder and schizophrenia (Logan et al., 1997; Schachar et al., 2004; 

Chamberlain and Sahakian, 2007; Lipszyc and Schachar, 2010). 

The countermanding paradigm has been designed to specifically and directly test 

behavioural inhibitory control in animals. In the countermanding (or stop) task, subjects are 

instructed or trained to make a rapid primary response following a go signal, but are required to 

cancel the response in a small subset of trials at the presentation of a stop-signal following a 

variable stop-signal delay (SSD) from go signal onset (Lappin and Eriksen, 1966; Logan, 1994). 

The horse-race model of countermanding task performance developed by Logan and Cowan 

(1984) allows estimation of the amount of time required to cancel the go response, the stop-signal 

response time (SSRT), which is an otherwise unobservable behaviour. The countermanding task 

also allows for the study of go trial response time (RT) and in particular, adaptive RT 

adjustments, as humans and non-human primates have been witnessed to shorten RTs following 

consecutive successful go trials and lengthen RTs following stop trials (Emeric et al., 2007; 

Bissett and Logan, 2012). Logan and Cowan’s race model was validated for rats performing the 

countermanding task, while adaptive RT adjustments were further observed for rats, which 

demonstrated RT shortening following consecutive successful go trials and RT lengthening 
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following stop trial errors (Beuk et al., 2014). Thus, the rodent countermanding task presents the 

opportunity to rigorously examine the neural mechanisms of behavioural control. 

The neurotransmitter norepinephrine (NE) has been revealed as a critical modulator of 

behavioural inhibition in the mammalian brain (Robbins and Arnsten, 2009). Mason and Iversen 

(1977) revealed that rats with NE depletion following stereotaxic injection of 6-hydroxydopamine 

(6-OHDA) exhibited perseverative responding for food reward in further unrewarded-trial 

sessions. In a go/no-go task, Aston-Jones and Cohen (2005) reported optimal performance in non-

human primates when NE-originating locus coeruleus cells fired phasically, but poorer 

performance when these cells fired at tonic levels. In the countermanding task, increased 

extracellular NE following systemic administration of the NE reuptake inhibitor atomoxetine 

improved inhibitory control in both humans and rats (Chamberlain et al., 2006; Robinson et al., 

2008). Similarly, locally inhibiting NE reuptake with atomoxetine microinfusions into the dorsal 

prelimbic cortex or orbitofrontal cortex of rats resulted in SSRT shortening (Bari et al., 2011). 

Bari and Robbins (2013b) further reported shorter SSRT in rats following systemic treatment 

with the NE α2 receptor antagonist atipamezole, which putatively increases synaptic NE by 

blocking pre-synaptic α2 receptors (Virtanen et al., 1988).  

Not all putatively NE-activating agents have revealed improved inhibitory control 

following treatment. Guanfacine, thought to improve working memory and frontal cortex 

function through selective agonism of postsynaptic NE α2A receptors (Arnsten et al., 1996; 

Steere and Arnsten, 1997; Jäkälä et al., 1999), did not alter SSRT in humans performing the 

countermanding task (Müller et al., 2005). Administration of systemic guanfacine lengthened 

SSRT in rats performing the countermanding task, while microinfusions of guanfacine into the 

dorsal prelimbic cortex impaired countermanding task inhibitory control (Bari et al., 2009, 2011). 

Furthermore, clonidine, a NE α2 receptor agonist thought to act primarily by presynaptically 

inhibiting the release of NE, appeared to decreased attention in the countermanding task as 
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evidenced by increased omissions, errors and greater RT variability when administered acutely in 

humans; however, it did not have a notable effect on SSRT (Logemann et al., 2013). 

The indole alkaloid yohimbine has been reported to primarily increase NE release in 

forebrain regions through the competitive antagonism of inhibitory presynaptic NE α2 receptors, 

although moderate affinity has also been reported for NE α1 receptors, dopamine D2-like 

receptors and serotonin receptor subtypes (Peskind et al., 1989; Gurguis and Uhde, 1990; Kovács 

and Hernádi, 2003; Holmes and Quirk, 2010). Thus, the precise mechanisms of yohimbine action 

are not fully understood to date. Nevertheless, yohimbine has generally been observed to impair 

behaviour in tasks measuring inhibitory control. In humans, acute yohimbine (30 - 40 mg) 

increased commission error rates in an immediate memory task as a measure of impulsive 

behaviour (Swann et al., 2005). Yohimbine infusions into the prefrontal cortex of non-human 

primates increased errors of commission but not errors of omission in a go/no-go task (Ma et al., 

2003). Rats administered 1.0 and 2.0 mg/kg of systemic yohimbine prior to testing in the 5-choice 

serial reaction time test (5-CSRTT) demonstrated increased premature responding, decreased 

omissions and shorter RT in one study (Sun et al., 2010); however, only significantly more 

premature responses were revealed in another 5-CSRTT experiment following 0.625 - 2.5 mg/kg 

of acute yohimbine (Torregrossa et al., 2012). Infusions of yohimbine into the medial prefrontal 

cortex of rats increased the occurrence of errors on consecutive trials in a delayed response task, 

suggesting that yohimbine impairs the adjustment of post-error performance for rats (Caetano et 

al., 2012). Alternatively, an oral dose of 30 mg of yohimbine compared to placebo did not have a 

significant effect on post-error slowing for humans performing a flanker task, but did decrease the 

total number of errors committed (Riba et al., 2005).  

The aim of the present experiment was to test the effects of the NE α2 receptor antagonist 

yohimbine at doses previously reported to impair inhibitory control (e.g., Sun et al., 2010; 

Torregrossa et al., 2012) on various aspects of behavioural control that can be more precisely 
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examined with the countermanding task. It was expected that acute treatment with yohimbine 

(1.25, 2.5 mg/kg) would shorten go trial RT and decrease the proportion of errors made on go 

trials for rats performing the countermanding task, while impairing inhibitory control as exhibited 

by longer SSRT when compared to vehicle. Furthermore, we expected to find that adaptive RT 

adjustments in rats were attenuated following administration of yohimbine. 

5.3 Methods 

5.3.1 Animals 

Two cohorts of male Wistar rats bred by Charles River Laboratories (St. Constant, QC) 

weighed 150-250 g at the beginning of training. All animal care and experimental protocols were 

approved by the Queen’s University Animal Care Committee and were in accordance with the 

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

were kept in an environmentally controlled colony room with a reversed 12-h light-dark cycle 

(lights off at 0700 h) and were pair-housed in clear plastic cages (50.0 x 40.0 x 20.0 cm high) 

containing woodchip bedding (Beta Chip; Northeastern Products Corp., Warrensberg, NY).  

Water was freely available in the home cage, while food (LabDiet 5001; PMI Nutrition Intl, 

Brentwood, MO) was restricted (see procedure).  

From the 1st cohort (n = 16), 1 subject was removed during training due to health 

complications and 2 others were excluded from testing because they rarely met task performance 

criteria (see below). Following training, the remaining animals (n = 13) were examined for 

lifespan changes in countermanding task behaviour (unpublished data). They were then 

administered multiple acute injections of d-amphetamine (0, 0.25, 0.5 mg/kg twice, 0.75 mg/kg 

once; i.p.) in a counterbalanced design with a 2-week washout period between treatments (data 

previously published in Beuk et al., 2014). Animals in the 2nd cohort (n = 12) were trained and 

tested for the effects of post-error timeout interval length and stop trial inclusion on 

countermanding task responding (unpublished data). Next, they received multiple acute 
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administrations of cocaine (0, 0.1, 1.0, 3.0 mg/kg twice; i.p.) in a counterbalanced design with a 

3-week washout period between cocaine treatments following training (unpublished data). 

All animals received intermittent treatment-free testing for a 1-month washout period 

following prior drug treatment before testing was conducted in the present experiment. Rats were 

approximately 14 (cohort 1) or 11 (cohort 2) months of age at the time of testing.   

5.3.2 Apparatus 

Four identical operant chambers (30.5 x 24.1 x 21.0 cm high; ENV-008, Med Associated 

Inc., St. Albans, VT) were used for behavioural testing and data collection. Each chamber was 

enclosed with a transparent polycarbonate door, rear wall and ceiling. The side walls of the 

chambers contained 2 aluminum vertical posts, dividing the walls into 3 panels. A 2.8-watt 

incandescent house light, 1.0 cm below the ceiling and 5.0 cm above a tone generator was 

contained in the far panel of one side wall. The tone emitted by the tone-generator had a chamber-

specific frequency ranging from 2400 to 3400 Hz at an intensity of 75 dB. The middle panel of 

that side wall included the food pellet receptacle (5.1 x 5.1 x 2 cm deep) that was 3.0 cm above 

the floor. A pedestal-mounted pellet dispenser housed outside of the chamber delivered dustless 

precision food pellets (45 mg) from Bio-Serv (Frenchtown, NJ; product number: F0021) into the 

food pellet receptacle. The opposite side wall was comprised of 3 identical panels, each outfitted 

with a retractable response lever (4.8 x 1.7 x 1.3 cm thick) located directly below a 2.5 cm 

diameter LED stimulus light that was 5.0 cm above the lever and 4.5 cm below the ceiling. The 

floor consisted of parallel stainless-steel rods that were 0.5 cm in diameter and separated by a 1.0 

cm gap. Each chamber was individually contained in a sound-attenuating cubical (55.9 x 40.6 x 

55.9 cm high) consisting of 1.9 cm thick wood composite walls with a small ventilation fan. 

Programming and data analysis was controlled by MED-PC® IV software (Med Associated Inc.). 

5.3.3 Drugs 
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Yohimbine hydrochloride (Tocris, Ellisville, Missouri, USA) was dissolved in sterile 

water on the morning of test days. Drugs were injected intraperitoneally (i.p.) 5-10 min prior to 

countermanding task test sessions (see below). 

5.3.4 Procedures 

 For a detailed description of the training methods, see Beuk and colleagues (2014). 

Briefly, rats were handled in pairs for 5 min/day with food and water available ad libitum from 

days 3-7. On the 7th day, food access was restricted to 1-h of free-feeding/day and later in the 

experiment to 2-h of free-feeding/day to maintain weight growth. Subjects had responses shaped 

on a fixed-ratio 1 schedule in order to acquire lever press behaviour for sucrose pellet reward. 

Following lever press acquisition, rats were trained to press the lever directly below an 

illuminated stimulus light to receive sucrose pellet reward in once-daily 60-min sessions. Finally, 

rats were trained to withhold lever press responding in the presence of a tone (the stop-signal) to 

obtain sucrose pellet reward in once-daily 60-min sessions. Criterion for behavioural acquisition 

in training sessions was correct responding on ≥ 80% of the final 100 trials in a session. 

 In the countermanding task, the house light was illuminated throughout the once-daily, 

60-min session, except during timeout (TO) intervals, when all lights were extinguished for 10 s. 

As illustrated in Figure 5.1A, trials were initiated when a rat pressed the centre lever, which was 

directly below the illuminated centre light. Immediately following the centre lever press, the 

centre light was extinguished and the light directly above either the left or right lever was 

randomly illuminated, which acted as the go signal and indicated the lever below the illuminated 

light as the target lever. The duration of time that the target lever was active was limited based on 

training session RT distributions in order to eliminate approximately the slowest 10% of 

responses and encourage fast responding (1.0-1.7 s). 

 Go trials were randomly presented 75% of all trials and required animals to press the 

target lever before the end of the time limit to obtain food reward. The duration of time from  
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Figure 5.1: The countermanding paradigm in rats. 

