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Abstract
Impulsive action, the inability to withhold responding, is a primary symptom of many psychiatric
disorders, including drug addiction. Impulsive action is mediated through a complex interplay of
many different neurotransmitters. The purpose of the experiments presented in this thesis was to
further elucidate the role of opioid activity and environmental influences (e.g., stress) on
impulsive action. Chapters 2 – 4 extend previous findings showing mu and delta opioid receptor
(M/DOR) involvement in impulsive action. In all experiments, animals were trained to withhold
responding for sucrose until a discriminative stimulus (cue light) was presented. In Chapter 2,
rats were tested in a Variable delay response inhibition (RI) task in which the pre-response (i.e.,
premature) phase ranged from 1-60 s; thus, animals could not predict the length of the premature
phase. Following training, rats were tested for impulsive action following injections of the DOR
agonist, SNC80, or the MOR agonist, morphine. SNC80 dose-dependently increased premature
responding in the Variable delay task, whereas none of the morphine doses had any effect.
SNC80-induced increases in premature responding were blocked by a highly specific DOR
antagonist (naltrindole). Morphine had no effect on responding in the Variable delay task, so in
Chapter 3 we tested the effects of morphine in two Fixed delay tasks (4- and 60-s). Morphine
dose-dependently increased premature responding in both the Fixed 4s and 60s versions of the RI
task, an effect blocked by MOR antagonism. In Chapter 4, we assessed impulsive action in mice
conditionally lacking MORs or DORs located on GABAergic forebrain neurons (cKO), and in
constitutive MOR or DOR knockout mice (KO). Surprisingly, neither cKO nor KO mice differed
in impulsive responding compared to control mice. Finally, in Chapter 5, we examined whether
the pharmacological stressor, yohimbine, increases impulsive action. Yohimbine dosedependently increased impulsive action; however antagonism of stress (CRF and glucocorticoid
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receptors), noradrenergic, dopaminergic, or opioidergic systems did not alter this response.
Collectively, these studies demonstrate an important role for both opioid systems and stress in
impulsive action, but highlight the importance of methodological differences when interpreting
pharmacological and genetic behavioural studies.
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General Introduction
1.1 Overview
The following introduction summarizes impulsivity, including a description of
impulsivity subtypes, the role of impulsivity in psychiatric disorders, and the neurocircuitry that
mediates impulsive action. In the second portion of the introduction, I will describe opioid and
stress system involvement in impulsivity. I will briefly describe these findings with respect to all
psychiatric disorders, but will then focus on impulsivity’s role in drug addiction, as it is highly
implicated in drug-taking behaviours.
1.2 Impulsivity
Impulsivity is a multifaceted construct that includes several distinct features. Impulsivity
is defined as a preference for immediate over delayed reward, an inability to withhold
responding, an inability to think about the future consequences of actions, and increased
engagement in risky or novelty-seeking behaviours. These factors, or characteristics of
impulsivity, appear to be dissociable in that the behavioural and neurobiological underpinnings
of each do not necessarily correlate (Evenden 1999; Robinson et al. 2009; Broos et al. 2012b;
Richards et al. 2013; Jenstch et al. 2014). Of these factors, preference for immediate over
delayed reward (impulsive choice) and an inability to withhold responding (impulsive action)
have been most extensively examined in both clinical and preclinical populations as they are
most implicated in psychiatric disorders, specifically substance abuse (Olmstead 2006; Pattij and
De Vries 2013; Jentsch and Pennington 2014). Broadly speaking, impulsive choice relates more
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to a dysfunctional reward system that is associated with aversion for delayed reward whereas
impulsive action is conceptualized as impairments in inhibitory control (Dalley et al. 2011).
Impulsive choice
In measures of impulsive choice, subjects (humans and non-human) must choose between
two options that are presented concurrently. One example is a delay discounting task in which
subjects are provided with two alternatives: a lesser reward presented immediately (e.g., money,
drug, sucrose pellet), or a larger reward presented following one of several temporal delays (e.g.,
1 day versus 6 months in humans, and 0 s versus 60 s in rats) (Cardinal et al. 2001; Kirby and
Petry 2004; Pothuizen et al. 2005). Models of impulsive choice measure how the subjective
value of the delayed reward decreases as delays increase: high impulsive subjects tend to devalue
the distal reward option. Impulsive choice is often assessed by an indifference point value; the
point at which immediate and delayed reward options are chosen equally. In other words, high
impulsive individuals, both humans and non-humans, have lower indifference points.
Impulsive action
Impulsive action (referred to as motor impulsivity and response inhibition in Chapter 2)
refers to the inability to withhold responding, and can be further divided into cancellation and
withholding subtypes. Both subtypes of impulsive action encompass inhibitory control of a
behaviour; however, cancellation and withholding subtypes involve the inability to stop an
already-initiated response and withhold (i.e., prevent) a response from occurring, respectively. In
other words, they differ in when the subject (human or animal) should inhibit responding. In
paradigms measuring cancellation impulsivity, subjects must inhibit an already initiated response
upon presentation of an infrequent “stop signal” (i.e., a discriminative stimulus). In the stop-
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signal reaction-time task (SSRT), rodents are trained to make rapid responses between two levers
presented concurrently (Logan and Cowan 1984). In this task, approximately 20% of trials are
stop trials, in which animals must initiate the same response as go trials (i.e., press the first
lever), but they must inhibit responding on the second lever after stop signal presentation (i.e.,
stop the completion of the go response). The stop signal (i.e., sound) is presented at a variable
time (in milliseconds) after the rat presses the first lever. As it is impossible to calculate the
reaction time of an inhibited response, these are estimated as probabilities using validated race
model calculations based on reaction time during go trials (Logan 1994). Longer reaction times
on stop signal trials are indicative of diminished inhibitory control in the SSRT.
Withholding paradigms require subjects to withhold a response until the presentation of a
specific discriminative stimulus, or for a certain delay. Unlike cancellation paradigms of
impulsive action, subjects must not initiate a response. The go/no go task requires subjects to
make (go trial) or inhibit (no/go trial) a response on discrete trials, depending on the presented
discriminative stimuli; increased impulsive action is measured as a greater proportion of no/go
trial responses (Newman et al. 1985). A more commonly used measure of this subtype is the 5choice serial reaction time task (5-CSRTT), which measures impulsive action, visuo-spatial
attention, and perseverative responding (Robbins 2002). This complex test requires months of
training and is cognitively demanding. To circumvent these limitations, we developed a model of
impulsive action, the response inhibition (RI) task (Hayton et al. 2012). In this task, animals
must withhold responding for either a fixed or variable delay (premature phase), with the
difference being that animals can not predict the length of the premature phase in the variable
delay task. The RI task requires less training than other impulsive action paradigms, and allows
us to examine the role of predictability of the premature delay length on impulsive responding.
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We previously validated the RI task with amphetamine, a DA agonist, known to increase
impulsive action on other measures (Cole and Robbins 1987; Hayton et al. 2012).
Impulsivity as a risk factor for psychiatric disorders
At extreme levels, impulsive behaviour is maladaptive: it may be risky, premature, and
inappropriate. Several psychiatric disorders are associated with extreme degrees of impulsivity
which have negative consequences to the individual, and are associated with undesirable and
poor clinical outcomes (Dom et al. 2006; Heyman and Gibb 2006; von Diemen et al. 2008;
American Psychiatric Association 2013). Impairments of impulsivity are a primary feature of
several disorders including attention deficit hyperactivity disorder (ADHD) (Solanto et al. 2001;
Castellanos and Tannock 2002; Urcelay and Dalley 2012), problem gambling (van Holst et al.
2010; Brevers et al. 2012; Goudriaan et al. 2014), eating disorders (Claes et al. 2005; Cassin and
von Ranson 2005), borderline personality disorder (Bornovalova et al. 2005), and drug abuse and
addiction (Verdejo-García et al. 2008; Jentsch and Pennington 2014). Of these disorders, drug
abuse and addiction has received significant attention, in part because of the particularly severe
social and financial outcomes and high prevalence of this disease. As a result, determining
predisposing vulnerability factors and respective neurobiological mechanisms that increase ones
risk to addiction is particularly important. High levels of impulsivity is one such risk factor that
predicts all aspects of drug addiction from initiation of drug use to heightened degrees of craving
during withdrawal (De Wit 2009; Tziortzis et al. 2011). For example, in non-dependent
populations, impulsivity predicts the degree of future drug use in non-using adolescents (Nigg et
al. 2006; von Diemen et al. 2008), as well as severity of current drug use in adults (Kollins
2003). In drug dependent populations, it predicts craving, relapse, and poly drug use (Charney et
al. 2010; Joos et al. 2013).
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Studies with current and previously drug-dependent populations are difficult to interpret
because the relationship between impulsivity and drug use is bidirectional, with chronic drug use
further increasing impulsivity (Jentsch and Taylor 1999; Perry and Carroll 2008; De Wit 2009).
To address this problem, animal models are used in which subjects are tested on impulsive
responding prior to drug access in order to assess pre-existing, trait-like levels of impulsive
responding. For instance, rats are categorized as high (HI-Act) or low (LI-Act) on impulsive
action based on premature responding in the 5-CSRTT (Dalley et al. 2007), and high (HI-Ch) or
low (LI-Ch) on impulsive choice based on indifference points on the delay discounting task
(Diergaarde et al. 2008). This type of experimental design is beneficial in that neurobiological
differences between the low and high impulsivity groups may represent an underlying biological
vulnerability marker of drug addiction. For instance, HI-Act rats are more likely to escalate their
cocaine or nicotine intake (Dalley et al. 2007; Belin et al. 2008; Diergaarde et al. 2008; Besson et
al. 2013), seek cocaine despite negative consequences (Belin et al. 2008), and reinstate cocaine
seeking following abstinence (Koob and Le Moal 2008; Economidou et al. 2009; Pattij and De
Vries 2013); these three behaviours are defining features of drug addiction that can be assessed
using animal models (American Psychiatric Association 2013). Similarly, HI-Ch subjects also
display escalated cocaine (but not nicotine) self-administration (Perry et al. 2005; Perry et al.
2008; Diergaarde et al. 2008; Anker et al. 2009), are resistant to cocaine extinction (Broos et al.
2012a), and show greater reinstatement for cocaine and nicotine (Diergaarde et al. 2008; Broos et
al. 2012b).
In a series of experiments, Dalley, Belin and colleagues showed that HI-Act animals have
a greater propensity to transition from stable to compulsive intake (Dalley et al. 2007; Belin et al.
2008), even though they do not necessarily differ on their propensity to initially (first few self-
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administration sessions) acquire drug self-administration or maintain drug intake (Dalley et al.
2007; Belin et al. 2008; Perry et al. 2008; Besson et al. 2013). These findings suggests that
impulsivity does not necessarily affect initial drug intake, but rather, once drug is on board, there
is an interaction between impulsivity and drug-action in high impulsive, but not low impulsive,
animals. These findings highlight the importance of a high impulsivity endophenotype as being a
crucial factor that makes some individuals more vulnerable to drugs of abuse by directly
interacting with drug action.
Neurocircuitry of impulsive action
Impulsivity is regulated by a cortical-striatal-hippocampal network, and consequently
involves several neurotransmitter systems within these circuits. A complete discussion of the
literature on the circuitry of impulsive action is out of the scope of this discussion. Instead, I
present an overview of the neurocircuitry within these main brain regions associated with
impulsive action and their respective neurotransmitter systems (Table 1.1).
1.2.4.1 Striatum
The striatum, composed of the nucleus accumbens (NAcb) core (C) and shell (S), and
caudate putamen (i.e., dorsal striatum), is crucial for regulating impulsive action, with lesions to
this area increasing impulsivity in rodents (Rogers et al. 2001; Cardinal et al. 2001; Pothuizen et
al. 2005). More specifically, impulsive responding is mediated by dopamine (DA)-receptor
containing GABAergic medium spiny neurons of the NAcb (Pattij and Vanderschuren 2008;
Dalley et al. 2011; Caprioli et al. 2014); these neurons receive glutamatergic and dopaminergic
input from the prefrontal cortex (PFC) and ventral tegmental area (VTA) (Kalivas et al. 2005;
Sesack and Grace 2010).
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Striatal dopaminergic receptors are essential for regulating impulsivity. For instance, HIAct rats (described above) have reduced DA D2/3 autoreceptor binding in NAcbS (Dalley et al.
2007; Caprioli et al. 2014), while in healthy humans, reduced D2/3 receptor functioning in the
VTA and substantia nigra (SN) predicts increased impulsivity (Buckholtz et al. 2010). In the
latter study, these authors went on to show that D2/3 binding in the VTA and SN is negatively
associated with increased striatal DA release (Buckholtz et al. 2010). Therefore, dopaminergic
activity in the NAcbC increases impulsivity, likely through both D1 and D2/3 activation (Besson
et al. 2010; Wiskerke et al. 2011a; Economidou et al. 2012; Jupp et al. 2013b; Moreno et al.
2013). Data are more equivocal with respect to DA-NAcbC involvement, with some data
showing no role (Economidou et al. 2012; Moreno et al. 2013), and others showing increased
impulsivity following D2/3 antagonism (Besson et al. 2010). In the latter study, researchers
argued that the NAcbC and NAcbS have opposing roles in regulating impulsivity; a fact that was
indirectly supported by the lack of a systemic D2/3 antagonist effect (Besson et al. 2010).
Moreover, even though the NAcb is made up predominantly of GABAergic medium
spiny neurons, little research has examined their role in impulsive action directly. It was recently
shown that knocking down glutamate decarboxylase (GAD65/67; catalyst of GABA) gene
expression in the NAcbC increases premature responding, suggesting that GABAergic activity
within this region may also play a role in impulsive action (Caprioli et al. 2014).
1.2.4.2 Extra-striatal regions
The PFC is involved in top-down inhibitory control of behaviour, including impulsivity.
The PFC is composed of two major neuronal populations: glutamatergic pyramidal projection
neurons and GABAergic interneurons. Glutamatergic projections from the PFC act to regulate
striatal dopaminergic activity (Sesack and Grace 2010). Indeed, increased premature responding
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following medial prefrontal cortex (mPFC) lesions or GABAA agonism can be attenuated by D2/3
receptor antagonism in the NAcb (Pezze et al. 2009; Pezze et al. 2014).
Within the PFC, reduced noradrenergic and glutamatergic activity increases impulsivity
(Chamberlain et al. 2006; Chamberlain and Robbins 2013). For instance, intra-PFC infusions of
atomoxetine, a selective NA reuptake inhibitor, improves impulse control in rodents (Bari et al.
2011), although the exact mechanisms are unknown. Additionally, NMDA-R antagonism within
the PFC increases impulsive action through increased presynaptic metabotropic glutamate 2/3
receptor (mGluR2/3) activity (Pozzi et al. 2011).
Serotonin (5-HT) has its main effect on impulsive action within the PFC (Dalley et al.
2008; Puig and Gulledge 2011). Broadly, increasing prefrontal activity via stimulation of 5-HT1a
receptors (inhibitory receptors) increases premature responding (Harrison et al. 1997; Dalley et
al. 2002a; Winstanley et al. 2006b), as does central 5-HT depletion and 5-HT2a (excitatory
receptors) antagonism (Winstanley et al. 2004). Therefore, 5-HT overstimulation or insufficient
receptor stimulation within the PFC may both increase impulsive action (Dalley et al. 2002b;
Dalley et al. 2008). These effects may in part be driven by 5-HT – DA interactions, as 5-HT
depletion attenuates amphetamine-induced increases in impulsive responding (Harrison et al.
1997; Dalley et al. 2002a; Dalley et al. 2008). In fact, some authors have argued that serotonin’s
effects on impulsive action are indirect, and are a consequence of its modulation of striatal
dopamine (Harrison et al. 1997).
The hippocampus has also more recently been implicated in impulsive action. Although
the exact mechanisms merit further research, bilateral lesions to the ventral (but not dorsal)
hippocampus increase impulsive action (Chudasama et al. 2003). Additionally, disconnecting the
vPFC-ventral hippocampus pathway increases impulsive action to the same degree as lesions to
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the vPFC, suggesting the importance of this pathway in regulating impulsive action (Chudasama
et al. 2012).
Table 1.1 Role of different neurotransmitter systems involved in impulsive action in rodent
models.
Neurotransmitter
System

Pharmacological
Agent

Brain Region

Result

Reference

Dopamine
DA agonism (e.g.,
reuptake inhibition)

Amphetamine
Methylphenidate
Methylphenidate
Methylphenidate
Methylphenidate

Systemic
NAcb Core
NAcb Shell
PL mPFC
IL mPFC

↑
↑
=
=
=

(Pattij et al. 2007b)
(Economidou et al. 2012)
(Economidou et al. 2012)
(Economidou et al. 2012)
(Economidou et al. 2012)

D1 agonism

SKF 38393
SKF 38393

NAcb
OFC

↑
=

(Pezze et al. 2007)
(Winstanley et al. 2010)

D1 antagonism

SCH 23390
SCH 23390
SCH 23390
SCH 23390

NAcb Core
NAcb Shell
OFC
DS

↑
↑
↓
↓

(Pattij et al. 2007b)
(Pattij et al. 2007b)
(Winstanley et al. 2010)
(Agnoli and Carli 2011)

D2/3 agonism

Quinpirole
Quinpirole
Quinpirole
Quinpirole

Nacb
NAcb Core
NAcb Shell
OFC

↑
↑
=
=

(Pezze et al. 2007)
(Moreno et al. 2013)
(Moreno et al. 2013)
(Winstanley et al. 2010)

D2/3 antagonism

Eticlopride
Nafadotride
Eticlopride

NAcb Core
NAcb Core
NAcb Shell

=
↑
=

(Pattij et al. 2007b)
(Besson et al. 2010)
(Pattij et al. 2007b)

Nafadotride

NAcb Shell

↓

(Besson et al. 2010)

SR141716A
SR141716A
O-2050
WIN55,212-2
D9-THC

Systemic
Systemic
Systemic
Systemic
Systemic

↓
↓
↓
=
=

(Pattij et al. 2007a)
(Wiskerke et al. 2011b)
(Wiskerke et al. 2011b)
(Pattij et al. 2007a)
(Wiskerke et al. 2011b)

Cannabinoid
CB1 antagonism

CB1 agonism
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Noradrenalin
NA agonism (e.g,
reuptake inhibition)

Atomoxetine
Atomoxetine
Atomoxetine
Atomoxetine

Systemic
Systemic
NAcb Core
NAcc Shell

↓
↓
=
↓

(Fernando et al. 2012)
(Robinson 2012)
(Economidou et al. 2012)
(Economidou et al. 2012)

α2A-adrenoceptor
Agonism

Guanfacine

Systemic

↓

(Fernando et al. 2012)

α2A-adrenoceptor
antagonism

Atipamizole
Atipamizole

Systemic
Systemic

↑
↑

(Sirviö et al. 1994)
(Koskinen et al., 2003

β-adrenoceptor
agonism

Clenbuterol

Systemic

↓

(Pattij et al. 2012)

β-adrenoceptor
antagonist

Propanolol

Systemic

↓

(Milstein et al. 2010)

5-HT agonism (e.g.,
re-uptake inhibition)

Citalopram

Systemic

↓

(Baarendse and
Vanderschuren 2012)

5-HT2A antagonism

M100907
M100907
M100907
M100907
M100907

Systemic
NAcb
mPFC
IL mPFC
PL mPFC
DMS

↓
↓
↓
=
=
=

(Winstanley et al. 2003)
(Robinson et al. 2008)
(Winstanley et al. 2003)
(Robinson et al. 2008)
(Robinson et al. 2008)
(Agnoli and Carli 2012)

5-HT2C agonism

Ro60-0175

DMS

=

(Agnoli and Carli 2012)

5-HT2C antagonism

SB242084
SB242084
SB242084

NAcb
IL mPFC
PL mPFC

↑
=
=

(Robinson et al. 2008)
(Robinson et al. 2008)
(Robinson et al. 2008)

NMDA antagonism

MK 801
(R)-CPP
(R)-CPP

Systemic
IL mPFC
mPFC

↑
↑
↑

(Paine et al. 2007)
(Murphy et al. 2012)
(Pozzi et al. 2011)

NMDA2B antagonist

Ro63-1908

Systemic

↓

(Burton and Fletcher 2012)

mGluR2/3 antagonism

LY341495

Systemic

=

(Semenova and Markou
2007)

Serotonin

Glutamate
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GABA*
GABAA agonism

Muscimol
Muscimol
Muscimol

mPFC
mPFC
IL mPFC

↑
↑
↑

(Paine et al. 2011)
(Pezze et al. 2014)
(Murphy et al. 2012)

GABAA antagonism

Picrotoxin
Bicuculline

mPFC
mPFC

=
=

(Pezze et al. 2014)
(Paine et al. 2011)

GABAB agonism

Baclofen

IL mPFC

↑

(Murphy et al. 2012)

↓ and ↑ denote decreases and increases in impulsive action (premature responding), respectively;
= denotes no effect. *Pharmacological agonism or antagonism of GABAA receptors are
synonymous with disinhibition and hyperactivation, respectively.
5-HT, serotonin; ACC, anterior cingulate cortex; CB1, cannabinoid receptor 1; D1, dopamine
receptor 1; D2/3, dopamine 2/3 receptor; DA, dopamine; DMS; dorsomedial striatum; DS; dorsal
striatum; GABA, gamma-aminobutyric acid; IL, infralimbic; mPFC, medial prefrontal cortex;
mGluR; metabotropic glutamate receptor; NA, noradrenalin; NAcb, nucleus accumbens; NMDA,
N-methyl-D-aspartate; OFC, orbitofrontal cortex; PL, prelimbic; PLd, dorsal prelimbic; vmPFC,
ventromedial prefrontal cortex
1.3 Opioid system
Opioids are ubiquitous within the central nervous system, and consist of three
heterogeneous receptor subtypes: mu, delta, and kappa (Martin et al. 1976; Lord et al. 1977).
Opioids are notably implicated in pain-, reward-, and addiction-related processes (Le Merrer et
al. 2009; Pradhan et al. 2011; Chu Sin Chung and Kieffer 2013). Opioid receptors are
preferentially coupled to inhibitory Gαi/o-protein coupled receptors (GPCRs) with a 7transmembrane domain. Opioid receptor binding has effects on several downstream systems, but
ultimately result in inhibition of neuron activation via reduced neurotransmitter release or cell
firing (Pathan and Williams 2012; Atwood et al. 2014; Klenowski et al. 2014). Naturally
occurring ligands include the enkephalins, endorphins, dynorphins, and endomorphins, which
bind to different receptor subtypes (Table 1.2) and are distributed broadly in the brain, including
in regions associated with impulsivity (Figure 1.2) (Le Merrer et al. 2009).

12
Mu opioid receptors (MORs) are found pre- and post-synaptically, predominantly on
GABAergic neurons (Jiang and North 1992; Martin et al. 1997; Chieng and Williams 1998), in
areas associated with impulsivity-related disorders. In the VTA, NAcb, dorsal striatum,
hippocampus, and ventral pallidum, activation of MORs located on presynaptic GABAergic
interneurons causes hyperpolarization resulting in disinhibition of postsynaptic neurons (e.g.,
GABAergic medium spiny neurons; MSNs) (Austin and Kalivas 1990; Johnson and North 1992;
Chieng and Williams 1998; Kupchik et al. 2014; Atwood et al. 2014). In the NAcb, MORs are
also located presynaptically on glutamatergic terminals that synapse onto GABAergic MSNs,
and postsynaptically on GABAergic MSNs (Jiang and North 1992; Martin et al. 1997).
Delta opioid receptors (DORs) are predominantly expressed in cholinergic interneurons in
the striatum (Le Moine et al. 1994; Wang et al. 2003). In the hippocampus, DORs are
presynaptically located on GABAergic interneurons that synapse onto glutamatergic principal
cells; activation of these DORs results in increased GABAergic neuron firing (Svoboda et al.
1999; Rezaï et al. 2012; Erbs et al. 2012; Piskorowski and Chevaleyre 2013).
Table 1.2 Classification of opioid receptor endogenous ligands
Opioid Receptor Subtype

Endogenous Ligand

Mu (μ)

β-endorphin (not selective)
Enkephalin (not selective)
Endomorphin-1
Endomorphin-2

Delta (δ)

β-endorphin (not selective)
Enkephalin (not selective)

Kappa (κ)

Dynorphin A
Dynorphin B
α-neoendorphin
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Cre-LoxP recombination strategy for constitutive and conditional gene knockout
In the mid-1990s, genes coding for mu (oprm1), delta (oprd1), and kappa (oprk1)
receptors (M/D/KORs) were identified in the human and rodent genome and were constitutively
and conditionally knocked out in mice thereafter (Befort et al. 1994; Le Moine et al. 1994;
Simonin et al. 1995; Charbogne et al. 2014). Both constitutive knockout (KO) (i.e., full gene
deletion) and conditional knockout (cKO) (i.e., gene knockout in selective tissue, brain regions,
etc) can be achieved using Cre-LoxP recombination strategies. Cre-LoxP recombination is a sitespecific genetic strategy used to manipulate DNA sequences. It involves cyclic recombinase
(Cre) and LoxP manipulation, both derived from the P1 bacteriophage. Cre is an enzyme that
catalyses DNA recombination between two of its 34 base-pair (bp) DNA recognition sites,
referred to as LoxP sites. Therefore, the DNA sequence (i.e., an exon of a gene) flanked by the
LoxP sites is recombined, resulting in insertion, deletion, translocation or inversion of specific
DNA sequences. The outcome is a gene knockout or knockin, depending on the specific
methodology.
Selectivity of Cre-LoxP systems is derived from the promoter chosen. A promoter is the
region of DNA that initiates transcription of a particular gene, and is located upstream (3’ region)
from the gene sequence. Cytomegalovirus (CMV) is a commonly used promoter that is highly
non-specific, and will be expressed in all cells. Therefore, if CMV is used as a promotor, Cre
will be expressed in all cell types early in embryonic development.
Promoters can also be tissue specific, cell specific, developmentally specific or
responsive to exogenous compounds, allowing for a broad range of applications. The benefit of
this type of genetic approach is temporal (i.e., trigger is at a specific point in development or
experimental phase) and/or spatial (i.e., only specific cell types or brain regions are targeted)
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specificity. Cre-LoxP is an efficient strategy, as it can be used in any cellular environment and on
any type of DNA, and in conjunction with homologous recombination-based gene targeting
(Lakso et al. 1992; Orban et al. 1992).
To produce a desired modified mouse line, mice expressing Cre are bred with those
expressing the LoxP sites (Figure 1.1). The gene coding for Cre produces the enzyme that then
cleaves the exon being flanked by the LoxP sites. Importantly, the exon being flanked should
have functional relevance for the gene being transcribed: if the methodological aim is a gene
knockout, excision of the flanked exon should render the gene non-functional. To accomplish a
Cre-LoxP system, the Cre gene or the LoxP sequence of DNA is implanted into DNA of a mouse
blastocyst. These two mouse lines are then bred (F0 generation) to produce an F1 generation. F1
mice will be chimeras: the gene will be excised in some, but not all cells. F1 generation mice are
then cross bred with wild-type mice (F2), creating heterozygous mice (they will have one copy of
the knocked out gene in all cells). These heterozygous offspring are then interbred (F3-onward),
creating some animals that carry no functional copy of the original unaltered gene (homozygous
for the gene of interest; KO).
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Figure 1.1 Simplified schematic of the Cre-LoxP genetic recombination strategy. Mice
expressing the Cre gene under the cytomegalovirus (CMV) promotor control is bred with
animals expressing LoxP sites flanking Exon X (a). In the presence of the Cre gene, Cre
recombinase is synthesized, which excises the region flanked by the LoxP sites, rendering Exon
X inactive and resulting in gene X being non-functional (b). In this example, LoxP sites are
placed in a trans orientation resulting in Cre recombinase excising the flanked region of DNA.

