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ABSTRACT 

NEUROPHARMACOLOGICAL MECHANISMS OF ENHANCEMENT OF MEMORY 

CONSOLIDATION BY NICOTINE, COCAINE, HEROIN, AND THEIR CONDITIONED 

STIMULI 

Michael Wolter       Advisor(s): 
University of Guelph, 2021 Dr. Francesco Leri  

Dr. Boyer Winters 
 

Drugs of abuse possess the ability to alter memory formation. This dissertation 

tested the hypothesis that drug conditioned stimuli enhance memory consolidation by 

similar neurochemical systems as the drugs themselves. In exploration of this 

hypothesis, the memory enhancing effects of post-training cocaine, nicotine, heroin, and 

contextual conditioned stimuli (CS) paired with these drugs were evaluated using the 

spontaneous object recognition (OR) task. Additionally, to ascertain the 

pharmacological overlap between the effects of cocaine, nicotine, heroin and their 

contextual CSs on OR, the dopamine system, the noradrenergic system, and the opioid 

system were blocked by the antagonists pimozide, propranolol and naltrexone, 

respectively. Finally, to explore the neurochemical overlap of the drug CSs and drugs 

within a cortical region involved in object memory, the role of nicotinic acetylcholine 

receptors (nAChR) was evaluated using the nAChR antagonist mecamylamine in the 

perirhinal cortex. Collectively, it was found that: 1) post-training cocaine, nicotine, heroin 

and their contextual CSs, enhance OR memory following 72 h retention intervals; 2) 

systemically, cocaine, nicotine, heroin and their contextual CSs, enhanced the 

consolidation of OR memory by similar dopaminergic, noradrenergic and opioid 

mechanisms; 3) perirhinal nAChRs are required for the enhancement of memory by 

nicotine and a nicotine contextual CS but not cocaine or a cocaine contextual CS. 

Overall, this work expands our understanding of how drug CSs modulate memory 



 
 
 

 

 
 

consolidation and identifies a psychological function of drug CSs that may perpetuate 

the maintenance of addictive behaviours by activating similar neuropharmacological 

systems as the unconditioned effects of the drugs themselves.
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Chapter 1: General Introduction 

This dissertation explores the memory enhancing properties of contextual 

conditioned stimuli (CS) paired with cocaine, nicotine, and heroin. It has been well 

established that drug cues perpetuate the maintenance of addictive behaviours by 

serving as cues related to drug experiences while also mimicking a number of the 

autonomic and somatic effects elicited by the drugs themselves. One mechanism by 

which drugs establish these aberrant behaviours is by modulating memory formation. 

Hence, although there is evidence that these drugs facilitate the formation of memories, 

the effect of drug cues/CSs have not been explored. The subsequent sections below 

review: drug addiction, reinforcement (natural reinforcers and drug reinforcers), memory 

modulation by cocaine, nicotine, and opioid agonists, the neuropharmacological 

systems of memory consolidation targeted by these drugs and finally a review of drug 

conditioned behaviours and conditioned memory modulation. 

1.2 Overview of addiction 

Addiction is a complex condition in which uncontrolled substance use continues 

despite individual awareness of negative consequences (Torregrossa et al., 2011; 

Hasin et al., 2013). A number of legal substances such as alcohol and tobacco smoking 

(nicotine) and illicit substances such as opiate narcotics and cocaine are classified as 

drugs with high abuse potential (Koob, 1992; Tyson and Schirmuly, 1994; White, 1996; 

Dani and Bertrand, 2007; Ettengerg, 2009; Goodman and Packard, 2016; Tomek and 

Olive, 2018). Although the long-term side effects can vary by drug class, drug use can 

induce the development of distorted thinking patterns, intense cravings for drugs and 

profound changes to personality (Ersche et al., 2012). Furthermore, brain imaging 
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studies reveal that drug use can even cause structural changes to brain areas involved 

in decision making, learning and memory, and cognitive control (Ersche et al., 2013). 

Approximately 20% of the Canadian population meet the diagnosable criteria for 

addiction, and uncontrolled substance abuse is estimated to cost $46 billion annually 

(health care, loss in productivity, and criminal justice) (Canadian Substance Use Costs 

and Harms Scientific Working Group, 2018).  