(A) The countermanding task consisted of 75% go trials and 25% stop trials. All trials were 

initiated by a centre lever press (represented by black squares), which immediately and randomly 

illuminated the light above either the left or right lever, acting as the go signal. Rats were required 

to press the lever below the illuminated light within a brief time limit to receive food reward on 

go trials. The response time (RT) was measured as the amount of time between lever presses. In 

stop trials, the presentation of a tone following a varying stop signal delay (SSD) from go signal 

onset represented the stop signal, which instructed rats to countermand the lever press in order to 

obtain reward. Non-cancelled lever presses (as well as incorrect go trial responses) resulted in a 

10-s timeout (TO) interval. (B) The race model (Logan & Cowan, 1984) posits that an 

independent go and stop process, initiated by the go and stop signals respectively, race toward a 

threshold. The first process to cross the threshold wins the race and determines the behavioural 

outcome. Stop signal response time (SSRT) can be estimated by integrating the go trial RT 

distribution until the integral equals the point at which a response would be cancelled (i.e., the 

end of the stop process) given a particular SSD (i.e., the start of the stop process) (Adapted from 

Paré and Hanes, 2003). 

 

 

centre to target lever press was recorded as the go trial RT. Go trial responses were considered 

incorrect if a non-target lever was pressed or if the target lever was not pressed within the time 

limit and resulted in a TO interval. Stop trials were randomly presented on the other 25% of trials 

and incorporated a tone, acting as the stop-signal, at a predetermined SSD following go signal 
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onset. The stop-signal was audible for the remainder of the time limit plus an additional 300 ms 

and instructed subjects to countermand a lever press to receive food reward. A lever press made 

after the stop-signal was presented resulted in a TO interval. All trials were followed by a 5-s 

intertrial interval where only the house light was illuminated before the next trial could be 

initiated.  

 The SSD was set at 100 ms at the beginning of countermanding sessions and was 

adjusted throughout the session with a 100-ms step staircase procedure. Thus, on the subsequent 

stop trial within a session, SSD lengthened by 100 ms if a lever press was correctly inhibited or 

shortened by 100 ms if a non-cancelled lever press was made. The staircase procedure generated 

correct inhibition on approximately 50% of stop trials. Moreover, there were a number of stop 

trials in which rats made a lever press before the SSD had finished. In these instances, the trial 

was recorded as a non-cancelled response and SSD was reduced by 1 step; however the animal 

was rewarded as if it had correctly performed a go trial and no TO interval occurred. These 

instances were not included in the analysis of RT adjustments. Immediately prior to 

countermanding task sessions, animals were prepared for testing with a training block of 10 

consecutive go trials followed by 10 consecutive stop trials with a trial time limit of 1.5 s.  

 Subsequent to 1 month of intermittent countermanding task administration (2-4 

times/week) following prior drug treatments, rats in the 1
st
 cohort were randomly assigned to 2 

groups of 4 subjects and 1 group of 5 subjects, while rats in the 2
nd

 cohort were randomly 

assigned to 3 groups of 4 subjects. In a pseudo-Latin square design, groups were randomly 

administered each dose of acute yohimbine (0, 1.25, 2.5 mg/kg) once in 3 consecutive day blocks. 

Doses were based on similar ranges administered previously to investigate inhibitory control in 

rats (Sun et al., 2010; Torregrossa et al., 2012). On the 1
st
 day, all groups received administration 

of sterile water prior to countermanding task testing, allowing a vehicle-only behavioural 

monitoring session before each yohimbine treatment. On the 2
nd

 day groups received a dose of 
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yohimbine prior to countermanding task testing. Groups received no treatment or testing on the 

3
rd

 day, which allowed a 2-day washout period between yohimbine treatment sessions. Once 

groups had received each dose of yohimbine, a 2-week washout period with intermittent 

treatment-free countermanding testing (2-4 d/week) was conducted. Following the washout 

period, groups received each dose of yohimbine for a 2
nd

 time under the same treatment regimen. 

5.3.5 Data analysis 

 The Inhibition Function (IF), representing the number of non-cancelled responses at each 

SSD divided by the total number of stop trials at that SSD, was examined for each session of each 

subject. In the countermanding task there exists the possibility that trials appearing as correctly 

inhibited stop trials were actually failed go responses; therefore, the inhibition probability data 

were corrected using a procedure modified from Tannock and associates (1989): Y = (X-O)/(N-

O), where for a given SSD, Y is the corrected proportion of non-cancelled stop trials, X is the 

observed number of non-cancelled stop trials, N is the total number of stop trials and O is the 

proportion of omissions that occurred for all go trials. Increased SSD later in a session may be 

indicative of decreased motivation or attentiveness and can negatively impact SSRT estimation 

(Verbruggen et al., 2013). Thus, in sessions where SSD increased on a run of more than 2 

consecutive steps toward the end of a 1-h session and did not return toward the mean SSD of that 

session, all trials following the initiation of that run were excluded from analysis.  

 Individual sessions were excluded if rats did not exhibit an increase of at least 0.5 in their 

IF as SSD increased, as this is a prerequisite of appropriate countermanding task performance (cf. 

Kapoor and Murthy, 2008). Individual sessions were also omitted from analysis if they did not 

meet behavioral criteria (i.e., < 100 total trials, > 30% go trial errors, SSRT < 50 ms), each of 

which is suggestive of inappropriate task behaviour (e.g., Ghahremani et al., 2012). If an animal 

met criteria in both sessions for a particular dose of yohimbine, mean test values from both 

sessions were averaged for that subject.  
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 From the 1
st
 cohort, 0 mg/kg yohimbine sessions were omitted from analysis for 

containing < 100 trials (9/26 = 34.6%), SSRT < 50 ms (1/26 = 3.8%) or an IF that did not span at 

least 0.5 (2/26 = 7.7 %). One 1.25 mg/kg yohimbine session was omitted for containing < 100 

trials (3.8%). Two 2.5 mg/kg yohimbine sessions were omitted for either containing < 100 trials 

(1/26 = 3.8%) or > 30% go trial errors (1/26 = 3.8%). Overall, 15 out of 78 total sessions were 

omitted (19.2%) which necessitated the removal of 3 rats from the 1
st
 cohort because each did not 

meet criteria for either 0 mg/kg yohimbine session. From the 2
nd

 cohort, 0 mg/kg yohimbine 

sessions were omitted from analysis for containing < 100 trials (6/24 = 25%) or > 30% go trial 

errors (2/24 = 8.3%). Sessions following administration of 2.5 mg/kg yohimbine were omitted for 

containing < 100 trials (3/24 = 12.5%) or SSRT < 50 ms (1/24 = 4.2%). In total, 12 of 72 sessions 

were omitted (16.7%) which required the removal of 4 animals from the 2
nd

 cohort for not 

meeting criteria in either the two 0 mg/kg sessions (n = 3) or both 2.5 mg/kg yohimbine sessions 

(n = 1). This left a total of 18 rats for subsequent investigation, 10 from cohort 1 and 8 from 

cohort 2.  

 The integration method was utilized to estimate SSRT. This was based on the horse-race 

model of stop-task performance (Logan and Cowan, 1984), depicted in Figure 5.1B, which was 

recently validated for rat countermanding performance (Beuk et al., 2014). The integration 

method uses observable data in order to estimate the otherwise unobservable SSRT by estimating 

from the go trial RT distribution the instant when the stop process ends (i.e., the RT when the 

probability of making a non-cancelled response is x) and subtracting the beginning of the stop 

process (i.e., the SSD when the probability of making a non-cancelled response is x). First, the go 

trial RT distribution was integrated until the integral was equal to the RT where the probability of 

making a non-cancelled response was 0.5 to estimate the end of the stop process. Next, SSD runs 

were analyzed to estimate the SSD where the probability of making a non-cancelled response was 
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0.5 by finding the average of the mean of the peaks and valleys of each run and the midpoint of 

every second run (Levitt, 1971). This provided an estimate for the beginning of the stop process.  

 The RT coefficient of variation (CV) was calculated as the ratio of the standard deviation 

to the mean of the RT distribution (Bellgrove et al., 2004). Adaptive RT adjustments were 

examined by isolating blocks of 3 consecutive trials where correct go trials occurred prior to and 

following either: 1) a correct go trial, 2) a non-cancelled stop trial or 3) a cancelled stop trial. 

Because RT varied substantially for different rats, RT adjustments were standardized with a Z-

score for each individual trial sequence:  

 Z = [ go2RT(trial) - go1RT(mean) ] / go1RT(SD) 

For each rat, 3-trial RT sequences and Z-scores from both sessions following a particular dose of 

yohimbine were combined to determine overall mean RTs and Z-scores. Rats were excluded from 

RT adjustment analysis if less than 4 instances were observed for any of the interleaved trial 

sequences. This occurred for 7 animals in total, all of which had < 4 instances of 2 correct go 

trials interleaved with a non-cancelled stop trial in 0 mg/kg yohimbine sessions. 

 The IFs that were obtained for each animal following drug administration were converted 

into standardized relative finishing times described by Logan and Cowan (1984): ZRFT = [ 

goRT(mean) - SSD - SSRT ] / goRT(SD), where goRT(mean) and goRT(SD) are the mean and standard 

deviation of the RT in go trials. The standardized IF, which relates the probability of cancelled 

trials to ZRFT scores across animals, was fit with a Weibull function: W(ZRFT) =  - ( - ) • exp[-

ZRFT /)


], where  is the threshold (i.e., the ZRFT value at which the function reaches 64% of 

its full growth),  is the slope and  and  are the maximum and minimum values of the function 

respectively (Weibull, 1951). 

 Countermanding task performance variables (i.e., total # of trials, go trial RT, CV, % go 

errors, SSRT and adaptive RT adjustments) were calculated with custom written MATLAB 

scripts (The MathWorks Inc., Natick, MA). Statistical analysis was conducted with SPSS 
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software (IBM SPSS Statistics for Windows, Armonk, NY). Repeated measures Analysis of 

Variance (ANOVA) was conducted to analyze significant effects. All analyses were conducted 

using a significance level of 0.05. The Sidak correction was applied for multiple comparisons. 

Partial eta squared (ηp
2
) was utilized for effect size estimates. 

5.4 Results 

Total number of trials 

Animals (n = 18) performed significantly more total trials in 60-min countermanding task 

sessions following administration of yohimbine, as illustrated in Figure 5.2A. This finding was 

supported by a repeated measures ANOVA with dose as the within-subjects factor, which 

revealed a significant main effect (F(2, 34) = 13.59, p < 0.01, ηp
2
 = 0.44).  Post hoc pairwise 

comparisons revealed that rats performed more trials per session on average following 

administration of both 1.25- and 2.5-mg/kg yohimbine in comparison to vehicle (ps < 0.05).  

Go trial accuracy 

Within countermanding task sessions, yohimbine treatment also reduced the mean 

proportion of errors made on go trials for rats (n = 18), as displayed in Figure 5.2B. This finding 

was supported by a repeated measures ANOVA which found a significant main effect of dose 

(F(2, 34) = 3.40, p = 0.045, ηp
2
 = 0.17); however, pairwise post hoc comparisons did not reveal a 

significant difference in the proportion of errors made on go trials for rats administered either 

1.25 mg/kg (p = 0.26) or 2.5 mg/kg yohimbine (p = 0.09) compared to vehicle. 

Go trial RT  

Mean go trial RT was significantly shorter for rats (n = 18) following administration of 

yohimbine compared to vehicle, as shown in Figure 5.2C. A repeated measures ANOVA with 

dose of yohimbine as the within-subjects factor revealed a significant main effect (F(2, 34) = 

10.81, p < 0.01, ηp
2
 = 0.39).  Post hoc pairwise comparisons revealed that rats exhibited short 

RTs following administration of both 1.25 and 2.5 mg/kg yohimbine in comparison to vehicle  
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Figure 5.2: Effects of yohimbine on countermanding task responding. 