M/DOR constitutive and conditional knockout mouse construction
Mice with a floxed delta (Oprd1fl/fl) or mu (Oprm1fl/fl) opioid receptor gene were
constructed by flanking exon 2 (delta) or exon 2 and 3 (mu) of the gene with LoxP sites
(Gaveriaux-Ruff et al. 2011; Weibel et al. 2013). These floxed mice show intact DOR and MOR
gene expression and binding (Gaveriaux-Ruff et al. 2011; Weibel et al. 2013). Constitutive MOR
(CMV-Oprm1-/-) and DOR (CMV-Oprm1-/-) KO mice were produced by breeding Oprm1fl/fl or
Oprd1fl/fl mice with CMV-Cre mice, respectively. In these mice, opioid receptor activation is not
detectable in the brain, suggestive of effective gene deletion (Gaveriaux-Ruff et al. 2011; Weibel
et al. 2013).
Recently, mice lacking MORs or DORs in GABAergic forebrain neurons were produced
by breeding Oprm1fl/fl and Oprd1fl/fl mice with Dlx5/6-Cre mice that express Cre recombinase in
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Dlx5/6 positive neurons. In mammals, there are six Dlx homeobox genes (Stock et al. 1996).
Generally, homeobox genes are involved in the regulation of anatomical development in
vertebrates. Specifically, Dlx1, Dlx2, Dlx5, and Dlx6 genes have distinct roles in the different
steps of differentiation, migration and survival of forebrain progenitors (Anderson et al. 1997;
Liu et al. 1997; Cobos et al. 2005; Cobos et al. 2007). In particular, the Dlx5/Dlx6 cluster (i.e.,
two genes that share the same endogenous promoter, and are transcribed together) is expressed in
differentiating and migrating forebrain GABAergic neurons during embryonic development
(Zerucha et al. 2000; Stühmer et al. 2002). Therefore, when Dlx5/6-Cre (Monory et al. 2006)
animals are crossed with Oprm1fl/fl or Oprd1fl/fl, MORs or DOR genes will be selectively excised
from GABAergic forebrain neurons, producing cKO M/DOR mice. Since M/DORs are primarily
located on GABAergic neurons in the forebrain (Charbogne et al. unpublished data; Chu Sin
Chung et al. unpublished data), these conditional animals lack the vast majority of M/DORs from
forebrain regions. Specifically in both Dlx5/6-Oprd1-/- (DOR cKO) and Dlx5/6-Oprm1-/- (MOR
cKO) mice, respectively, Oprd1 or Oprm1 is not expressed in the caudate putamen (CPu), and
NAcb, partially expressed in the prefrontal cortex (PFC) and hippocampus, and fully expressed
in the ventral tegmental area (Figure 1.2) (Charbogne et al. unpublished data; Chu Sin Chung et
al. unpublished data).
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Figure 1.2 Sagittal view of a representative mouse brain illustrating M/DOR receptor gene
expression (a) and ligand binding (b) in M/DOR cKO mice in regions associated with impulsive
action. ↓↓ reflects abolished mRNA expression; ↓ reflects decreased mRNA expression (a) or
binding (b); = no change. HP: Hippocampus; CPu: Caudate putamen; VTA: Ventral tegmental
area; PFC: Prefrontal cortex.

Opioid receptor involvement in impulsivity
Initial evidence for opioid involvement in impulsivity came from studies showing that
chronic opiate abusers are more impulsive than non-users (Madden et al. 1997; Baldacchino et
al. 2014). Additionally, human PET data suggest a possible association, with cognitive
impulsivity predicting greater MOR concentrations in several brain regions associated with
impulsivity, including the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and
basolateral amygdala (BLA) (Love et al. 2009). To date, it has been shown in rats that MOR
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activation (via morphine) increases both impulsive choice, measured on a delay discounting task,
and impulsive action in the 5-CSRTT (Pattij et al. 2009; Wiskerke et al. 2011a). In addition,
animals lacking MORs are less impulsive than wild-type controls (Olmstead et al. 2009).
Even less research has examined the role of DORs on impulsivity; with the exception of
the finding that DOR KO mice exhibit increased impulsive action compared to wild-type
controls (Olmstead et al. 2009). Additional, indirect evidence for DOR involvement in
impulsivity comes from the fact that DORs are highly expressed in regions involved in
impulsivity, including the VTA and striatum (Le Merrer et al. 2009; Charbogne et al. 2014).
1.4 Stress system
Physiological responses in the stress system help organisms adapt to acute, day to day life
stressors. In a normally functioning system, acute stress activates the hypothalamic-pituitaryadrenal (HPA) axis, which results in a cascade of physiological responses. Specifically,
corticosterone releasing factor (CRF), released from the paraventricular nucleus (PVN) of the
hypothalamus, increases adrenocorticotropic hormone (ACTH) secretion from the anterior
pituitary. In turn, the adrenal glands release glucocorticoids (GC) (e.g., corticosterone; CORT).
In addition, endogenous opioids (enkephalins and endorphins) are released in response to stress,
and diminish the stress response (Drolet et al. 2001). Glucocorticoids, cortisol in humans and
corticosterone in rodents, target both the HPA axis (pituitary and PVN) and extra-hypothalamic
stress regions, notably the extended amygdala, hippocampus, and mPFC (Figure 1.3). Broadly,
following acute stress, hippocampus activity inhibits the HPA axis; in contrast extended
amygdala activation increases HPA activity (Herman and James 2012). The mPFC, a region
particularly influential in modulating the effects of acute stress, is responsible for both stressrelated activation and attenuation of the HPA axis by infralimbic and prelimbic PFC regions,
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respectively (Herman and James 2012). Overall, these responses promote beneficial adaptations
to acute stress and allows the organisms to cope with the stressor.

Figure 1.3 Schematic of hypothalamic-pituitary-adrenal (HPA) axis and extra-hypothamalamic
brain regions involved in the acute stress response. In response to a stressor, corticotropin
releasing factor (CRF) is released from the paraventricular nucleus (PVN) of the hypothalamus,
which in turn stimulates adrenocorticotropic hormone (ACTH) release from the anterior pituitary
gland. Glucocorticoids (e.g., cortisol) then feedback to the HPA (PVN and pituitary), extended
amygdala (amygdala and bed nucleus of the solitary track; BNST), hippocampus (HP), and
medial prefrontal cortex (PFC). + represents increased activation following stress; - represents
decreased activity following stress.

In contrast to acute stress responses, prolonged or extreme stress can cause long-term
upregulation of HPA activity, in part via extra-hypothalamic neurocircuitry feeding back to the
PVN. Upregulation of HPA activity results in several changes in the stress response, including
sensitization of the HPA axis to acute stressors, increased basal glucocorticoid secretion,
enhanced CRF1 and GC receptor activity, and neuroplastic changes within extra-hypothalamic
brain regions (Herman and James 2012). Importantly, following acute stress, HPA activity
returns to basal, homeostatic functioning; conversely, prolonged or extreme stress results in longterm upregulation of HPA activity, resulting in continued HPA hyperactivity.
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Stress as a risk factor of drug addiction
Notably, regions involved in the stress response (mPFC, hippocampus, and extended
amygdala) are also highly implicated in drug-related behaviour, suggesting a common
mechanism of action. Both acute stress and altered HPA functioning from chronic stress can
precipitate or exacerbate psychiatric disorders, including drug addiction (Goeders 1997; Piazza
and Le Moal 1998; Sarnyai et al. 2001). More specifically, stressful life events (both day to day
and long-lasting) contribute to increased drug use at all stages of drug addiction, from initiation
to drug use to craving and relapse (Kreek et al. 2005; Koob and Kreek 2007; Koob and Le Moal
2008; Sinha 2008; Haass-Koffler and Bartlett 2012; Schank et al. 2012). Individuals who report
high levels of perceived stress also report longer periods of cocaine use, compared to low-stress
controls (Karlsgodt et al. 2003). Furthermore, perceived stressful events can trigger relapse, even
after long periods of abstinence (Sinha et al. 1999; Stine et al. 2002; Sinha et al. 2006; Fox et al.
2007; Koob 2008; Li et al. 2010; Greenwald et al. 2013), and acute pharmacological stress (i.e.,
yohimbine) increases opioid seeking and craving in drug dependent patients (Stine et al. 2002;
Umhau et al. 2011; Greenwald et al. 2013; Moran-Santa Maria et al. 2014). Animal research
confirms that acute (one session) and chronic (repeated sessions) stress contribute to all stages of
drug-taking behaviour, from initiation to escalation of drug intake to relapse (Shaham et al. 1996;
Goeders 1997; Goeders 2002; Lu et al. 2003; Koob and Volkow 2010; Shalev et al. 2010).
Mechanistically, stress differentially alters drug intake across the phases of addiction via both
HPA (e.g., changes in neuroendocrine systems) and extra-hypothalamic activity.
It appears that stress circuitry activates both the rewarding pathways implicated in drugtaking behavior and the aversive aspects of withdrawal (Koob 2009). More specifically, during
early stages of intake, stress exacerbates drug-induced dopaminergic activity in the mesolimbic
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pathway (Saal et al. 2003; Ungless et al. 2010). Following chronic use, interactions between drug
and HPA activity result in HPA dysregulation via inhibition of peripheral GC feedback in the
hypothalamus and pituitary gland, and recruitment of extra-hypothalamic sites (Kreek and Koob
1998; McEwen 2008; Herman and James 2012). For instance, drug-induced CRF1 and GC
receptor up- and down-regulation in various stress-related brain regions contribute to the
transition from casual drug use to dependence (Ambroggi et al. 2009; Koob and Volkow 2010;
Gilpin 2012; Vendruscolo et al. 2012). In this state, CRF and noradrenergic activity, particularly
within the extended amygdala, mediate the aversive effects of acute withdrawal (Koob and
Volkow 2010).
Stress-impulsivity interactions
Both stress and impulsivity have been clearly defined as environmental and personality
factors that precipitate, promote, and exacerbate drug addiction; however, they are often viewed
as independent predictors of this maladaptive behavior. Few clinical or pre-clinical studies have
examined, directly, the relationship between these two factors, and the mechanisms that may
mediate this interaction in a drug-naïve state are not well understood. Some evidence suggests
that adverse life events are correlated with impulsivity in cocaine-dependent individuals (Hayaki
et al. 2005), whereas other evidence does not support a relationship between total life stress
scores and either delay discounting or trait impulsivity in cocaine dependent populations (Ross et
al. 2013). These discordant findings likely reflect different measures of impulsivity (delay
discounting versus impulsivity questionnaires), life stress questionnaires, and clinical
populations studied.
More direct physiological markers of HPA activity support a stress-impulsivity
interaction: basal cortisol levels predict trait like impulsivity in both individuals with borderline
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personality disorders and healthy controls (Almeida et al. 2010). Additionally, pharmacological
stress (e.g., yohimbine) increases impulsivity in healthy individuals (Swann et al. 2005), and
increases impulsive action in the 5-CSRTT in rats (Sun et al. 2010). In the latter study,
yohimbine-induced increases in premature responding were attenuated by blocking cyclic
adenosine monophoshphate (cAMP) response element binding (CREB) activity in the OFC (Sun
et al. 2010). Since CREB is a transcription factor implicated in the stress response (Briand and
Blendy 2011), these authors argued that yohimbine’s effects on impulsive responding were
stress-response specific, rather than due to general noradrenergic activation (Sun et al. 2010).
1.5 Objectives
The purpose of the experiments presented in the following chapters is to further elucidate
the mechanisms of impulsive action, with respect to the pharmacological underpinnings and
environmental influences (e.g., stress) that mediate this behaviour. In the first three experiments,
we aimed to extend findings showing an involvement of the opioid system in impulsive action.
To accomplish this, pharmacological manipulations were implemented in Chapters 2 and 3; in
Chapter 4, we specifically examined the role of MORs or DORs located on GABAergic
forebrain neurons on impulsive action by testing mice lacking these receptors. In rodent
experiments, we used morphine as a MOR agonist because more selective agonists do not readily
pass the blood brain barrier. Additionally, because morphine is already available as a
pharmacotherapy for pain management, its use in the study of impulse control disorders has
more clinical relevance than other MOR agonists. Finally, in Chapter 5, we examined whether
stress, via pharmacological intervention, increases impulsivity, and further examined possible
neurotransmitter system involvement in this interaction.
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Effects of Delta Opioid Receptor Activation on a Response Inhibition Task in
Rats
As published in: Befort K, Mahoney MK, Chow C, Hayton SJ, Kieffer BL, Olmstead MC
(2011). Effects of delta opioid receptors activation on a response inhibition task in rats.
Psychopharmacology, 214, 967–976.

2.1 Abstract
Rationale: Response inhibition, a primary symptom of many psychiatric disorders, is mediated
through a complex neuropharmacological network that involves dopamine, serotonin, glutamate,
noradrenaline, and cannabinoid mechanisms. Recently we identified an opioidergic contribution
to response inhibition by showing that deletion of mu or delta opioid receptors in mice alters
motor impulsivity. Objectives: We investigated this phenomenon further by testing whether
pharmacological activation of opioid receptors disrupts the ability to inhibit a motor response.
Methods: Long-Evans rats were trained to withhold a lever-pressing response for sucrose until a
discriminative stimulus (lever light) was presented. The delay to the discriminative stimulus (1 to
60 s) was varied so animals could not predict, on any given trial, the length of the pre-response
phase. Motor impulsivity was assessed as the inability to inhibit lever pressing prior to the
discriminative stimulus. Rats were tested following an injection of the mu opioid receptor
agonist morphine (0, 0.5, 1, 2, 4, 6, 8 or 10 mg/kg) or the delta receptor agonist SNC80 (0, 2.5, 5,
or 10 mg/kg). Results: The highest dose of SNC80 increased premature responses and locomotor
activity, but had no effect on the speed of responding or non-reinforced lever presses. The
SNC80-induced decrease in accuracy was blocked by the delta opioid receptor antagonist
naltrindole. Morphine had no effect on any behavioural measure. Conclusions: These findings
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point to a more complicated role for opioid receptors in disinhibition than would have been
predicted from previous opioid receptor deletion studies. Possible sources of these discrepant
results are discussed.
2.2 Introduction
Impulsivity is a primary pathology in many psychiatric disorders including attention
deficit hyperactivity disorder (ADHD), substance abuse, pathological gambling, binge eating,
and antisocial personality disorder (American Psychiatric Association 2013). The prevalence of
impulsivity across different patient populations is not surprising as the construct encompasses
several behavioral and cognitive processes (Evenden 1999). Acting before thinking, opting for
immediate gratification in lieu of delayed rewards, making a decision prior to integrating all
relevant information, and the inability to withhold a motor response are all examples of
impulsive responding. The latter process, commonly referred to as response inhibition or motor
impulsivity, is the common trait in disorders of impulse control and, hence, the subject of intense
scientific investigation (for reviews see (Pattij and Vanderschuren 2008; Hayton and Olmstead
2009).
Response inhibition is mediated through a complex neuropharmacological network that
involves dopamine (DA), serotonin (5-HT), glutamate, noradrenaline (NA), and cannabinoid
mechanisms (Pattij and Vanderschuren 2008; Hayton and Olmstead 2009). The role of the opioid
system in this process has not been studied extensively despite evidence that heroin abusers show
deficits in motor impulsivity (Verdejo et al. 2005), and that opioid antagonists enhance control of
motor responses (Mitchell et al. 2007) and may be an effective treatment for impulse-control
disorders (Kim 1998). Recently, we identified an opioidergic contribution to response inhibition
in a signaled nose poke task by showing that mice lacking the mu opioid receptors exhibit lower
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levels of motor impulsivity, whereas those lacking delta opioid receptors exhibit higher levels
(Olmstead et al. 2009). A role for mu opioid receptors in response inhibition was confirmed in
rats using a 5-choice serial reaction time task (5-CSRTT) (Pattij et al. 2009).
Our finding that delta opioid receptors play a role in motor impulsivity is particularly
intriguing as this was the first evidence for a contribution of these receptors to any aspect of
impulsivity. Moreover, delta opioid receptors make an important contribution to emotional
processing in that reductions in delta opioid receptor signaling increase anxiety and depressivelike symptoms (Filliol et al. 2000; Perrine et al. 2008) whereas receptor activation has the
opposite effect (Broom et al. 2002b; Perrine et al. 2006; Jutkiewicz 2006). Disruptions in
emotional processing and impulsivity often co-occur in clinical populations, suggesting that
alterations in delta opioid receptor function may be a common underlying mechanism in some
psychiatric conditions. Finally, if deletion of delta opioid receptors increases motor impulsivity,
activation of these receptors would be expected to decrease motor impulsivity, pointing to a
potential new therapeutic intervention for response inhibition deficits.
The purpose of the present study was to examine, in greater depth, the role of mu and
delta opioid receptors in motor impulsivity. To do so, we tested the effects of morphine and
SNC80 (mu and delta opioid receptor agonists respectively) in a response inhibition task (Hayton
et al. 2010) that mimics the signaled nose poke task in mice (Bowers and Wehner 2001). Rats are
required to withhold responding for a sucrose reward until a discriminative stimulus (lever light)
is presented. In the current study, the delay to the discriminative stimulus was varied so that
animals could not predict, on any given trial, the length of the pre-response phase. This ensured
that optimal performance was not influenced by the ability to accurately time intervals. A further
advantage of this task is that animals were tested at short and long intervals in the same session,
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and that both increases and decreases in task accuracy could be observed across sessions. Motor
impulsivity was assessed as the number of responses that occurred prior to the presentation of the
discriminative stimulus, modeling the failure to inhibit an inappropriate verbal or motor response
in humans.
2.3 Materials and methods
Subjects
Male Long-Evans rats (Charles River, PQ, Canada) weighing 250-350 g at the start of the
experiments were pair-housed on a reverse light-dark cycle in standard polycarbonate cages.
Behavioral testing was conducted during the dark cycle. Initially, rats had free access to food
(Lab Diet; PMI Nutrition International, Inc.) and water. Beginning three days prior to
behavioural training, rats were food restricted to 90 min of free access per day such that they
gained 10-15 g per week. Animal care was conducted in accordance with the guidelines provided
by the Canadian Council on Animal Care, and the experiments were approved by the Queen’s
University Animal Care Committee.
Apparatus
Training and testing were conducted in operant conditioning chambers (26.5 × 22.0 ×
20.0 cm), each housed in a sound-attenuating chamber (constructed in house). Each box was
fitted with two retractable levers positioned equidistantly on one wall. Levers were 4 cm wide, 5
cm from the mesh floor, and 13 cm apart. Sucrose pellets (45 mg; Bio-Serv, N.J., USA) were
delivered to a food magazine via a pellet dispenser (Med Associates, Vt., USA). The food
magazine was located between the two levers and was equipped with infrared sensors to detect
food collection. One small dim light was situated 4 cm above each lever and the magazine. An
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indirect houselight could illuminate the chamber. An IBM-type computer in an adjacent room
controlled the equipment and was used for data collection (software written in-house using
ECBASIC).
Drugs
Morphine sulfate (BDH Pharmaceuticals, Toronto ON) and naloxone (TOCRIS
Biosciences, USA) were dissolved in 0.9% physiological saline. Morphine was tested at doses of
0, 0.5, 1, 2, 4, 6, 8 and 10 mg/kg. The opioid receptor antagonist, naloxone, was tested at a dose
of 1 mg/kg. SNC80 ((+)-4-[(α-R*)-α-((2S*,5S*)-4-allyl-2,5-dimethyl-1-piperazinyl)-3methoxybenzyl]-N,N-diethylbenzamide) (Tocris Biosciences, USA) was dissolved in 8% 1 M
HCl solution to yield doses of 0, 2.5, 5, and 10 mg/kg. The selective delta opioid receptor
antagonist, naltrindole (NTI) (Tocris Biosciences, USA), was dissolved in 25% DMSO to yield a
dose of 5 mg/kg, a dose which blocks SNC80-induced behavioural changes (Spina et al. 1998).
Morphine, naloxone and SNC80 were injected s.c. 30 min prior to behavioral testing. Doses were
administered in an ascending or descending order, counterbalanced across animals. Drug doses
were separated by 24 hr (1-lever task) or 48 hr (2-lever task). In the latter, animals were tested
drug-free on the intervening days. NTI was injected s.c. 15 min prior to the SNC80 injection,
based on previous evidence of effective blockade of SNC80 behavioral effects at this interval
(Broom et al. 2002a).
Response inhibition training
Rats were magazine trained for 2 days, receiving 20 sucrose pellets on a random time
(RT) 90-s schedule. Levers were withdrawn and lever lights (discriminative stimuli) were turned
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off. The house-light was illuminated until a food pellet was dispensed. At this point, the
magazine light turned on and the house light turned off for 1 s and the next trial commenced.
Rats were then trained to lever press for food on a continuous reinforcement (CRF)
schedule. In order to minimize cognitive demands, such as discrimination, only one lever was
inserted into the chamber with the lever assignment (left versus right) counterbalanced across
animals. The house light and discriminative stimulus (lever light) were turned on throughout
these sessions, except during delivery of the reward, which was signaled by illumination of the
magazine light (1 s). There was no time limit for animals to respond on each trial; training
continued until a minimum of 80 pellets were earned in a 60-min session for 2 consecutive days.
Following CRF training, the response phase of the task was shortened such that rats had
10 s to lever press following the lever insertion. The house light and discriminative stimulus
were turned on during this 10-s period. If 10 s elapsed, the lever was retracted for a 10-s intertrial interval (ITI) and the trial was scored as an omission. Both the house light and
discriminative stimulus were turned off during the ITI. Training continued until animals reached
a criterion of fewer than 20% omitted trials for four consecutive sessions. The purpose of these
sessions is to train animals to respond within a 10-s window before they learn to inhibit
responding during the premature phase. Over 90% of the animals reached criterion in 2 days,
with the remaining completing this stage of training in 4 days.
In the next stage of training, each trial commenced with a 10-s ITI in which the lever was
retracted, the houselight was off. At the end of the ITI, the lever was inserted and the houselight
was illuminated but the discriminative stimulus was delayed for a variable period. Lever presses
prior to the discriminative stimulus (i.e., premature responses) reinstated the ITI with no reward.
Responses in the presence of the discriminative stimulus (10-s limit) were reinforced with a
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sucrose pellet and initiated the next trial. Animals received 5 training sessions at each of the
following delays: 1, 4, 15, and 60 s with 100 trials per session. Subjects then progressed to the
full response inhibition task. In this stage, each session consisted of 20 trials at delay intervals of
1, 4, 15, 30, and 60 s (100 trials in total), that were presented in a random order. As previously,
the lever was retracted and both house light and discriminative stimulus were turned off during
the 10-s ITI. The house light turned on and the lever was inserted at the beginning of the
premature phase (variable interval). The response phase was signaled by the presentation of the
discriminative stimulus. A lever press during the response phase turned off the house light and
discriminative stimulus, retracted the lever, turned on the magazine light (1 s), delivered a food
pellet, and initiated the next trial. Failure to respond during the 10-s response phase was counted
as an omission and the next trial commenced. See Figure 2.1a for details.
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Figure 2.1 Response inhibition task. (a) Visual schematic of the progression of trials in operant
boxes used in the response inhibition task. Each trial starts with a 10-s inter-trial-interval (ITI).
The houselight is turned on and a lever is inserted at the beginning of the subsequent premature
phase (1, 4, 15, 30 or 60 s); responses during the premature phase reinstate the ITI. At the end of
the premature phase, the houselight is turned off and a discriminative stimulus (light) is
presented indicating that lever presses will be reinforced with a sucrose pellet. Failure to respond
during the 10-s correct phase reinstates the ITI with no sucrose pellet. Arrows indicate possible
outcomes of each phase of the task. (b) Motor impulsivity, measures as accuracy in the response
inhibition task was stable across 14 days of baseline testing in the 1-lever (left) and 2-lever
(right) versions of the task. Accuracy increased as the length of the premature phase decreased in
both tasks indicating that rats had more difficulty inhibiting a motor response as the delay to the
discriminative stimulus increased.
Animals were tested for 14 days prior to drug administration with the last three days of
testing constituting baseline. Accuracy was assessed as the percentage of trials in which animals
successfully inhibited a lever pressing response prior to the discriminative stimulus. This
dependent measure was calculated as (correct responses/(premature + correct responses))*100.
The number of omissions and the latencies to premature and correct responses were recorded for
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each session. Latencies were calculated as the time from lever insertion (premature response) or
discriminative stimulus presentation (correct response) to the first lever press.
In a subsequent set of experiments, a second lever was inserted into the chamber on the
same schedule as the first lever. This manipulation allowed us to test whether significant drug
effects were due to non-specific motor activation. We also tested animals, drug-free, on the days
between each drug dose in order to confirm that responding returned to baseline levels between
drug testing. Responses on this second, non-reinforced, lever were recorded but had no
programmed consequences. Non-reinforced responses could occur repeatedly within each trial
and the available time to respond increased with the delay interval. To account for these
differences, non-reinforced responses were analyzed using response rate (lever presses/s) as the
dependent variable.
Effects of morphine on accuracy
Three separate groups of rats were tested in the response inhibition task following an
injection of the mu opioid receptor agonist, morphine. The first group (n=10) was tested with one
lever using a low dose range (0, 0.5, 1, 2, and 4 mg/kg) and the second (n=8) at a higher dose
range (0, 6, 8, and 10 mg/kg). A third group (n=8) was tested in the 2-lever paradigm following
an injection of 0, 2, 4, or 8 mg/kg morphine (twice at each dose). A separate group of animals
(n=8) was tested in the 2-lever paradigm following an injection of naloxone (0 or 1 mg/kg).
Effects of SNC80 on accuracy
The effect of the delta opioid receptor agonist, SNC80, was tested using three separate
groups of rats. The first (n=10) were tested in the 1-lever paradigm following an injection of
SNC80 (0, 2.5, 5, and 10 mg/kg). At the end of drug testing, all animals underwent one drug-free
test in the response inhibition paradigm. The highest dose of SNC80 produced a significant
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increase in impulsivity so this dose was used in a second study (n=16). Eight rats were tested
following an injection of SNC80 (10 mg/kg), the remaining 8 animals were tested following an
injection of NTI (5 mg/kg) plus SNC80. Following these tests, the second group was re-divided
into two and tested following an injection of NTI or vehicle (HCl + DMSO). The third group of
animals (n=16) was tested in the 2-lever paradigm following an injection of SNC80 (0 or 10
mg/kg).
Effects of morphine and SNC80 on locomotor activity
Locomotor activity was measured in activity boxes (50× 40×40 cm) with horizontal
movements monitored via a grid of infrared beams (beam breaks as the dependent measure).
Separate groups (n=8) were tested twice, once following an injection of SNC80 (10 mg/kg) or
morphine (2 mg/kg) and once following a vehicle injection (order counterbalanced within the
group). In each session, rats were placed in the activity cages for 1 h (basal exploration), injected
with saline (1 ml/kg s.c.), and returned to the cages for 1 h. Finally, rats were injected with drug
or vehicle and activity was recorded for 1 h.
Statistical analyses
Data were analyzed using analysis of variance (ANOVA), computed with the Statistical
Program for the Social Sciences (SPSS; V.18.0). Degrees of freedom for repeated measures were
adjusted using the Greenhouse-Geisser correction if assumptions of sphericity were violated
(Greenhouse and Geisser 1959). When significant main effects were observed in betweensubjects analyses, post-hoc tests were performed using a Bonferroni correction. Within-subjects
significant main effects were further analyzed with post-hoc paired t-tests with an  correction
for the number of comparisons made. The dependent measures in the response inhibition task
were accuracy, omissions, rate of responding on the non-reinforced lever (2 lever task only) and
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latencies to either premature or correct responses. In order to examine whether accuracy was
stable across testing and between different groups of animals, data from the baseline sessions
were analyzed using a 3-way ANOVA with session (baseline 1-14) and delay interval (1, 4, 15,
30 and 60 s) as within-subjects factors, and group (3 morphine and 3 SNC80) as a betweensubjects factor. Data from drug testing sessions were analyzed with dose and delay as withinsubjects factors and order of injection (ascending versus descending) as repeated-measures
factors, with one exception noted below. Including injection order as a factor in the ANOVA
controls for the effect of repeated drug exposure on behavioral measures, and makes the analysis
more conservative. Horizontal beam breaks was the dependent measure in the locomotor test and
data were analyzed using group (vehicle vs SNC80) and order of injection as between-subjects
factors and time (10 min bins) as a within-subjects factor. The session was divided into baseline,
saline and drug injection, which were analyzed separately.
2.4 5 Results
Response inhibition training
ANOVA was used to examine whether accuracy (the dependent measure in the response
inhibition task) was stable between groups and across testing. This analysis revealed no
differences across baseline sessions [F(13,611) = 1.99, p = 0.07] and no difference in accuracy
between the experiments [F(5,47) = 1.13, p = 0.36] (Figure 2.1b). The significant main effect of
delay, confirmed that accuracy declined (i.e., animals made more premature responses) as the
delay interval increased [F(4,188) = 204.33, p < 0.01]. Paired post-hoc t-tests revealed that
accuracy scores were significantly different at each interval (all ps < 0.01 with  correction for 4
comparisons). None of the interactions reached statistical significance. Furthermore, an ANOVA
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comparing accuracy during baseline sessions (averaged across the last 3 sessions) with accuracy
during the final drug-free test session in the first SNC80 group confirmed that repeated testing
had no effect on this measure [F(1,8) = 0.1, p = 0.77]. Additionally, we examined whether
responding was stable across drug testing by comparing accuracy scores during baseline sessions
with accuracy across drug washout days (i.e., between drug testing in the 2-lever task). ANOVA
revealed a main effect of delay for both morphine [F(4,16) = 14.79, p < 0.01] and SNC80
[F(4,56) = 36.11, p < 0.01] experiments, but no main effects of session or injection order and no
significant interactions.
Effects of morphine on accuracy
Figure 2.2 shows that morphine had no effect on accuracy in the response inhibition task.
The lower (Figure 2.2a) and higher (Figure 2.2b) dose ranges yielded non-significant effects of
dose and injection, but statistically significant effects of delay: [F(4,5) = 33.31, p < 0.01] and
[F(4, 24) = 68.50, p < 0.01]. None of the interactions reached statistical significance. In the 2lever task (Figure 2.2c), two subjects were dropped from the analysis due to malfunctioning
equipment on one of the test days. Because both subjects were in the ascending dose condition,
order of injection was dropped as a factor in this analysis. Nonetheless, the data were consistent
with results from the 1-lever task: main effect of delay [F(4,20) = 21.63, p < 0.01] but no effect
of dose [F(3,15) = 0.23, p = 0.88]. Neither delay nor drug dose had an effect on the rate of nonreinforced lever presses (Figure 2.2d).
In all three groups of animals, morphine had no effect on omissions or on latencies to a
premature or correct response (all ps > 0.05). In addition, naloxone had no effect on any
dependent measure in the response inhibition task (data not shown).
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Figure 2.2 Effects of morphine on motor impulsivity in the response inhibition task. Neither low
(a) nor high (b) doses of morphine altered accuracy in the response inhibition task, suggesting no
change in motor impulsivity. Morphine also had no effect on accuracy in a 2-lever version of the
task (c) and did not affect the rate of non-reinforced lever presses (d). Accuracy was calculated
as (correct responses/(premature + correct responses))*100. SED = standard error of differences
of means; SED is calculated as sqrt(2*MSerror/n) where n is the harmonic mean of the sample
sizes and MSerror is the overall interaction term.