Cocaine use continues to pose a considerable public health threat. There is 

currently no approved medication to treat cocaine use disorder (CUD) and the overall 

long-term effectiveness of interventions generally have poor outcomes (Thomsen et al., 

2009; Leach and Ferris, 2020). Furthermore CUD is associated with substantial 

morbidity and significant rates of health care utilization as well as increased 

transmission of blood born disease (i.e., HIV/AIDS and Hepatitis C) (Sant, 2012). 

Depending on the route of administration, long-term cocaine abuse can cause nasal 

damage when snorted leading to a loss of smell, nosebleeds, and esophageal damage 

(Riezzo et al., 2012). Smoking crack cocaine can damage the lungs and worsen other 

forms of lung disease (Drent et al., 2012). The peripheral effects of cocaine use are 

associated with cardiovascular disease and thus increase the risk for stroke, seizures, 

intracerebral hemorrhage and even increase the risk of neurodegenerative disorders 

such as Parkinson’s disease (Tazelaar et al., 1987; Riezzo et al., 2012; Fonseca and 

Ferro, 2013). Finally, long-term cocaine abuse is associated with various forms of 

cognitive impairment such as attentional deficits, reduced impulse control, memory 

deficits and perturbations in decision making involving rewards or punishments (Büttner, 

2012; Riezzo et al., 2012; Spronk et al., 2013).  



 
 

3 
 

Nicotine addiction (by tobacco smoking) is the leading cause of global preventable 

morbidity and mortality (Le Foll and Goldberg, 2006; Pistillo et al., 2015); in Canada, 

45,000 deaths were directly attributable to smoking in 2012.  The estimated costs of 

nicotine addiction is $6.5 billion (costs related to prescription drugs, physician care and 

hospitalization) (Dobrescu et al., 2017). More specifically, tobacco smoking is 

associated with lung disease as well as the risk for other forms of cancer such as 

mouth, throat, esophageal, bladder, pancreatic, kidney, cervix cancer and other types of 

leukemia. Accordingly, approximately 30% of all cancer related deaths are associated 

with smoking (Benowitz, 2010). 

As recently as 2017, roughly 70,000 people in North America have died from 

opioid related drug overdoses (Colon-Berezin et al., 2000; Galaj et al., 2020). A majority 

of opioid use disorder (OUD) cases begin with abuse of prescription opioids and can 

lead to heroin abuse as well as compounds laced with fentanyl thereby increasing the 

risk of overdose related mortalities (Drug Enforcement Administration (DEA), 2008; 

Somerville et al., 2017). The opioid epidemic has been so devastating that is has even 

contributed to the estimated reduction in the life expectancy in the United States (Galaj 

et al., 2020). Available treatments for OUD provide limited efficacy (Kleber, 2007; Stotts 

et al., 2009; Nielsen et al., 2016). For example, current pharmacological treatments 

such as methadone or buprenorphine provide some effectiveness; however, relapse is 

common even with current pharmacological interventions (Galaj et al., 2020) and up to 

90% of individuals will return to opioid use within a year following the termination of 

treatment (Vaillant, 1973; Darke et al., 2007; Grella and Lovinger, 2011; Nosyk et al., 

2013; Hser et al., 2016). 
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Addictive drugs universally share the ability to alter neurobiological systems of 

learning, memory, and reward. In fact, this shared effect has prompted the suggestion 

that addiction is a disease of learning and memory. Even if individuals can obtain long 

drug-free periods and are free of drug-related withdrawal symptoms, most continue to 

be at a significant risk of relapse because exposure to drug cues precipitate the pursuit 

for drug rewards (Hyman, 2005). It has been suggested that because addictive drugs 

activate similar neural mechanisms of learning, memory and reward to unnatural levels, 

they usurp behaviours that normally serve for survival (White, 1996; Robbins and 

Everitt, 1999, 2002; Berke and Hyman, 2000; Hyman et al., 2006). Identifying the 

neurochemical and neurobiological systems activated by drugs of abuse and drug cues 

remains one of the more important research paths to developing effective treatments for 

addiction.  