Mean (± standard error of the mean [SEM]) total number of trials (A), proportion of total go trials 

in which an error was committed (B) and go trial response time (C) per 60-min countermanding 

task session performed by rats (n = 18) following the administration of yohimbine (0, 1.25 or 2.5 

mg/kg; i.p.; †significant main effect with repeated measures ANOVA; *significant difference 

from vehicle with follow-up Sidak adjusted pairwise comparisons; p < 0.05). 

 

 

(ps < 0.05). The CV ± standard error of the mean (SEM) of RTs was not significantly different 

for rats following administration of 0 (0.31 ± 0.02), 1.25 mg/kg (0.31 ± 0.02) or 2.5 mg/kg (0.30 

± 0.01) of yohimbine. A repeated measures ANOVA did not reveal a significant main effect of 

dose (F(2, 34) = 0.83, p = 0.44, ηp
2
 = 0.05). 

SSRT 

 SSRT did not change significantly overall for rats (n = 18) administered yohimbine 

compared to vehicle, as illustrated in Figure 5.3A. A repeated measures ANOVA with dose of 

yohimbine as the within-subjects factor did not reveal a significant main effect (F(2, 34) = 0.79,   
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Figure 5.3: Effects of yohimbine on stopping in the countermanding task. 

(A) Mean (± SEM) stop signal response time (SSRT) for rats (n = 18) performing the 

countermanding task following the administration of yohimbine (0, 1.25 or 2.5mg/kg). (B) 

Percent change in SSRT for rats (n = 18) following administration of 1.25 mg/kg (black circles) 

or 2.5 mg/kg (gray diamonds) of yohimbine (i.p.) in comparison to SSRT following 

administration of vehicle (*significant Pearson correlation; p < 0.05). (C) Percent change in 

SSRT from vehicle for rats (n = 18) treated with 1.25 mg/kg yohimbine (YOH) compared to 

percent change in SSRT from vehicle for animals treated with 2.5 mg/kg YOH (*significant 

Pearson correlation; p < 0.05). 

 

 

p = 0.46, ηp
2
 = 0.04). Because rats displayed variability in baseline SSRT and previous rodent 

countermanding investigations have observed baseline-dependent effects of stimulant treatment 

on SSRT, we correlated SSRT following administration of vehicle with the percent change in 

SSRT following treatment with 1.25 and 2.5 mg/kg yohimbine. As depicted in Figure 5.3B, 

animals that exhibited shorter SSRT following vehicle administration displayed lengthening of 

SSRT following yohimbine treatment, whereas rats with longer SSRT in vehicle administration 
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sessions displayed shortening of SSRT following yohimbine treatment. These results were 

supported by Pearson correlations, which revealed that SSRT following vehicle administration 

was significantly negatively correlated with the percent change in SSRT from vehicle following 

administration of both 1.25 mg/kg (r = -0.59, p = 0.01) and 2.5 mg/kg (r = -0.54, p = 0.02) of 

yohimbine.  

As further support for baseline-dependent changes in SSRT for rats treated with 

yohimbine in comparison to vehicle, the percent change in SSRT from vehicle following 

treatment with 1.25 mg/kg yohimbine was significantly positively correlated with the percent 

change in SSRT from vehicle following administration of 2.5 mg/kg yohimbine (r = 0.73, p < 

0.01), as illustrated in Figure 5.3C. Alternatively, percent change in SSRT from vehicle 

administration was not significantly correlated with percent change in go trial RT from vehicle 

administration for sessions following administration of either 1.25 mg/kg (r = -0.1, p = 0.69) or 

2.5 mg/kg (r = -0.24, p = 0.34) of yohimbine. 

ZRFT 

Administration of yohimbine did not have a significant effect on the IFs of rats (n = 18) 

performing the countermanding task. Figure 5.4 displays standardized relative finishing time 

(ZRFT) modelled with a best-fit Weibull curve for sessions following yohimbine treatment (see 

equation parameters in Figure 5.4 caption). The best-fit curves were not substantially different, as 

the Weibull model of the IF calculated with the data following yohimbine treatment was 

accounted for nearly as well by the Weibull model of the vehicle session IF. The coefficient of 

determination (R
2
) for the model fitting the 1.25 mg/kg yohimbine treatment session was 0.61, 

whereas that of the vehicle model was 0.59 for the same data. The R
2
 for the model fitting the 2.5 

mg/kg yohimbine treatment session was 0.59, while that of the vehicle model was 0.58 for the 

same data. The R
2
 of the fit to the vehicle data was 0.51. Finally, we converted the ZRFT data 

obtained from rats following each administration of yohimbine into cumulative probability  
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Figure 5.4: Effects of yohimbine on standardized relative finishing time. 

Probability of successfully cancelled stop trials as a function of standardized relative finishing 

time [ZRFT = goRT(mean) - SSD - SSRT ] / goRT(SD)] for rats (n = 18) performing the 

countermanding task following the administration of 0 (black dots, ―), 1.25 mg/kg (dark gray 

circles, ---), or 2.5 mg/kg (light gray diamonds, - • -) of yohimbine (i.p.). Parameters of the best-fit 

Weibull curves were: α = 0.24, β = 4.86, γ = 0.82, δ = 0.11 (0 mg/kg); α = 0.48, β = 6.55, γ = 

0.89, δ = 0.17 (1.25 mg/kg); α = 0.61, β = 4.18, γ = 1.0, δ = 0.08 (2.5 mg/kg). 

 

 

distributions and tested whether these were statistically different. Two-sample Kolmogorov-

Smirnov tests did not reveal a significant difference in the IF distributions between vehicle and 

1.25 mg/kg yohimbine (D = 0.10, p = 0.31) or 2.5 mg/kg yohimbine (D = 0.08, p = 0.68). 
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Adaptive RT adjustments 

Adaptive RT adjustments were examined in rats (n = 11) performing the countermanding 

task by isolating sequences of 3 consecutive trials and observing the change in RT for 2 correctly 

performed go trials that were interleaved with either: a) a correct go trial, b) a cancelled stop trial, 

or c) a non-cancelled stop trial. As illustrated in Figure 5.5, adaptive RT adjustments were not 

significantly different for animals following administration of either dose of yohimbine or 

vehicle. A repeated measures ANOVA with the interleaved trial type (go, cancelled or non-

cancelled), dose (0, 1.25, 2.5 mg/kg of yohimbine) and trial RT (Go1, Go2) as factors did not 

reveal significant main effects of interleaved trial type (F(2,20) = 1.86, p = 0.18, ηp
2
 = 0.16), dose 

(F(2,20) = 2.58, p = 0.10, ηp
2
 = 0.21) or trial RT (F(1,10) = 0.49, p = 0.50, ηp

2
 = 0.05). The 

interaction between interleaved trial type and trial RT was significant (F(2,20) = 3.61, p = 0.05, 

ηp
2
 = 0.27). This effect occurred when doses were combined and appeared to result from the 

difference in the change of RT following cancelled, compared to non-cancelled stop trials, as 

overall mean ± SEM go trial RT was shorter on trials following (595 ± 27 ms), compared to 

preceding (609 ± 26 ms) a cancelled stop trial, whereas overall mean ± SEM go trial RT was 

longer on trials following (607 ± 28 ms) compared to preceding (581 ± 27 ms) a non-cancelled 

stop trial. No other interactions reached statistical significance (ps > 0.05). The change in RT 

following each of the 3 interleaved trial types was converted to a Z score based on the distribution 

of RTs from go trials preceding that interleaved trial type for each session to account for the 

variability in RT among different animals (data not shown). A repeated measures ANOVA with 

interleaved trial type (go, cancelled or non-cancelled) and dose (0 ,1.25- or 2.5-mg/kg of 

yohimbine) did not reveal a significant main effect of the interleaved trial type (F(2,20) = 2.09, p 

= 0.15, ηp
2
 = 0.17), the dose (F(2,20) = 0.57, p = 0.58, ηp

2
 = 0.05), nor a significant interaction 

(F(4,40) = 0.97, p = 0.43, ηp
2
 = 0.09). 
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Figure 5.5: Effects of yohimbine on adaptive response time adjustments. 

Mean (± SEM) response time for go trials that occurred immediately prior to (Go1) and following 

(Go2) either a go trial, a cancelled stop trial or a non-cancelled stop trial for rats (n = 11) 

performing the countermanding task following the administration of either 0 mg/kg (black bars), 

1.25 mg/kg (dark gray bars) or 2.5 mg/kg (light gray bars) of yohimbine (i.p.).     

 

 

5.5 Discussion 

Acute administration of the NE α2 receptor antagonist yohimbine resulted in shorter go 

trial RT, an increase in the total number of trials performed per session and a decrease in the 

proportion of go trial errors for rats tested in the countermanding task. Behavioural inhibition was 

affected by yohimbine in a baseline-dependent manner in the countermanding task, whereby  

acute yohimbine treatment resulted in SSRT lengthening for rats that were faster baseline 

stoppers and SSRT shortening for slower baseline stoppers. Finally, rats exhibited more RT 

lengthening following non-cancelled stop trials in comparison to cancelled stop trials in general; 

however an effect of yohimbine on adaptive RT adjustments was not observed. 
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Observations of RT shortening, improved response accuracy and the performance of 

more total trials following yohimbine administration have been previously reported. For example, 

Hosking and associates (2015) observed shorter RT, decreased omissions and an increase in the 

total number of trials completed for rats performing a cognitive effort task following acute 

administration of 1.0 and 2.0 mg/kg of yohimbine compared to placebo. Shorter response latency 

and decreased omissions were demonstrated for rats performing the 5-CSRTT or delay 

discounting task following administration of similar (1.0 - 2.5 mg/kg), but not higher (5.0 mg/kg) 

doses of yohimbine (Sun et al., 2010; Schwager et al., 2014). Humans performing choice RT 

tasks have tended to exhibit shorter RTs as well as increased accuracy following administration of 

30 mg of yohimbine, in comparison to placebo (Halliday et al., 1989). Swann and colleagues 

(2005, 2013) further revealed shorter RTs following yohimbine treatment (30 - 40 mg) for 

humans performing an immediate memory task.  

 It is possible that the decrease in the proportion of go trial errors observed presently 

following yohimbine administration was related to the overall shortening of go trial RT. To 

promote fast responding in the countermanding task, the amount of time allowed for go trial 

responses was slightly less than the longest RTs in the go trial RT distribution for each animal. 

Therefore, it would be expected that RT shortening may reduce the number of trials in which RT 

would be longer than the time limit, resulting in the observation of decreased go trial errors. 

Support for this hypothesis comes from experiments that demonstrated improved response 

accuracy or a decrease in omissions following yohimbine treatment (1.0 - 2.5 mg/kg) in tasks 

where not appropriately responding before a short time limit was considered an error (Sun et al., 

2010; Brown et al., 2012; Schwager et al., 2014; Hosking et al., 2015). Alternatively, studies 

employing tasks that may have had less stringent time limits for responding or did not report go 

trial omissions as errors in their analysis did not observe improved accuracy following treatment 

with 1.0 - 6.0 mg/kg of yohimbine (Swann et al., 2005, 2013; Caetano et al., 2012; Montes et al., 
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2015; Phelps et al., 2015). Torregrossa and colleagues (2012) did not observe a significant change 

in omissions following the administration of 0.625 - 2.5 mg/kg of yohimbine administration for 

rats tested in the 5-CSRTT with a short time limit; however, their baseline proportion of 

omissions was low, which may have occluded a significant effect. Together, these observations 

tend to support improved response accuracy following yohimbine treatment as a result of RT 

shortening in tasks that require fast RTs to avoid errors of omission.  