Effects of SCN80 on accuracy
In contrast to the lack of morphine effects, SNC80 produced a dose-dependent decrease
in accuracy (Figure 2.3a), manifested as a significant main effect of dose [F(3,24) = 8.47, p <
0.01]. The significant main effect of delay [F(4,32) = 104.21, p < 0.01] confirmed that accuracy
declined across delay intervals and the delay x dose interaction [F(12,96) = 7.41, p < 0.01]
indicated that this effect differed across dose. Simple effects revealed a significant effect of drug
at the 15, 30, and 60 s delay (ps < 0.05 with  correction for 5 comparisons). Post-hoc paired t-
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tests revealed that at 15, 30 and 60 s all doses of SNC80 significantly decreased accuracy
compared to vehicle (ps < 0.05 with  correction for 3 comparisons.
Figure 2.3b shows that the effect of SNC80 on accuracy was blocked by prior
administration of NTI. Statistical analysis confirmed a main effect of delay [F(4,112) = 61.29, p
< 0.01] and drug group [F(3,28) = 5.32, p < 0.01], and a significant delay x drug group
interaction [F(12,112) = 2.06, p < 0.05]. Simple effects revealed a significant effect of drug at
the 4, 15, 30, and 60 s delays (ps < 0.05 with  correction for 5 comparisons). Post-hoc tests
revealed no differences between NTI and vehicle at any of the delays, but SNC80 + NTI
significantly increased accuracy at the 4, 15, 30 and 60 s delay compared to SNC80 alone (ps <
0.05 with  correction for 2 comparisons).
The decrease in accuracy following an SNC80 injection was confirmed in the 2-lever task
(Figure 2.3c) by a main effect of dose [F(1,14) = 5.58, p < 0.05], delay [F(4,56) = 43.45, p <
0.01] and a delay x dose interaction [F(4,56) = 3.31, p < 0.05]. As previously described, post-hoc
paired t-tests revealed that accuracy declined with increases in the delay interval with a
significant difference at 60 s but not at the other intervals (ps < 0.05 with  correction for 5
comparisons). Despite these changes, SNC80 had no effect on the rate of non-reinforced lever
presses (Figure 2.3d) or on omissions in the 1- or 2-lever tasks. See Table 2.1 for details.
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Figure 2.3 Effects of SNC80 on motor impulsivity in the response inhibition task. The highest
dose of SNC80 decreased accuracy (i.e., increased impulsivity) in the response inhibition task
(a), an effect that was blocked (b) by the selective delta opioid receptor antagonist naltrindole
(NTI). SNC80 also decreased accuracy in a 2-lever version of the task (c), but did not affect the
rate of non-reinforced lever presses (d). Accuracy was calculated as (correct
responses/(premature + correct responses))*100. SED = standard error of differences of means;
SED is calculated as sqrt(2*MSerror/n) where n is the harmonic mean of the sample sizes and
MSerror is the overall interaction term. a, c, and d: Vehicle = 8% 1 M HCl; b: Vehicle = 8% 1
M HCl plus 25% DMSO
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Table 2.1 Effects of SNC80 on omissions in the response inhibition task
Group 1

Group 2

Group 3

Delay
Vehicle

10 mg/kg

Vehicle

10 mg/kg

Vehicle

10 mg/kg

1s

0.15 + 0.11

0.20 + 0.20

0+0

0+0

0.56  0.30

0.56  0.22

4s

0.25 + 0.25

0.15 + 0.08

0+0

0+0

0.44  0.22

0.38  0.31

15 s

0.50 + 0.30

0.15 + 0.08

0+0

0.12 + 0.09

0.38  0.22

0.19  0.10

30 s

0.30 + 0.17

0.10 + 0.07

0+0

0.12 + 0.07

0.56  0.29

0.31  0.15

60 s

0.25 + 0.13

0.05 + 0.05

0+0

0.75 + 0.10

0.06  0.06

0.19  0.10

Values represent the mean (+SEM) number of omissions at each delay interval following an
injection of vehicle or SNC80 (10 mg/kg) in the 1-lever (Groups 1 and 2) and 2-lever (Group 3)
versions of the task. Vehicle Group 1 and 3 = 8% 1 M HCl solution; Vehicle Group 2 = 8% 1 M
HCl plus 25% DMSO.

Table 2.2 and Table 2.3 show latencies to premature and correct responses, respectively,
following injections of 0 or 10 mg/kg SNC80 (the latter being the dose which decreased
accuracy). SNC80 had no effect on the latency to premature or correct responses, although
latencies to premature responses increased with the delay interval in the 1-lever task [F(4,5) =
96.35, p < 0.01] and [F(4,5) = 3.14, p < 0.05]. In the 2-lever task, there was a main effect of drug
[F(3,28) = 3.94, p < 0.05] and delay [F(4,112) = 88.24, p < 0.01] on latencies for premature, but
not correct, responses. Similarly, the delay x group interaction was statistically significant for
premature [F(12,112) = 4.01, p < 0.05], but not correct, responses. Simple effects of latencies to
premature responding revealed a significant effect of drug at the 30 and 60 s delays (ps < 0.05
with α correction for 5 comparisons). Post hoc t-test showed no group differences at the 30 s
delay; however the NTI group had longer latencies than the SNC80 group at the 60 s delay (ps <
0.05 with α correction for 4 comparisons).
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Table 2.2. Effects of SCN80 on latencies to a premature response in the response inhibition
task.
Group 1

Group 2

Group 3

Delay
Vehicle

10 mg/kg

Vehicle

10 mg/kg

Vehicle

10 mg/kg

1s

0.23 + 0.05

0.26 + 0.07

0+0

0.82 + 0.03

0.02 + 0.01

0.02 + 0.01

4s

1.51 + 0.20

1.72 + 0.20

1.60 + 0.27

2.22 + 0.21

0.26 + 0.10

0.32 + 0.10

15 s

3.59 + 0.04

5.47 + 0.57

3.05 + 0.52

5.52 + 0.39

1.35 + 0.44

1.91 + 0.45

30 s

9.15 + 1.71

11.8 + 1.39

10.67 + 1.09

8.19 + 0.97

5.25 + 1.30

5.36 + 1.12

60 s

23.32 + 1.72

19.59 + 1.01

24.77 + 2.35

21.21 + 1.53

13.29 + 1.87 15.64 + 1.09

Values represent the mean (+SEM) latency (s) to responding prematurely at each delay interval
following an injection of vehicle or SNC80 (10 mg/kg) in the 1-lever (Groups 1 and 2) and 2lever (Group 3) versions of the task. Vehicle Group 1 and 3 = 8% 1 M HCl solution; Vehicle
Group 2 = 8% 1 M HCl plus 25% DMSO.

Table 2.3. Effect of SCN80 on latencies to a correct response in the response inhibition task.
Group 1

Group 2

Group 3

Delay
Vehicle

10 mg/kg

Vehicle

10 mg/kg

Vehicle

10 mg/kg

1s

1.82 + 0.22

1.64 + 0.16

1.26 + 0.15

1.34 + 0.18

1.42  0.21

1.78  0.25

4s

1.64 + 0.21

1.39 + 0.16

1.08 + 0.12

1.52 + 0.15

1.31  0.14

1.39  0.15

15 s

1.88 + 0.21

1.82 + 0.19

1.38 + 0.12

1.19 + 0.25

1.17  0.25

1.18  0.26

30 s

1.82 + 0.15

1.47 + 0.15

1.45 + 0.14

1.36 + 0.30

0.88  0.15

0.84  0.23

60 s

1.91 + 0.18

1.71 + 0.17

0.99 + 0.17

0.58 + 0.17

0.73  0.12

0.49  0.15

Values represent the mean (+SEM) latency (s) to respond correctly at each delay interval
following an injection of vehicle or SNC80 (10 mg/kg) in the 1-lever (Groups 1 and 2) and 2lever (Group 3) versions of the task. Vehicle Group 1 and 3 = 8% 1 M HCl solution; Vehicle
Group 2 = 8% 1 M HCl plus 25% DMSO.
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Effects of morphine and SNC80 on locomotor activity
As shown in Figure 2.4, As shown in Fig. 4, activity levels declined in all groups across
the habituation phase of testing [SNC80: F(5,30)= 56.26, p<0.01; morphine: F(5,30)=40.79,
p<0.01]. Activity continued to decline following a saline injection [SNC80: F (5,30)=3.58,
p=0.01; morphine: F(5,30)=14.09, p<0.01]; both drugs significantly increased activity levels
[SNC80: F (1,6)=257.53, p<0.01; morphine: F(1,6)=9.99, p<0.05], which declined across the
next 2 h [SNC80: F(11,66)= 3.44, p=0.01; morphine: F(11,66)=3.12, p<0.01].

Figure 2.4 Effects of SNC80 and morphine on locomotor responses. Data points represent beam
breaks per 10-min bin during habituation (60 min), following a saline injection (120 min), and
following an injection of 10 mg/kg SNC80 (top) or 2 mg/kg morphine (bottom) (120 min).
Arrows indicate the time of saline (left) and drug or vehicle (right) injections.
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2.5 Discussion
The primary, novel finding in this study is that administration of a delta opioid receptor
agonist (SNC80) to rats decreases accuracy in a response inhibition task. Pretreatment with the
selective antagonist, NTI, reversed the disinhibitory effect of SNC80, confirming a key role for
delta opioid receptors in this effect. The fact that activation of delta opioid receptors increased
premature responses appears to contradict our original report (Olmstead et al. 2009) that genetic
deletion of delta opioid receptors had similar effects in mice. Gene deletion and behavioral
pharmacology studies frequently yield discrepant results (Filliol et al. 2000; Gingrich and Hen
2001; Zhang et al. 1999), a difference that is often attributed to developmental issues in
genetically modified animals and/or poor specificity of pharmacological tools (Kieffer and
Gaveriaux-Ruff 2002; Portugal and Gould 2008). In addition to species and experimental
manipulation, the apparent contradiction between our previous and current findings could be
explained by a differential contribution of opioid mechanisms to task performance. This seems
likely given the behavioral requirements of the two paradigms. In the signaled nose poke and
response inhibition tasks, animals are trained with a set versus a random ITI, respectively. In the
former, a 20-s ITI is followed by a variable premature phase (1–8s), but unlike the response
inhibition task, the onset of the premature phase is not signaled. Moreover, mice may nose poke
at any point during a trial, in contrast to the response inhibition task in which the lever is
retracted during the ITI. Finally, although there is no evidence that inhibition of a nose poke and
lever pressing response invoke different neural systems, this remains a possible source of
discrepant findings. In sum, any or all of these task differences may have accounted for the
differential effects of gene knockout versus drug administration on these two measures of motor
impulsivity.
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The fact that both deletion and activation of delta opioid receptors increase premature
responses may also be explained by task differences in the length of the premature phase. In the
signaled nose poke task, mice are required to withhold motor responses for 1–8 s, whereas rats
must inhibit responding in the response inhibition task for 1–60 s. SNC80 only produced an
effect on accuracy at the longest interval, although differences were emerging at the 15- and 30-s
intervals. There is no direct evidence that inhibition of a motor process at long and short intervals
involves distinct neural systems, although neuropharmacological systems mediating inhibition in
tasks with long and short delays (e.g., differential reinforcement of low rate responding and fivechoice serial reaction time tasks) are dissociable (Hayton and Olmstead 2009). Thus, one
hypothesis is that decreases in delta opioid receptor signaling disrupt the ability to inhibit a
motor response at short intervals, whereas increases in receptor signaling disrupt motor
inhibition at long intervals. This hypothesis remains speculative because knockout mice were not
tested at long intervals (Olmstead et al. 2009). Moreover, even though SNC80 had no effect at
short delays, accuracy was close to ceiling levels in these trials so it may not have been possible
to observe behavioral changes. The idea that delta opioid receptors make different contributions
to response inhibition at long and short intervals, therefore, requires further study but does not
detract from the principle finding that delta opioid receptors play an important role in this test of
motor impulsivity. The contribution of delta opioid receptors in specific brain regions could be
addressed in future studies using conditional gene knockout technology, an extremely powerful
approach to elucidate the function of single genes (Gaveriaux-Ruff and Kieffer 2007).
The contribution of delta opioid receptors to accuracy in the response inhibition task is
not likely due to non-selective increases in behavioral responding because SNC80 did not
increase latencies to either premature or correct responses in this task. In addition, the dose that

43
increased premature responses did not increase the rate of non-reinforced lever pressing. That is,
SNC80 had similar effects on accuracy when rats had the opportunity to respond on one or two
levers. At the same time, SNC80 increases locomotor activity (present findings) (Spina et al.
1998), which may have produced subtle changes in responding during task performance. The
stimulant effects of delta opioid receptor activation had no detectable effect on accuracy in the
response inhibition task, suggesting that the two effects may be dissociable. This fits with
evidence that the effect of delta opioid receptor deletion on premature responding in a signaled
poke task in mice is independent of changes in locomotor activity (Olmstead et al. 2009). Nor is
it obvious how increases in premature responses could be explained by SNC80-induced
alterations in anxiety or depressive-like symptoms (Russell 2007). Thus, in addition to the wellestablished role in emotional processing (Filliol et al 2000; Nieto et al. 2005), our findings
suggest that delta opioid receptors are involved in cognitive processes such as response
inhibition.
In contrast, our finding do not support a direct role for mu opioid receptors in
impulsivity, consistent with the evidence that morphine has no effect in the stop signal reaction
time task (Pattij et al. 2009). However, our results appear to contradict the evidence that
morphine increases action impulsivity in rats (Pattij et al. 2009) and that deletion of mu opioid
receptors in mice decreases motor impulsivity (Olmstead et al. 2009). It is easier to reconcile
discrepancies between mice genetic and rat pharmacological studies (Kieffer and Gaveriaux-Ruff
2002), than to explain why morphine had different effects on premature responses in one species.
It is unlikely that inconsistencies between the two studies are due to route of drug administration
(i.p. versus s.c.) or to drug dose. Indeed, we extended the dose range of morphine that we tested
(from 4 to 10 mg/kg) after the Pattij et al. data were published because we questioned whether
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we had missed the effective dose. The most plausible explanation for the differential effects of
morphine on premature responses is that unique cognitive processes are engaged in the two tasks
(Hayton and Olmstead 2009). A primary distinction between the five-choice and response
inhibition paradigms is the use of a fixed versus a variable delay to the discriminative stimulus
indicating reward availability: Rats in the Pattij et al study learned to inhibit a motor response for
a set period (5 s) whereas rats in our study could not predict the length of this premature phase
(1–60 s). Morphine, therefore, may have disrupted the ability to accurately time intervals in the
Pattij study, a process that would not be engaged (and thus not disrupted) in the response
inhibition task. This would also explain why morphine has no effect in the stop signal reaction
time, as this paradigm uses random, rather than fixed, delays to a discriminative stimulus.
The difficulty in establishing how opioid systems contribute to motor impulsivity is also
apparent in human research. There are no published reports examining opiate-induced changes in
motor impulsivity in humans, and the evidence for inhibitory deficits in opiate addicts is
equivocal (Clark et al. 2006; Forman et al. 2004; Passetti et al. 2008; Verdejo-Garcia et al. 2008;
Verdejo-Garcia et al. 2007). Addicts in these studies are tested drug free, with the assumption
that basal functioning of the opioidergic system is altered due to chronic opiate use. Our finding
that neither NTI nor naloxone affected performance in the response inhibition task suggests that
endogenous opioid tone is not involved in motor impulsivity. Endogenous opioid tone (Kieffer
and Gaveriaux-Ruff 2002) refers to changes in basal peptides levels, often produced in responses
to physiological challenge (e.g., hunger). Release of endogenous peptides may be measured
using microdialysis (Torregrossa et al. 2006) or inferred by antagonist-induced changes in
behavior. Our suggestion that the release of endogenous opioid peptides does not play a major
role in motor impulsivity fits with previous evidence (Pattij et al., 2009), although the effects
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may be different in animals chronically treated with opiates. Under those conditions, morphine
and other drugs of abuse may produce robust and consistent effects on response inhibition,
paralleling the disinhibited behaviors that characterize addiction (Everitt et al. 2008; Olmstead
2006; Perry and Carroll 2008). Our study focused on one type of impulsivity (response inhibition
or motor impulsivity), but opioid systems contribute to other types of impulsive behavior. For
example, morphine increases impulsive decision making in three different rodent tasks (Everitt et
al. 2008; Kieres et al. 2004; Pitts and McKinney 2005) and opiate addicts display deficits in
cognitive (Bickel and Marsch 2001; Kirby et al. 1999; Verdejo-Garcia et al. 2007) as well as
reflection (Clark et al. 2006) impulsivity. This adds to existing evidence that 5-HT, DA, NA,
glutamate, and cannabinoid systems contribute to impulsive responding (Pattij and
Vanderschuren 2008). It should not be surprising that multiple neural systems are implicated in
impulsivity because this is a poorly defined cognitive function that involves a number of
different processes. It is unlikely that any of these function in isolation, so a full characterization
of neural mechanism that mediates impulsivity must be built around interactions between
neuropharmacological systems. Only then can progress in the development of therapies for
disorders of impulse control be advanced.

46

Increased Impulsive Action in Rats: Effects of Morphine in a Short and Long
Fixed-Delay Response Inhibition Task
As published in: Mahoney MK, Silveira, MM, and Olmstead, MC. (2013). Increased impulsive
action in rats: effects of morphine in a short and long fixed-delay response inhibition task.
Psychopharmacology, 4, 569-77.

3.1 Abstract
Rationale: Impulsive action is mediated through several neurochemical systems although it is
not clear which role each of these play in the inability to withhold inappropriate responses.
Manipulations of the opioid system alter impulsive action in rodents, although the effects are not
consistent across tasks. Previously, we speculated that these discrepancies reflect differences in
the cognitive mechanisms that control responding in each task. Objectives: We investigated
whether the effect of morphine, a mu opioid receptor (MOR) agonist, on impulsive action
depends on the ability to time the interval during which subjects must inhibit a response.
Methods: Male Long–Evans rats were trained in a response inhibition (RI) task to withhold
responding for sucrose during a 4 or 60 s delay; impulsive action was assessed as increased
responding during the delay. Rats were tested following an injection of morphine (0, 1, 3, 6
mg/kg). In a subsequent experiment, the effects of morphine (6 mg/kg) plus the MOR antagonist
naloxone (0, .3, 1, 3 mg/kg) were investigated. Results: Morphine increased impulsive action,
but had different effects in the two conditions: the drug increased the proportion of premature
responses as the 4-s interval progressed and produced a general increase in responding across the
60-s interval. Naloxone blocked all morphine-induced effects. Conclusions: The finding that
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morphine increases impulsive action in a fixed-delay RI task contrasts with our previous
evidence showing no effect in the same task with a variable delay. Thus, MORs disrupt
impulsive action only when rats can predict the delay to respond.
3.2 Introduction
Impulsivity includes several distinct processes that can be dissociated neurochemically,
anatomically, and behaviourally (Evenden 1999; Dalley et al. 2011). The broadest division is
between cognitive and motor impulsivity, defined as an inability to delay gratification and an
inability to inhibit responding, respectively (Olmstead 2006). The latter, recently termed
impulsive action (Winstanley et al. 2006a), is manifested in a number of psychiatric disorders
including substance abuse, pathological gambling, attention deficit hyperactivity disorder, binge
eating, and antisocial personality disorder (American Psychiatric Association 2013).
Several brain regions and neurotransmitters are implicated in impulsive action (Pattij and
Vanderschuren 2008; Fletcher et al. 2011), which may reflect an interplay of cognitive processes
that control responding in different tasks (Hayton and Olmstead 2009). Recently, we uncovered
an opioidergic contribution to this process by showing that mu opioid receptor (MOR) deletion
in mice decreases impulsive action in a signaled nose poke task (Olmstead et al. 2009). In line
with our findings, morphine injections, which activate MORs, increase impulsive action in a 5choice serial reaction time task (5-CSRTT), an effect that is blocked by the MOR antagonist,
naloxone (Pattij et al. 2009). Both findings help to explain clinical reports that opioid antagonists
enhance control of motor responses (Mitchell et al. 2007) and may be an effective treatment for
impulse-control disorders (Kim 1998).
Given this evidence, we were surprised to observe no effect of morphine on impulsive
action in a response inhibition (RI) task (Befort et al. 2011). In this paradigm, rats withhold lever
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pressing for sucrose until a signal is presented: responses prior to the signal are a measure of
impulsive action. Delays to the signal presentation are varied from 1-60 s, such that rats cannot
predict the length of the premature phase on any given trial. We speculated that distinct cognitive
mechanisms, mediated by dissociable neurochemical systems, would be engaged when animals
can and can not time the interval during which they must inhibit a response. In other words,
opioid systems may contribute to impulsive action in one task condition (fixed delay) but not
another (variable delay). Indeed, amphetamine has opposite effects on impulsive action in the RI
task with fixed and variable delays: the drug decreases impulsive action in a variable delay task,
but increases impulsive action in a fixed delay task (Hayton et al. 2012).
To test this possibility, we examined the effects of morphine in the RI task (Hayton et al.
2010) using a fixed delay, as a comparison to our previous results using a variable delay (Befort
et al. 2011). With the exception of the premature delay duration (variable versus fixed), the two
tasks were identical in terms training, discriminative stimuli signaling reward availability, and
session length. Separate groups of rats were trained to withhold responding for a short (4 s) or
long (60 s) delay until responding was stable across sessions. Testing was conducted following
an injection of morphine and, in a subsequent experiment, naloxone plus morphine. We also
examined whether morphine alters timing mechanisms by analyzing the proportion of premature
responses across trials with short and long delays. A similar analysis revealed unique patterns of
time-dependent errors under different task conditions following amphetamine administration
(Hayton et al. 2012).
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3.3 Materials and methods
Subjects
Male Long-Evans rats (Charles River, PQ, Canada), weighing 250-350 g at arrival, were
pair-housed on a reverse light-dark cycle in standard polycarbonate cages. Behavioral testing
was conducted during the dark cycle. Three days prior to training, rats were food restricted to 90
min of free access to regular chow (Lab Diet: PMI Nutritional International, Inc) per day such
that they gained 10-15 g per week. Animal care was conducted in accordance with the guidelines
provided by the Canadian Council on Animal Care, and the experiments were approved by the
Queen’s University Animal Care Committee.
Apparatus
Training and testing were conducted in operant conditioning chambers (26.5 × 22.0 ×
20.0 cm), each housed in a sound-attenuating chamber (constructed in-house). Each chamber
was fitted with two retractable levers, 4 cm wide, 5 cm from the mesh floor, and 13 cm apart.
Sucrose pellets (45 mg; Bio-Serv, NJ, USA) were delivered to a food magazine via a pellet
dispenser (Med Associates, Vt., USA). The food magazine was located between the two levers
and was equipped with infrared sensors to detect food collection. Lights were situated 4 cm
above both levers and the magazine. A house light was situated outside of the operant chamber.
An IBM-type computer in an adjacent room controlled the equipment and was used for data
collection (software written in-house using ECBASIC).
Drug Administration
Morphine sulfate (BDH Pharmaceuticals, Toronto ON) and naloxone (Tocris
Biosciences, MO, USA) were dissolved in 0.9 % physiological saline. Morphine was tested at
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doses of 0, 1, 3 and 6 mg/kg s.c., with each subject receiving two injections at each dose. The
opioid receptor antagonist, naloxone, was tested once at doses of 0, .3, 1, and 3 mg/kg. In
combined-drug studies, naloxone doses were tested with either 0 or 6 mg/kg morphine. Naloxone
was injected s.c. 30 min prior to behavioral testing, whereas morphine was injected s.c. 20 min
prior to testing. All drug doses were administered in an ascending or descending order,
counterbalanced across animals. Drug testing was separated by 48 h and animals were tested
drug-free on the intervening days.
Behavioral procedures
Response inhibition training took place over a series of sequential phases. In the first, rats
were magazine trained for one day, receiving 20 sucrose pellets on a random time (RT) 90-s
schedule. The house light was illuminated until a food pellet was dispensed. At this point, the
magazine light turned on, the house light turned off for 1 s, and the next trial commenced.
Rats were then trained to lever press for food on a continuous reinforcement (CRF) schedule.
Two levers were inserted into the chamber, with reinforced lever assignment counterbalanced
across animals (left versus right). The house light and discriminative stimulus (lever light) were
turned on throughout these sessions (response phase), except during delivery of the reward,
which was signaled by illumination of the magazine light (1 s). Training continued until a
minimum 80 pellets was earned in a 60-min session for two consecutive sessions.
Following CRF training, the response phase of the task was shortened such that rats had
10 s to lever press following lever insertion. The house light and discriminative stimulus were
turned on during this 10-s period. If 10 s elapsed, the levers were retracted for a 10-s inter-trial
interval (ITI) and the trial was scored as an omission. Both the house light and discriminative
stimulus were turned off during the ITI. Training continued until animals reached a criterion of
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fewer than 20% omitted trials for two consecutive sessions. Over 90% of the animals reached
criterion in 2 sessions, with the remaining completing this stage of training in 4 sessions.
In the next stage of training, each trial commenced with a 10-s ITI in which the levers were
retracted and the house light was off. At the end of the ITI, the levers were inserted and the
house light was illuminated but the discriminative stimulus was delayed for a variable period.
Lever presses prior to the discriminative stimulus (i.e., premature responses) reinstated the ITI
with no reward. Responses in the presence of the discriminative stimulus (10-s limit) were
reinforced with a sucrose pellet and initiated the next trial. Animals received five training
sessions at 4-s and15-s delays (both 4-s and 60-s conditions), and at a 60-s delay (60-s
condition). All training sessions consisted of 100 trials.
Subjects then progressed to the full RI task described previously (Hayton et al. 2010;
Befort et al. 2011; Hayton et al. 2012). Each session consisted of 100 trials at a Fixed 4-s delay,
or 50 trials at a Fixed 60-s delay, so that the session duration was consistent in both conditions.
To achieve stable responding, animals were tested in the full RI task for 14 sessions (Fixed 4-s
condition; n = 16 for morphine-only experiment, n = 16 for combined drug experiment) or 21
sessions (Fixed-60-s condition; n = 16 for morphine-only experiment, n = 16 for combined drug
experiment) prior to drug administration, with the last three sessions constituting a baseline.
Briefly, following a 10-s ITI, each trial progressed to a premature response phase,
signaled by both levers being inserted and illumination of the house light. A single lever press on
the reinforced lever during the premature phase (4 s or 60 s) initiated a new trial, and was
recorded as a premature response. If subjects did not lever press during the premature phase, the
trial progressed to a correct response phase, during which the discriminative stimulus was
illuminated, and the house light was extinguished. Lever pressing on the reinforced lever during
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this phase was reinforced by a sucrose pellet, and initiated the next trial. Failure to respond
during the 10-s response phase was counted as an omission and initiated the next trial.
Data and statistical analyses
Premature responding was measured as the percentage of trials in which animals did not
inhibit a lever pressing response prior to the discriminative stimulus. This dependent measure
was calculated as (premature responses/(premature + correct responses))*100. Proportion of
premature responses reflected the likelihood of making a premature response during a set period;
this measure was analyzed using four 1-s bins and twelve 5-s bins for the 4-s and 60-s
conditions, respectively (Hayton et al. 2011). Proportion of responses was calculated as the
number of premature responses during a bin, divided by the total number of trials in which rats
responded (premature + correct responses). For example if a subject made two premature
responses (100 trials/session) in the 0-1 s bin of the 4-s condition, the proportion of responses
during this time bin would be 2/100 = 0.02. If the same subject made 5 premature responses in
the 1-2 s bin, the proportion would be 5/100 = 0.05. The number of omissions and the latencies
to premature and correct responses were recorded for each session. Latencies were calculated as
the time from lever insertion (premature response) or discriminative stimulus presentation
(correct response) to the first lever press. Responses on the non-reinforced lever were recorded
but had no programmed consequences, and were calculated as the rate of responding per minute.
Data were analyzed using analysis of variance (ANOVA), computed with the Statistical
Package for the Social Sciences (SPSS; V.19.0). Degrees of freedom for repeated measures were
adjusted using the Greenhouse-Geisser correction if assumptions of sphericity were violated
(Greenhouse and Geisser 1959). When significant main effects were observed for betweensubjects analyses, post-hoc tests were performed using a Bonferroni correction. Within-subjects
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significant main effects were further analyzed with post-hoc paired t-tests with an  correction
for the number of comparisons made. The dependent measures in the response inhibition
condition were percent premature responses, premature response proportion, omissions, rate of
non-reinforced responding, and latencies to either premature or correct responses. In order to
address the fact that the variance of the omission data was scaled by dose, we performed square
root transformations to omission data in all experiments, to adjust the evident positive skew and
to reduce scaling. Data from each session were excluded from analysis if the number of
omissions were greater than 3 standard deviations from the mean of each dose group.
Consequently, four animals were excluded from each of the morphine 4-s and 60-s conditions
and one animal was excluded from each of the combined drug (naloxone plus morphine)
conditions. In order to examine whether percent premature responding was stable across testing
and between different groups of rats, data from the baseline sessions were analyzed using a 2way ANOVA with session (last 3 sessions) as a within-subjects factor, and group (morphine
alone and combined-drug groups) as a between-subjects factor. Baseline calculations of response
proportion were made by pooling the final seven sessions, and the effects of morphine on this
measure were calculated by pooling data from the two sessions at each dose. Drug testing data
were analyzed with dose as a within-subjects factor and dosing order (ascending versus
descending) as a between-subjects factor. In addition, injection number (first or second injection
of the same dose) was included as a within-subjects factor in the morphine-only testing analyses.
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3.4 Results
Baseline response inhibition training
There was no significant difference in the percent of premature responses across the last
three baseline sessions and no session x experiment interaction for this measure. The significant
main effect of condition [F(3,50)= 4.04, p = 0.012] was due to higher premature responding in
the Fixed 60-s than in the Fixed 4-s condition (all ps < 0.05). Additionally, a comparison of
premature responding during baseline sessions (last 3 days pooled) and across morphine or
combined drug experiment washout days revealed no significant main effects or interactions for
either the 4-s or 60-s conditions.
Effect of morphine on premature responding in Fixed 4-s and 60-s conditions
As shown in Figure 3.1, morphine produced a dose-dependent increase in percent
premature responses in the Fixed 4-s and 60-s conditions [F(3,30) = 4.60, p = 0.027] and
[F(3,30) = 10.46, p = 0.001]. Post hoc t-tests of the significant main effect of dose in each
condition showed that both 3 mg/kg and 6 mg/kg of morphine significantly increased percent
premature responding compared to vehicle injections (all ps < 0.05). In neither the Fixed 4-s nor
60-s condition, were there any significant main effects of dose order, or injection, or interactions
between these two factors.