1.3 Overview of reinforcement 

Thorndike (1911) and B.F. Skinner (1938) defined reinforcers as events that 

‘stamp in’ the association between behaviour and response; and, therefore alter the 

probability it will occur again in the future. These definitions have been formulated into 

the proposal that reinforcers impact behaviour by altering neurobiological systems that 

induce observable somatic states (i.e., skeletal responses of approach or escape) in the 

presence of a reinforcer, unobservable autonomic states (reward or fear) (Young, 1959; 

Wise, 1982; Cabanac and Ferber, 1987), and facilitate the formation of new memories 

(White and Milner, 1992; White, 1996). This final point will be discussed in more detail 

below but represents the ability that reinforcers can strengthen/speed up the storage of 

neural information in the brain (White, 1996).  
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A number of natural stimuli (i.e., primary reinforcers) produce behavioural 

responses with little to no previous experience (i.e., water, sex, or pain/danger) (White, 

1996). For example, reinforcers often promote behaviours that induce approach (Trowill 

et al., 1969; Bindra, 1974) or avoidance responses (Kaneto, 1997) and repeated 

exposure to reinforcers can even impart intrinsic properties to neutral stimuli present in 

the environment (conditioned reinforcers/conditioned stimuli; CS) via Pavlovian classical 

conditioning (White and Milner, 1992). Indeed, experimental evidence demonstrates 

that animals will readily approach environments where they have been exposed to 

sucrose (Holahan and White, 2013) or sexual stimulation (Jenkins and Becker, 2003), 

self-administered sugary solutions (Levy et al., 2015) and avoid cues associated with 

painful foot-shocks (Sansone et al., 1991; Holahan and White, 2004; Schneider et al., 

2011).  

1.3.1 Drug reinforcers 

In contrast to natural reinforcers, addictive drugs activate subsets of the 

neurobiological systems stimulated by natural rewards in unnatural combinations, 

leading to the overexpression of systems that greatly exceed that of natural rewards 

(White and Milner, 1992; White, 1996). Operant self-administration models remain one 

of the best translational approaches to compare reinforcing behaviours from animals to 

humans. In these studies, an animal is trained to associate responses (nose poke or 

lever press) with infusions of a drug. The reinforcing properties of the drug are gauged 

by assessing the number of responses an animal is willing to produce to achieve a drug 

infusion. Thus, the strength of reinforcement is subjectively associated with a higher 

level of responding. There are several models of self-administration; for example, fixed 
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ratio models set the number of responses required to receive a drug infusion at a 

constant and are capable of evaluating specific drugs effects (Gardner, 2000; Jacobs et 

al., 2003); in contrast, progressive ratio models increase the number of operant 

responses required for each infusion and provide information about how reinforcing a 

drug is (Arnold and Roberts, 1997). Hence, the fact that animals also self-administer 

drugs using operant models indicates that these behavioural phenotypes in humans can 

be measured experimentally in animals (White, 1996) and are supported by studies in 

which cocaine (Pickens & Thompson, 1968; Roberts, Corcoran & Fibiger, 1977; Roberts 

& Koob, 1982), nicotine (Corn- gall et al, 1992) or opioid agonists (Weeks & Collins, 

1968; Smith & Davis, 1973; Bozarth & Wise, 1981) are self-administered.  Importantly, 

the development of drug self-administration behaviours requires animals first to form an 

association between the operant behaviour and response; the formation of these 

behaviours are hypothesized to undergo a period of strengthening of the memory trace 

by the process of memory consolidation.  

1.3.2 Memory Consolidation 

Müeller and Pilzecker (1900) originally proposed the preservation consolidation 

hypothesis in which memory is described to exist in two forms: a labile state in which 

information storage can be modified; and another state in which a memory trace is 

consolidated and more resistant to change. This definition has since been interpreted to 

propose that memory consolidation is a process by which the labile neural 

representation of events becomes strengthened over time (White, 1996; McGaugh, 

2000). The findings of Müeller and Pilzecker (1900) experiments in humans 

demonstrated that task performance could be impaired if they introduced new 
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information shortly after the participants completed the task; hence, manipulations 

applied shortly after learning can modify memory storage (McGaugh, 2000). The ‘post-

training’ approach is thus used experimentally to modulate memory consolidation and 

requires that manipulations are delivered immediately, or soon after, training on a given 

task (Rkieh et al., 2014; White, 1996). Indeed, the post-training approach to modulating 

memory consolidation is not contingent on manipulations associated with the task and 

can avoid the possibility of influencing other stages of memory such as encoding or 

retrieval (Roozendaal and McGaugh, 2011). This interpretation is supported by 

evidence that memory can be improved by post-training administration of food (Huston, 

Mondadori, & Waser, 1974; Huston et al., 1977), sucrose (Messier and White, 1984) or 

impaired by protein synthesis inhibitors such as anisomycin (Flood et al., 1978).  