Rats performing the countermanding task in the present study displayed greater 

lengthening of RTs following non-cancelled stop trials as opposed to cancelled stop trials, as 

revealed by a significant interaction; however, the adaptive RT adjustments observed following 

vehicle administration in the present experiment were not nearly as robust as the RT shortening 

following consecutive go trials and the RT lengthening following non-cancelled stop trials that 

have been presented in previous rodent countermanding task experiments (Beuk et al., 2014; 

Mayse et al., 2014). This is somewhat concerning because animals from the first cohort of the 

present experiment were included in previous analyses from Beuk and colleagues in which 

shortening of RT following consecutive go trials and lengthening of RT following non-cancelled 

stop trials was revealed to be significant in vehicle, but not d-amphetamine treatment sessions 

that were conducted approximately 1 month prior to the present investigation. Moreover, animals 

from the 2nd cohort had previously demonstrated significant RT shortening following 

consecutive correct go trials and RT lengthening following non-cancelled stop trials in 

countermanding task sessions with a 10 s, but not a 1 s post-error timeout interval approximately 

6 months prior to testing in the present investigation. 

It is possible that multiple administrations of yohimbine resulted in long-term attenuation 

of adaptive RT adjustments. Rats treated with systemic yohimbine (1.0 - 3.0 mg/kg) were 

significantly impaired in the ability to shift choice from initially preferable responses in 

probabilistic discounting tasks (Schwager et al., 2014; Montes et al., 2015). Rats also exhibited a 
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significant increase in the number of consecutive performance errors in a memory-guided task 

following administration of 1.0 - 6.0 mg/kg of yohimbine (Caetano et al., 2012). These results 

suggest that acute yohimbine may induce perseverative, inflexible choice behaviour and impaired 

ability to adaptively adjust performance. The long-term physiological and behavioural effects of 

yohimbine treatment are not well understood and require further elucidation.  

It may be that the advanced age of our animals at the time of the present experiment 

revealed an attenuation of adaptive RT adjustments. Unpublished data from our lab suggests that 

this may not be the case, as rats from the 1
st
 cohort of the present investigation exhibited 

relatively consistent RT lengthening following non-cancelled stop trials at an early and later stage 

of the adult lifespan prior to testing in the present investigation. This is in agreement with Hu and 

associates (2012), who reported adaptive RT adjustments in humans that did not vary 

substantially into old age. Regardless, changes in adaptive RT adjustments for rats performing the 

countermanding task throughout the lifespan deserve further in depth review. 

The increased total number of trials performed following yohimbine treatment that was 

observed presently is consistent with reports of increased responding for reward with yohimbine. 

Rats administered 0.6 - 2.5 mg/kg of acute yohimbine demonstrated a significant increase in the 

rate of responding for reward on a fixed-interval schedule (Sanger, 1988). Significantly increased 

lever press responding for food reward following 1.0 and 2.5 mg/kg of yohimbine was also 

evident for rats during trials in which reward could be co-presented with foot-shock, a 

manipulation that typically reduces response rates (Sethy and Winter, 1972).  Furthermore, 

systemic yohimbine (2.0 mg/kg), compared to vehicle, resulted in a significant increase in 

synaptic NE in the frontal cortex of rats that was associated with greater locomotor activity in a 

novel arena (Mason et al., 1998). The novelty of the arena may have mediated the locomotor 

effects, as significantly increased locomotor activity has not generally been reported for rodents 

administered yohimbine at doses (0.5 - 2.5 mg/kg) similar to those tested in the present 



 

159 

 

experiment (Pellow et al., 1985; Chopin et al., 1986; Chen et al., 2015). Similarly, rats exhibited 

significantly shorter choice RT following treatment with 1.0 - 3.0 mg/kg of yohimbine in the 

probabilistic discounting task; however, they did not display a significant change in measured 

locomotor activity (Montes et al., 2015). Increased responding for reward following yohimbine 

treatment did not likely result from increased hunger, as rats failed to exhibit increased food 

intake following 1.0 mg/kg of acute yohimbine (Sanger, 1983), a result that has similarly been 

observed in mice (Callahan et al., 1984; see also Wellman, 2000). Thus, it is unlikely that the 

changes in go trial performance observed in the present study could be directly attributable to 

general increased locomotor behaviour or hunger induced by yohimbine. More likely, the 

observations that acute yohimbine resulted in shorter go trial RTs and more overall trials 

performed in the countermanding task suggest that yohimbine increased motivated reward-

seeking responding at the doses tested in the present experiment. This conclusion is in agreement 

with previous investigations of reinstatement of reward-seeking, which have revealed increased 

reward-seeking behaviour following the acute treatment of 1.25 - 2.5 mg/kg of yohimbine  in rats 

(Shepard et al., 2004; Ghitza et al., 2005; Feltenstein and See, 2006).  

Yohimbine exhibits competitive antagonism at both pre- and post-synaptic NE α2 

receptors; however, the behavioural effects of yohimbine administered at doses similar to those 

used in the present study are thought to be mediated primarily through the inhibition of 

autoreceptors in forebrain regions of the rat, including the striatum and cerebral cortex, ultimately 

increasing extracellular NE (Brown et al., 1990; Holmes and Quirk, 2010; Phan et al., 2015). 

Enhancement of synaptically available NE in the prefrontal cortex is commonly associated with 

better performance in tasks measuring inhibitory control (Arnsten and Pliszka, 2011). Yet, 

treatment with yohimbine has previously been associated with impaired behavioural inhibition. 

Swann and colleagues (2005, 2013) demonstrated increased errors of commission in an 

immediate memory task as a measure of impulsive responding following systemic yohimbine 
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administration (30 - 40 mg) that was associated with a significant increase in the NE metabolite 

3-methoxy-4-hydroxyphenylglycol but not the dopamine metabolite homovanillic acid in human 

plasma. In rats, acute yohimbine (0.625 - 2.5 mg/kg), compared to vehicle, significantly increased 

premature responding in the 5-CSRTT (Sun et al., 2010; Torregrossa et al., 2012) and delayed 

response task (Phelps et al., 2015). Stimulation of postsynaptic α2 receptors has been argued as 

crucial for behavioural inhibition (Arnsten, 2011); thus, it has been proposed that yohimbine-

induced inhibitory control impairment may result from increased extracellular NE concurrent 

with postsynaptic α2 receptor inhibition (Swann et al., 2013). 

In the present experiment, rats with longer baseline SSRTs in the countermanding task 

tended to exhibit SSRT shortening and rats with shorter baseline SSRTs tended to show SSRT 

lengthening following yohimbine administration. These baseline-dependent observations support 

an alternative hypothesis, that optimal levels of neurotransmitters are necessary for efficient 

behavioural inhibition; yohimbine may have increased extracellular NE to the benefit of slow 

stoppers and to the detriment of fast stoppers. Executive function, including inhibitory control, 

has been reported as dependent on extracellular levels of both NE and dopamine in an inverted-U 

function, with insufficient or excess neurotransmitter resulting in behavioural deficiencies (Cools 

and D’Esposito, 2011; Berridge and Arnsten, 2013). Similar baseline-dependent effects on SSRT 

in rats performing the countermanding task have been observed following acute treatment with 

0.25 - 1.0 mg/kg of d-amphetamine (Feola et al., 2000; Eagle and Robbins, 2003a; Beuk et al., 

2014). In the brain, d-amphetamine reverses vesicular and plasma membrane monoamine 

transporters, with the overall effect of increasing extracellular concentrations of dopamine and 

NE in particular (Jones et al., 1998; Robertson et al., 2009). Thus, the pharmacological action of 

both yohimbine and d-amphetamine putatively increase the amount of synaptically available NE 

and behaviourally reveal similar baseline-dependent effects on SSRT in the countermanding task. 

This presents an avenue for future research to directly demonstrate that animals with low baseline 
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extracellular NE exhibit improved behavioural inhibition in the countermanding task with 

pharmacological agents that increase synaptic NE, whereas animals with greater baseline 

extracellular NE become impaired. 

The observations of the present experiment provide further support that the activity of NE 

is a critical modulator of inhibitory control in the countermanding task. Chamberlain and 

colleagues (2006) reported significant shortening of SSRT for humans following treatment with 

atomoxetine, a selective NE reuptake blocker, compared to placebo. This finding was replicated 

in rats, particularly those that were slow baseline stoppers, who exhibited significant SSRT 

shortening following treatment with atomoxetine both systemically and infused directly into the 

dorsal prelimbic cortex or orbitofrontal cortex, whereas dopamine receptor antagonists 

administered peripherally or infused into the medial prefrontal cortex failed to significantly alter 

SSRT (Eagle et al., 2007; Robinson et al., 2008; Bari et al., 2009, 2011). Alternatively, dopamine 

D1-like receptor antagonists infused directly into the dorsomedial striatum but not the nucleus 

accumbens improved SSRT, whereas D2-like receptor antagonism impaired SSRT, illustrating 

that the effects of dopaminergic treatments on stopping in the countermanding task are less well-

defined  (Eagle et al., 2011). Nevertheless, Bari and Robbins (2013) provided further support for 

the role of α2 receptors in countermanding task behavioural inhibition, revealing SSRT 

shortening in rats following administration of the selective α2 receptor antagonist, atipamezole. 

Of note, yohimbine acts as a serotonin 5-HT1A receptor partial agonist at a relatively high 

affinity in rats, with only an approximate 4-fold preference for the NE α2 receptor over the 5-

HT1A receptor (Holmes and Quirk, 2010); however general manipulation of serotonin in rats has 

not resulted in any substantial alteration of stopping ability to date (Bari et al., 2009; Eagle et al., 

2009). Thus, the behavioural effects of the present experiment were most likely mediated by 

alterations in activity of NE in the brain produced by yohimbine binding at NE α2 receptors.  
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 It is possible that administration of yohimbine directly into the frontal cortex, as opposed 

to systemically, may reveal more pronounced effects on inhibitory control. Infusions of 

yohimbine directly into the prefrontal cortex of non-human primates impaired performance on a 

go/no-go task, whereby subjects made significantly more responses on no-go trials, without an 

apparent change in go trial performance (Ma et al., 2003). Moreover, Caetano and associates 

(2012) demonstrated perseverative responding to a previously rewarded choice in a memory-

guided task for rats administered yohimbine directly into the medial prefrontal cortex. Ma and 

associates (2015) have therefore suggested infusion of yohimbine into the frontal cortex as a 

possible animal model of ADHD. The observations of the current experiment do not necessarily 

indicate that rats treated with yohimbine exhibited behavioural deficits in the countermanding 

task comparable to the impaired inhibitory control observed in patients with ADHD (Alderson et 

al., 2007); however, the possibility exists that a more distinct deficit in countermanding task 

inhibitory control would be observed following infusions of yohimbine directly into the medial 

prefrontal cortex of rats. 

Conclusions 

 Acute treatment with the NE α2 receptor antagonist yohimbine resulted in shorter RTs, 

more total trials performed, less go trial errors and a baseline-dependent effect on stopping for 

rats performing the countermanding task. The observation that yohimbine-induced change in 

SSRT was baseline-dependent provides support for the hypothesis that optimal levels of synaptic 

NE promote appropriate inhibitory control in the countermanding task. The findings that RT was 

shortened and more trials were performed by rats following yohimbine treatment suggests that 

yohimbine encouraged motivated responding for reward in the countermanding task. The effects 

of yohimbine infused directly into the frontal cortex of rats performing the countermanding task 

may provide further insight into the neuropsychopharmacology of behavioural control and 

impairment. 



 

163 

 

5.5.1 Acknowledgements 

Supported by a grant from the Natural Science and Engineering Research Council of 

Canada to R.J.B., an Early Researcher Award from the Ontario Ministry of Research and 

Innovation and the Chancellor’s Award from Queen’s University to M.P., and an Ontario 

Graduate Scholarship to J.B. Thanks to L. Miller, C. Crandell and the Beninger lab for animal 

care assistance and J. Barber and E. Brunamonti for MATLAB assistance. There are no financial 

conflicts of interest to disclose. 

5.6 References 

Alderson RM, Rapport MD, Kofler MJ (2007) Attention-deficit/hyperactivity disorder and  

behavioral inhibition: a meta-analytic review of the stop-signal paradigm. J Abnorm 

Child Psychol 35:745-758. 