55

Figure 3.1 Effects of morphine on impulsive action in the response inhibition task.
The data represent percentage of premature responses following an injection of morphine in the
Fixed 4-s (n = 12) (a) and Fixed 60-s (n = 12) (b) conditions, calculated as (premature
responses/(premature + correct responses))*100. Data are expressed as means ( SEM).
* p < 0.05 versus vehicle (0 mg/kg).
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Table 3.1 shows the effects of morphine on premature and correct latencies, nonreinforced lever pressing and omissions. Morphine did not alter the latency to respond during the
premature or correct phase or non-reinforced lever pressing for either the 4-s or 60-s conditions.
In both the 4-s or 60-s conditions, dose had a significant effect on omissions [F(3,33) = 29.12, p
= 0.001] and [F(3,39) = 12.02, p = 0.01] with post hoc t-tests revealing that 6 mg/kg morphine
increased omissions compared to vehicle in both conditions (all ps < 0.05). There was no
significant effect of, or interaction with, dose order or injection number for any of the variables
measured in the morphine experiments (all ps > 0.05).
Table 3.1. Effects of morphine on behavioral measures in the response inhibition task
Fixed 4-s condition
Dose
(mg/kg)

Premature
Latency (s)

Correct Latency
(s)

NRL presses
(min)

Omissions (%)

Vehicle

3.12  0.08

1.54  0.17

7.80  2.82

0.13 ± 0.10

1.0

3.03  0.12

1.44  0.17

7.80  2.94

0.38 ± 0.18

3.0

2.88  0.13

1.61  0.22

5.94  2.16

0.85 ± 0.24

6.0

2.72  0.14

2.10  0.18

7.20  3.60

2.72* ± 0.46

Fixed 60-s condition
Dose
(mg/kg)

Premature
Latency (s)

Correct Latency
(s)

NRL presses
(min)

Omissions (%)

Vehicle

31.093.46

1.750.22

1.380.60

0.46±0.20

1.0

33.812.13

1.350.15

0.900.33

0.81±0.30

3.0

33.272.66

2.160.35

0.500.22

1.80±0.39

6.0

29.512.56

2.390.27

0.190.084

3.45*±0.73

Values represent mean (SEM) premature and correct response latencies, number of nonreinforced lever (NRL) presses per min, and percent omissions for the Fixed 4-s (n = 12) and
Fixed 60-s (n = 12) conditions following varying doses of morphine. Note: Represented
omission data are square root transformations. * p < 0.05, compared to vehicle.
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Effect of naloxone on morphine-induced premature responding
As shown in Figure 3.2, naloxone significantly reduced morphine-induced increases in
percent premature responses in both the Fixed 4-s (Figure 3.2a) and 60-s (Figure 3.2b)
conditions, [F(4,52) = 17.72, p = 0.001] and [F(4,52) = 48.39, p = 0.001]. Post hoc t-tests of the
dose main effect showed that all doses of naloxone blocked morphine-induced increases in
premature responding for both conditions (all ps < 0.05). There was no significant main effect of
order and no dose x dose order interaction for either conditions. When tested alone, naloxone did
not alter percent premature responses in either the 4-s or 60-s conditions nor was there a
significant main effect of dose order or dose x order interaction in either condition (all ps >
0.05).
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Figure 3.2 Effects of naloxone on morphine-induced increases in impulsive action in the
response inhibition task. The data represent percentage of premature responding following
injections of naloxone (Nal) + morphine (Mor) in the Fixed 4-s (n = 15) (a) and Fixed 60-s (n =
15) (b) conditions, calculated as (premature responses/(premature + correct responses))*100.
Data are expressed as means (SEM). * p < 0.05 versus vehicle (0 mg/kg), # p < 0.05 compared
to morphine-vehicle.
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Table 3.2 shows the effects of combined naloxone-morphine injections on premature and
correct latencies, non-reinforced lever pressing and omissions for both 4-s and 60-s conditions.
The combined drug injection did not alter the latency to respond during the premature phase for
either condition; however, there was a main effect of drug on latency to respond during the
correct phase in both the 4-s and 60-s conditions: [F(4,52) = 8.90, p = 0.01] and [F(4,52) = 9.08,
p = 0.01]. Post hoc t-tests revealed that 1 mg/kg naloxone plus 6 mg/kg morphine significantly
decreased correct response latency in the 4-s condition, whereas vehicle-morphine significantly
increased correct response latency in the 60-s condition. Non-reinforced lever pressing did not
differ across the combined naloxone-morphine doses for either condition. The combined drug
increased the number of omissions in both the 4-s [F(4,52) = 6.33, p = 0.01] and 60-s condition
[F(4,52) = 47.26, p = 0.001]. Post hoc t-test tests revealed a significantly higher number of
omissions in the 4-s condition following vehicle-morphine compared to morphine and 0.3 mg/kg
naloxone, while significantly higher number of omissions in the 60-s condition were observed
following vehicle-vehicle compared to morphine-vehicle (all ps < 0.05). There was no significant
effect of, or interaction with, dose order for any of the variables measured in the combined drug
experiments (all ps > 0.05).
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Table 3.2. Effect of naloxone on morphine-induced behavioral changes in the response
inhibition task
Fixed 4-s condition
Premature
Latency (s)

Correct
Latency (s)

NRL presses
(min)

Omissions (%)

Veh-Veh

3.12  0.20

2.38  0.27

13.20  3.06

1.16 ± 0.51

Mor-Veh

2.52  0.19

2.69  0.26

4.98  1.20

2.75 ± 0.60

Mor-Nal 0.3

3.02  0.15

1.91  0.22

22.20  7.80

0.34* ± 0.16

Mor-Nal 1.0

3.09  0.12

1.72**  0.19

15.60  7.80

0.49 ± 0.17

Mor-Nal 3.0

2.75  0.28

1.85  0.24

18.60  7.20

0.93 ± 0.37

Dose (mg/kg)

Fixed 60-s condition
Premature
Latency (s)

Correct
Latency (s)

NRL presses
(min)

Omissions (%)

Veh-Veh

34.13  3.37

1.81  0.17

0.35  0.084

0.85 ± 0.32

Mor-Veh

31.24  1.71

2.95**  0.23

0.132  0.049

6.99** ± 0.91

Mor-Nal 0.3

29.58  2.25

1.94  0.17

0.84  0.45

1.09 ± 0.31

Mor-Nal 1.0

34.50  2.74

1.68  0.14

0.58  0.20

0.29 ± 0.15

Mor-Nal 3.0

34.13  3.37

1.81  0.17

0.35  0.084

0.62 ± 0.20

Dose (mg/kg)

Values represent mean (SEM) premature and correct response latencies, number of nonreinforced lever (NRL) presses per min, and percent omissions for the Fixed 4-s (n = 15) and
Fixed 60-s (n = 15) conditions following varying doses of naloxone (Nal) + 6 mg/kg morphine
(Mor). Note: Represented omission data are square root transformations. * p < 0.05 compared to
vehicle + 6 mg/kg morphine (Mor-Veh), ** p < 0.05, compared to vehicle-vehicle (0 mg/kg).

61
Table 3.3 shows the effects of naloxone injections on premature and correct latencies,
non-reinforced lever pressing and omissions for both 4-s and 60-s conditions. In the 60-s
condition, there was a significant main effect of correct responding latency [F(3,39) = 4.16, p =
0.012], with post hoc tests revealing that 1.0 mg/kg naloxone significantly increased the correct
response latency compared to saline. There were no significant main effects or interactions of
naloxone dose on any of the other variables analyzed (all ps > 0.05).
Table 3.3. Effects of naloxone on behavioral measures in the response inhibition task
Fixed 4-s condition
Dose
(mg/kg)

Premature
Latency (s)

Correct
Latency (s)

NRL presses
(min)

Omissions (%)

Vehicle

2.95  0.70

2.45  1.50

19.29  5.70

0.85  0.40

Nal 0.3

3.36  0.39

2.34  1.38

22.88  6.02

0.25  0.15

Nal 1.0

2.89  0.93

2.34  1.47

19.88  5.26

0.19  0.13

Nal 3.0

3.30  0.39

2.17  1.33

20.67  5.33

0.26  0.14

Fixed 60-s condition
Dose
(mg/kg)

Premature
Latency (s)

Correct
Latency (s)

NRL presses
(min)

Omissions (%)

Vehicle

28.95  3.25

1.55  0.14

0.29  0.067

0.42  0.16

Nal 0.3

57.06  24.78

1.64  0.17

0.3  0.078

0.46  0.16

Nal 1.0

31.14  3.57

1.91*  0.16

0.34  0.079

0.47  0.15

Nal 3.0

32.32  2.48

1.71  0.17

0.48  0.13

0.33  0.14

Values represent mean (SEM) premature and correct response latencies, number of nonreinforced lever (NRL) presses per min, and percent omissions for the Fixed 4-s (n = 15) and
Fixed 60-s (n = 15) conditions following varying doses of naloxone (Nal). Note: Represented
omission data are square root transformations. * p < 0.05, compared to vehicle-vehicle (0
mg/kg).

Effect of morphine on the proportion of premature responses
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As shown in Figure 3.3, morphine increased the proportion of premature responses in the
Fixed 4-s condition (four, 1-s bins) [F(3,39) = 6.15, p = 0.01], which also increased for all doses
across time [F(3,39) = 48.56, p = 0.001]. Simple main effects of the significant dose x time
interaction [F(9,117) = 3.80, p = 0.01] revealed that 1 m/kg morphine significantly increased
proportion of responses in bin 3 (2-3s), and bin 4 (3-4s) mg/kg; both 3 mg/kg and 6 mg/kg
morphine significantly increased the proportion of responses in bin 2 (1-2 s), bin 3 (2-3s), and
bin 4 (3-4s) (all ps < 0.05; Figure 3.3a). Similarly, morphine dose dependently increased
premature response proportion in the Fixed 60-s condition [F(3,39) = 11.06, p = 0.001], with
post hoc t-tests showing that both 3 mg/kg and 6 mg/kg morphine increased the likelihood of
making a premature response (Figure 3.3b). In contrast to the 4-s condition, there was no effect
of time and no dose x time interaction in the Fixed 60-s condition (ps > 0.05). Furthermore, in
the 60-s condition, dose had no effect on response proportion in the first or last 5 s of the delay
(1-s bins) and there was no effect of time or dose x time interaction. Finally, there was no main
effect of dose order and no dose x dose order interaction for either conditions (all ps > 0.05).

63

Figure 3.3 Effects of morphine on the proportion of responses during the premature phase of the
Fixed 4-s (n = 12) (a) and Fixed 60-s (n = 12) (b) conditions of the response inhibition task.
Response proportion is displayed in 1-s bins for the Fixed 4-s condition, and 5-s bins for the
Fixed 60-s condition. See text for description of response proportion calculation. SED standard
error of differences of means; SED is calculated as sqrt(2 × MSerror/n) where n is the harmonic
mean of the sample sizes and MSerror is the overall interaction term. * p < 0.05, versus vehicle
(Veh); # p < 0.05 versus vehicle (Veh + Veh) in the Fixed 60-s condition.
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Effect of naloxone on morphine-induced increases in the proportion of premature
responses
Figure 3.4 shows the significant main effects of naloxone dose [F(4,52) = 9.61, p =
0.001] and time [F(4,39) = 15.46, p = 0.001] on a morphine-induced change in the proportion of
premature responses in the Fixed 4-s condition (four 1-s bins). Simple main effects of the
significant dose x time interaction [F(12,156) = 1.83, p = 0.047] revealed that vehicle-morphine
significantly increased response proportion compared to vehicle-vehicle injections in bin 3 (2-3s)
and bin 4 (3-4s). Furthermore, 0.3 mg/kg naloxone blocked morphine-induced increases in bin 3
(2-3s); 1.0 and 3.0 mg/kg morphine blocked morphine-induced increases in bins 3 (2-3s) and 4
(3-4s) (all ps < 0.05; Figure 3.4a). In the Fixed 60-s condition, the main effect of dose [F(4,32) =
21.01, p = 0.000], and the dose x time interaction [F(44,352) = 2.52, p = 0.04] were significant.
In contrast, the main effect of time [F(11,88) = 1.22, p = 0.32] was not statistically significant.
Simple main effects of the dose x time interaction revealed that morphine-induced increases in
premature response proportion was blocked by: 0.3 mg/kg naloxone in bin 2 (5-9s); 1.0 mg/kg
naloxone in bin 1 (0-4s) and bin 2 (5-9s); 3.0 mg/kg naloxone in bin 1 (0-4s), bin 2 (4-9s), bin 3
(10-14 s) , and bin 4 (15-19s) (all ps < 0.05; Figure 3.4b).When only the first or last 5 s (1-s bins)
of the 60-s condition was analyzed, there was a main effect of dose for the first 5 s [F(4,32) =
5.50, p = 0.021] but not the last 5 s [F(4,32) = 0.58, p = 0.62]. There was no main effect of dose
order and no dose x dose order interaction for either conditions (all ps > 0.05).
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Figure 3.4 Effects of naloxone on morphine-induced increases in proportion of responses during
the premature phase of the Fixed 4-s (n = 15) (a) and Fixed 60-s (n = 15) (b) conditions of the
response inhibition task. Response proportion is displayed in 1-s bins for the Fixed 4-s condition,
and 5-s bins for the Fixed 60-s condition. See text for description of response proportion
calculation. SED standard error of differences of means; SED is calculated as sqrt(2 ×
MSerror/n) where n is the harmonic mean of the sample sizes and MSerror is the overall
interaction term. * p < 0.05, versus vehicle (Veh); # p < 0.05 versus vehicle-vehicle (Veh + Veh)
in the Fixed 60-s condition.
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3.5 Discussion
Morphine dose-dependently increased impulsive action in a fixed-delay version of the RI
task, regardless of whether the delay was short (4 s) or long (60 s). These results are in stark
contrast to our previous report that morphine has no effect on impulsive action in the same task
with a variable delay (Befort et al. 2011). The latter study used a wide range of morphine doses
over three separate experiments, so we are confident that the drug does not alter responding in
the RI task when the duration of the premature phase is unpredictable. Moreover, both
amphetamine (Hayton et al. 2012) and the delta opioid receptor agonist, SNC80 (Befort et al.
2011) increase impulsive action in a variable-delay RI task (Hayton et al. 2012) confirming that
this task variant is not insensitive to drug effects. Comparing the results of the fixed and variable
delay versions of the RI task suggests that morphine alters premature responding only when
subjects are able to predict the duration of the premature phase. This fits with evidence that
morphine increases premature responding in the 5-CSRTT that uses a set delay, but has no effect
on reaction times in the SSRT, which has a variable delay (Pattij et al. 2009). Recently, we
reported a similar phenomenon with amphetamine: differential effects on premature responding
in the RI task depending on whether the premature delay was fixed (predictable) or variable
(unpredictable) (Hayton et al. 2012). Amphetamine increased impulsive action in the first
condition and decreased it in the second.
Although morphine increased impulsive action at both short and long fixed delays, it
produced a different pattern of time-dependent errors in the two conditions. As with
amphetamine (Hayton et al. 2012) morphine enhanced behavioral patterns which characterize
responding in each condition. More specifically, the proportion of premature responses in the 4-s
condition increased as the interval progressed. In contrast, the proportion of premature responses
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in the 60-s condition was consistent across the delay phase. Morphine increased both tendencies,
leading to elevated responding near the end of the 4-s interval, but a stable increase in
responding across the 60-s interval. The differential effects of morphine on the proportion of
responses in short- and long-delay conditions suggest that the drug may be increasing impulsive
action through distinct processes. One possibility is that morphine disrupts the ability to time
intervals, a mechanism that appears to be important in the 4-s, but not the 60-s, version of the RI
task: increased proportion of responses across time in the former, but not the latter, indicates that
animals are anticipating the termination of the short-delay interval. This type of increased
responding across time also characterizes long delay intervals of DRL schedules (e.g. 72 s;
(Kramer and Rilling 1970; McClure et al. 1997)) but, unlike the RI task, these do not include a
signal at the end of the interval. We speculated previously (Hayton et al. 2012) that animals
responding in the RI task with long delays rely on the discriminative stimulus as a cue for reward
availability, resulting in consistent rates of responding throughout the premature phase.
The present findings, combined with our previous results, indicate that amphetamine and
morphine produce similar patterns of responding in the RI task. Opiates and psychostimulants,
therefore, may alter impulsive action via a common mechanism. The most likely possibility is
that opioid effects are mediated through dopaminergic systems as opiates stimulate dopamine
release (Di Chiara and Imperato 1988; Spanagel et al. 1990) in areas now known to be involved
in impulsive action (Pattij and Vanderschuren 2008; Eagle and Baunez 2010) and both naloxone
and CTAP (MOR antagonists) block amphetamine-induced impulsive action (Wiskerke et al.
2011a). The reverse, whether morphine-induced increases in impulsive action can be blocked by
dopamine antagonism, is unknown. On the other hand, it is equally possible that morphine and
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amphetamine alter different cognitive mechanisms, both of which are manifested as disinhibited
responding in only one version of the RI task.
The mechanism by which morphine increases impulsive action may involve alterations in
time perception, at least in the Fixed 4-s condition when premature responses are elevated at the
end of the delay interval. This effect could involve an interaction with DA systems as
psychostimulants alter the perception of time (Meck 1983; Fowler et al. 2009), whereas there is
no evidence for similar changes following opiate administration. In the 60-s condition, morphine
may increase premature responding by enhancing the perceptual salience of the predictive
reward stimuli (e.g., lever insertion and house light illumination), analogous to increased
prepulse inhibition following morphine administration in humans (Quednow et al. 2008). This
may not be observed in the variable delay task where lever insertion and house light illumination
do not allow for predictions of delay length. Again, this process likely involves DA-opioid
interactions as MOR agonists attenuate DA-induced impairments in prepulse inhibition (Ukai
and Okuda 2003) and naloxone blocks amphetamine-induced impairments in prepulse inhibition
(Swerdlow et al. 1991). Finally, despite the similarities and interactions between
pharmacological systems, we cannot rule out the possibility that the increased impulsive action
following morphine and amphetamine administration are mediated by distinct mechanisms.
It is unlikely that the effects of morphine on impulsive action in our study were due to
non-selective increases in behavioural responding because the highest dose of morphine
significantly increased omissions as well as correct response latencies in the Fixed 60-s
conditions. In other words, a general slowing of responses with increasing drug doses would be
more likely to produce decreases, not increases, in premature responding. Moreover, we
observed significant increases in premature responding following the 3 mg/kg dose of morphine
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that did not affect omissions or response latencies. Despite the effect on other behavioral
measures, we chose to test the effects of naloxone with the highest does of morphine (6 mg/kg)
because initial experiments with the short delay task did not reveal changes to latency or
omissions, and a complementary study (Pattij et al. 2009) reported effects of morphine on
impulsive action only at this dose. Given that all doses of naloxone blocked behavioral changes
induced by 6 mg/kg morphine, there is no reason to believe that antagonist actions would be
ineffective at the lower (i.e. 3 mg/kg) dose. Most importantly, the blockade of morphine-induced
increases in impulsive action by naloxone confirms an involvement of MORs in this effect.
Interestingly, naloxone alone did not alter impulsive action, even though MOR knockout
mice are more impulsive (Olmstead et al. 2009). This demonstrates differences between agonistinduced MOR signalling and MOR expression. That is, the expression of MORs, even the
absence of evoked activation, has an effect on impulsive action, possibly through basal tone or
through mu receptor interactions with other systems. The removal of such basal activity was only
achieved using genetic approaches to abolish MOR expression.
We showed that pharmacological activation of MORs increases impulsive action at both
short and long delays of a fixed duration. In contrast, we previously showed that morphine has
no effect on impulsive responding in a variable delay task (Befort et al. 2011). These findings
may provide an explanation for discrepant findings: Morphine alters impulsive action when the
delay is predictable, but not unpredictable. We further showed distinct patterns of premature
responding in the short (4 s) and long (60 s) conditions, which were exacerbated by morphine.
The fact that MOR activation increases impulsive action is in line with our previous findings
showing that MOR knockout mice are less impulsive (Olmstead et al. 2009), and other
pharmacological studies showing that MOR agonists increase premature responding (Pattij et al.
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2009; Wiskerke et al. 2011a). We have previously shown that SNC80, a selective delta opioid
receptor agonist, increases impulsive action; paradoxically, delta knockout mice also show
increased premature responding. The fact that these two manipulations produce similar
behavioral effects may reflect an interaction with emotional processing, as DORs have a
prominent role in this function (Filliol et al. 2000). Overall, these findings show a role for the
opioid system in behaviors that impact impulsive action. This knowledge may prove to be
fruitful in the treatment of impulse control disorders.
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Lack of an Impulsivity Phenotype in Constitutive or Conditional Mu or Delta
Opioid Receptor Knockout Mice
4.1 Abstract
Impulsive action, the inability to withhold behavioural responding, is mediated through many
neurotransmitter systems. We previously identified a role for opioid receptors by showing that
constitutive mu and delta opioid receptor (M/DOR) gene knockout mice show decreased and
increased impulsive action, respectively. The current study extended this investigation by
examining whether conditional knockout mice lacking M/DORs in GABAergic forebrain
neurons exhibit changes in impulsive action. Male and female mice were trained in a response
inhibition task to withhold responding for sucrose during a Fixed (4 s) or Variable (1-8 s) delay;
impulsive action was assessed as increased responding during the delay. Neither constitutive nor
conditional M/DOR mice expressed an impulsivity endophenotype. The findings highlight the
importance of genetic background and genetic construction on an impulsivity phenotype.
4.2 Introduction
Impulsivity is a multi-faceted construct characterized by the inability to inhibit
responding, acting without considering consequences, and preference for immediate over
delayed rewards. High impulsivity is associated with several psychiatric disorders, most notably
drug addiction, attention deficit hyperactivity disorder, problem gambling, and eating disorders
such as anorexia and bulimia nervosa (American Psychiatric Association 2013). As such,
improving our understanding of the mechanisms of impulsivity has potential clinical relevance.
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Several neurotransmitter systems regulate impulsivity, with the monoamine system,
namely dopamine, serotonin, noradrenalin, being best documented (Chamberlain and Robbins
2013; Bari and Robbins 2013; Jentsch and Pennington 2014; Jenstch et al. 2014). More recently,
other systems including GABA and opioids (Jupp et al. 2013a; Hayes et al. 2014) have also been
linked to impulsivity. For example, we and others showed that pharmacological activation of
both mu and delta opioid receptors (M/DORs) increases impulsive action, defined as the inability
to withhold responding (Pattij et al. 2009; Befort et al. 2011; Wiskerke et al. 2011a; Mahoney et
al. 2013). Furthermore, constitutive (i.e., full) knockout (KO) mice lacking MORs are less
impulsive, whereas mice lacking delta opioid receptors (DORs) are more impulsive (Olmstead et
al. 2009). Together, these data suggest that M/DORs are involved in impulsive action, but it is
not clear which brain network mediates this response. Recent converging evidence suggests that
increased impulsivity may be due to impaired interactions within the cortical-striatalhippocampal network (Basar et al. 2010; Chudasama et al. 2012; Jupp et al. 2013b). Therefore,
M/DOR activity in this network may alter impulsive action. In line with this idea, MOR
activation in the NAcbS increases impulsive responding (Wiskerke et al. 2011a), lending support
to striatal opioid involvement in impulsive action. To date, few studies have examined whether
opioid activity in the striatum or other brain regions contributes to impulsive action.
To elucidate the role of M/DORs within the forebrain on impulsive responding, we
assessed this behaviour in mice conditionally lacking either MORs or DORs in GABAergic
forebrain neurons (Charbogne et al. unpublished data; Chu Sin Chung et al. 2014). M/DOR
expression and binding is greatly reduced in the striatum and hippocampus of these mice. Based
on this pattern of M/DOR expression and previous findings in constitutive KO animals
(Olmstead et al 2009), we hypothesized that M/DOR cKOs would show improved and impaired
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impulsive action compared to flox controls, respectively. To test these hypotheses, M/DOR cKO,
M/DOR KO and flox control mu and delta mice were tested in a modified version of a response
inhibition task (Olmstead et al. 2009; Hayton et al. 2010).
4.3 Materials and methods
Subjects
Delta and mu conditional knockout mice, as well as constitutive KO mice and their flox
controls, were bred in-house and genotyped using a piece of tail or digit at 2 weeks of age. Both
delta flox controls (Oprd1fl/fl) and cKO (Dlx5/6-Oprd1-/-) mice were C57Bl6/J 66%, 129SVPas
18%, and unknown14%; both mu flox controls (Oprm1fl/fl) and cKO (Dlx5/6-Oprm1fl/fl) mice
were Bl/6J 53 %,129/SvPas 44% and unknown 3%. Both delta KO (CMV-Oprd1-/-) and mu KO
(CMV-Oprm1-/-) mice were C57Bl6/J 75% and 129/SVPas 25%. All mice were bred for more
than four generations. A detailed description of the construction of these lines and their
genotyping is provided elsewhere (Charbogne et al. unpublished data; Chu Sin Chung et al.2014;
Gaveriaux-Ruff et al., 2011; Monory et al., 2006). All animals were housed in a temperature
(21± 2°C) and humidity (45±5%) controlled environment on 12 h dark-light cycle (lights on at
07:00). Food was available ad libitum throughout the experiment; access to water was restricted
to 2 h per day beginning 2–4 h after testing. Behavioral testing commenced at 9-23 (Delta 4 s
Task), 9-22 (Delta VT 1-8 s task) and 10-17 (Mu 4 s Task) weeks of age and finished at 23-41
(Delta 4 s task), 24-42 (Delta VT 1-8 s Task) and 25-32 (Mu 4 s Task) weeks of age. All
experiments and animal care were conducted in accordance with the European Communities
Council directive of 24 November 1986 (86/609/EEC) and the experiments were approved by
the Comité régional d’éthique en matière d’experimentation animale de Strasbourg, CREMEAS.