Memory consolidation involves the activation of cellular and molecular 

mechanisms that strengthen or weaken synaptic connections through a process known 

as synaptic plasticity (Maren and Fanselow, 1995; Abraham et al., 2019). These 

processes comprise the activation of synapses that stimulate the formation or inhibition 

of intracellular factors such as cyclic-AMP, protein kinase and the generation of novel 

protein synthesis (Neve et al., 2004). It is generally understood that these changes 

contribute to synaptic plasticity to influence the consolidation of long-term memories. 

More specifically, one process known as long-term potentiation involves the 

strengthening of synapses to increase signal transmission between neurons (Lynch and 

Morris). This process is typically thought the be a primary contributor to the formation of 

long-term memory and supported by high frequency stimulation experiments (Artola and 

Singer, 1993). The other known process is long-term depression, which is also 
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associated with memory formation and results in a reduction in the efficacy of neuronal 

synapses (Bliss and Cooke, 2011). For instance, LTD is thought to be one of the 

primary mechanisms of recognition memory. For example, there is evidence that the 

perirhinal cortex regulates recognition memory by LTD likely through cholinergic and 

glutamatergic mechanisms (Kirkwood et al., 1999; Massey and Bashir, 2007).   

1.4 Addictive drugs and modulation of memory consolidation 

1.4.1 Cocaine 

 Cocaine is a tropane alkaloid and psychostimulatory drug obtained from the 

leaves of Erythroxylon coca plant (Goldstein et al., 2009; Schmidt and Pierce, 2017). As 

a recreational drug, cocaine readily crosses the blood-brain barrier and blocks synaptic 

reuptake primarily (but not exclusive) to the dopamine transporter (Rocha et al., 1998; 

Nestler, 2005; Thomsen et al., 2009), serotonin transporter (Ritz et al., 1990; Pum et al., 

2007) and noradrenergic transporter (Florin et al., 1994). Interestingly, cocaine also acts 

as a cholinergic agonist (Williams and Adinoff, 2008), which is likely due to its effects on 

the dopamine system (Imperato et al., 1993).  

It is clear that cocaine alters memory consolidation, but the range of effects 

appear to be dependent on dose, species, and the nature of the behavioural task. For 

example, Introini-Collison and McGaugh (1989) evaluated the effects of cocaine in 

inhibitory avoidance using mice and found that immediate but not delayed post-training 

injections of low doses (0.1 mg/kg) of cocaine enhance one-trial inhibitory avoidance. 

Their time dependent findings (immediate but not delayed injections) indicate that 

cocaine modulated memory consolidation rather than other stages of memory 

(acquisition, encoding). In rats, Janak, Keppel, & Martinez (1992) found that post-
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training doses of cocaine (5 mg/kg) enhance active avoidance. However, other studies 

have also found that only high doses (20 mg/kg) of cocaine can enhance inhibitory 

avoidance (Weinberger et al., 1992) or that only lower doses (2.5 mg/kg) modulate 

water maze experiments (Iñiguez et al., 2012) indicating that the nature of the 

behavioural task may affect the modulatory effects on memory consolidation by 

cocaine.  

The effect of cocaine on reward/non-aversive learning tends to produce 

unpredictable results because cocaine can interfere with reward-based learning. For 

example, cocaine impairs win-stay acquisition (Cloke et al., 2014; Rkieh et al., 2014), 

but amphetamine enhances it (Leri et al., 2013). This finding is interesting because 

despite the neurochemical similarities of their drug action (blocking reuptake of 

monoamine neurotransmitters) they produce contrasting behavioural results in memory 

tasks that involve reward. That said, there is evidence that cocaine administration 

induces sucrose taste avoidance (Cappell et al., 1975; Reicher and Holman, 1977; 

Goudie et al., 1978; Hunt and Amit, 1987; Parker, 1993) and may explain impairments 

observed in tasks motivated by food reward. 