Arnsten AFT (2011) Catecholamine influences on dorsolateral prefrontal cortical networks.  

Biol Psychiatry 69:89-99. 

Arnsten AFT, Pliszka SR (2011) Catecholamine influences on prefrontal cortical function:  

Relevance to treatment of attention deficit/hyperactivity disorder and related disorders. 

Pharmacol Biochem Behav 99:211-216. 

Arnsten AT, Steere JC, Hunt RD (1996) The contribution of α2-noradrenergic mechanisms to  

prefrontal cortical cognitive function: Potential significance for attention-deficit 

hyperactivity disorder. Arch Gen Psychiatry 53:448-455. 

Aston-Jones G, Cohen JD (2005) An integrative theory of locus coeruleus-norepinephrine  

function: Adaptive gain and optimal performance. Annu Rev Neurosci 28:403-450. 

Bari A, Eagle DM, Mar AC, Robinson ESJ, Robbins TW (2009) Dissociable effects of  

noradrenaline, dopamine, and serotonin uptake blockade on stop task performance in rats. 

Psychopharmacology (Berl) 205:273-283. 



 

164 

 

Bari A, Mar AC, Theobald DE, Elands SA, Oganya KCNA, Eagle DM, Robbins TW (2011) 

 Prefrontal and monoaminergic contributions to stop-signal task performance in rats. J 

 Neurosci 31:9254-9263. 

Bari A, Robbins TW (2013a) Inhibition and impulsivity: Behavioral and neural basis of response  

control. Prog Neurobiol 108:44-79. 

Bari A, Robbins TW (2013b) Noradrenergic versus dopaminergic modulation of impulsivity,  

attention and monitoring behaviour in rats performing the stop-signal task: Possible 

relevance to ADHD. Psychopharmacology (Berl) 230:89-111. 

Bellgrove MA, Hester R, Garavan H (2004) The functional neuroanatomical correlates of  

response variability: Evidence from a response inhibition task. Neuropsychologia 

42:1910-1916. 

Berridge CW, Arnsten AFT (2013) Psychostimulants and motivated behavior: Arousal and  

cognition. Neurosci Biobehav Rev 37:1976-1984. 

Beuk J, Beninger RJ, Paré M (2014) Investigating a race model account of executive control in  

rats with the countermanding paradigm. Neuroscience 263:96-110. 

Bissett PG, Logan GD (2012) Post-stop-signal slowing: Strategies dominate reflexes and implicit  

learning. J Exp Psychol Percept Perform 38:746-757. 

Brown CM, MacKinnon AC, McGrath JC, Spedding M, Kilpatrick AT (1990) α2-Adrenoceptor  

subtypes and imidazoline-like binding sites in the rat brain. Br J Pharmacol 99:803-809. 

Brown II DC, Co MS, Wolff RC, Atzori M (2012) α-Adrenergic receptors in auditory cue  

detection: α2 receptor blockade suppresses false alarm responding in the rat. 

Neuropharmacology 62:2178-2183. 

Caetano MS, Jin LE, Harenberg L, Stachenfeld KL, Arnsten AF, Laubach M (2012)  

Noradrenergic control of error perseveration in medial prefrontal cortex. Front Integr 

Neurosci 6:125. 



 

165 

 

Callahan MF, Beales M, Oltmans GA (1984) Yohimbine and rauwolscine reduce food intake of  

genetically obese (obob) and lean mice. Pharmacol Biochem Behav 20:591-599. 

Chamberlain SR, Müller U, Blackwell AD, Clark L, Robbins TW, Sahakian BJ (2006)  

Neurochemical modulation of response inhibition and probabilistic learning in humans. 

Science 311:861-863. 

Chamberlain SR, Sahakian BJ (2007) The neuropsychiatry of impulsivity. Curr Opin Psychiatry  

20:255-261. 

Chen YW, Fiscella KA, Bacharach SZ, Tanda G, Shaham Y, Calu DJ (2015) Effect of yohimbine  

on reinstatement of operant responding in rats is dependent on cue contingency but not 

food reward history. Addict Biol 20:690-700. 

Chopin P, Pellow S, File SE (1986) The effects of yohimbine on exploratory and locomotor  

behaviour are attributable to its effects at noradrenaline and not at benzodiazepine 

receptors. Neuropharmacology 25:53-57. 

Cools R, D’Esposito M (2011) Inverted-U-shaped dopamine actions on human working  

memory and cognitive control. Biol Psychiatry 69:113-125. 

Eagle DM, Lehmann O, Theobald DE, Pena Y, Zakaria R, Ghosh R, Dalley JW, Robbins TW  

(2009) Serotonin depletion impairs waiting but not stop-signal reaction time in rats: 

implications for theories of the role of 5-HT in behavioral inhibition. 

Neuropsychopharmacology 34:1311-1321. 

Eagle DM, Robbins TW (2003) Inhibitory control in rats performing a stop-signal reaction- 

time task: Effects of lesions of the medial striatum and d-amphetamine. Behav Neurosci 

117:1302-1317. 

 

 



 

166 

 

Eagle DM, Tufft MRA, Goodchild HL, Robbins TW (2007) Differential effects of modafinil and 

 methylphenidate on stop-signal reaction time task performance in the rat, and interactions 

 with the dopamine receptor antagonist cis-flupenthixol. Psychopharmacology (Berl) 

 192:193-206. 

Eagle DM, Wong JCK, Allan ME, Mar AC, Theobald DE, Robbins TW (2011) Contrasting roles  

for dopamine D1 and D2 receptor subtypes in the dorsomedial striatum but not the 

nucleus accumbens core during behavioral inhibition in the stop-signal task in rats. J 

Neurosci 31:7349-7356. 

Emeric EE, Brown JW, Boucher L, Carpenter RH, Hanes DP, Harris R, Logan GD, Mashru RN,  

Paré M, Pouget P, Stuphorn V, Taylor TL, Schall JD (2007) Influence of history on 

saccade countermanding performance in humans and macaque monkeys. Vision Res 

47:35-49. 

Feltenstein MW, See RE (2006) Potentiation of cue-induced reinstatement of cocaine-seeking in  

rats by the anxiogenic drug yohimbine. Behav Brain Res 174:1-8. 

Feola TW, Wit H de, Richards JB (2000) Effects of d-Amphetamine and ethanol on a measure of  

behavioral inhibition in rats. Behav Neurosci 114:838-848. 

Ghahremani DG, Lee B, Robertson CL, Tabibnia G, Morgan AT, Shetler ND, Brown AK,  

Monterosso JR, Aron AR, Mandelkern MA, Poldrack RA, London ED (2012) Striatal 

dopamine D(2)/D(3) receptors mediate response inhibition and related activity in 

frontostriatal neural circuitry in humans. J Neurosci 32:7316-7324. 

Ghitza UE, Gray SM, Epstein DH, Rice KC, Shaham Y (2005) The anxiogenic drug yohimbine  

reinstates palatable food seeking in a rat relapse model: A role of CRF1 receptors. 

Neuropsychopharmacology 31:2188-2196. 



 

167 

 

Gurguis GNM, Uhde TW (1990) Plasma 3-methoxy-4-hydroxyphenylethylene glycol (MHPG) 

 and growth hormone responses to yohimbine in panic disorder patients and normal 

 controls. Psychoneuroendocrinology 15:217-224. 

Halliday R, Callaway E, Lannon R (1989) The effects of clonidine and yohimbine on human  

information processing. Psychopharmacology (Berl) 99:563-566. 

Holmes A, Quirk GJ (2010) Pharmacological facilitation of fear extinction and the search for 

 adjunct treatments for anxiety disorders - the case of yohimbine. Trends Pharmacol Sci 

 31:2-7. 

Hosking JG, Floresco SB, Winstanley CA (2015) Dopamine antagonism decreases willingness to 

 expend physical, but not cognitive effort: A comparison of two rodent cost/benefit 

 decision-making tasks. Neuropsychopharmacology 40:1005-1015. 

Hu S, Chao HH, Winkler AD, Li CS (2012) The effects of age on cerebral activations: internally  

versus externally driven processes. Front Aging Neurosci 4:4. 

Jäkälä P, Riekkinen M, Sirviö J, Koivisto E, Kejonen K, Matti, Riekkinen P (1999) Guanfacine,  

but not clonidine, improves planning and working memory performance in humans. 

Neuropsychopharmacology 20:460-470. 

Jones SR, Gainetdinov RR, Wightman RM, Caron MG (1998) Mechanisms of amphetamine  

action revealed in mice lacking the dopamine transporter. J Neurosci 18:1979-1986. 

Kapoor V, Murthy A (2008) Covert inhibition potentiates online control in a double-step task. J  

Vis 8:20.1-16. 

Kovács P, Hernádi I (2003) Alpha2 antagonist yohimbine suppresses maintained firing of rat  

prefrontal neurons in vivo. Neuroreport 14:833-836. 

Lappin JS, Eriksen CW (1966) Use of a delayed signal to stop a visual reaction-time response. J  

Exp Psychol 72:805-811. 



 

168 

 

Levitt H (1971) Transformed up‐down methods in psychoacoustics. J Acoust Soc Am 49:467-

 477. 

Lipszyc J, Schachar R (2010) Inhibitory control and psychopathology: A meta-analysis of studies  

using the stop signal task. J Int Neuropsychol Soc 16:1064-1076. 

Logan GD (1994) On the ability to inhibit thought and action: A users’ guide to the stop signal  

paradigm. In: Inhibitory processes in attention, memory, and language (Dagenbach D, 

Carr TH, eds), pp 189-239. San Diego, CA, US: Academic Press. 

Logan GD, Cowan WB (1984) On the ability to inhibit thought and action: A theory of an act of  

control. Psychol Rev 91:295-327. 

Logan GD, Schachar RJ, Tannock R (1997) Impulsivity and inhibitory control. Psychol Sci  

8:60-64. 

Logemann HNA, Böcker KBE, Deschamps PKH, Kemner C, Kenemans JL (2013) The effect of  

noradrenergic attenuation by clonidine on inhibition in the stop signal task. Pharmacol 

Biochem Behav 110:104-111. 

Ma CL, Qi XL, Peng JY, Li BM (2003) Selective deficit in no-go performance induced by 

 blockade of prefrontal cortical alpha 2-adrenoceptors in monkeys. Neuroreport 14:1013-

 1016. 

Ma CL, Sun X, Luo F, Li BM (2015) Prefrontal cortical α2A-adrenoceptors and a possible  

primate model of attention deficit and hyperactivity disorder. Neurosci Bull 31:227-234. 

Mason K, Heal DJ, Stanford SC (1998) The anxiogenic agents, yohimbine and FG 7142,  

disrupt the noradrenergic response to novelty. Pharmacol Biochem Behav 60:321-327. 

Mason ST, Iversen SD (1977) Effects of selective forebrain noradrenaline loss on behavioral  

inhibition in the rat. J Comp Physiol Psychol 91:165-173. 

Mayse JD, Nelson GM, Park P, Gallagher M, Lin SC (2014) Proactive and reactive inhibitory  

control in rats. Front Neurosci 8:104. 



 

169 

 

Montes DR, Stopper CM, Floresco SB (2015) Noradrenergic modulation of risk/reward decision  

making. Psychopharmacology (Berl) 232:2681-2696. 

Müller U, Clark L, Lam ML, Moore RM, Murphy CL, Richmond NK, Sandhu RS, Wilkins IA,  

Menon DK, Sahakian BJ, Robbins TW (2005) Lack of effects of guanfacine on executive 

and memory functions in healthy male volunteers. Psychopharmacology (Berl) 182:205-

213. 

Pellow S, Chopin P, File SE, Briley M (1985) Validation of open : closed arm entries in an 

 elevated plus-maze as a measure of anxiety in the rat. J Neurosci Methods 14:149-167. 