74
Apparatus
Mice were trained in the mouse version of the response inhibition task as described
previously (Olmstead et al. 2009; Hayton et al. 2010; Befort et al. 2011; Mahoney et al. 2013)
with minor modifications (Figure 4.1). One day prior to magazine training, and following 21 h of
water deprivation, a sucrose solution (25% w/v) was presented in the home cage for one hour.
Beginning the next day, mice underwent daily operant training sessions. Training started with
magazine training (Phase 1) during which liquid sucrose presentation (dipper elevation) occurred
at random intervals of 15-45 s. During sucrose presentation, the house light turned off, the
magazine light was illuminated for 5 s, and the mouse had 20 s to enter the magazine. The liquid
dipper remained elevated for 5 s following magazine entry; if the mouse did not enter the
magazine, the dipper retracted from the magazine, and a new trial commenced. The program
ended after 30 sucrose presentations. Magazine entries were recorded and used as an indicator
that mice had learned the location of the sucrose reward. Magazine training continued until mice
received a minimum of 20 sucrose presentations in one session.
Mice were then trained to nose poke for sucrose on a fixed-ratio (FR1) schedule of
reinforcement (Phase 2); nose poke hole (left or right) was counterbalanced across mice. The
discriminative stimulus (i.e., visual cue light in the nose poke hole) and house light were
illuminated throughout these sessions, except during sucrose presentation. Following a nose
poke, the magazine light illuminated for 5 s and the dipper remained elevated for 20 s. Following
magazine entry, the mice had 5 s to drink from the dipper. If the mouse did not respond during
the 20-s response window, the dipper retracted from the magazine, and a new trial commenced.
A session ended following either 40 min or 25 sucrose presentations. Training continued until
mice reached a criterion of 25 sucrose presentations in one session. Following FR1 training,
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response requirements were increased to an FR3 schedule (Phase 3) and the response window
(dipper elevation) was limited to 5 s. A session ended following either 40 min or 25 sucrose
presentations. Training continued until mice reached a criterion of 25 sucrose presentations in
one session.
In the next stage, each trial commenced with a 10-s inter-trial interval (ITI) (Phase 4).
Following the ITI, the ‘response phase’ commenced with the house light and nose poke light
illuminating for 10 s. A nose poke response (FR1) resulted in magazine light illumination (5 s),
5-s dipper elevation, and the house light and nose poke lights turning off. Following magazine
entry, the mice had 5 s to drink from the dipper. If the mouse did not respond during the
premature or response phase, the dipper retracted from the magazine, and a new trial
commenced. A session ended following 51 entries into the ITI or 40 min. Training continued
until mice reached a criterion of 25 sucrose presentations for two consecutive sessions.
Mice then progressed to either the Fixed or Variable-delay nose poke task for 12 sessions
(Figure 4.1). The Fixed 4 s task was identical to Phase 4 training described above, with the
exception of the addition of a premature phase. Following a 10-s ITI, a 4 s ‘premature phase’
commenced. The Variable delay task was identical to Phase 4 training with the exception of a
lengthened ITI (20 s), and the addition of a variable time (VT) 1-8 s ‘premature phase’. In both
tasks, there were no discernable differences from the ITI, except that a nose poke during the
premature phase was counted as a premature response, and initiated the next trial. If the mouse
withheld responding during the premature phase, the 5-s response phase commenced, which had
the same outcomes as Phase 4 training. A session ended following 51 entries.
If mice did not reach criterion for training, they were not tested in the response inhibition
task (see Table 4.1 for a summary of excluded animals). Final sample sizes were: delta Fixed 4 s
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task (nOprd1fl/fl = 28; n Dlx5/6-Oprd1-/- = 18; nCMV-Oprm1-/- = 9); delta VT 1-8 s task (nOprd1fl/fl = 14; n
Dlx5/6-Oprd1-/- =

Oprm1-/-

17; nCMV-Oprm1-/- = 6); mu Fixed 4 s task (nOprm1fl/fl = 10; n Dlx5/6-Oprm1-/-= 9; nCMV-

= 15).

Figure 4.1 Schematic of the progression of a representative trial in the mouse response inhibition
task. In the Fixed 4 s task, a 10-s ITI was followed by a 4 s premature phase. In the Variable
delay task, following a 20-s ITI, rats progressed to a variable-time (VT) 1-8 s premature phase.
In both tasks, responding during the premature phase was counted as a premature response and
initiated a new trial. If mice withheld responding during the premature phase, the correct phase
commenced, signalled by nose poke light and house light illumination. Responding during the
correct response phase initiated the reward phase, and a sucrose solution reward was presented
for 5 s. If mice did not respond during the premature or correct phase, a trial omission was
counted, and a new trial commenced; a reward omission occurred if the mice made a correct
response, but did not enter the magazine during reward presentation.
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Table 4.1 Proportion of mice that reached criterion during operant training
Experimental Group

N reaching RI Task/
N Trained

Proportion Completing
Operant Training

Male

Female

Male

Female

Fixed 4 s Delta Mice
Oprd1fl/fl
Dlx5/6-Oprd1-/CMV-Oprd1-/-

15/17
10/11
2/14

13/14
8/9
7/10

0.88
0.90
0.14

0.93
0.89
0.70

VT 1-8 s Delta Mice
Oprd1fl/fl
Dlx5/6-Oprd1-/CMV-Oprd1-/-

8/10
11/11
2/6

6/8
6/7
4/9

0.80
1.0
0.33

0.75
0.86
0.44

Fixed 4 s Mu Mice
Oprm1fl/fl
Dlx5/6-Oprm1-/CMV-Oprm1-/-

5/6
6/8
8//8

5/5
3/5
7/8

0.83
0.75
1.0

1.0
0.6
0.88

Abbreviations: N, sample size; RI, Response inhibition; VT, variable-time. Proportion completed
was calculated by dividing the number of animals that completed operant training (per group) by
the total number of animals (per group) trained.
Statistical analyses
Efficiency was measured as the proportion of trials in which animals inhibited a nose
poke response prior to the discriminative stimulus presentation. This dependent measure was
calculated as (correct responses/(premature + correct + ITI responses)). The number of trials and
reward omissions, latencies to premature and correct responses, and non-reinforced nose pokes
were recorded for each session. Trial omissions occurred if the mouse did not respond during the
premature or response phase; reward omissions occurred if the mouse made a correct nose poke
response, but did not enter the magazine during sucrose presentation. Reward omissions were
analyzed as a percentage, calculated as reward omissions/total responses. Latencies were
calculated as the time from the start of the premature phase (premature response) or response
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phase (correct response) to the first nose poke. Finally, responses on the non-reinforced nose
poke hole were recorded but had no programmed consequences.
Data were analyzed using mixed model analysis of variances (ANOVAs), computed with
the Statistical Package for the Social Sciences (SPSS; V.20.0). Training data (sessions to
criterion for each training phase) were analyzed using a between-subjects ANOVA with
genotype as the between subjects factor. Test data were analyzed using mixed model ANOVAs
with genotype as the between subjects factor, and testing session as the within subjects factor.
There was no effect of sex on any of the measures analyzed for either mu or delta mice, so this
factor was collapsed in all reported results. If assumptions of sphericity were violated, degrees of
freedom for repeated measures were adjusted using the Greenhouse-Geisser correction
(Greenhouse and Geisser 1959). Significant interactions were followed up with simple main
effects, which were further analyzed with post-hoc paired t-tests with an alpha correction for the
number of comparisons made.
4.4 Results
Training
Fixed 4 s Delta Mice
All data for training criteria were positively skewed, and were transformed using a square
root transformation. As shown in Figure 4.2, KO (CMV-Oprd1-/-) mice required a significantly
greater total number of sessions to reach training criterion compared to both flox (Oprd1fl/fl) and
cKO mice (Dlx5/6-Oprd1-/-) [F(2,54) = 6.67, p = 0.003, η2 = 0.20], which did not differ. More
specifically, genotype did not alter number of sessions to magazine training criterion [F(2,53) =
3.16, p = 0.051]; however during FR1 training, KO mice required significantly more sessions
than flox and cKO mice [F(2,50) = 8.43, p = 0.001, η2 = 0.26]. During FR3 training, KO mice
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did not differ from flox, but did require significantly more of sessions to reach criterion
compared to cKO mice [F(2,58) = 3.62, p = 0.033, η2 = 0.12]. Finally, there was no genotype
difference for 10-s ITI training.
VT 1-8 s Delta Mice
Data for sessions to magazine, FR1, and FR3 training criterion were positively skewed,
so these data were transformed using a square root transformation. As shown in Figure 4.3,
overall, cKO (Dlx5/6-Oprd1-/-) mice required significantly fewer sessions to criterion than flox
(Oprd1fl/fl) mice; however KO (CMV-Oprd1-/-) did not differ from flox mice [F(2,25) = 4.04, p =
0.03, η2 = 0.26]. More specifically, there were no genotype differences in magazine training
sessions [F(2, 37) = 1.13, p = 0.34], but during FR1 training flox and cKO mice required
significantly fewer sessions than KO mice [F(2,43) = 7.80, p = 0.001, η2 = 0.28] to reach
training criterion. During FR3 training, cKO mice reached criterion in fewer sessions than flox
mice [F(2,33) = 4.62, p = 0.017, η2 = 0.23]. Finally, mice did not differ on criterion to 10-s ITI
training [F(2,29) =1.66, p = 0.21].
Fixed 4 s Mu Mice
Data for sessions to magazine training criterion were positively skewed, so these data
were transformed using a square root transformation. As shown in Figure 4.4, mice did not differ
on total sessions to training criterion [F(2,34) = 1.53, p = 0.24]. Although flox (Oprm1fl/fl) mice
required significantly more magazine training sessions than both cKO (Dlx5/6-Oprm1-/-) and KO
(CMV-Oprm1-/-) mice [F(2,52) = 6.99, p = 0.002, η2 = 0.22], there were no genotype difference
for the number of training sessions to reach criterion for FR1 [F(2,41) = 1.782, p = 0.18], FR3
[F(2,31) = 2.43, p = 0.11], or 10-s ITI [F(2,29) = 1.03, p = 0.37].
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Figure 4.2 Mean (± SEM) number of sessions to criterion for each of the training phases for
delta Fixed 4 s flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and constitutive
knockout (CMV-Oprd1-/-) mice. Data represent square root transformations for magazine
training (Mag Train), FR1, and FR3 training. * p < 0.05, compared to Oprd1fl/fl; # p < 0.05,
compared to Dlx5/6-Oprd1-/-.
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Figure 4.3 Mean (± SEM) number of sessions to criterion for each of the training phases for
delta VT 1-8 s flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and constitutive
knockout (CMV-Oprd1-/-) mice. Data represent square root transformations for magazine
training (Mag Train), FR1, and FR3 training. * p < 0.05, compared to Oprd1fl/fl; # p < 0.05,
compared to Dlx5/6-Oprd1-/-.
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Figure 4.4 Mean (± SEM) number of sessions to criterion for each of the training phases for mu
4 s flox (Oprm1fl/fl), conditional knockout (Dlx5/6-Oprm1-/-), and constitutive knockout (CMVOprm1-/-) mice. Data represent square root transformations for magazine training (Mag Train),
FR1, and FR3 training. * p < 0.05, compared to Oprm1fl/fl.
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Test
Fixed 4 s Delta Mice
Overall, efficiency increased for all mice across the 12 test sessions [F(11, 583) = 21.95,
p < 0.001, partial η2 = 0.29] (Figure 4.5). Although there was no significant main effect of
genotype [F(2, 53) = 1.99, p = 0.15], there was a significant genotype x session interaction
[F(22, 583) = 2.21, p = 0.005, partial η2 = 0.07] on efficiency. Follow-up simple main effects
showed that cKO (Dlx5/6-Oprd1-/-) mice had significantly higher efficiency than flox mice for
sessions 1-3. Results for all other behavioural measures are presented in Table 4.2, and depicted
in Figures 4.6-4.8.
VT 1-8 s Delta Mice
There was no main effect of genotype [F(2, 34) = 1.43, p = 0.25], and no interaction
between genotype and session [F(22,374) = 0.54, p = 0.90] on efficiency across the 12 test
sessions (Figure 4.9). Furthermore, there was no main effect of session on this dependent
measure [F(11, 374) = 1.15, p = 0.32]. Results for all other behavioural measures are presented
in Table 4.3, and depicted in Figures 4.10-4.12.
Fixed 4 s Mu Mice
Overall, efficiency increased for all mice across the 12 test sessions [F(11, 341) = 7.47, p
< 0.001, partial η2 = 0.19]; however, there was no significant main effect of genotype [F(2, 31) =
0.15, p = 0.86, and no genotype x session interaction [F(22, 341) = 0.88, p = 0.62] (Figure 4.13).
Results for all other behavioural measures are summarized in Table 4.4 and Figures 4.14-4.16.
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Figure 4.5 Efficiency in delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. Efficiency was calculated as total correct nose pokes/(correct
+ premature + ITI nose pokes). Data represent mean (± SEM). * p < 0.05, Dlx5/6-Oprd1-/compared to Oprd1fl/fl.
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Table 4.2 Summary of ANOVA results for measures of the Fixed 4 s Task in Delta Mice
Behavioural Measure
Inter-trial Interval Nose Pokes
Genotype
Session
Genotype x Session
Premature Response Nose Pokes
Genotype
Session
Genotype x Session
Correct Response Nose Pokes
Genotype
Session
Genotype x Session
Rewards
Genotype
Session
Genotype x Session
Reward Omissions (%)
Genotype
Session
Genotype x Session
Trial omissions
Genotype
Session
Genotype x Session
Premature Response Latency
Genotype
Session
Genotype x Session
Correct Response Latency
Genotype
Session
Genotype x Session
Non-reinforced Nose Pokes
Genotype
Session
Genotype x Session

* denotes a significant effect, p < 0.05

df

F

p

Partial η2

2, 53
11, 583
22, 583

0.39
12.45
1.89

0.68
< 0.001*
0.03*

0.19
0.066

2, 53
11, 583
22, 583

0.66
6.02
1.54

0.52
< 0.001*
0.056

0.10
-

2, 53
11, 583
22, 583

6.21
12.71
1.34

0.004*
< 0.001*
0.19

0.19
0.19
-

2, 53
11, 583
22, 583

6.50
10.56
1.24

0.003*
0.001*
0.21

0.20
0.17
-

2, 53
11, 583
22, 583

7.77
2.11
1.74

0.001*
0.035*
0.039*

0.23
0.038
0.061

2, 53
11, 583
22, 583

6.22
5.42
0.99

0.004*
< 0.001*
0.47

0.19
0.093
-

2, 53
11, 583
22, 583

0.078
1.18
1.73

0.93
0.31
0.043

-

2, 53
11, 583
22, 583

0.30
0.73
3.37

0.74
0.61
< 0.001*

0.11

2, 53
11, 583
22, 583

3.34
0.50
0.614

0.043*
0.91
0.92

0.11
-
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Figure 4.6 Mean number (± SEM) of inter-trial interval (ITI) (a), premature (b), and correct
response nose pokes (c) for delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprd1fl/fl.
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Figure 4.7 Mean number (± SEM) of reward presentations (a), percent reward omissions (b),
and trial omissions (c) for delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprd1fl/fl; # p < 0.05, compared to
Dlx5/6-Oprd1-/-.

88

Figure 4.8 Mean number (± SEM) of premature response latency (s) (a), correct response
latency (s) (b), and non-reinforced nose pokes (c) for delta flox (Oprd1fl/fl), conditional knockout
(Dlx5/6-Oprd1-/-), and constitutive knockout (CMV-Oprd1-/-) mice in a Fixed 4 s premature
delay response inhibition (RI) task across 12 testing sessions. * p < 0.05, compared to Oprd1fl/fl;
# p < 0.05, compared to Dlx5/6-Oprd1-/-; + p < 0.05 compared to CMV-Oprd1-/-.
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Figure 4.9 Efficiency in delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a VT 1-8 s premature delay response inhibition
(RI) task across 12 testing sessions. Efficiency was calculated as total correct nose pokes/(correct
+ premature + ITI nose pokes). Data represent mean (± SEM). * p < 0.05, Dlx5/6-Oprd1-/compared to Oprd1fl/fl.
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Table 4.3 Summary of ANOVA results for measures of the VT 1-8 s Task in Delta Mice
Behavioural Measure
Inter-trial Interval Nose Pokes
Genotype
Session
Genotype x Session
Premature Response Nose Pokes
Genotype
Session
Genotype x Session
Correct Response Nose Pokes
Genotype
Session
Genotype x Session
Rewards
Genotype
Session
Genotype x Session
Reward Omissions (%)
Genotype
Session
Genotype x Session
Trial Omissions
Genotype
Session
Genotype x Session
Premature Response Latency
Genotype
Session
Genotype x Session
Correct Response Latency
Genotype
Session
Genotype x Session
Non-reinforced Nose Pokes
Genotype
Session
Genotype x Session

* denotes a significant effect, p < 0.05

df

F

p

Partial η2

2, 32
11, 352
22, 352

0.03
1.01
0.85

0.97
0.44
0.61

-

2, 34
11, 374
22, 374

0.54
0.54
0.80

0.59
0.88
0.73

-

2, 34
11, 374
22, 374

6.08
1.30
1.10

0.006*
0.25
0.36

0.26
-

2, 34
11, 374
22, 374

6.42
1.29
0.90

0.004*
0.26
0.56

0.27

2, 33
11, 363
22, 363

3.39
1.17
1.00

0.046*
0.32
0.46

0.17
-

2, 34
11, 374
22, 374

4.62
1.11
1.13

0.017*
0.36
0.33

0.21
-

2, 34
11, 374
22, 374

0.015
0.80
0.65

0.99
0.64
0.72

-

2, 34
11, 374
22, 374

0.12
0.79
0.99

0.89
0.61
0.46

-

2, 31
11, 341
22, 341

0.08
0.67
1.46

0.92
0.69
0.14

-
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Figure 4.10 Mean number (± SEM) of inter-trial interval (ITI) (a), premature (b) and correct
response nose pokes (c) for delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a VT 1-8 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprd1fl/fl; + p < 0.05, compared to
CMV-Oprd1-/-.
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Figure 4.11 Mean number (± SEM) of reward presentations (a), percent reward omissions (b),
and trial omissions (c) for delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6-Oprd1-/-), and
constitutive knockout (CMV-Oprd1-/-) mice in a VT 1-8 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprd1fl/fl; + p < 0.05, compared to
CMV-Oprd1-/-.
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Figure 4.12 Mean (± SEM) premature response latency (s) (a), correct response latency (s) (b),
and non-reinforced nose pokes (c) for delta flox (Oprd1fl/fl), conditional knockout (Dlx5/6Oprd1-/-), and constitutive knockout (CMV-Oprd1-/-) mice in a VT 1-8 s premature delay
response inhibition (RI) task across 12 testing sessions.
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Figure 4.13 Efficiency in mu flox (Oprm1fl/fl), conditional knockout (Dlx5/6-Oprm1-/-), and
constitutive knockout (CMV-Oprm1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. Efficiency was calculated as total correct nose pokes/(correct
+ premature + ITI nose pokes). Data represent mean (± SEM).
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Table 4.4 Summary of ANOVA results for measures of the Fixed 4 s Task in Mu Mice
Behavioural Measure
Inter-trial Interval Nose Pokes
Genotype
Session
Genotype x Session
Premature Response Nose Pokes
Genotype
Session
Genotype x Session
Correct Response Nose Pokes
Genotype
Session
Genotype x Session
Rewards
Genotype
Session
Genotype x Session
Reward Omissions (%)
Genotype
Session
Genotype x Session
Trial omissions
Genotype
Session
Genotype x Session
Premature Response Latency
Genotype
Session
Genotype x Session
Correct Response Latency
Genotype
Session
Genotype x Session
Non-reinforced Nose Pokes
Genotype
Session
Genotype x Session

* denotes a significant effect, p < 0.05

df

F

p

Partial η2

2, 31
11, 341
22, 341

1.60
7.47
1.10

0.22
< 0.001*
0.36

0.19
-

2, 31
11, 341
22, 341

2.37
5.35
1.15

0.11
< 0.001*
0.32

0.15
-

2, 31
11, 341
22, 341

12.93
1.71
1.46

< 0.001*
0.12
0.14

0.46
-

2, 31
11, 341
22, 341

8.51
1.41
1.52

0.001*
0.21
0.12

0.35
-

2, 30
11, 330
22, 330

0.77
0.56
0.84

0.47
0.73
0.60

-

2, 30
11, 330
22, 330

12.29
1.00
1.42

<0.001*
0.42
0.17

0.45
-

2, 31
11, 341
22, 341

0.31
1.20
1.81

0.74
0.31
0.045*

0.11

2, 31
11, 341
22, 341

5.55
1.03
0.61

0.009*
0.41
0.85

0.26
-

2, 31
11, 341
22, 341

0.59
0.90
1.47

0.56
0.50
0.15

-
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Figure 4.14 Mean number (± SEM) of inter-trial interval (ITI) (a), premature (b), and correct
response nose pokes (c) for mu flox (Oprm1fl/fl), conditional knockout (Dlx5/6-Oprm1-/-), and
constitutive knockout (CMV-Oprm1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprm1fl/fl.
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Figure 4.15 Mean number (± SEM) of reward presentations (a), percent reward omissions (b),
and trial omissions (c) for mu flox (Oprm1fl/fl), conditional knockout (Dlx5/6-Oprm1-/-), and
constitutive knockout (CMV-Oprm1-/-) mice in a Fixed 4 s premature delay response inhibition
(RI) task across 12 testing sessions. * p < 0.05, compared to Oprm1fl/fl.
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Figure 4.16 Mean (± SEM) premature response latency (s) (a), correct response latency (s) (b),
and non-reinforced nose pokes (c) for mu flox (Oprm1fl/fl), conditional knockout (Dlx5/6-Oprm1
-/), and constitutive knockout (CMV-Oprm1-/-) mice in a Fixed 4 s premature delay response
inhibition (RI) task across 12 testing sessions.
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4.5 Discussion
Overall, there were no genotype differences in either constitutive DOR or MOR KO mice
in impulsive action in either a Fixed or Variable delay impulsive action task. Male, and to a
lesser extent, female DOR KO mice (CMV-Oprd1-/-) required more sessions to reach criterion
compared to flox mice, and fewer reached training criterion at all. In contrast, MOR mice did not
differ from flox mice in terms of number of sessions to training criterion or dropout rate,
suggesting no impairments in associative learning across the mu genotypes.
These data were contrary to our hypothesis, as we previously showed that DOR KO mice
show increased impulsivity, whereas MOR KO mice show decreased impulsivity (Olmstead et
al. 2009); neither group exhibited learning impairments in this test. These contrasting results
across studies may be attributed to mouse strain or genetic background. There are several
possibilities for how strain and genetic background could account for phenotypic differences
across studies. Basal differences in behaviour across different strains of mice have been wellestablished for fear conditioning (Smith et al. 2007) and spatial memory (Koopmans et al. 2003),
such that Bl6 mice show the most consistent learning overall, and 129SvPas strains and hybrids
with 129SvPas show inconsistent endophenotypes across tasks in terms of learning and
performance (Bothe et al. 2004; Smith et al. 2007). Basal strain differences fit with our previous
findings that wild-type controls with a Bl6-129SvPas hybrid background are less impulsive than
mice backcrossed onto a Bl6 background (Olmstead et al. 2009). Mice in the current study are
more similar to Bl6 background, which may explain the lack of constitutive KO or cKO
endophenotype on impulsive action in either MOR or DOR mice. In support of this idea, delta
CMV KO mice (as used in this study) do not show an anxiety endophenotype (Chu Sin Chung et
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al. unpublished data), which was previously reported in 129SvPas hybrid mice (Filliol et al.,
2000).
Furthermore, it is possible that there is an interaction between strain and genetic
manipulation on impulsive responding. For example, nitric oxide synthase (nNOS) KO mice on a
129S4/SvJae-C57BL/6J background show increased aggressive behavior; however, after only
five generations of backcrossing to the non-aggressive C57BL/6J strain, nNOS mice no longer
show an aggressive endophenotype (Le Roy et al. 2000). These results illustrate an important
interplay between basal levels of aggressive behaviour and genetic modification.
It is further possible that simply backcrossing mice onto different mouse strains altered
an impulsive endophenotype. More specifically, backcrossing onto different mouse strains (as
opposed to the strain in which the genetic modification was originally produced) can result in cosegregation of the modified gene with other neighbouring genes (Crusio 2004). In other words, a
neighbouring gene’s normal expression is modified as a result of the modification to the gene of
interest. As a consequence of this co-segregation, endophenotypes may be falsely attributed to
the genetic modification, rather than the co-segregating genes (Crusio 2004). For instance, even
though the mice used in the present studies were backcrossed onto C57 strains, they still retain a
portion of the 129 genome (Bolivar et al. 2001; Cook et al. 2002; Bothe et al. 2004; Crusio
2004), which may alter behavioural responding.
Not only can strains express differing basal endophenotypes, but genetic background and
strain may also alter phenotypic penetrance or expressivity (Doetschman 2008). These terms
refer to the proportion and degree to which an endophenotype is expressed within a genotype,
respectively. Thus, the same genetic manipulation may produce different endophenotypes, which
is in part dependent on strain. The fact that penetrance and expressivity are often more variable
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on mixed/hybrid backgrounds (Doetschman 2008) fits with possibility that genetic background
alters impulsive responding.
Genetic construction may also explain differences across studies. MOR (CMV-Oprm1-/-)
and DOR (CMV-Oprd1-/-) KO mice used in the current study were produced using a Cre-LoxP
system in which floxed mice were bred with CMV-Cre mice (Gaveriaux-Ruff et al. 2011;
Weibel et al. 2013). Specifically, exon 2 of the Oprd1 gene was floxed (and therefore excised) in
CMV-Oprd1-/- mice, whereas exon 2 and 3 of the Oprm1 gene were floxed in CMV-Oprm1-/mice. Conversely, M/DOR KO mice used previously were produced by replacing the initiation
codon (exon 1) of Oprd1 and Oprm1 with a neo resistance cassette, respectively (Matthes et al.
1996; Filliol et al. 2000; Olmstead et al. 2009). It is possible that there are functional
consequences to excising different exons; excising exon 2 and 3 may allow for partial, residual
M/DOR receptor functionality (e.g., partial ligand binding or downstream consequences) (Nagy
2000), which may be sufficient for regulating impulsive behaviour. If this is true, we would not
observe an impulsivity endophenotype in our animals. It should be noted that minimal or absent
mRNA expression and ligand binding is reported for all of these KO mice, suggesting lack of
receptor functionality (Matthes et al. 1996; Filliol et al. 2000; Gaveriaux-Ruff et al. 2011;
Weibel et al. 2013).
In addition to a lack of endophenotype in either M/DOR mice, we observed a high
dropout rate and increased sessions to criterion in the male delta KO mice. It may be that
acquisition and retention of reinforcement contingencies, and/or cue-related associations were
impaired in these mice, as DORs are involved in learning (Klenowski et al. 2014). Specifically,
KO DOR mice exhibit spatial learning and object recognition impairments (Le Merrer et al.
2013), and deficits in cue-related associations (Le Merrer et al. 2012). It should be noted,