Peskind ER, Veith RC, Dorsa DM, Gumbrecht G, Raskind MA (1989) Yohimbine increases  

cerebrospinal fluid and plasma norepinephrine but not arginine vasopressin in humans. 

Neuroendocrinology 50:286-291. 

Phan JA, Landau AM, Wong DF, Jakobsen S, Nahimi A, Doudet DJ, Gjedde A (2015)  

Quantification of [(11)C]yohimbine binding to α2 adrenoceptors in rat brain in vivo. J 

Cereb Blood Flow Metab 35:501-511. 

Phelps CE, Mitchell EN, Nutt DJ, Marston HM, Robinson ESJ (2015) Psychopharmacological  

characterisation of the successive negative contrast effect in rats. Psychopharmacology 

(Berl) 232:2697-2709. 

Riba J, Rodríguez-Fornells A, Morte A, Münte TF, Barbanoj MJ (2005) Noradrenergic  

stimulation enhances human action monitoring. J Neurosci 25:4370-4374. 

Robbins TW, Arnsten AFT (2009) The neuropsychopharmacology of fronto-executive  

function: Monoaminergic modulation. Annu Rev Neurosci 32:267-287. 

Robertson SD, Matthies HJG, Galli A (2009) A closer look at amphetamine-induced reverse  

transport and trafficking of the dopamine and norepinephrine transporters. Mol Neurobiol 

39:73-80. 



 

170 

 

Robinson ES, Eagle DM, Mar AC, Bari A, Banerjee G, Jiang X, Dalley JW, Robbins TW (2008) 

 Similar effects of the selective noradrenaline reuptake inhibitor atomoxetine on three 

 distinct forms of impulsivity in the rat. Neuropsychopharmacology 33:1028-1037. 

Sanger DJ (1983) An analysis of the effects of systemically administered clonidine on the food  

and water intake of rats. Br J Pharmacol 78:159-164. 

Sanger DJ (1988) Behavioural effects of the α2-adrenoceptor antagonists idazoxan and  

yohimbine in rats: Comparisons with amphetamine. Psychopharmacology (Berl) 96:243-

249. 

Schachar RJ, Chen S, Logan GD, Ornstein TJ, Crosbie J, Ickowicz A, Pakulak A (2004)  

Evidence for an error monitoring deficit in attention deficit hyperactivity disorder. J 

Abnorm Child Psychol 32:285-293. 

Schwager AL, Haack AK, Taha SA (2014) Impaired flexibility in decision making in rats after  

administration of the pharmacological stressor yohimbine. Psychopharmacology (Berl) 

231:3941-3952. 

Sethy VH, Winter JC (1972) Effects of yohimbine and mescaline on punished behavior in the rat.  

Psychopharmacologia 23:160-166. 

Shepard JD, Bossert JM, Liu SY, Shaham Y (2004) The anxiogenic drug yohimbine reinstates  

methamphetamine seeking in a rat model of drug relapse. Biol Psychiatry 55:1082-1089. 

Steere JC, Arnsten AFT (1997) The α-2A noradrenergic receptor agonist guanfacine improves  

visual object discrimination reversal performance in aged rhesus monkeys. Behav 

Neurosci 111:883-891. 

Sun H, Green TA, Theobald DE, Birnbaum SG, Graham DL, Zeeb FD, Nestler EJ, Winstanley  

CA (2010) Yohimbine increases impulsivity through activation of cAMP response 

element binding in the orbitofrontal cortex. Biol Psychiatry 67:649-656. 



 

171 

 

Swann AC, Birnbaum D, Jagar AA, Dougherty DM, Moeller FG (2005) Acute yohimbine 

 increases laboratory-measured impulsivity in normal subjects. Biol Psychiatry 57:1209-

 1211. 

Swann AC, Lijffijt M, Lane SD, Cox B, Steinberg JL, Moeller FG (2013) Norepinephrine and  

impulsivity: Effects of acute yohimbine. Psychopharmacology (Berl) 229:83-94. 

Tannock R, Schachar RJ, Carr RP, Chajczyk D, Logan GD (1989) Effects of methylphenidate on  

inhibitory control in hyperactive children. J Abnorm Child Psychol 17:473-491. 

Torregrossa MM, Xie M, Taylor JR (2012) Chronic corticosterone exposure during adolescence 

 reduces impulsive action but increases impulsive choice and sensitivity to yohimbine in 

 male Sprague-Dawley rats. Neuropsychopharmacol 37:1656-1670. 

Verbruggen F, Chambers CD, Logan GD (2013) Fictitious inhibitory differences: how skewness  

and slowing distort the estimation of stopping latencies. Psychol Sci 24:352-362. 

Verbruggen F, Logan GD (2009) Proactive adjustments of response strategies in the stop-signal  

paradigm. J Exp Psychol Percept Perform 35:835-854. 

Virtanen R, Savola JM, Saano V (1988) Highly selective and specific antagonism of central and  

peripheral alpha 2-adrenoceptors by atipamezole. Arch Int Pharmacodyn Thérapie 

297:190-204. 

Weibull W (1951) A statistical distribution function of wide applicability. J Appl Mech-Trans  

ASME 18:293-297. 

Wellman PJ (2000) Norepinephrine and the control of food intake. Nutrition 16:837-842. 

 

 

 

 

 



 

172 

 

Chapter 6 

General Discussion 

The present investigations revealed cognitive flexibility in rats performing the 

countermanding task in the form of adaptive RT adjustment on a trial-to-trial basis and proactive 

RT lengthening in expectation of stop trials, possibly to avoid unrewarded timeout punishments. 

Behavioural changes within the adult lifespan of rats performing the countermanding task that 

resembled changes observed in humans were also discovered. Finally, acute administration of 

treatments that putatively increased extracellular dopamine and norepinephrine in the brain of rats 

resulted in differential effects on responding and stopping in the countermanding task.  

In chapter 2, the horse-race model developed to account for human countermanding task 

performance by Logan and Cowan (1984) was shown to account for the behaviour of rats in the 

countermanding task. This finding was previously presented in Master’s thesis form and 

subsequently included in a report by Beuk and colleagues (2014) as a crucial first step in 

validating the rodent countermanding paradigm. A novel discovery of the present investigation, 

which was also included in the report by Beuk and associates, was that rats exhibited adaptive RT 

adjustments in the countermanding task, significantly shortening RT following consecutive 

correct go trials and lengthening RT following non-cancelled, but not cancelled stop trials. 

Furthermore, the current experiment was the first to utilize a choice response countermanding 

task in rats to reveal significant RT shortening and baseline-dependent changes in SSRT, which 

were observed as SSRT lengthening for fast stopping vehicle-treated animals and SSRT 

shortening for slow stopping vehicle-treated animals, following acute administration with 0.25 - 

0.5 mg/kg of d-amphetamine. Acute d-amphetamine treatment further impaired adaptive RT 

adjustments in rats, a finding that highlighted a behavioural distinction between stopping and 
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performance monitoring as dissociable and testable measures of executive control in rodent 

countermanding task performance. 

In chapter 3, rats performing the countermanding task were confirmed to demonstrate 

significant RT shortening following consecutive correct go trials and RT lengthening following 

non-cancelled stop trials in sessions where errors resulted in a 10-s timeout interval; however, 

significant adaptive RT adjustments were not observed in sessions with a post-error 1-s timeout 

interval. Another novel finding of this study was that the RTs of rats performing go trials in the 

countermanding task were significantly longer than the RTs of rats performing a simple RT task 

consisting of 100% go trials. Importantly, for countermanding task sessions that were compared 

to simple RT task sessions, the finding that RT was shorter following consecutive correct go trials 

and longer following non-cancelled, but not cancelled stop trials in sessions with a post-error 10-s 

timeout interval was replicated. Moreover, rats exhibited adaptive RT lengthening in the simple 

RT task following go trial errors that resulted in a 10-s timeout interval. These findings support 

the hypothesis that rats performing the countermanding task engaged executive control networks 

to proactively and reactively lengthen RTs in order to increase the likelihood that responses were 

correct and avoid long, unrewarded timeout intervals. 

In chapter 4, changes in countermanding task performance within the adult lifespan of 

rats were explored for the first time. On average, it was revealed that rats at 12, compared to 7 

months of age performed significantly less total trials in 1-h countermanding task sessions, 

exhibited longer go trial RTs and made more errors on go trials. A significant change in SSRT 

was not observed. Adaptive RT adjustments of rats performing the countermanding task also did 

not appear to change substantially within the adult lifespan, as animals exhibited comparable RT 

lengthening following non-cancelled stop trials at both 7 and 12 months of age. These findings 

have important implications for future rodent countermanding task investigations, suggesting that 

the age of animals may be an important factor in the interpretation of results. Furthermore, 
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similarities between the changes observed in rats and humans performing the countermanding 

task within the adult lifespan suggest that rodent countermanding may be an appropriate model 

for future research into the neural mechanisms of age-related behavioural impairment. 

Finally, chapter 5 examined the effects of acute treatment with the α2 norepinephrine 

receptor antagonist yohimbine (1.25, 2.5 mg/kg) on countermanding task performance. This 

experiment was the first to demonstrate significant go trial RT shortening, as well as a significant 

increase in go trial accuracy and total number of trials performed in 1-h countermanding task 

sessions following acute yohimbine treatment. Yohimbine was also discovered to alter SSRT in a 

baseline-dependent manner, with SSRT lengthening observed for vehicle-treated rats with shorter 

SSRTs and SSRT shortening observed for vehicle-treated rats with longer SSRTs. Finally, when 

adaptive RT adjustments for each dose of yohimbine treatment were combined, greater RT 

lengthening was observed following non-cancelled stop trials in comparison to cancelled stop 

trials; however, an effect of yohimbine on adaptive RT adjustments was not detected. These 

results support the hypotheses that acute systemic yohimbine treatment increased motivated 

reward-seeking behaviour and that behavioural inhibition in the countermanding task relied upon 

optimal synaptic availability of the monoamine neurotransmitters norepinephrine and dopamine. 

The necessary exclusion of particular animals, sessions or data sets from analysis was a 

limitation of the investigative approach utilized in these experiments. Throughout training, a 

minority of rats was unable to acquire countermanding task behaviour that consistently met 

suitable performance criteria. These rats were omitted from subsequent testing. Further study of 

these subjects may have been of particular interest, as their inability to acquire or express 

appropriate behaviour in the countermanding task may have been a reflection of an underlying 

deficit in a specific neural control system. Unfortunately, the ability to consistently perform the 

countermanding task in treatment-free or control sessions is a prerequisite for appropriate 

assessment of behavioural control in this task (Logan and Cowan, 1984; Logan, 1994; Eagle et 
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al., 2007). Since the number of rats that could not meet performance criteria was small, it was 

well beyond the scope of the present investigation to further analyze the behavioural impairments 

that led to inappropriate countermanding task performance with independent assessments.  

Increasing the number of animals at the onset of training is one potential compensation 

mechanism for the potential loss of test subjects. Indeed, undersized test cohorts have been 

considered a contributing factor for unreliable conclusions made by various neuroscience reports 

(Button et al., 2013). Thus, an increase in sample size would not only minimize the concern of 

losing potential test subjects because of poor performance, but would also increase the power of 

statistical findings. In the present investigations, the Canadian Council on Animal Care 

guidelines, which recommend replacement, reduction and refinement of animals used in science, 

was strictly followed (Demers et al., 2006). Thus, minimizing the number of animals tested was 

an important consideration in the project planning phase. 

For rats that did learn to consistently perform the countermanding task appropriately, 

some individual sessions were omitted from analysis for not meeting behavioural criteria within 

that session. Behaviours that were deemed inappropriate included a flat inhibition function that 

did not exhibit an increase of at least 0.5 as the stop signal delay increased (cf. Kapoor and 

Murthy, 2008), less than 100 total trials performed or errors on greater than 30% of go trials 

within a session or an estimated SSRT of less than 50 ms (cf. Ghahremani et al., 2012). 