102
however, that Olmstead et al 2009 did not report learning deficits in the delta KO mice, lending
further support to phenotypic differences (rather than learning impairments) as a result of strain
or genetic construction.
In conclusion, we did not observe an impulsivity endophenotype in either the M/DOR
constitutive or conditional KO mice; however, these findings do not necessarily imply that the
opioid system is not involved in impulsive action. It is possible that our lack of endophenotype
was due to strain or genetic construction effects, which needs to be clarified in order to elucidate
opioid involvement in impulsivity in these genetically constructed mice. Overall, the role of
opioidergic receptors in striatal and other brain regions brain on impulsivity has yet to be
resolved.
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Acute Pharmacological Stress Increases Impulsive Action in a Rodent Model
5.1 Abstract
Rationale. Both impulsivity and stress precipitate, promote, and exacerbate many psychiatric
disorders, however how these two factors may interact is poorly understood. Objectives. We
examined the mechanism by which yohimbine, an α2 adrenoceptor antagonist and
pharmacological stressor, increases impulsive action (premature responding) in a response
inhibition task. Methods. Male Long-Evans rats were tested on impulsive action following
various doses of yohimbine (0 - 5.0 mg/kg). In subsequent experiments, yohimbine (2.5 mg/kg)induced impulsive responding was tested following pre-treatment with CRF1 antagonist,
antalarmin (0 - 20 mg/kg), glucocorticoid receptor antagonist, mifepristone (0 - 30 mg/kg), α1
adrenoceptor antagonist, prazosin (0 - 2 mg/kg), α2 adrenoceptor agonist, guanfacine (0 - 0.5
mg/kg), D1/5 receptor antagonist, SCH 39166 (0 - 0.0625 mg/kg), or mu opioid receptor
antagonist, naloxone (0 – 2 mg/kg). Results. Yohimbine dose dependently increased premature
responding; however none of the agents tested blocked this effect, nor did they affect any of the
other behavioural measures assessed. Conclusions: These findings suggest that yohimbineinduced impulsive action may be mediated by synergistic influence of multiple neurotransmitter
systems.
5.2 Introduction
Impulsivity is a multi-faceted construct that encompasses several unique characteristics
including a preference for immediate reward (impulsive choice), acting without thinking, and an
inability to withhold behavioural responses (impulsive action). A high impulsivity
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endophenotype can precipitate, promote, and exacerbate psychiatric disorders, including
attention deficit hyperactivity disorder (ADHD) and substance abuse disorders (American
Psychiatric Association 2013). Stress is also a risk factor for many of the same psychiatric
disorders, and it may be that stress interacts with impulsivity to alter behaviors associated with
drug addiction. This could explain why adverse life events predict impulsivity in cocainedependent individuals (Hayaki et al. 2005), and self-reported impulsivity mediates the positive
relationship between stress and alcohol intake (Hamilton et al. 2013).
Although it is not clear how stress and impulsivity interact, it likely involves activation of
physiological stress responses. For instance, basal cortisol levels predict trait-like impulsivity,
both in individuals with borderline personality disorders and in healthy controls (Almeida et al.
2010). Similarly, the pharmacological stressor, yohimbine, increases impulsivity in humans, nonhuman primates, and rodents (Ma et al. 2003; Swann et al. 2005; Sun et al. 2010). Yohimbineinduced impulsivity may occur through one or more pharmacological systems. Yohimbine
elevates noradrenergic activity through presynaptic α2a noradrenergic autoreceptor activation
and, consequentially, increases arousal, cortisol levels, and anxiety in healthy participants and
rodents (Johnston and File 1989; Stine et al. 2002). Yohimbine’s behavioural effects on drug
taking behaviour are mediated by several systems, including stress-related hypothalamicpituitary-adrenal axis activation (e.g., through corticotropin releasing factor (CRF) and
glucocorticoid (GC) receptor activity), and an action on noradrenergic (NA) and dopaminergic
(DA) systems (Johnston and File 1989; Millan et al. 2000). CRF1 and GC receptor antagonism
block yohimbine-induced reinstatement of alcohol seeking (Marinelli et al. 2007; Simms et al.
2012). Similarly, antagonizing noradrenergic activity, through presynaptic α2-adrenoceptor
agonism and post-synaptic α1-adrenoceptor antagonism, blocks yohimbine-induced
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reinstatement of drug (alcohol) seeking in rodents, and stress-induced craving in humans (Lê et
al. 2009; Lê et al. 2011; Fox et al. 2012). In addition, yohimbine’s direct action on DA D1/5
receptors mediates yohimbine-induced cocaine reinstatement (Brown et al. 2012). Finally,
although yohimbine does not directly act on the opioid system, opioid antagonism decreases
yohimbine-induced action (Nielsen et al. 2012), which may be reflective of increased HPA
activity.
The aim of the present work was to validate yohimbine-induced increases in impulsive
action that have been observed in the 5-choice serial reaction time task (Sun et al. 2010), and to
determine whether stress, adrenergic, dopaminergic, or opioidergic systems are involved in this
effect. Specifically, in a series of experiments, we assessed impulsive action in rats following
acute, systemic doses of yohimbine. In separate groups of animals, we tested whether antalarmin
(CRF1 antagonist), mifipristone (GC receptor antagonist), guanfacine (presynaptic α2
adrenoceptor agonist), prazosin (post-synaptic α1 adrenoceptors antagonist), SCH 39166 (D1/5
receptor antagonist), or naloxone (MOR antagonist) block yohimbine-induced increases in
impulsive action. The role of systemic antalarmin and mifepristone on impulsive action have yet
to be tested; conversely, guanfacine, but not prazosin, attenuates impulsive action in rodents
(Franowicz et al. 2002; Koskinen et al. 2003; Bari et al. 2009; Milstein et al. 2010; Fernando et
al. 2012; Roychowdhury et al. 2012; Abela and Chudasama 2014). Additionally, D1/5 antagonism
reduces impulsive action (van Gaalen et al. 2006; Pattij et al. 2007b). Since these systems are
implicated in impulsive action, it is possible that they mediate stress-induced impulsive action.
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5.3 Materials and methods
Subjects
Male Long–Evans rats (N = 60 Charles River, PQ) weighing 200–250 g at arrival were
pair-housed on a reverse light–dark cycle with testing conducted during the dark cycle. Three
days prior to training, rats were food restricted to 120 min of free access (Lab Diet: PMI
Nutritional International, Inc) per day; water was freely available. Rats were monitored daily to
ensure body weight did not fall below 85% of their normal free-feeding weight. Animal care was
conducted in accordance with Canadian Council on Animal Care guidelines, and the experiments
were approved by the Queen’s University Animal Care Committee.
Apparatus
Training and testing were conducted in operant boxes (26.5×22.0×20.0 cm), each housed
in a sound-attenuating chamber (constructed in house). Each box was fitted with two retractable
levers and a house light. Sucrose pellets (45 mg; Bio-Serv, NJ, USA) were delivered to a food
magazine, located between the levers, via a pellet dispenser (Med Associates, VT, USA). Lights
were situated 4 cm above each lever and the magazine. An IBM-type computer controlled the
equipment and was used for data collection (software written in-house using ECBASIC or Med
Associates software; Med Associates, VT, USA).
Drug administration
Yohimbine hydrochloride (Tocris Biosciences, USA), an α2 adrenoceptor antagonist, was
tested at doses of 0, 0.625, 1.25, 2.5, and 5 mg/kg. In combined-drug experiments, doses of 0 and
2.5 mg/kg yohimbine were tested. Antalarmin hydrochloride (Cayman Chemical, USA), a CRF1
antagonist, was tested at doses of 0, 5, 10, 15, and 20 mg/kg. Mifepristone (RU-486; Sigma-
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Aldrich, USA), a glucocorticoid receptor antagonist, was tested at doses of 0, 7.5, 15, and 30
mg/kg. Prazosin hydrochloride (Sigma-Aldrich, USA), an α1 adrenoceptor antagonist, was
tested at doses of 0, 0.5, 1, and 2 mg/kg. Guanfacine hydrochloride (Sigma-Aldrich, USA), an
α2 adrenoceptor agonist, was tested at doses of 0.125, 0.25, and 0.5 mg/kg. SCH 39166
hydrobromide (Tocris Biosciences, USA), a high affinity D1/5 receptor antagonist, was tested at
doses of 0.0156 and 0.0625 mg/kg. Naloxone hydrochloride (Tocris Biosciences, USA), a mu
opioid receptor antagonist, was tested at doses of 0.5, 1.0, and 2.0 mg/kg. Yohimbine was
dissolved in sterile water, prazosin, guanfacine, SCH 39166, and naloxone were dissolved in
0.9% saline, mifepristone was suspended in 100% propylene glycol, and antalarmin was
dissolved in 10% Tween 80 dissolved in saline. With the exception of the 2.0 mg/kg dose of
prazosin and the 30 mg/kg dose of mifepristone, which were administered in a volume of 2
ml/kg, all drugs were administered in a volume of 1 ml/kg. In all cases, yohimbine was injected
10 min before testing. In combination drug studies, antalarmin, prazosin, guanfacine, SCH
39166, and naloxone were injected 30 min prior to testing, mifepristone was injected 45 min
prior to testing. All injections were i.p.
Behavioural procedures
Training. Response inhibition training occurred over several phases. Rats were first
magazine trained for 1 day, receiving 20 sucrose pellets on a random time 90-s schedule. The
house light remained illuminated until a food pellet was dispensed, at which point the house light
turned off, the magazine light illuminated for 1 s, and the next trial commenced.
Rats were then trained to lever press for food on a continuous reinforcement (CRF)
schedule. Two levers were inserted into the chamber, with reinforced lever assignment
counterbalanced across animals (left versus right). The house light and discriminative stimulus
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(lever light) were illuminated throughout these sessions, except during delivery of the reward,
which was signalled by the magazine light (1 s). There was no time limit for responding on each
trial; training continued until a minimum of 80 pellets were earned in a 60-min session for two
consecutive sessions. Following CRF training, the response phase (house light and
discriminative stimulus on) was shortened to 10 s following lever insertion. If 10 s elapsed, the
levers retracted for a 10-s inter-trial interval (ITI), and the trial was omitted. Training continued
until animals reached a criterion of fewer than 20% omitted trials for two consecutive sessions.
Over 90% of the animals reached criterion in 2 sessions, with the remaining completing this
stage of training in 4 sessions.
In the next stage, each trial commenced with a 10-s ITI in which both levers were
retracted and the house light was off. Following the ITI, the levers inserted and the house light
illuminated, but the discriminative stimulus remained off for a variable delay period (see below).
A lever press on the reinforced lever prior to the discriminative stimulus (i.e., premature
response) initiated the next trial, and no reinforcement was delivered. Responses during
discriminative stimulus (10-s window) presentation were reinforced with a sucrose pellet (correct
response) and initiated the next trial. Non-reinforced lever presses and omissions (failure to
respond) were recorded but had no programmed consequences. Rats received five training
sessions at each of the following delays: 1, 4, 15, and 60 s with 100 trials per session.
Rats then progressed to the full response inhibition (RI) task described previously
(Hayton et al. 2010; Befort et al. 2011; Mahoney et al. 2013). The full RI task was identical to
the previous stage of training, with the exception that each session consisted of 20 trials at delay
intervals of 1, 4, 15, 30, and 60 s (100 trials in total) that were presented in a random order.
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Drug testing. Rats were tested for impulsive responding 14 sessions prior to drug
injections with the last 3 sessions constituting baseline. In one cohort, animals were tested
following varying doses of yohimbine (n = 12). A separate cohort of animals was tested
following pre-treatment of antalarmin (n = 16). From the antalarmin cohort, 8 animals were
tested following 0, 10, and 20 mg/kg doses (high dose group); the 10 mg/kg, but not the 20
mg/kg, dose reduced yohimbine-induced premature responding. To explain these findings, an
additional 8 animals were tested following pre-treatment with 0, 5, and 15 mg/kg antalarmin
(low dose group). One animal was removed from the mifepristone cohort (n = 15) because of
illness prior to drug administration. One group of animals (n = 16) was used to test prazosin,
guanfacine, and SCH 39166. Animals were first tested with either prazosin first (n = 8) or
guanfacine first (n = 8), and then tested on the other noradrenergic drug. Since neither drug
induced any behavioural effects on premature responding, baseline was re-established for 7
sessions, and then animals (n = 16) were tested following pretreatment with SCH 39166. Again,
since there were no effects with SCH 39166, baseline was re-established for 7 sessions, and then
animals (n = 16) were tested following pretreatment with naloxone. In all cases, rats received
doses according to a partial Latin square design and were given each dose once. Animals were
tested with drug-free test sessions on intervening days.
Data and statistical analyses
The dependent measures of the RI task were premature responses, total number of nonreinforced responses, omissions, and latencies to either premature or correct responses.
Premature responding was defined as the percentage of trials in which rats made a premature
response (lever press prior to presentation of the discriminative stimulus). This dependent
measure was calculated as (premature responses/(premature + correct responses)) × 100.
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Latencies were calculated as the time from lever insertion (premature response) or discriminative
stimulus presentation (correct response) to the first lever press.
Data were analyzed using analysis of variance (ANOVA), computed with the Statistical
Program for the Social Sciences (SPSS; V.22.0). Degrees of freedom for repeated measures were
adjusted using the Greenhouse–Geisser correction if assumptions of sphericity were violated
(Greenhouse and Geisser 1959). When significant main effects were observed in betweensubjects analyses, post hoc tests were performed using a Bonferroni correction. Within-subjects
significant main effects were analyzed further with post hoc paired t-tests with an α correction
for the number of comparisons made. Significant interactions between repeated measures were
analyzed by simple main effects. In order to examine whether premature responding was stable
across testing and between different experimental cohort of rats, data from baseline sessions
were analyzed using a three-way ANOVA with session (last three sessions) and delay interval (1,
4, 15, 30, and 60 s) as within-subjects factors, and group (yohimbine alone and combination-drug
groups) as a between-subjects factor. Drug testing data and drug-free test sessions were analyzed
with dose as the within subjects factor for omission and non-reinforced variables (totaled across
delay) and, dose and delay as within-subjects factors for premature responding and latency
variables. For all experiments, premature latencies for the 1 and 4 s delay were not included in
analyses due to minimal responding at these delays.
5.4 Results
Baseline response inhibition training and drug-free test sessions
Premature responding was stable across the last three baseline sessions [F(2,140) = 1.76,
p = 0.18], and across experimental cohorts [F(8,140) = 1.24, p = 0.28]. Additionally, yohimbine
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did not alter either total premature responding on drug-free washout test sessions [F(4,44) =
1.28, p = 0.29], or across delay [F(16,176) = 1.19, p = 0.33] (Appendix I); nor did it affect any
of the other variables measured (all ps > 0.05) (Appendix I and II). Finally, none of the
combination drug experiments altered premature responding or any of the other variables
measured on drug-free test sessions (ps > 0.05) (Appendix III-V).
Effect of yohimbine on impulsive action
Figure 5.1, yohimbine dose-dependently increased percent premature responding
[F(4,44) = 7.43, p = 0.001], with 1.25, 2.5, and 5.0 mg/kg doses all producing significant
increases (ps < 0.05). Additionally, all yohimbine doses significantly increased premature
responding at the 60-s delay. At the 30-s delay 1.25, 2.5 and 5 mg/kg increased premature
responding, and at the 15-s delay, 2.5 and 5.0 mg/kg increased premature responding (dose x
delay interaction: [F(16,176) = 3.65, p = 0.004]).

Figure 5.1 Effects of yohimbine on impulsive action in the response inhibition task. The data
represent percentage of premature responses at each delay (a), or combined across delays (b),
calculated as (premature responses/(premature + correct responses))*100. Data are expressed as
means ( SEM).  p < 0.05 versus vehicle (0 mg/kg) at the same delay; * p < 0.05 versus
vehicle.
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Table 5.1 shows that yohimbine did not alter total number of omissions [F(4,44) = 0.38, p
= 0.72], non-reinforced responses [F(4,44) = 1.81, p = 0.18], correct response latency [F(4,44) =
1.48, p = 0.22], or premature response latency [F(4,32) = 0.68, p = 0.61], nor were there any
significant interactions of dose x delay for correct or premature response latencies (ps > 0.05).
Table 5.1 Effects of yohimbine on measures in the response inhibition task
Behavioural Measure
Dose (mg/kg)

Omissions

Non-reinforced
Lever Presses

Correct Response Latency
(s)

Vehicle
0.625
1.25
2.5
5.0

1.50 ± 0.98
0.83 ± 0.67
0.68 ± 0.31
0.68 ± 0.43
1.67 ± 1.14

203.72 ± 87.53
206.52 ± 82.05
282.42 ± 89.60
293.00 ± 96.68
161.75 ± 46.56

1.74 ± 0.20
1.65 ± 0.32
1.59 ± 0.13
1.68 ± 0.16
1.96 ± 0.22

Premature Response Latency (s)
Dose (mg/kg)
Vehicle
0.625
1.25
2.5
5.0

Delay (s)
15

30

60

6.00 ± 0.89
6.80 ± 0.75
6.10 ± 0.76
6.22 ± 0.56
5.92 ± 0.79

12.60 ± 1.71
14.17 ± 1.60
10.32 ± 0.66
12.48 ± 1.62
11.54 ± 1.42

21.30 ± 3.38
24.80 ± 2.95
22.90 ± 2.49
22.24 ± 2.94
17.52 ± 2.26

Values represent mean (SEM) total omissions, total non-reinforced responses, and correct
response latency collapsed across delay, and premature responses across delay. Premature delay
latencies for the 1 and 4 s delay were not analyzed due to minimal responding at these delays.
None of the yohimbine doses significantly differed from Vehicle (0 mg/kg).
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Effect of antalarmin on yohimbine-induced impulsive action
As shown in Figure 5.2, antalarmin did not reliably block yohimbine-induced premature
responding at either the high (0 – 20 mg/kg) or low (0 – 15 mg/kg) dose range. For the high dose
range, the main effect of dose [F(3,21) = 6.55, p = 0.03] and delay [F(4,28) = 15.22, p < 0.001]
were significant, but not the dose x delay interaction [F(12,84) = 2.42, p = 0.08]. The significant
dose effect was due to increased premature responding following the vehicle-yohimbine dose. In
addition, the 10 mg/kg, but not the 20 mg/kg, dose significantly decreased premature responding
(Figure 5.2a,b). Because of these inconsistent dose effects, pre-treatment with 5 mg/kg and 15
mg/kg doses were tested in a second cohort of animals. For the low dose range, the main effect
of dose [F(3, 21) = 13.71, p < 0.001], delay [F(4, 28) = 48.67, p < 0.001], and the dose x delay
interaction [F(12, 84) = 4.77, p = 0.003] were all significant; however this was due to increased
premature responding following the vehicle-yohimbine dose at the 4, 15, 30, and 60-s delays
compared to the vehicle-vehicle dose (ps < .05). In contrast, neither the 5 or 15 mg/kg doses of
antalarmin blocked the yohimbine-induced increase in premature responding (ps > 0.05) (Figure
5.2c,d).
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Figure 5.2 Effects of the corticotropin releasing factor receptor 1 antagonist, antalarmin (ANT),
on yohimbine (2.5 mg/kg)-induced impulsive action in the response inhibition task. All drugs
were administered i.p, and doses are listed as mg/kg. The data represent percentage of premature
responses at each delay (a,c), or combined across delays (b,d), calculated as (premature
responses/(premature + correct responses))*100. Data are expressed as means ( SEM).  p <
0.05 versus vehicle-vehicle (0-0 mg/kg) at the same delay; * p < 0.05 versus vehicle-vehicle. + p
< 0.05 versus vehicle-yohimbine.

As shown in Table 5.2 and Table 5.3, none of the antalarmin-yohimbine doses in the high
dose range (0-20 mg/kg) altered omissions [F(3,21) = 1.24 , p = 0.31], non-reinforced
responding [F(3,21) = 0.26, p = 0.79], correct response latency [F(3,21) = 2.49, p = 0.09], or
premature response latency [F(3,21) = 1.69, p = 0.23]. Neither premature nor correct response
latency variables had significant dose x delay interactions (ps > 0.05).
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Similarly, as shown in Table 5.2 and Table 5.3, none of the antalarmin-yohimbine doses
in the low dose range (0-15 mg/kg) altered omissions [F(3,21) = 0.80, p = 0.46], non-reinforced
responding [F(3,21) = 0.45, p = 0.61], or correct response latency [F(3,21) = 0.53, p = 0.67],
although the vehicle-vehicle dose caused significantly longer premature response latencies at the
60-s delay compared to all other doses [F(6,42) = 5.16, p < 0.001]. The correct response latency
variable did not have a significant dose x delay interaction (ps > 0.05).
Effect of mifepristone on yohimbine-induced impulsive action
As shown in Figure 5.3, mifepristone did not block yohimbine-induced premature
responding. The main effect of dose [F(4, 56) = 8.60, p < 0.001], delay [F(4, 56) = 71.73, p <
0.001] and dose x delay interaction [F(16, 224) = 4.62, p < 0.001] were all significant; however
this was due to increased premature responding following the vehicle-yohimbine dose at the 4,
15, 30, and 60-s delays compared to the vehicle-vehicle dose (ps < 0.05). In contrast, none of the
other mifepristone-yohimbine doses differed from the vehicle-yohimbine dose (ps > 0.05).
As shown in Table 5.2 and Table 5.3, none of the mifepristone-yohimbine doses altered
omissions [F(4,52) = 0.15, p = 0.96], non-reinforced responding [F(4,52) = 1.43, p = 0.26], or
correct response latency [F(4,56) = 1.78, p = 0.15]. The main effect of dose on premature
response latency [F(4,56) = 3.02, p = 0.03] was due to decreased latencies following the vehicleyohimbine, 7.5 mg/kg mifepristone-yohimbine, and 15 mg/kg mifepristone-yohimbine doses (ps
< 0.05). Neither premature nor correct response latency variables had significant dose x delay
interactions (ps > 0.05).
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Figure 5.3 Effects of the glucocorticoid receptor antagonist, mifepristone (MIF), on yohimbine
(2.5 mg/kg)-induced impulsive action in the response inhibition task. All drugs were
administered i.p, and are in mg/kg. The data represent percentage of premature responses at each
delay (a), or combined across delays (b), calculated as (premature responses/(premature +
correct responses))*100. Data are expressed as means ( SEM).  p < 0.05 versus vehiclevehicle (0-0 mg/kg) at the same delay; * p < 0.05 versus vehicle-vehicle.

Effect of prazosin on yohimbine-induced impulsive action
Figure 5.4 shows that prazosin did not block yohimbine-induced premature responding.
The main effect of dose [F(4,60) = 8.45, p < 0.001], delay [F(4,60) = 56.32, p < 0.001], and
dose x delay interaction [F(16,240) = 3.04, p = 0.007] were all significant. The vehicleyohimbine dose significantly increased premature responding compared to the vehicle-vehicle
dose at the 15, 30, and 60-s delays (ps < 0.05). In contrast, none of the other prazosin-yohimbine
combination doses significantly differed from the vehicle-yohimbine dose (ps > 0.05).
As shown in Table 5.2 and Table 5.3, none of the prazosin-yohimbine doses altered
omissions [F(4,60) = 0.94, p = 0.38], non-reinforced responding [F(4,56) = 1.08, p = 0.36], or
correct response latency [F(4,60) = 0.58, p = 0.63]. The significant main effect of dose on
premature response latency [F(4,60) = 7.42, p < 0.001] was the result of decreased latencies
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following all combination drug doses compared to vehicle-vehicle (ps < 0.05). Neither premature
nor correct response latency variables had significant dose x delay interactions (ps > 0.05).

Figure 5.4 Effects of the α1 adrenoceptor antagonist, prazosin (PRA), on yohimbine (2.5
mg/kg)-induced impulsive action in the response inhibition task. All drugs were administered i.p,
and are in mg/kg. The data represent percentage of premature responses at each delay (a), or
combined across delays (b), calculated as (premature responses/(premature + correct
responses))*100. Data are expressed as means ( SEM).  p < 0.05 versus vehicle-vehicle (0-0
mg/kg) at the same delay; * p < 0.05 versus vehicle-vehicle.

Effect of guanfacine on yohimbine-induced impulsive action
Figure 5.5 shows that guanfacine did not block yohimbine-induced premature
responding. Although the dose x delay interaction was not significant [F(16, 56) = 1.35, p =
0.28], both the main effect of dose [F(4, 28) = 3.99, p < 0.011] and delay [F(4, 28) = 36.86, p <
0.001] were. The vehicle-yohimbine dose significantly increased premature responding
compared to the vehicle-vehicle dose (ps < 0.05). In contrast, none of the other guanfacineyohimbine combination doses significantly differed from the vehicle-yohimbine dose (ps >
0.05).
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As shown in Table 5.2 and Table 5.3, none of the guanfacine-yohimbine doses altered
any of the variables measured: omissions [F(4, 28) = 1.03, p = 0.35], non-reinforced responding
[F(4,28) = 2.00, p = 0.18], correct response latency [F(4,28) = 0.48, p = 0.62], or premature
response latency [F(4,28) = 1.93, p = 0.16]. Neither premature nor correct response latency
variables had significant dose x delay interactions (ps > 0.05).

Figure 5.5 Effects of the α2 adrenergic agonist, guanfacine (GUA), on yohimbine (2.5 mg/kg)induced impulsive action in the response inhibition task. All drugs were administered i.p, and are
in mg/kg. The data represent percentage of premature responses at each delay (a), or combined
across delays (b), calculated as (premature responses/(premature + correct responses))*100. Data
are expressed as means ( SEM). * p < 0.05 versus vehicle-vehicle (0-0 mg/kg).

Effect of SCH 39166 on yohimbine-induced impulsive action
Figure 5.6 shows the effect of SCH 39166 on yohimbine-induced premature responding.
Although the dose x delay interaction was not significant [F(12, 180) = 1.77, p = 0.06], both the
main effect of dose [F(3, 45) = 9.56, p < 0.01] and delay [F(4, 60) = 35.46, p < 0.001] were. The
vehicle-yohimbine dose significantly increased premature responding compared to the vehiclevehicle dose at the 15, 30, and 60-s delays (ps < 0.05). In contrast, none of the other naloxone-
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yohimbine combination doses significantly differed from the vehicle-yohimbine dose (ps >
0.05).
Table 5.2 and Table 5.3 show that SCH 39166-yohimbine doses did not alter any of the
variables measured: omissions [F(3, 45) = 1.56, p = 0.21], non-reinforced responding [F(3,39) =
2.71, p = 0.06], correct response latency [F(3,45) = 1.06, p = 0.34], or premature response
latency [F(3,45) = 0.049, p = 0.97]. Neither premature nor correct response latency variables had
significant dose x delay interactions (ps > 0.05).

Figure 5.6 Effects of the D1/5 receptor antagonist, SCH 39166 (SCH), on yohimbine (2.5
mg/kg)-induced impulsive action in the response inhibition task. All drugs were administered i.p,
and are in mg/kg. The data represent percentage of premature responses at each delay (a), or
combined across delays (b), calculated as (premature responses/(premature + correct
responses))*100. Data are expressed as means ( SEM). * p < 0.05 versus vehicle-vehicle (0
mg/kg).

Effect of naloxone on yohimbine-induced impulsive action
Figure 5.7 shows that naloxone did not block yohimbine-induced premature responding.
The main effect of dose [F(4, 56) = 10.81, p < 0.01], delay [F(4, 56) = 51.58, p < 0.001], and
dose x delay interaction [F(15, 224) = 3.17, p = 0.07] were all significant. The vehicle-
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yohimbine dose significantly increased premature responding compared to the vehicle-vehicle
dose at the 4, 15, 30, and 60-s delays (ps < 0.05). In contrast, none of the other naloxoneyohimbine combination doses significantly differed from the vehicle-yohimbine dose (ps >
0.05). The vehicle-yohimbine dose significantly increased premature responding compared to the
vehicle-vehicle dose at the 15, 30, and 60-s delays (ps < 0.05). In contrast, none of the other
naloxone-yohimbine combination doses significantly differed from the vehicle-yohimbine dose
(ps > 0.05).
Table 5.2 and Table 5.3 show that naloxone-yohimbine doses did not alter any of the
variables measured: omissions [F(4,60) = 1.11, p = 0.33], non-reinforced responding [F(4,56) =
0.76, p = 0.43], premature response latency [F(4,60) = 2.67, p = 0.061] or correct response
latency [F(4,56) = 2.72, p = 0.11]. Neither premature nor correct response latency variables had
significant dose x delay interactions (ps > 0.05).