Moreover, data toward the end of individual sessions were excluded from analysis if the SSD 

exhibited an increase that did not return to typical levels for that session (Verbruggen et al., 

2013).  

These measures were implemented in order to exclude the analysis of behaviours that 

could potentially be corrupted by additional confounding variables, such as decreased motivation 

or vigilance. Thus, these exclusions assisted in ensuring that the most precise estimates of the 

ability to make or countermand a prepotent response were made. It is important that performance 
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in countermanding task sessions fit within these parameters, which suggests that animals are 

following task instructions and allows the appropriate application of models that estimate SSRT 

(Logan and Cowan, 1984; Logan et al., 2014). Therefore, it is believed that restricting analysis to 

data sets where appropriate countermanding task behaviour was demonstrated strengthened the 

observations of the present experiments and reduced the possibility of false interpretation.  

To counteract the possibility that subjects would be excluded from analysis because 

single test sessions did not meet performance criteria, repeated test administration was commonly 

preferred in the present experiments. For strictly behavioural investigations, the inclusion of 

multiple test sessions was not considered a major issue and likely strengthened the comparison 

data sets; however multiple administrations of d-amphetamine or yohimbine may pose a concern. 

Repeated exposure to 2.0 mg/kg of d-amphetamine has been reported to produce sensitized 

behaviour, particularly in the form of conditioned locomotor activity in rats (Mazurski and 

Beninger, 1987). Persistent changes in neural responsivity were also observed following 5 daily 

injections of 5.0 mg/kg d-amphetamine (White et al., 1995). Furlong and colleagues (2016) have 

further demonstrated a significant impairment in countermanding task go trial accuracy for rats 

following a neurotoxic regimen of d-amphetamine (4 x 5 mg/kg at 2-h intervals). Chronic 

yohimbine treatment (5.0 mg/kg x 10 days) has also been shown to induce long-term behavioural 

effects, including reinstatement of food and drug seeking following an acute yohimbine (2.0 

mg/kg) priming treatment (Ball et al., 2015). While an additive behavioural effect of multiple 

drug doses cannot be completely ruled out in the present investigations, a lack of substantial 

alteration in RT or SSRT for control or saline sessions before, during or following drug 

administration was observed, suggesting the amount of days between drug administrations limited 

a behavioural effect of repeated administrations. Nevertheless, the effect of chronic drug 

treatment on behavioural inhibition in the countermanding task should be an area of interest for 

future experiments.   
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The estimate of RT presents an issue in the present investigations. Theoretically, RT 

estimates included reaction time, i.e., the amount of time required to make a go trial decision, 

plus movement time, i.e., the amount of time necessary to press the target lever once the decision 

had been made. Information regarding the distinction between reaction time and movement time 

in response tasks is likely valuable. For example, movement time and reaction time estimates may 

reflect different components of decision making, information processing capacity, or behavioural 

ability, particularly in old age (Hodgkins, 1963; Spirduso, 1975; Jensen and Munro, 1979). It 

would be of particular interest to study the extent to which reaction time or movement time 

contributed to the observations that rats exhibited longer RTs in the countermanding task in older, 

compared to younger adulthood and shorter RTs following acute d-amphetamine or yohimbine 

treatment. It is also not entirely clear if the adaptive RT adjustments that were observed reflected 

a change in reaction time, movement time, or both. Moreover, there may be an interesting 

behavioural and neural distinction between stop trials that were cancelled before a movement was 

initiated or during go response movement in the countermanding task that deserve further 

exploration. 

Dissociable analysis of reaction time versus movement time might be possible with a 

small change in how the present experiments were conducted. If rats were required to hold the 

centre lever for a variable and brief amount of time before the go signal was illuminated, the 

amount of time between target light presentation and centre lever press withdrawal could be 

estimated as the amount of time required to react to the go signal. The amount of time between 

centre lever press withdrawal and target lever press would represent the movement time. A recent 

countermanding task by Schmidt and colleagues (2013) has incorporated a comparable design, 

whereby reaction time was estimated as the amount of time required by rats to withdraw a held 

nose-poke from a central nose-poke port at the onset of an auditory go signal and movement time 

was measured as the latency from centre nose-poke withdrawal to target port nose-poke entry. 
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This small alteration in task design may allow differential analysis of reaction time and 

movement time and assist in a complete interpretation of the neural correlates involved in the 

behavioural changes in RT observed following drug treatment, within the adult lifespan, 

following non-cancelled stop trials and during countermanding task sessions in comparison to 

simple RT task sessions. 

A further concern in the interpretation of the present results was that adaptive RT 

adjustments were not always significant. A potential source of this inconsistency may have been 

the restriction of sessions that were considered in the analysis of adaptive RT adjustments. First, 

sessions in which animals did not perform the countermanding task appropriately were excluded 

from analysis to avoid RT variability due to poor performance in general. Next, sessions were 

excluded from adaptive RT adjustment analysis if they contained few instances of 3 consecutive 

trial sequences with a particular type of interleaved trial, because a small sample size could 

artificially inflate the observed change in RT. This was a particular issue for 3-trial sequences 

with an interleaved non-cancelled stop trial occurring between 2 correctly performed go trials, 

which could be a rare occurrence in 1-h countermanding task sessions. Thus, the lack of sample 

size, resulting from the exclusion of data sets in which rats did not meet performance criteria or 

only performed a small number of 3-trial sequences with a particular interleaved trial type may 

have resulted in adaptive RT adjustments that did not always reach statistical significance.  

The issue of undersized data sets in the analysis of adaptive RT adjustments for rats 

performing the countermanding task could be addressed in a few ways. First, the data could be 

analyzed in a way that includes larger sets of data, such as comparing RT following a particular 

trial type to mean RT within the session. This would only require observing sets of 2 consecutive 

trials within a session as opposed to 3; however RT varied noticeably throughout countermanding 

task sessions. Therefore, it may be inappropriate to compare RT from a single trial to mean 

session RT. Moreover, valuable information may be represented in the RT of go trials preceding a 
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particular type of trial. For example, Mayse and colleagues (2014) reported significantly shorter 

RTs prior to non-cancelled stop trials in comparison to cancelled stop trials for rats performing 

the countermanding task. Thus, it is recommended that the study of adaptive RT adjustments 

include RTs preceding as well as following particular interleaved trials.  

Studies that are particularly interested in adaptive RT lengthening following non-

cancelled stop trials could slightly increase the proportion of stop trials in their task design, 

presenting more opportunities for non-cancelled stop trials to be interleaved by 2 correctly 

performed go trials. Of note, it would be important not to overemphasize the proportion of stop 

trials in the task. The horse-race model of countermanding task performance relies on fast, 

prepotent go trial responding (Band et al., 2003).  A countermanding task design with a majority 

of stop trials could induce substantial lengthening of RT in general, as suggested by the 

observation that rats lengthen RTs in the countermanding task compared to a simple RT task. RT 

lengthening has also been exhibited for humans performing countermanding tasks or particular 

trials within the task that predicted a higher percentage of stop signal presentation (Verbruggen 

and Logan, 2009; Bissett and Logan, 2011).  

Countermanding studies interested in examining adaptive RT lengthening following non-

cancelled stop trials could also implement a task design whereby stop signal delay is pre-selected 

based upon RT distributions of rats from previous sessions as opposed to a staircase procedure. 

This would allow a predetermined proportion of stop trials to incorporate stop signal delays 

within the range of the predicted RT distribution that a non-cancelled stop trial would be 

expected. The drawback of such an experimental design is that SSRT is best measured from the 

middle of the inhibition function (Logan and Cowan, 1984; Logan, 1994). Manipulating stop 

signal delay in a way that would ensure a higher proportion of non-cancelled stop trials could lead 

to inaccurate estimates of SSRT (Band et al., 2003). Importantly, convergence was observed 

between results of the present experiments, with RT shortening following consecutive correct go 
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trials and RT lengthening following non-cancelled stop trials discovered in separate analyses of 

RTs, Z-score RTs and sequences of three consecutive trials instructing responses in the same 

direction. These observations support the conclusion that rats generally exhibit adaptive RT 

adjustments in the countermanding task. Further in depth investigation of individual variability in 

the adaptive RT adjustments of rats is required.   

The findings described presently suggest that rats make adaptive RT adjustments in the 

countermanding task as a strategic mechanism to exert caution and avoid long, unrewarded 

timeout intervals. This was further supported by the observation that rats lengthened their RT 

following go trial errors in a simple RT task with a 10-s post-error timeout interval. The 

hypothesis that rats should display less cautious go trial behaviour when a non-cancelled stop trial 

is less likely to result in a long, unrewarded timeout interval is partly supported by the 

observations that mean RT was significantly shorter in the simple RT task and near-significantly 

shorter in the countermanding task with a 1-s timeout interval, in comparison to the 

countermanding task with a 10-s timeout interval.  

 Mayse and colleagues (2014) observed RT lengthening in a countermanding task with no 

reported timeout interval following stop trial errors where rats failed-to-wait long enough before 

they responded for reward, but not when they failed-to-stop. The fact that animals were more 

likely to respond for reward following failure-to-wait errors, even though rewards were omitted 

on these trials, suggests that the omission of an expected reward elicited more cautious behaviour 

in the following trial. Thus, the incentive value of the reward-related behaviour may be a crucial 

property underlying the adaptive RT adjustments that were observed in the current experiments. It 

is possible that adaptive RT adjustments were attenuated following acute treatment with d-

amphetamine because the incentive salience of reward-related stimuli were substantially affected 

by the increase in synaptically available dopamine. It would be of interest to test how rat RT is 

affected on trials following the omission of an expected reward in the countermanding task. 
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Indeed, it would be interesting to test whether adaptive RT adjustments in rats performing the 

countermanding task could be principally described by a relationship between value of expected 

reward and the length of the timeout interval. 

A previous countermanding study in rats reported RT shortening following failed stop 

trials (Bari and Robbins, 2013a). It is possible that this alternative result stemmed from the study 

of lister-hooded rats, which have been shown to increase locomotor burst running following tone 

presentation, whereas Wistar rats did not (Commissaris et al., 2000). The type of stop task 

examined may have also promoted alternative adaptive RT adjustments following failed stop 

trials, as Bari and Robbins employed a simple response countermanding task that may not have 

required the same level of cautious behaviour as the choice response countermanding task 

employed presently. An avenue for future research is to address whether Wistar rats would 

exhibit RT lengthening following non-cancelled stop trials in a simple response countermanding 

task that did not require go trial choice.  

Significant RT lengthening has been observed following non-cancelled stop trials in a 

number of human manual countermanding investigations (Schachar et al., 2004; Li et al., 2008; 

Verbruggen et al., 2008; Chevrier and Schachar, 2010; Chen et al., 2014; Thakkar et al., 2014). 

Based on their data, Bissett and Logan (2011, 2012) have proposed that the possibility of stop 

signal presentation shifts goal priority from speeded responding to caution for humans. Thus, the 

act of lengthening RT on trials following stop signal presentation can be described by a goal 

priority hypothesis, which is an explicit strategic adjustment of flexible behavioural control. The 

results of the present experiments suggest that rats employ an error monitoring, or error detection 

strategy in adjusting RTs, exerting executive control after a behavioural error occurs (Rabbitt, 

1966). One important distinction between human and rat countermanding task studies is that rats 

are directly and immediately rewarded following correctly performed trials but commonly 

punished with unrewarded timeout intervals following errors. Humans are typically given 
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feedback that may be rewarding in itself when a trial is correctly performed in the 

countermanding task; however the feedback that a trial has been incorrectly performed may not 

encourage as much behavioural caution on the following trial in comparison to a long duration of 

reward omission following errors that occurs in rat countermanding. This is one potential 

explanation for why some human countermanding studies do not report RT lengthening 

specifically following stop failures (see Cabel et al., 2000; Curtis et al., 2005; Emeric et al., 

2007). This distinction deserves further elucidation.  