Figure 5.7 Effects of the mu opioid receptor antagonist, naloxone, on yohimbine (2.5 mg/kg)induced impulsive action in the response inhibition task. All drugs were administered i.p, and are
in mg/kg. The data represent percentage of premature responses at each delay (a), or combined
across delays (b), calculated as (premature responses/(premature + correct responses))*100. Data
are expressed as means ( SEM).  p < 0.05 versus vehicle-vehicle (0-0 mg/kg) at the same
delay; * p < 0.05 versus vehicle-vehicle.
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Table 5.2 Effects of corticotropin releasing factor, glucocorticoid, adrenergic, and
dopaminergic agents on yohimbine-induced responding on measures of the response
inhibition task
Dose
(mg/kg)

Omissions

Non-reinforced
Lever Presses

Correct
Response
Latency (s)

Veh – Veh
Veh – Yoh
Ant 10 – Yoh
Ant 20 – Yoh

3.25 ± 2.06
0.75 ± 0.41
1.13 ± 0.52
1.63 ± 0.60

149.38 ± 70.67
183.13 ± 51.33
183.25 ± 65.47
159.00 ± 41.75

1.91 ± 0.26
1.50 ± 0.21
1.64 ± 0.21
1.82 ± 0.25

Veh – Veh
Veh – Yoh
Ant 5 – Yoh
Ant 15 – Yoh

1.75 ± 1.03
0.25 ± 0.25
1.63 ± 1.49
0.50 ± 0.27

66.13 ± 24.35
89.13 ± 46.56
97.75 ± 54.79
99.13 ± 48.95

1.43 ± 0.17
1.17 ± 0.10
1.42 ± 0.34
1.26 ± 0.18

Mifepristone
(GC ant)

Veh – Veh
Veh – Yoh
Mif 7.5 –Yoh
Mif 15 – Yoh
Mif 30 – Yoh

1.90 ± 1.30
1.14 ± 0.61
1.79 ± 1.03
1.21 ± 1.07
1.21 ± 0.37

40.24 ± 14.59
81.20 ± 26.35
66.20 ± 20.82
59.71 ± 15.69
95.80 ± 35.42

1.82 ± 0.19
1.65 ± 0.18
1.70 ± 0.17
1.73 ± 0.17
2.01 ± 0.18

Prazosin
(α1 adrenergic ant)

Veh – Veh
Veh – Yoh
Pra 0.5 – Yoh
Pra 1 – Yoh
Pra 2 – Yoh

3.75 ± 2.45
1.81 ± 0.77
0.81 ± 0.45
1.69 ± 0.83
1.44 ± 1.05

110.07 ± 33.52
149.00 ± 38.79
111.07 ± 29.09
113.40 ± 30.77
98.87 ± 27.39

1.82 ± 0.12
1.69 ± 0.13
1.85 ± 0.17
1.91 ± 0.17
1.70 ± 0.12

Guanfacine
(α2 adrenergic ago)

Veh – Veh
Veh – Yoh
Gua 0.125 – Yoh
Gua 0.25 – Yoh
Gua 0.5 – Yoh

0.63 ± 0.38
3.50 ± 2.94
2.63 ± 1.59
1.00 ± 0.63
0.75 ± 0.49

122.13
142.13
175.25
196.50
120.38

± 39.95
± 45.44
± 59.40
± 76.15
± 39.29

1.71 ± 0.25
1.91 ± 0.25
1.88 ± 0.17
1.65 ± 0.21
1.79 ± 0.24

SCH 39166
(D1/5 ant)

Veh – Veh
Veh – Yoh
SCH 0.015 – Yoh
SCH 0.0625 – Yoh

3.38 ± 1.34
1.31 ± 0.74
1.81 ± 0.67
1.44 ± 0.74

113.57 ± 27.53
118.43 ± 21.95
108.71 ± 26.90
85.43 ± 19.01

1.93 ± 0.16
1.54 ± 0.12
1.99 ± 0.35
1.80 ± 0.13

Naloxone
(MOR ant)

Veh – Veh
Veh – Yoh
Nal 0.5 – Yoh
Nal 1.0 – Yoh
Nal 2.0 – Yoh

2.38 ± 0.98
1.88 ± 0.95
1.44 ± 0.67
3.06 ± 1.56
0.56 ± 0.26

119.47 ± 41.57
151.00 ± 50.53
138.33 ± 38.11
85.53 ± 23.07
115.40 ± 30.74

1.87 ± 0.21
1.51 ± 0.13
1.33 ± 0.12
1.69 ± 0.21
1.28 ± 0.08

Drug

Antalarmin
(CRF1 ant)

Values represent mean (SEM) total omissions, total non-reinforced lever pressing, and correct
response latency collapsed across delay for combined-drug experiments. The yohimbine dose
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was 0 or 2.5 mg/kg; other drug doses are in mg/kg. None of the drug combinations significantly
differed from their respective Veh-Veh (0 – 0 mg/kg) or Veh-Yoh (0 – 2.5 mg/kg) doses.
Ago, agonist; ant, antagonist; Ant, antalarmin; CRF1, corticotropin releasing factor receptor 1;
D1/5, dopamine 1/5 receptor family; GC, glucocorticoid receptor; Gua, guanfacine, Mif,
mifepristone; MOR, mu opioid receptor; Nal, naloxone; Pra, prazosin; SCH, SCH 39166
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Table 5.3 Effects of corticotropin releasing factor, glucocorticoid, adrenergic, and
dopaminergic agents on yohimbine-induced responding on premature response latency in
the response inhibition task
Premature Delay (s)

Dose
(mg/kg)

15

30

60

Veh – Veh
Veh – Yoh
Ant 10 – Yoh
Ant 20 – Yoh

5.97 ± 0.90
6.67 ± 1.23
6.53 ± 0.60
5.44 ± 0.77

12.15 ± 2.32
11.46 ± 1.35
10.34 ± 1.66
12.52 ± 1.62

25.54 ± 6.12
19.41 ± 3.57
26.04 ± 4.86
19.56 ± 3.34

Veh – Veh
Veh – Yoh
Ant 5 – Yoh
Ant 15 – Yoh

7.15 ± 0.96
5.56 ± 0.84
5.19 ± 0.85
5.43 ± 0.95

11.95 ± 1.64
10.11 ± 1.50
7.94 ± 1.46
10.35 ± 1.47

29.21 ± 4.23*
15.89 ± 2.27*
15.06 ± 3.11*
13.06 ± 3.03*

Mifepristone
(GC ant)

Veh – Veh
Veh – Yoh
Mif 7.5 –Yoh
Mif 15 – Yoh
Mif 30 – Yoh

7.32 ± 1.00
5.18 ± 0.66
6.48 ± 0.64
5.84 ± 0.58
5.90 ± 0.53

11.79 ± 1.45
10.56 ± 0.87
10.04 ± 1.21
12.05 ± 1.59
8.67 ± 1.24

28.46 ± 1.53
19.74 ± 2.54
12.05 ± 1.59
19.67 ± 2.32
24.37 ± 2.83

Prazosin
(α1 adrenergic ant)

Veh – Veh
Veh – Yoh
Pra 0.5 – Yoh
Pra 1 – Yoh
Pra 2 – Yoh

8.18 ± 0.69
5.78 ± 0.74
5.90 ± 0.54
6.57 ± 0.56
7.15 ± 0.73

14.12 ± 1.27
11.50 ± 1.40
10.31 ± 1.25
11.23 ± 1.09
10.11 ± 1.35

25.48 ± 2.02
17.59 ± 1.91
16.72 ± 2.30
22.78 ± 2.59
21.01 ± 2.25

Guanfacine
(α2 adrenergic ago)

Veh – Veh
Veh – Yoh
Gua 0.125 – Yoh
Gua 0.25 – Yoh
Gua 0.5 – Yoh

8.20 ± 1.29
6.01 ± 0.66
7.41 ± 0.89
7.86 ± 1.40
8.94 ± 1.67

14.69 ± 1.86
10.58 ± 1.48
12.74 ± 1.85
13.44 ± 1.50
13.64 ± 1.24

21.96 ± 4.10
17.59 ± 3.29
19.04 ± 3.20
21.71 ± 3.09
24.17 ± 3.41

SCH 39166
(D1/5 ant)

Veh – Veh
Veh – Yoh
SCH 0.015 – Yoh
SCH 0.0625 – Yoh

6.43 ± 0.79
5.55 ± 0.54
7.45 ± 1.28
7.08 ± 0.70

11.08 ± 1.45
12.32 ± 1.45
12.77 ± 1.73
10.55 ± 1.39

20.32 ± 2.38
20.53 ± 2.98
18.67 ± 2.78
20.33 ± 3.05

Naloxone
(MOR ant)

Veh – Veh
Veh – Yoh
Nal 0.5 – Yoh
Nal 1.0 – Yoh
Nal 2.0 – Yoh

7.86 ± 0.65
5.70 ± 0.50
5.74 ± 0.35
4.59 ± 0.34
5.68 ± 0.51

10.35 ± 1.12

3.19 ± 2.51
19.40 ± 2.74
17.25 ± 1.91
16.93 ± 2.57
20.04 ± 2.49

Drug

Antalarmin
(CRF1 ant)

9.20 ± 0.96
10.68 ± 1.17
9.28 ± 0.85
9.11 ± 0.83

Values represent mean (SEM) premature response latencies for the 15, 30, and 60 s premature
delays for test sessions of combined-drug experiments. The 1 and 4 s delays were not analyzed
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due to minimal responding at these delays. The yohimbine (Yoh) dose was 0 or 2.5 mg/kg; other
doses are in mg/kg. * p < 0.05 compared to Veh-Veh (0-0 mg/kg).
Ago, agonist; ant, antagonist; Ant, antalarmin; CRF1, corticotropin releasing factor receptor 1;
D1/5, dopamine 1/5 receptor family; GC, glucocorticoid receptor; Gua, guanfacine, Mif,
mifepristone; MOR, mu opioid receptor; Nal, naloxone; Pra, prazosin; SCH, SCH 39166
5.5 Discussion
We show that yohimbine dose-dependently increases premature responding on a response
inhibition task, while having no effect on any of the other variables measured. Our findings are
consistent with other studies, using both rodents and humans (Swann et al. 2005; Sun et al.
2010), and add to preclinical evidence that this effect is not task specific. Our results also fit with
data showing that impulsivity predicts both hazardous drinking and smoking in individuals who
report high, but not low, stress levels (Fields et al. 2009; Fox et al. 2010), and with broader
findings that stress impairs several aspects of cognitive functioning including attentional set
shifting (Liston et al. 2006; Liston et al. 2009; Butts et al. 2013), risky decision making (Buckert
et al. 2014), and perseverative responding (Schwager et al. 2014).
Whether yohimbine induces a stress-like state in our manipulation is unclear. Yohimbine
is used as a pharmacological stressor because of its anxiogenic effects in humans and animals
(Johnston and File 1989; Stine et al. 2002), and its physiological profile, which is similar to
footshock stress in animals (Funk et al. 2006). Thus, it is widely assumed that yohimbine’s
behavioural effects are stress-related; however they may be mediated directly via HPA activity,
indirectly on extra-hypothalamic noradrenergic activity, or by an action on other
neurotransmitter systems. The fact that CRF1 antagonism does not block yohimbine-induced
corticosterone secretion suggests extra-hypothalamic effects of yohimbine, at least on this
measure (Marinelli et al. 2007; Gozzi et al. 2013). Additionally, yohimbine-induced premature
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responding in the 5-choice serial reaction time task (5-CSRTT) is mediated, in part, through
stress-related CREB-phosphorylation in the orbitofrontal cortex (Sun et al. 2010). Sun and
colleagues’ data suggest stress-related effects of yohimbine, rather than non-specific increases in
noradrenergic activity; however it is still unclear whether the noradrenergic system is involved at
all. Indeed, yohimbine’s actions on some drug-taking behaviours associated with impulsivity are
independent of noradrenergic activity (Davis et al. 2008; Lê et al. 2009), which may explain why
we did not observe a role for either noradrenergic agents in our study. This possibility is further
supported by the fact that we did not observe a yohimbine-induced block in impulsive action by
opioid antagonism, a system implicated in both noradrenergic stress responding and impulsive
action (Drolet et al. 2001; Pattij et al. 2009; Befort et al. 2011; Mahoney et al. 2013).
In fact, yohimbine-induced impulsive action was not blocked by any of the drugs we
tested. One likely explanation is that yohimbine’s actions on different systems are synergistic.
This possibility fits with the fact that impulsivity is mediated by several neurotransmitter
systems, which act to synergistically alter inhibitory control (Koskinen et al. 2003; Agnoli and
Carli 2011; Agnoli and Carli 2012; Jupp and Dalley 2014). Indeed, it may be that, in addition to
α2 noradrenergic receptor agonism, dopaminergic and/or serotonergic receptor activity drives
yohimbine action on our task (Millan et al. 2000). Yohimbine acts as an agonist at 5-HT1a
receptors (Millan et al. 2000); however systemic 5-HT1a receptor agonism has no effect on
premature responding, and intra-prefrontal agonism decreases impulsivity in the 5-CSRTT
(Winstanley et al. 2003). Therefore, it is more likely that synergistic effects would be due to
yohimbine’s activation of D1/5 receptors, which are involved in increased impulsivity (Millan et
al. 2000; Pattij et al. 2007b; Loos et al. 2010). We tested dose ranges that were previously shown
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to block yohimbine-induced behaviour, so it is unlikely that we did not reach the effective dose
range.
It is possible that yohimbine-induced effects are driven by systems that we did not
examine, such as orexin and neuropeptide Y (NPY). Orexin neurons are involved in the acute
stress response (Johnson et al. 2010), and orexin1 receptor activity is involved in stress-induced
drug intake and reinstatement (Boutrel et al. 2005; Lawrence et al. 2006; Gilpin et al. 2008;
Goltz et al. 2011). In contrast, NPY, which opposes the CRF-mediated stress response and
reduces anxiety-like behaviour, attenuates stress-induced reinstatement (Cippitelli et al. 2010;
Gilpin 2012). Therefore these systems may be involved in mediating yohimbine-induced
impulsive action in opposing manors. This is highly speculative, and whether orexin or NPY
systems are involved in impulse control at all has yet to be determined, although NPY gene
polymorphisms have been implicated in ADHD (Lesch et al. 2011).
Additionally, the cognitive mechanisms involved in yohimbine-induced impulsivity still
require elucidation. It is unlikely that stress is simply altering the ability to time the length of the
premature delay since this phase is unpredictable in our task. Interestingly, it was shown that
yohimbine reinstates (increases) lever pressing both in animals that were previously trained with
lever pressing resulting in cue presentation + food pellet (reward) delivery, and surprisingly, in
animals that were previously trained with lever pressing resulting in cue presentation but in the
absence of reward (Chen et al. 2014). Thus, these authors argued that yohimbine increases
reactivity to all visual/auditory cues. Although speculative, it is possible that increased leverpressing behaviour reflects increased impulsive action, thus fitting with the possibility that, in
stress-induced reinstatement models, stress increases reinstatement by increasing impulsivity. In
both cases yohimbine may be increasing salience to cues, thus driving lever-pressing behaviour.

127
Acute social stress increases reward salience (Chaijale et al. 2014) so it is also possible that
yohimbine specifically increases impulsivity by increasing salience for reward-associated cues,
including the discriminative stimulus (lever light).
In conclusion, yohimbine’s mechanism of action is complex and behaviour-specific. Our
findings support the fact that stress can induce impulsive action, but suggests that none of the
neurotransmitter systems measured here act in isolation to mediate the effect of yohimbineinduced impulsive action.
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General Discussion
6.1 Summary of findings
Opioid receptor involvement in impulsive action
Taken together, our results show a role for opioid and stress systems in impulsive action.
More specifically, pharmacological activation of delta opioid receptors (DORs) increased
impulsivity in rats in a Variable delay response inhibition (RI) task (Chapter 2) (Befort et al.
2011; Mahoney et al. 2013). Additionally, while morphine (MOR agonist) did not alter
impulsivity in a Variable delay RI task (Chapter 2) (Befort et al. 2011), it increased impulsivity
in Fixed delay versions of the same task (Chapter 3) (Mahoney et al. 2013). Finally, neither
constitutive M/DOR KO mice, nor mice lacking M/DORs in GABAergic forebrain neurons,
expressed an impulsivity phenotype (Chapter 4).
The fact that pharmacological activation of DORs increased premature responding was
surprising, given that DOR KO mice are also more impulsive (Olmstead et al. 2009; Befort et al.
2011). We argued that these seemingly contradictory findings could be attributed to differences
in task parameters across experiments. Specifically, optimal responding in the rat and mouse RI
tasks may require unique circuitry that are differentially altered by DORs. In support of this,
MOR activation uniquely altered premature responding across tasks (Fixed versus Variable
delay). Moreover, these animals exhibited distinct probabilities of responding prematurely that
was dependent on the premature delay length (Fixed 4- versus 60-s tasks). The probability of
premature responding increased across the premature delay interval in the Fixed 4-s task, and
remained stable across the delay in the Fixed 60-s task. Morphine did not alter these overall
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patterns of responding, but exacerbated the degree of change over the delay intervals. Thus,
MORs may activate distinct systems when the premature delay is short versus long. Rats and
mice were tested on different delay lengths (1-60 s in rats; and 1-8 s in mice), which could
explain the different pattern of responding in these two experiments. Either way, these data
highlight the importance of task parameters on behavioural responding.
As discussed in Chapter 2, pharmacological and genetic manipulations often yield
different behavioural outcomes. For instance, MOR KO mice are less anxious and show more
depressive-like behaviour (Filliol et al. 2000), yet pharmacological activation of MORs reduces
depressive-like behaviour in rodents (Tejedor-Real et al. 1995; Besson et al. 1996; Filliol et al.
2000; Yang et al. 2011; Berrocoso et al. 2013; Lutz and Kieffer 2013). Discordant findings
across pharmacological and genetic manipulations can likely be attributed to lack of receptor
binding specificity and changes to other neurotransmitter systems (e.g., sensitization),
respectively. In support of this, Oprd1 gene (i.e., coding for DOR) deletion modifies genes
coding for GABA, glutamate, and dopaminergic transporters, receptors and receptor subunits,
and Oprd1 KO mice have potentiated dopaminergic and glutamatergic activity in striatal
circuitry (Le Merrer et al. 2013). In other words, increased impulsive action observed in DOR
KO mice (Olmstead et al. 2009) may be a direct result of altered dopaminergic or glutamatergic
gene expression, as opposed to indirect effects of these systems due to lack of DORs.
We reported that neither constitutive M/DOR KO mice (CMV mice) exhibited any
impulsivity phenotype, unlike previously reported data showing that MOR and DOR KO mice
show decreased and increased impulsivity, respectively (Olmstead et al. 2009). In Chapter 4, we
discuss how mouse strain, genetic background, their interaction, and genetic construction may
unexpectedly alter behavioural phenotypes. Taken together, these findings emphasize the
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consideration of pharmacological and genetic manipulations when interpreting complex
behaviours, such as impulsivity.
Stress involvement in impulsive action
We observed that acute pharmacological stress increases impulsive action (Chapter 5),
similar to previous findings (Sun et al. 2010). Interestingly, basal levels of impulsive action
(premature responding) and anxiety-like behaviour (time on the open arms) do not correlate with
each other (Molander et al. 2011), nor do basal impulsivity and novelty-induced corticosterone
secretion (Molander et al. 2011). It may be that heightened levels of anxiety or stress, rather than
differences in basal levels of either, mediate impulsivity. This possibility is supported by
findings that impulsivity predicts both hazardous drinking and smoking in individuals who report
high, but not low, stress levels (Fields and Collins 2009; Fox et al. 2010). Additionally, both high
anxiety and high impulsive action phenotypes predict escalated drug taking (Belin et al. 2008;
Dilleen et al. 2012), suggesting that perhaps extreme levels, but not basal or low levels, are risk
factors for drug-related behaviour.
In Chapter 5 we discussed the possibility that reinstated lever pressing for drug following
stress may reflect increased impulsivity. Recent findings show that yohimbine-induced lever
pressing following extinction may not reflect reinstatement for the previously reinforced drug or
food reward (Chen et al. 2014). These findings oppose the widely accepted assumption that
increased lever pressing following extinction reflects drug (or food) seeking, and raises the
possibility that impulsivity is mediating stress-induced lever pressing in reinstatement
paradigms. Indirect support for this comes from the fact that drugs used to treat impulse control
disorders (e.g., guanfacine) reduce stress-induced drug craving and relapse in people with
substance abuse disorder (Fox et al 2012). In contrast, animals categorized as high and low on
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impulsive choice do not differ in yohimbine-induced reinstated cocaine seeking (Regier et al.
2014); whether impulsive action mediates yohimbine-induced reinstatement remains to be
determined.
6.2 Neuropharmacological mechanisms
Opioid-induced impulsive action
The fact that DOR, but not MOR, activation alters impulsive responding when the delay
is variable suggests that these opioid receptor subtypes differentially alter impulsive responding.
This is supported by evidence that DOR and MOR KO mice show opposing phenotypes
(Olmstead et al. 2009). In addition, DOR activation increases premature responding in the
Variable delay version of the RI task, whereas MOR activation has no effect (Chapter 2) (Befort
et al. 2011). What exactly these different opioid receptor subtypes are doing is not clear, but the
differential distribution of MORs and DORs across different populations of GABAergic neurons
(Mansour et al. 1995; Atwood et al. 2014) may underlie their influence on impulsive responding
(see Figure 6.1 for a schematic of opioid distribution on GABAergic neurons). Although we did
not asses this possibility, striatal dopaminergic and GABAergic mechanisms may mediate MORinduced impulsive action. Indeed, MOR antagonism in the NAccC blocks amphetamine (DA
agonist)-induced impulsive action in the 5-CSRTT (Wiskerke et al. 2011a). Moreover, morphine
and amphetamine produce similar patterns of responding in the RI task (Hayton et al. 2012;
Mahoney et al. 2013). As described in detail in the General Introduction, MOR activity in the
striatum increases DA in the NAcb (Di Chiara and Imperato 1988) through both direct activity of
MORs on presynaptic GABAergic terminals that synapse on dopaminergic neurons, and indirect
activity via GABAergic interneurons (Mansour et al. 1995). Additionally, MOR activity in the
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VTA may regulate impulsive action by increasing striatal DA activity (Devine et al 1993). With
respect to GABA, high impulsive action rats have reduced GAD65/67 (GABA precursor) protein
expression in the NAcbC (Caprioli et al. 2014). Furthermore, viral-mediated GAD65/67
knockdown in the NAcbC increases impulsive action, as does GABAA and GABAB agonism
(Oliver et al. 2009; Caprioli et al. 2014). To date, the roles of D/MORs have not been examined
in relation to GABA-mediated impulsive action. It is unclear which of these mechanisms
regulates impulsive action.
The mechanisms of DOR-mediated impulsive action is not understood. It is possible that,
like serotonergic activity, both overstimulation (e.g., pharmacological manipulation) and
hypoactivity (e.g., M/DOR KO) of DORs impairs inhibitory control (Dalley et al. 2002b; Dalley
et al. 2008). In addition, DORs may also interact with dopaminergic (described above) and/or
cholinergic systems. Indeed, DORs inhibit cholinergic release within the striatum (Mansour et al.
1995), and DORs on cholinergic interneurons in the NAcbS are involved in other cue-associated,
goal-directed behaviours (Bertran-Gonzalez et al. 2013; Laurent et al. 2014). The role of DORcholinergic interactions in impulsive action has yet to be determined.
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Figure 6.1 Schematic of opioid receptor distribution in regions associated with impulsive action.
Both MORs and DORs are located on GABAergic medium spiny projecting neurons in the
nucleus accumbens (NAcb) core and shell, and on GABAergic interneurons in the NAcb,
hippocampus (HP), and ventral tegmental area (VTA). Additionally, these receptors are on
glutamatergic prefrontal cortex (PFC) and hypothalamic projecting neurons. Ach, acetylcholine;
DA, dopamine; EA, extended amygdala; Glu, Glutamate; VP, ventral pallidum. Red lines,
GABAergic neuron; Blue lines, Glutamatergic neuron; Green lines, Dopaminergic neuron.
Stress-induced impulsive action
Surprisingly, none of the agents we tested blocked yohimbine-induced impulsive action
(Chapter 5). It is unlikely that yohimbine-induced impulsive action is mediated by DA and 5HT
receptor subtypes that we did not examine. This is because D2/3 antagonism does not affect
impulsive responding (van Gaalen et al. 2006), and these receptors not involved in yohimbineinduced reinstatement (Brown et al. 2012). Similarly, yohimbine has agonist effects at 5HT1a
receptors (Millan et al. 2000), yet systemic 5HT1a receptor agonism has no effect on premature
responding, and intra-prefrontal 5HT1a agonism decreases (rather than increases) impulsivity in
the 5-CSRTT (Winstanley et al. 2003).
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It is also possible that we saw no effect on impulsivity with different antagonist drugs
because the dose ranges we employed were too small. This seems unlikely since the same dose
ranges of these agents block other yohimbine-induced behavioural changes (Marinelli et al.
2007; Lê et al. 2009; Lê et al. 2011; Simms et al. 2012; Brown et al. 2012). That said, the role of
systemic injections of glucocorticoid and CRF1 receptor antagonists on impulsivity has not been
examined, and was a secondary aim of this study. It is possible that these receptors are not
involved in impulsivity, and thus, do not mediate yohimbine-induced impulsivity.
In Chapter 5, we argue that it is most likely that yohimbine-induced impulsive action
involves several neurotransmitter systems that act in a synergistic fashion, which is a possibility
that merits further examination. Moreover, the circuitry of stress-induced impulsivity is still
relatively unknown, but likely involves prefrontal regions (Sinha 2008). OFC activity mediates
yohimbine-induced premature responding in the 5-CSRTT (Sun et al. 2010) and yohimbine
increases DA levels in mPFC (Chen et al. 2014). In contrast, yohimbine does not increase DA in
the NAcb (Chen et al. 2014), indirectly suggesting that this region is not involved in yohimbineinduced impulsive action, at least via dopaminergic activity. Together, these findings point to
prefrontal mechanisms in mediating yohimbine-induced impulsivity in our task, and broadly
suggest that physiological responses to stress may alter prefrontal pathways resulting in
increased impulsive responding.
Cognitive mechanims of opioid- and stress-induced impulsive action
There are several possible cognitive mechanisms of opioid- and stress-induced
impulsivity. In Chapter 3, we speculate that morphine impairs the rats’ ability to time the
premature phase in the Fixed 4-s task. This would explain why MOR activation increases
impulsive action in the Fixed, but not Variable, delay task. It is possible that this process also
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drives MOR-induced impulsive action in the 5-CSRTT in which animals are predominantly
tested with a set inter trial interval (i.e., ‘premature phase’) of 5 s (Pattij et al. 2009; Wiskerke et
al. 2011a). This interpretation also fits with the fact that, along with mediating impulsive action,
cortico-striatal-hippocampal circuitry regulates interval timing (Bannerman et al. 1998; Matell
and Meck 2004; Meck et al. 2008; Singh et al. 2011; Yin and Meck 2014).
In contrast to the Fixed delay RI task, animals are unable to time the premature phase
interval in the Variable delay task. Therefore, inhibitory control in the Variable delay task likely
relies on divergent cognitive mechanisms. During baseline or drug-free conditions, inhibitory
circuits may favour impulse control processing. However, when under stress or following opioid
activation, “pro-impulsivity” mechanisms may drive behaviour by increasing 1.) non-specific
reactivity to various cues, 2.) salience of cues associated with reward, and/or 3.) reward salience.
Recent evidence suggests that yohimbine may non-specifically increase reactivity to cues
(i.e., magazine light), regardless of their association with contingent reinforcement (e.g., food
reward following a lever pressing response) (Shin et al. 2010; Chen et al. 2014). It may be that
yohimbine increases general, non-specific, reactivity to various cues presented in the RI task,
ultimately resulting in impaired inhibitory control. Conversely, yohimbine and/or M/DOR
activation may increase impulsive action more specifically by increasing the salience of cues
associated with the premature phase or reward (Cardinal et al. 2000; Tomie et al. 2008). This
latter possibility fits with findings that both a high impulsive action phenotype (Lovic et al.
2011) and M/DOR activation (Difeliceantonio and Berridge 2012; Laurent et al. 2014) increase
salience to cues associated with food and drug reward. Alternatively, yohimbine and/or opioid
activation may increase impulsivity by increasing reward salience (i.e., the reward becomes more
reinforcing or motivating). In support of this, acute social stress increases reward salience in
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rodents (Chaijale et al. 2014), an effect that is also observed in humans assessed by risky
decision making tasks (Mather and Lighthall 2012; Starcke and Brand 2012). Similarly, NAcb
MOR activation increases cue-induced sucrose seeking (Peciña and Berridge 2013; Castro and
Berridge 2014), which is interpreted as increased motivation to seek sucrose elicited by cues that
were previously associated with its presentation (Peciña and Berridge 2013; Castro and Berridge
2014). These data suggest that reward and cue salience processing may not be fully distinct, and
that MOR signalling may mediate both of these processes.
It is unclear which, if any, of these cognitive processes mediate opioid- or stress-induced
impulsive action. Although it is impossible to dissociate these processes with our measure of
impulsive action, the RI task requires several associative processes that could alter cue and/or
motivational processes, which in turn may drive impulsive responding. As discussed in Section
6.3 (e.g., 6.3.5) below, individual differences relating to cue and reward processing predict
different aspects of drug taking behaviour. Thus, dissociating these processes in rodent models of
impulsive action may ultimately have clinical relevance.
6.3 Theoretical considerations: parsing impulsive action from other behavioural measures
High impulsivity is one of several endophenotypes that is a predisposing vulnerability
factor for addiction-like behaviour. Other endophenotypes include risky-decision making,
increased locomotor reactivity, impaired reversal learning, anxiety-like behaviour, and Pavlovian
reward cue responding. In the following sections, I will briefly describe the aforementioned
behaviours, and describe how they relate to impulsive action. Finally, in section 6.3.6, I will
describe how each of these endophenotypes uniquely contributes to the development and
expression of addiction-like behaviour. More specifically, I will discuss how propensity to
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acquire drug-taking behaviour, escalated intake, and relapse are all mediated in part by distinct
endophenotypes.
Risky decision making
Risky decision making, and its associated risky behaviour, involve decisions about
different risks and rewards. In many ways, risky decision making is more similar to impulsive
choice than impulsive action, in that animal models of risky decision making force a choice
between differentially reinforced options. However, unlike impulsive choice tasks, risky decision
making tasks assess sensitivity to risk by forcing a choice between uncertain/risky (high-value
reward) and certain/safe (low-value reward) choices. Several commonly used risky decision
making tasks include a rodent version of the Iowa gambling task (Zeeb et al. 2009), a
probabilistic discounting task (St Onge and Floresco 2009), and a risky decision making task
(Mitchell et al. 2011). In these tasks, the ‘risk’ is lost reward opportunity (Zeeb et al. 2009; St
Onge and Floresco 2009) or shock (Simon et al. 2009).
In the rodent gambling task, animals learn to associate reward probabilities with each of 4
decks of cards (Zeeb et al. 2009). Two decks produce large rewards (greater number of sucrose
pellets), but result in larger punishments (longer time-out periods), whereas the remaining two
decks are smaller reward options (fewer sucrose pellets) with less punishment (shorter time-out
period) (Zeeb et al. 2009). Since sessions are a fixed duration, high risk options result in fewer
rewards overall. The probabilistic discounting task is a simplified version of the rodent gambling
task that assesses reward uncertainty (St Onge and Floresco 2009). In the probabilistic risktaking task, animals must choose between either a high-value (more pellets) or low-value (fewer
pellets) reward; however the high-value reward is associated with increasing probabilities of not
receiving reward (St Onge and Floresco 2009). Finally, in the risky decision making task (Simon
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et al. 2009), rodents choose between a small reward with no probability of receiving a shock and
a larger reward with varying shock probabilities (Simon et al. 2009; Mitchell et al. 2011).
Perhaps not surprisingly, reward choices in the risky decision making (shock) and
probabilistic risk-taking (no shock) tasks correlate (Simon et al. 2009), suggesting that
probabilistic decision making involving either reward or punishment assessment may be
mediated by similar mechanisms. Conversely, responding in delay discounting tasks measuring
impulsive choice does not correlate with responding in either the risky decision making task or
the probabilistic risk-taking task (Simon et al. 2009; Mitchell et al. 2011; Shimp et al. 2014),
suggesting that the process of selecting immediate versus delayed rewards is different from the
process of selecting safe versus risky choices. The relationship between risky decision making
and impulsive action has not been examined systematically, but it would follow that impulsive
action is distinct from risky decision making, given that the latter involves choice assessments.
Finally, unlike other behaviours described in Section 6.3, the role of risky decision making as an
endphophenotype to drug addiction has not been established, and merits further research.
Locomotor reactivity
In preclinical literature, sensation seeking/risk taking was one of the first phenotypes
associated with drug-related behaviour (Piazza et al. 1989; Piazza et al. 1990; Dellu et al. 1996).
In this model, animals are categorized as high or low responders based on degree of locomotor
response habituation (reactivity) to a novel environment (Piazza et al. 1990; Dellu et al. 1996;
Belin et al. 2011). Specifically, high responders are more reactive (i.e., exhibit less habituation)
compared to low responders; based on these findings, high responders are thought of as a rodent
equivalent of human sensation seekers (Dellu et al. 1996). Many lines of evidence suggest that
impulsive action and sensation seeking are distinct, namely that high responder rats are not more
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impulsive in the 5-CSRTT than low responder rats (Dalley et al. 2007; Belin et al. 2008).
Furthermore, while high responder animals show increased exploratory locomotion and a
prolonged corticosterone secretion following exposure a novel environment (Piazza et al. 1991),
high impulsive action animals do not (Molander et al. 2011).
Reversal learning
Reversal learning is thought to be a measure of cognitive flexibility, which broadly refers
to the ability to adapt to changing conditions, for instance, by altering behaviour (Stalnaker et al.
2009). In rodent models, reversal learning is characterized as the ability to inhibit a response that
was previously rewarded. In reversal learning tasks, animals first learn to discriminate between
two stimuli/locations, and to associate one of the stimuli/locations with food reinforcement
(Izquierdo and Jentsch 2012). Once animals learn to discriminate these options, the
reinforcement contingencies are reversed, and the previously correct response is no longer
reinforcing. In these tasks, poor reversal learners perseverate on the previously learned
contingency, and require more trials to learn the reversal. Reversal learning requires executive
functioning, including assessment of expected outcomes, rule shifting (i.e., contingency
reversal), and the ability to inhibit responses that follow contingency shifts. In this way,
perseverative responding during the reversal phase is thought to assess action inhibition in a
similar way to premature responding in impulsive action tasks (Crews and Boettiger 2009;
Izquierdo and Jentsch 2012). Indeed, high impulsive people show deficits in reversal learning
(Franken et al. 2008; Romer et al. 2009).
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Anxiety-like behaviour
Anxiety-like behaviour is usually assessed by open arm activity on an elevated plus
maze. Studies examining the direct relationship between anxiety and impulsivity are limited;
however one study found no relationship between impulsive action and anxiety-like behaviour,
or between impulsivity and novelty-induced corticosterone responses (Molander et al. 2011). A
more comprehensive discussion on the relationship between anxiety/stress and impulsive action
can be found in previous Sections 6.1.2, 6.2.2, and 6.2.3.
Pavlovian reward cue respond
In classical conditioning, conditioned stimuli (CS) that predict, or are associated with,
rewards can also acquire properties that in themselves motivate behaviour; these are referred to
as incentive stimuli (Berridge and Robinson 1998; Saunders and Robinson 2013). When a CS
(e.g., lever + tone) is repeatedly paired with food reward delivery, a small portion of rats will
spend relatively more time interacting with the CS (“sign-trackers”), suggesting that the cue
itself has become rewarding. Other rats tend to interact more with the magazine, which has
previous been more directly associated with food delivery (“goal-trackers”) (Tomie et al. 1989;
Tomie et al. 2008; Saunders and Robinson 2013). Sign trackers show increased impulsive action
(Lovic et al. 2011; Olshavsky et al. 2014), pointing to a relationship that warrants further
investigation.
It is worth noting that although sign-tracking, high reactivity, and anxiety-like behaviour
do not correlate with each other (Flagel et al. 2009; Molander et al. 2011; Vanhille et al. 2014),
yet animals bred as high- and low-responders to novelty tend to be sign trackers and goal
trackers, respectively (Flagel et al. 2010). In addition, these high responder rats also show
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increased impulsive action (Flagel et al. 2010). These findings in selectively bred lines of rats
suggest that shared genetic influences contribute to these behaviours. Nonetheless, it is likely
that each of these processes have dissociable neurobiological underpinnings that uniquely
contribute to the observed endophenotypes.
Vulnerability to addiction: unique contribution of behavioural endophenotypes
Broadly, the endophenotypes discussed in Section 6.3 are predisposing risk factors for
various aspects of drug-taking behaviour (Table 6.1). More specifically, clinical and preclinical
research suggests that each of these endophenotypes may confer vulnerability to specific aspects
of drug-taking behaviour, from initial intake to relapse following abstinence.
A high responder phenotype predicts the propensity to acquire cocaine selfadministration during initial phases of drug access (indexed by rate of acquisition) (Piazza and
Le Moal 1998). In contrast, high responders do not exhibit escalated drug intake that is thought
to measure compulsive, habitual responding (indexed by continued drug seeking in spite of
negative consequences) (Belin et al. 2009). Similar to high responders, poor reversal learners
have greater propensity to initially self-administer cocaine and respond for the drug at higher
rates than good reversal learners (Cervantes et al. 2013). Despite this finding, it is not clear
whether a poor reversal learning phenotype predicts drug-taking behaviour following chronic
drug use (i.e., escalation or reinstatement).
In contrast to high locomotor reactivity and poor reversal learning, high impulsivity
predicts the transition to escalated, compulsive drug use (Dalley et al. 2007; Belin et al. 2008;
Diergaarde et al. 2008; Besson et al. 2013), but not the initial propensity to acquire cocaine selfadministration or maintain drug intake (Dalley et al. 2007; Belin et al. 2008; Perry et al. 2008;
Besson et al. 2013). These findings highlight that high impulsivity is a crucial endophenotype
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that makes some individuals more vulnerable to drugs of abuse by directly interacting with drug
action. More specifically, unlike a high responding phenotype, these findings suggest that
impulsivity does not necessarily affect initial drug intake, but rather, once drug is on board, there
is an interaction between impulsivity and drug-action in high, but not low, impulsive, animals. In
clinical populations, increased impulsivity, but not sensation-seeking, is increased in both
stimulant abusers and their non-drug using biological siblings, supporting the fact that
impulsivity, but not sensation-seeking, may be an endophenotype for stimulant addiction in
clinical populations (Ersche et al. 2010). Similar to high impulsivity rats, high anxiety rats also
have a greater propensity to transition to escalated cocaine self-administration (Dilleen et al.
2012).
Finally, a sign-tracking phenotype is associated with increased sensitivity and motivation
for cues associated with drug-related stimuli, which are particularly important for reinstatement
(Flagel et al. 2009; Flagel et al. 2010). For instance, sign trackers show greater cue-induced
reinstatement and increased resistance to extinction (when the discriminative cue is present)
compared to goal trackers (Tomie et al. 1989; Tomie et al. 2008; Lovic et al. 2011; Saunders and
Robinson 2013). Like sign tracking, high impulsivity also predicts reinstatement of cocaine
seeking (Koob and Le Moal 2008; Economidou et al. 2009; Pattij and De Vries 2013). Since sign
trackers show increased impulsive action (Lovic et al. 2011; Olshavsky et al. 2014), it is possible
that these two phenotypes act together to promote cue-induced reinstatement; however this has
not been examined.
Overall, high responding and impaired reversal learning predict intake during initial
access, high impulsivity and anxiety drive escalated, compulsive intake, and sign-tracking and
high impulsivity predict reinstatement. Thus, it is likely that these endophenotypes and their
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associated neuropharmacological mechanisms differentially interact with drug to drive distinct
aspects of the addiction process (Izquierdo and Jentsch 2012; Jenstch et al. 2014; Jupp and
Dalley 2014).
Table 6.1 Role of behavioural phenotypes to drug take during different phases of drug
addiction
Endophenotype
Acquisition of Drug
Self-Administration

High
Responding

High Impulsive Poor Reversal
Action
Learning

High Anxiety

Sign Tracking

↑
=
↑
=
(Piazza et al.
(Belin et al. (Cervantes et al. (Dilleen et al.
1989; Piazza et
2008;
2013)
2012)
al. 1990; Belin Economidou et
et al. 2008) al. 2009; Besson
et al. 2013; Bird
and Schenk
2013)

=
(Saunders and
Robinson
2010)

?

?

↑
(Beckmann et
al. 2011)

Maintenance of
Drug SelfAdministration

?

=
↑
(Dalley et al. (Cervantes et al.
2007; Belin et
2013)
al. 2008; Anker
et al. 2009;
Besson et al.
2013)

Escalated Intake

?

=
(Dalley et al.
2007; Anker et
al. 2009)

?

↑
(Dilleen et al.
2012)

?

Motivation for SelfAdministration

=
(Belin et al.
2008)

=
(Belin et al.
2008)

?

?

?

Compulsive Drug
Use

=
(Belin et al.
2008)

↑
(Belin et al.
2008)

?

?

?

Reinstatement

=
↑
(Sutton et al. (Economidou et
2000)
al. 2009; Bird
and Schenk
2013)

?

↑
(Lovic et al.
2011)

↑
(Saunders and
Robinson
2010; Barker
et al. 2012)

↑ denotes increased behaviour; = denotes no change; ? denotes a relationship that has not been
examined
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6.4 Conclusions and clinical relevance
Taken together, these data highlight a novel role of DORs in impulsive action in rats and
contribute to growing evidence of opioid involvement in impulsivity. We did not observe an
impulsivity phenotype either in mice lacking M/DORs of GABAergic forebrain neurons or in
constitutive M/DOR KO mice. Therefore it is difficult to conclude that opioid receptors on
GABAergic forebrain neurons mediate impulsive action. These data highlight the importance of
taking behavioural task parameters and genetic versus pharmacological manipulations into
account when studying complex cognitive mechanisms such as impulsivity. Finally, we show
that yohimbine, a pharmacological stressor, increases impulsive action, which is likely mediated
by synergistic action of several neurotransmitter systems.
Elucidating the neuropharmacological mechanims of impulsivity may allow for the
development of effective therapeutic agents to treat maladaptive impulsivity. Our results suggest
that opioid system antagonism may be one of these targets. Naloxone and naltrexone (MOR
antagonists) are both agents found in clinically available pharmacotherapies for opiate
dependence (Orman and Keating 2009). To date, opioid antagonists (e.g., naltrexone) have been
used somewhat successfully to decrease pathological gambling (Dannon et al. 2005; Grant et al.
2009; Bosco et al. 2012; Rosenberg et al. 2013; Bartley and Bloch 2013), suggesting that opioid
antagonists are an efficacious treatment option for some impulse control disorders. Whether
opioid antagonism can attenuate symptoms associated with other impulse control disorders is not
well established in clinical literature, but in rodent models, co-administration of naltrexone
reduces the rewarding effects of methylphenidate, a pharmacotherapy for ADHD (Zhu et al.
2011). These data suggest that a combination drug therapy may be effective in reducing the
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misuse and abuse potential of methylphenidate (Wilens et al. 2008), while maintaining efficacy
in treating ADHD, and possibly other impulse control disorders.
Additionally, in the last decade, evidence has emerged showing a role for functional
M/DOR heterodimers in producing a pain state (Gomes et al. 2000; Gomes et al. 2004; Kabli et
al. 2010; Milan-Lobo and Whistler 2011). These findings have led to the hypothesis that
pharmacological antagonism of these heterodimers may reduce chronic pain (Haack and
McCarty 2011). Although these M/DOR heterodimers have not been examined with respect to
impulsive action, M/DOR heterodimers may have similar therapeutic potentials for impulse
control disorders.
Understanding how individual differences alter the propensity for stress to increase
impulsivity may also prove to be relevant to clinical treatments of impulse control disorders,
including addiction. Furthermore, since high impulsivity increases drug-related behaviour in
people with perceived high stress, pharmacotherapies that target the stress system may act to
reduce drug-related behaviour through impulsivity-related mechanisms. Overall, the data
presented in this thesis are particularly important for the understanding and intervention of
psychiatric disorders that are characterized by impaired impulse control, and open the possibility
of treatment options that target opioid and stress systems.
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Appendix I
Responding in drug-free yohimbine test sessions in the response inhibition task
Behavioural Measure
Dose
(mg/kg)

Premature
Responses (%)

Omissions

Non-reinforced
Lever Presses

Correct Response
Latency (s)

Vehicle
0.625
1.25
2.5
5.0

27.80 ± 5.56
24.81 ± 5.47
22.11 ± 4.87
27.86 ± 4.87
21.79 ± 4.64

0.92 ± 0.29
1.25 ± 0.99
0.33 ± 0.19
1.33 ± 0.51
1.50 ± 0.67

137.00 ± 45.12
148.58 ± 67.74
161.08 ± 69.69
143.58 ± 53.99
203.67 ± 61.64

1.96 ± 0.22
1.76 ± 0.16
1.68 ± 0.13
2.01 ± 0.18
1.79 ± 0.15

Premature Response Latency (s)
Delay (s)

Dose
(mg/kg)

15

30

60

Vehicle
0.625
1.25
2.5
5.0

6.34 ± 0.56
5.28 ± 0.72
6.48 ± 0.35
6.72 ± 0.93
7.82 ± 0.61

12.04 ± 1.20
10.87 ± 1.05
15.15 ± 2.04
10.51 ± 1.38
13.24 ± 0.86

23.11 ± 2.18
21.19 ± 2.11
25.75 ± 2.28
24.45 ± 2.06
25.87 ± 2.26

Values represent mean (SEM) total omissions, total non-reinforced lever presses, and correct response latency
collapsed across delay, and premature response latency across delay. Premature delay latencies for the 1 and 4 s
delay were not analyzed due to minimal responding at these delays. None of the yohimbine doses significantly
differed from Vehicle (0 mg/kg).
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Appendix II
ANOVA summary table for drug-free yohimbine test sessions
Behavioural Measure

df

F

p

ηp2

Omissions

Dose

4, 44

1.00

0.42

-

Non-reinforced Lever Presses

Dose

4, 44

1.93

0.16

-

Correct Latency

Dose
Delay
Dose x Delay

4, 44
4, 44
16, 176

1.63
9.46
1.20

0.18
< 0.001*
0.32

0.46
-

Premature Latency

Dose
Delay
Dose x Delay

4, 44
2, 22
8, 88

4.13
108.17
0.55

0.06
< 0.001*
0.68

0.91
-

* denotes a significant effect
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Appendix III
Effects of corticotropin releasing factor, glucocorticoid, adrenergic, and dopaminergic
agents on yohimbine-induced responding on measures of the response inhibition task in
drug-free test sessions
Dose
(mg/kg)

Premature
Responses
(%)

Omissions

Non-reinforced
Lever Presses

Correct
Response
Latency (s)

Veh – Veh
Veh – Yoh
Ant 10 – Yoh
Ant 20 – Yoh

22.28 ± 7.91
25.30 ± 8.52
23.84 ± 8.94
23.06 ± 8.80

2.25 ± 1.07
3.50 ± 1.78
3.13 ± 2.35
2.88 ± 1.70

151.13 ± 62.62
158.88 ± 43.11
115.38 ± 36.68
125.63 ± 36.48

1.89 ± 0.26
1.86 ± 0.27
1.85 ± 0.22
1.90 ± 0.24

Veh – Veh
Veh – Yoh
Ant 5 – Yoh
Ant 15 – Yoh

13.89 ± 4.37
15.34 ± 5.55
21.21 ± 5.07
18.29 ± 4.88

2.43 ± 2.27
1.86 ± 1.06
0.43 ± 0.30
0.86 ± 0.60

62.63 ± 28.34
51.13 ± 19.10
74.75 ± 34.12
70.88 ± 34.83

1.64 ± 0.25
1.69 ± 0.20
1.50 ± 0.25
1.96 ± 0.65

Mifepristone
(GC ant)

Veh – Veh
Veh – Yoh
Mif 7.5 –Yoh
Mif 15 – Yoh
Mif 30 – Yoh

12.13 ± 2.62
11.25 ± 2.07
15.32 ± 3.00
14.04 ± 2.51
14.99 ± 3.51

1.00 ± 0.52
0.50 ± 0.31
0.50 ± 0.31
0.50 ± 0.31
0.80 ± 0.42

19.44 ± 8.35
21.90 ± 13.10
28.78 ± 15.37
17.44 ± 4.62
25.11 ± 9.20

1.78 ± 0.18
1.74 ± 0.17
1.71 ± 0.18
1.89 ± 0.18
1.90 ± 0.21

Prazosin
(α1 adrenergic ant)

Veh – Veh
Veh – Yoh
Pra 0.5 – Yoh
Pra 1 – Yoh
Pra 2 – Yoh

28.51 ± 5.04
26.10 ± 5.25
28.40 ± 5.24
28.02 ± 4.82
25.57 ± 4.90

4.31 ± 2.29
3.06 ± 1.11
2.81 ± 1.26
2.94 ± 0.99
4.31 ± 1.56

109.33 ± 26.95
109.93 ± 26.36
105.53 ± 22.28
106.00 ± 23.29
108.20 ± 24.08

2.00 ± 0.20
2.08 ± 0.16
2.06 ± 0.13
2.27 ± 0.39
2.10 ± 0.11

Guanfacine
(α2 adrenergic ago)

Veh – Veh
Veh – Yoh
Gua 0.125 – Yoh
Gua 0.25 – Yoh
Gua 0.5 – Yoh

40.19 ± 5.16
32.99 ± 5.84
31.87 ± 6.46
31.66 ± 8.40
30.00 ± 5.61

2.75 ± 1.05
2.50 ± 0.73
6.63 ± 4.25
5.00 ± 4.44
2.00 ± 0.98

114.00 ± 32.21
117.25 ± 36.13
107.50 ± 31.35
162.00 ± 63.94
117.63 ± 40.76

2.08 ± 0.36
2.01 ± 0.21
2.11 ± 0.24
1.85 ± 0.27
1.90 ± 0.32

SCH 39166
(D1/5 ant)

Veh – Veh
Veh – Yoh
SCH 0.015 – Yoh
SCH 0.0625 – Yoh

27.80 ± 5.88
27.59 ± 4.97
25.21 ± 4.95
26.13 ± 5.25

1.56 ± 0.76
2.56 ± 1.02
2.25 ± 1.00
2.56 ± 1.13

181.25 ± 53.40
170.00 ± 47.35
169.13 ± 51.21
131.00 ± 34.47

1.78 ± 0.12
1.99 ± 0.16
1.88 ± 0.12
1.87 ± 0.12

Drug

Antalarmin
(CRF1 ant)

Values represent mean (SEM) total omissions, total non-reinforced lever presses, and correct response latency
collapsed across delay for drug-free test sessions of combined-drug experiments. The yohimbine dose was 0 or 2.5
mg/kg; other drug doses are in mg/kg. None of the drug combinations significantly differed from their respective
Veh-Veh (0 – 0 mg/kg) or Veh-Yoh (0 – 2.5 mg/kg) doses.
Ago, agonist; ant, antagonist; Ant, antalarmin; CRF1, corticotropin releasing factor receptor 1; D 1/5, dopamine 1/5
receptor family; GC, glucocorticoid receptor; Gua, guanfacine, Mif, mifepristone; Pra, prazosin; SCH, SCH 39166
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Appendix IV
Effects of corticotropin releasing factor, glucocorticoid, adrenergic, and dopaminergic
agents on yohimbine-induced premature response latencies in the response inhibition task
in drug-free test sessions
Premature Delay (s)

Dose
(mg/kg)

15

30

60

Veh – Veh
Veh – Yoh
Ant 10 – Yoh
Ant 20 – Yoh

4.77 ± 0.78
5.93 ± 0.76
6.42 ± 0.68
5.30 ± 0.58

12.36 ± 2.08
12.85 ± 2.49
11.93 ± 1.33
13.90 ± 2.72

28.36 ± 4.10
20.53 ± 3.34
20.22 ± 4.28
22.97 ± 4.20

Veh – Veh
Veh – Yoh
Ant 5 – Yoh
Ant 15 – Yoh

5.28 ± 0.96
7.70 ± 0.39
7.12 ± 0.61
8.40 ± 0.48

12.63 ± 2.52
10.88 ± 1.72
10.93 ± 2.29
13.79 ± 2.21

36.47 ± 4.57
25.53 ± 5.06
28.54 ± 2.78
24.81 ± 3.06

Mifepristone
(GC ant)

Veh – Veh
Veh – Yoh
Mif 7.5 –Yoh
Mif 15 – Yoh
Mif 30 – Yoh

6.35 ± 1.44
7.12 ± 1.15
6.03 ± 0.47
5.00 ± 0.58
4.42 ± 1.28

12.20 ± 1.60
10.38 ±1.69
10.24 ± 2.33
13.48 ± 1.87
10.42 ± 1.56

30.32 ± 2.37
23.25 ± 2.46
24.74 ± 1.82
25.04 ± 2.31
29.27 ± 3.18

Prazosin
(α1 adrenergic ant)

Veh – Veh
Veh – Yoh
Pra 0.5 – Yoh
Pra 1 – Yoh
Pra 2 – Yoh

7.32 ± 0.53
7.06 ± 0.80
7.03 ± 0.70
5.43 ± 0.57
7.30 ± 0.79

14.78 ± 1.19
15.58 ± 1.51
13.32 ± 1.32
13.02 ± 1.62
14.22 ± 1.04

22.98 ± 1.82
23.57 ± 3.00
23.52 ± 3.24
23.67 ± 2.48
24.32 ± 1.89

Guanfacine
(α2 adrenergic ago)

Veh – Veh
Veh – Yoh
Gua 0.125 – Yoh
Gua 0.25 – Yoh
Gua 0.5 – Yoh

6.93 ± 0.56
6.65 ± 0.58
7.88 ± 0.80
8.22 ± 1.16
8.43 ± 1.20

12.35 ± 0.86
14.58 ± 1.21
15.33 ± 1.85
13.46 ± 1.92
14.80 ± 1.91

21.65 ± 3.05
21.18 ± 2.22
23.03 ± 3.49
20.58 ± 2.71
22.45 ± 3.65

SCH 39166
(D1/5 ant)

Veh – Veh
Veh – Yoh
SCH 0.015 – Yoh
SCH 0.0625 – Yoh

6.53 ± 0.62
6.60 ± 0.79
5.65 ± 0.68
6.58 ± 0.68

10.19 ± 1.27
11.04 ± 1.40
11.68 ± 1.42
11.46 ± 1.23

23.65 ± 3.87
20.83 ± 2.09
25.03 ± 2.34
22.91 ± 2.65

Drug

Antalarmin
(CRF1 ant)

Values represent mean (SEM) premature response latency for the 15, 30, and 60 s premature delays for drug-free
test sessions of combined-drug experiments. The 1 and 4 s delays were not analyzed due to minimal responding at
these delays. The yohimbine dose was 0 or 2.5 mg/kg; other drugs are in mg/kg. None of the agents significantly
differed from veh-veh (0 – 0 mg/kg) or veh-yoh (0 – 2.5 mg/kg) drug combinations.
Ago, agonist; ant, antagonist; Ant, antalarmin; CRF1, corticotropin releasing factor receptor 1; D 1/5, dopamine 1/5
receptor family; GC, glucocorticoid receptor; Gua, guanfacine, Mif, mifepristone; Pra, prazosin; SCH, SCH 39166
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Appendix V
ANOVA summary table for drug-free test sessions for corticotropin releasing factor,
glucocorticoid, adrenergic, and dopaminergic agents on yohimbine-induced responding on
measures of the response inhibition task
Drug
Antalarmin
(CRF1 ant)
0 – 20 mg/kg

df

F

p

ηp2

Dose
Delay
Dose x Delay

3, 21
4, 28
12, 84

0.58
8.72
0.95

0.60
< 0.05*
0.45

0.56
-

Dose

3, 21

0.33

0.71

-

Non-reinforced Lever Presses
Dose

3, 21

0.83

0.44

-

Dose
Delay
Dose x Delay

3, 21
4, 28
12, 84

0.11
2.68
0.68

0.87
0.10
0.61

-

Dose
Delay
Dose x Delay

3, 21
2, 14
6, 42

0.74
24.85
2.06

0.54
< 0.01*
0.15

0.78
-

Premature Responses (%)
Dose
Delay
Dose x Delay

3, 21
4, 28
12, 84

2.83
12.19
1.84

0.063
< 0.01
0.15

0.64
-

Omissions
Dose

3, 18

0.51

0.53

-

Non-reinforced Lever Presses
Dose

3, 21

0.60

0.50

-

Correct Latency
Dose
Delay
Dose x Delay

3, 21
4, 28
12, 84

0.49
6.86
1.73

0.53
< 0.01*
0.17

0.49
-

Behavioural Measure
Premature Responses (%)

Omissions

Correct Latency

Premature Latency

Antalarmin
(CRF1 ant)
0 – 15 mg/kg
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Premature Latency
Dose
Delay
Dose x Delay
Mifepristone
(GC ant)

3, 21
2, 14
6, 42

1.18
81.43
1.66

0.34
<0.001*
0.22

0.92
0.19

4, 36
4, 36
16, 224

1.19
35.90
1.00

0.33
< 0.001*
0.43

0.46
-

4, 36

0.65

0.63

-

4, 32

0.33

0.71

-

4, 56
4, 56
16, 224

1.16
10.54
1.47

0.36
< 0.001*
0.11

0.43

4, 56
2,28
8, 112

1.27
208.24
1.92

0.30
< 0.001*
0.063

0.94
-

4, 60
4, 60
16, 240

0.75
29.63
0.94

0.56
< 0.001*
0.46

0.66
-

4, 60

0.76

0.46

-

4, 60

0.56

0.47

-

4, 60
4, 60
16, 240

0.25
4.17
0.92

0.91
0.036*
0.55

0.22
-

4, 60
2, 30
8, 120

0.54
63.37
0.38

0.61
< 0.001*
0.93

0.81
-

4, 28
4, 28

1.31
35.52

0.29
< 0.001*

0.84

Premature Responses (%)
Dose
Delay
Dose x Delay
Omissions
Dose
Non-reinforced Lever Presses
Dose
Correct Latency
Dose
Delay
Dose x Delay
Premature Latency
Dose
Delay
Dose x Delay

Prazosin
(α1 adrenergic

Premature Responses (%)
Dose
Delay
Dose x Delay

ant)
Omissions

Dose
Non-reinforced Lever Presses
Dose
Correct Latency
Dose
Delay
Dose x Delay
Premature Latency
Dose
Delay
Dose x Delay
Guanfacine
(α2 adrenergic
ago)

Premature Responses (%)
Dose
Delay

177
Dose x Delay

16, 112

1.39

0.27

-

4, 28

0.59

0.67

-

4, 28

1.39

0.28

-

4, 28
4, 28
16, 112

0.29
7.48
1.79

0.88
< 0.001*
0.16

0.52

4, 28
2, 14
8, 56

0.65
34.95
0.40

0.63
< 0.001*
0.78

0.83
-

3, 45
4, 60
12, 180

0.74
22.79
0.71

0.54
< 0.001*
0.63

0.60
-

3, 45

0.87

0.46

-

3, 45

3.54

0.061

0.19

3, 45
4, 60
12, 180

1.15
12.75
1.06

0.34
< 0.001*
0.40

0.46
-

3, 45
2, 30
6, 90

0.65
43.64
0.84

0.59
< 0.001*
0.46

0.74
-

Omissions
Dose
Non-reinforced Lever Presses
Dose
Correct Latency
Dose
Delay
Dose x Delay
Premature Latency
Dose
Delay
Dose x Delay
SCH 39166
(D1/5 ant)

Premature Responses (%)
Dose
Delay
Dose x Delay
Omissions
Dose
Non-reinforced Lever Presses
Dose
Correct Latency
Dose
Delay
Dose x Delay
Premature Latency
Dose
Delay
Dose x Delay

* denotes a significant effect
Ago, agonist; ant, antagonist; Ant, antalarmin; CRF1, corticotropin releasing factor receptor 1; D 1/5, dopamine 1/5
receptor family; GC, glucocorticoid receptor; Gua, guanfacine, Mif, mifepristone; Pra, prazosin; SCH, SCH 39166