The neural circuitry mediating adaptive RT adjustments for rats performing the 

countermanding task were not investigated presently. Narayanan and Laubach (2008) revealed 

post-error slowing for rats performing a simple RT task that was associated with increased post-

error activity of cells in the dorsomedial prefrontal cortex and attenuated by reversible 

pharmacological inactivation of this brain region. In humans, an increase in ventrolateral 

prefrontal cortex and supplementary motor area functional magnetic resonance imaging blood-

oxygen-level dependent activity was associated with stop failure RT lengthening (Li et al., 2008; 

Ide and Li, 2011). Thus, the frontal region of rat cortex seems an appropriate region of interest in 

the study of the neural systems associated with adaptive RT adjustments in rodent 

countermanding. 

Recent electrophysiological findings by Mallet and colleagues (2016) have provided 

evidence that two distinct pathways may be involved in the inhibitory control of rats performing 

the countermanding task, a subthalamic-substantia nigra pathway which has been suggested to 

provide a pause signal during stop signal presentation and an arkypallidal globus pallidus 

projection to the striatum that exhibits activity specifically associated with response cancellation. 

Moreover, Hayton and associates (2010) demonstrated an increase in α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid to N-methyl-D-aspartate receptor ratio related to excitatory 

post-synaptic potentials for cells in the prelimbic, but not infralimbic region of the medial 
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prefrontal cortex that projected to the ventral, but not dorsal striatum of rats following the 

acquisition of simple response inhibition task performance. Further analysis should be conducted 

to determine if the activity and strength of projections from the subthalamic nucleus to the 

substantia nigra, as well as the prelimbic prefrontal cortex to the ventral striatum, putatively 

involved in behavioural pause mechanisms, are altered either following a non-cancelled stop trial, 

or during countermanding task performance in comparison to a simple RT task. 

The finding that rats exhibit proactive RT lengthening in countermanding task sessions 

compared to simple RT task sessions was expected based on similar findings for humans 

performing the countermanding task (Logan and Burkell, 1986; Mirabella et al., 2006; Åkerfelt et 

al., 2006; Zandbelt et al., 2013). This is cited as evidence that the horse-race model of 

countermanding task performance developed by Logan and Cowan (1984) is incomplete. 

Specifically, the observation of proactive RT lengthening for humans suggests that the go and 

stop processes, assumed to be completely independent by the model, are in fact interacting 

(Boucher et al., 2007). An interaction of go and stop processes has been further supported by non-

human primate single-cell recordings during countermanding task performance (Stuphorn and 

Schall, 2006; Stuphorn and Emeric, 2012). The observation of proactive RT lengthening for rats 

performing the countermanding task similarly suggests that rodent go and stop processes are not 

entirely independent. A further assumption of the original model, that SSRT represents a 

constant, has since been established as not realistic. Thus, the horse-race model has recently been 

updated in an attempt to account for the possible interaction of neural go and stop processes and 

estimate the distribution of SSRT (Matzke et al., 2013; Logan et al., 2014). To date, SSRT 

distributions have not been revealed for rats performing the countermanding task. 

Increased human life expectancy has made it particularly critical to investigate the 

specific neural correlates of behavioural and inhibitory decline in normal aging (Morterá and 

Herculano-Houzel, 2012). The changes in countermanding task behaviour observed for rats 
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within the adult lifespan suggest that they may aptly model the response lengthening inherent 

with normal aging in humans (Kramer et al., 1994; van de Laar et al., 2011; Hu et al., 2012). A 

great deal of variability has been reported in the decline of inhibitory control associated with 

normal aging for humans performing the countermanding task, particularly beyond the age of 60 

(Williams et al., 1999; Coxon et al., 2012; Colzato et al., 2013). Rats in the current investigation 

exhibited relatively conserved SSRT throughout the adult lifespan. It is likely that the animals 

tested presently were not old enough to begin exhibiting major inhibitory control impairment, as 

the oldest age that rats were tested was 13 months, approximately mid-adulthood (Sengupta, 

2013). Thus, older rats will need to be tested in the countermanding task in order to confirm that 

rats do present an appropriate model for the inhibitory decline observed in some elderly humans 

performing the countermanding task. In theory, a cohort of rats trained at an older age should be 

tested to control for prolonged training effects; however this may not be practical, as older rats 

exhibit an impaired ability to learn new tasks (Gallagher and Pelleymounter, 1988; Winocur and 

Moscovitch, 1990). Importantly, SSRT was relatively conserved for rats performing the 

countermanding task within the adult lifespan, which has important implications for experiments 

that are conducted over a long period of time, which is typically the case in rodent 

countermanding investigations. Because go trial responses were observed to change within the 

adult lifespan of rats, it may be important for future experiments with rodents to report age at the 

time of testing, something that is typically reported in human literature, due to the fact that age 

may communicate valuable information for a complete interpretation of results.  

The observation that acute systemic treatment with the α2 receptor antagonist yohimbine 

resulted in shorter RTs, less go trial errors and more total trials performed in 1-h countermanding 

task sessions suggests that the primary effect of yohimbine was to increase motivated reward-

seeking behaviour. Similarly, Sanger (1988) revealed that acute yohimbine treatment (0.6 - 2.5 

mg/kg) in rats induced a significant increase in lever pressing for food reward on a fixed-interval 
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schedule. These effects were not likely related to increased hunger, as yohimbine administration 

did not encourage increased free-food intake in mice or rats (Sanger, 1983; Callahan et al., 1984; 

Wellman, 2000). These observations were also not likely mediated by increased locomotor 

activity in general, as Chen and colleagues (2015) did not report an increase in locomotor activity 

following acute yohimbine treatment (0.5 - 2.0 mg/kg), but did observe a significant increase in 

lever pressing for food reward contingent on reward-related cue presentation. The hypothesis that 

acute yohimbine encouraged increased reward-seeking behaviour is further supported by the use 

of acute yohimbine administration as a trigger in drug- or food-seeking reinstatement experiments 

(Shepard et al., 2004; Ghitza et al., 2005; Feltenstein and See, 2006).  

The demonstration that acute treatment with both yohimbine and d-amphetamine resulted 

in baseline-dependent alterations in SSRT for rats performing the countermanding task supports 

the hypothesis that behavioural inhibition relies upon an optimal range of synaptically available 

dopamine and norepinephrine. Baseline-dependent effects on stopping were previously reported 

following the acute administration of 0.25 - 1.0 mg/kg of d-amphetamine for rats performing a 

simple response countermanding task and a stop-change task (Feola et al., 2000; Eagle and 

Robbins, 2003a). In the brain, d-amphetamine has been reported to increase synaptic monoamine 

neurotransmitter availability primarily by reversing the dopamine transporter (Sulzer et al., 1995), 

whereas yohimbine putatively increases extracellular norepinephrine through the competitive 

antagonism of presynaptic α2 norepinephrine receptors (Peskind et al., 1989; Kovács and 

Hernádi, 2003; Holmes and Quirk, 2010). Of note, Landau and colleagues (2012) discovered 

significantly reduced binding of radiolabeled yohimbine to putative norepinephrine α2 receptors 

in Landrace pigs 20 min after a 10 mg/kg d-amphetamine challenge compared to baseline, 

providing evidence that amphetamine and yohimbine may in fact share some common 

mechanisms of action. Further experiments from our lab have suggested similar baseline-

dependent changes in SSRT for rats following the acute administration of cocaine (Beuk et al., 
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2013), which putatively increases neurotransmitters through blockade of the dopamine transporter 

(Beuming et al., 2008). The role of extracellular concentrations of dopamine and norepinephrine 

in the performance of tasks examining executive control has been visualized as an inverted-U 

function, with impaired inhibitory control being a consequence of excessive or insufficient 

neurotransmitter levels, particularly in the frontal cortex and striatum (Cools and D’Esposito, 

2011; Berridge and Arnsten, 2013). Future experiments should directly measure neurotransmitter 

levels in specific brain regions, particularly the frontal cortex and striatum of rats, during 

countermanding task performance to demonstrate that inhibitory control is linked to synaptic 

availability of dopamine and norepinephrine in an inverted-U fashion. 

The role of norepinephrine in the countermanding task inhibitory control of rats has been 

supported by the demonstration of improved SSRT following acute treatment with the selective 

norepinephrine reuptake inhibitor atomoxetine (Robinson et al., 2008). Acute systemic 

administration of the selective α2 receptor antagonist atipamezole was also revealed to improve 

stopping for rats performing the countermanding task (Bari and Robbins, 2013b). The role of 

dopamine in countermanding task performance has been less well-defined. Rats acutely treated 

with d-amphetamine (0.25 - 1.0 mg/kg) and modafinal, which putatively increase extracellular 

dopamine, exhibited SSRT shortening, particularly in animals with long baseline SSRTs (Feola et 

al., 2000; Eagle and Robbins, 2003a; Eagle et al., 2007). The dopamine D1-like receptor 

antagonist SCH 23390 improved SSRT, whereas the dopamine D2-like receptor antagonist 

sulpiride impaired SSRT following infusion directly into the dorsal medial striatum of rats (Eagle 

et al., 2011). Alternatively, various other dopamine-selective treatments have revealed only 

minor, or no effects on SSRT (Bari et al., 2009, 2011).  

It has been suggested that the rodent frontal cortex plays a crucial role in countermanding 

task behavioural inhibition (Eagle et al., 2008a; Bari and Robbins, 2013a). Thus, it would be of 

interest in future experiments to examine the effect of infusing yohimbine or d-amphetamine 
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directly into the frontal cortex of rats during countermanding task performance. Direct infusion of 

yohimbine into the frontal cortex could be of particular interest in the study of inhibitory control, 

as Ma and associates (2015) have suggested this treatment as a possible animal model for ADHD. 

Dopamine and norepinephrine function have also been reported as altered in normal aging, with 

observations of decreased dopamine receptor binding potential and loss of norepinephrine 

containing cells in the locus coeruleus of elderly humans (Manaye et al., 1995; Kaasinen et al., 

2000; Bäckman et al., 2006). Rats may provide a useful model for the study of alterations in 

dopamine and norepinephrine function that are associated with countermanding task behavioural 

impairment in old age. There is little evidence supporting a role for serotonin or the hippocampus 

in rodent countermanding task inhibitory control (see, Eagle et al., 2008a); however experiments 

from our lab have observed lower levels of norepinephrine, its precursor and metabolites as well 

as serotonin precursor and metabolite levels in the hippocampus associated with shorter SSRT 

(Beuk et al., 2015). Thus, there may remain undiscovered roles for serotonin or the hippocampus 

in rodent countermanding task performance that deserves further exploration.   

Conclusions 

The present investigations have revealed that rats performing the countermanding task 

exhibit adaptive RT adjustment by lengthening RTs following errors or when stopping may be 

required, as a form of strategic behavioural caution, possibly to avoid long, unrewarded timeout 

intervals. It has further been revealed that changes in rodent countermanding task performance 

throughout the adult lifespan may mimic the behavioural changes observed in humans. Finally, 

RT shortening and baseline-dependent changes in SSRT were observed following administration 

of treatments that putatively increased extracellular dopamine and norepinephrine in the brain, 

whereas attenuated adaptive RT adjustments were only observed following treatments that 

principally increased dopamine, but not norepinephrine. Together, these findings support the 

hypotheses that the countermanding task in rats may be a suitable animal model for the study of 
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performance monitoring, behavioural control deficits with aging and investigation into the role of 

neurotransmitter systems, particularly dopamine and norepinephrine, in behavioural inhibition.  
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