There is also evidence that cocaine impacts memory for the spontaneous object 

recognition (OR) task. OR exploits an animal’s innate preference to explore novel over 

familiar objects and, unlike radial-arm-maze learning, OR performance is not affected by 

motivation to work for food and also avoids the confounding effects of stress observed 

in avoidance tasks (Lyon et al., 2012). Hence, a study by Rkieh et al. (2014) tested 

male Sprague Dawley rats using OR and found that post-training injections of 20 mg/kg 

cocaine enhanced memory following long 72 h retention intervals.  
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1.4.2 Nicotine 

Nicotine is naturally produced and consumed in the form of tobacco plants and 

used recreationally as a stimulant in humans. Nicotine administration acts on nicotinic 

acetylcholine receptors (nAChR) as an agonist for most nAChR subtypes 

(Hadjiconstantinou and Neff, 2011; Pistillo et al., 2015). There is considerable evidence 

that nicotine facilitates learning and memory. For example, pre-training administration of 

nicotine enhances OR and object location (OL) performance systemically and when 

infused intracranially into hippocampus (HPC) or perirhinal cortex (PRh) (Melichercik et 

al., 2012). However, while this work reveals that nicotine modulates task performance 

using different memory types (spatial versus identity), pre-training administration 

precludes conclusions about the direct effects of nicotine on memory consolidation.  

When nicotine is administered post-training, there is evidence that nicotine 

facilitates memory consolidation. For example, in humans, Beer et al. (2013) reported 

that post-training nicotine enhanced visual texture discrimination memory in both 

smoking and non-smoker groups when participants consumed chewing tobacco. In 

animals, post-training nicotine enhances object recognition memory (Puma et al., 1999; 

May et al., 2016) and attenuates OR deficits produced by methamphetamine (Vieira-

Brock et al., 2015). In fear motivated tasks, post-training injections of nicotine facilitate 

one-trial passive avoidance and can rescue deficits produced by NMDA receptor 

antagonists (Ciamei et al., 2001) or stress induced impairments (Keshavarzian et al., 

2018).  
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1.4.3 Opioids 

According to Goodman and Gilman’s Pharmacological Basis of Therapeutics 

(2006), opiates are chemical compounds that are naturally derived from the opium 

poppy and include natural alkaloids such as morphine, codeine and thebaine. An opioid 

is a broader term that refers to any agent that has the pharmacological properties of an 

opiate and includes synthetic agonists (e.g. oxycodone, fentanyl etc.), antagonists (e.g. 

naltrexone and naloxone) as well as endogenous peptides (enkephalins, endorphins, 

dynorphins) that act on opioid receptor ligands in the brain (Satoh and Minami, 1995; 

Goodman, 1996). These compounds exert their effects by binding to the μ -(MOP), δ -

(DOP), and/or κ -(KOP) opioid receptors (Kibaly et al., 2018).  

In general, it is well accepted that opiates and opioid drugs can influence memory 

consolidation, although the direction of the effect appears to be determined by the 

method of memory testing employed. Thus, there are reports that post-training 

injections of opioid agonists impair memory in tasks that involve avoidance of electric 

foot-shocks (Gallagher and Kapp, 1978; Introini et al., 1985; Castellano et al., 1994), but 

enhance memory in tasks that do not involve pain such as pattern discrimination 

(Castellano, 1980), win-stay (Leri et al., 2013), social recognition (Levy et al., 2009) and 

water maze navigation (White et al., 1978). Similarly, there is evidence that opioid 

antagonists such as naltrexone and naloxone can enhance memory consolidation in 

opioid naïve subjects tested in active (Fulginiti and Cancela, 1983) and passive (Introini 

et al., 1985; Introini-Collison and Baratti, 1986; Castellano et al., 1989) shock 

avoidance, but have no effect on spatial memory tested in a radial maze (Beatty, 1983).  
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1.5 Neurochemical systems of drug reinforcers 

 Accumulating experimental evidence suggests that drugs of abuse alter 

neurochemical systems of reward to facilitate the formation of memories. It is clear that 

cocaine, nicotine, and opioid agonists interact with similar neurochemical systems and 

can modulate memory to reinforce future drug behaviours. The interaction of these 

drugs with dopamine, noradrenaline and acetylcholine are reviewed below.  

1.5.1 Dopamine 

Dopamine (DA; 3,4-dihydroxyphenylethylamine) primarily arises from neurons 

located in the ventral tegmental area and substantia nigra (Berridge and Robinson, 

1998; Zarrindast et al., 2005; Pistillo et al., 2015). There are five known DA receptors, 

all of which are G protein-coupled, and largely broken up into two subfamilies: the D1-

like (D1 and D5) and the D2-like DA receptors (D2, D3 and D4) (Baik, 2013; Mishra et 

al., 2018). D1-like receptors are coupled to Gs proteins and mediate excitatory 

neurotransmission by stimulating adenylyl cyclase and protein kinase intracellular 

cascades that increase synaptic plasticity. The D2-like receptors are coupled to Gi/Go 

proteins and largely contribute to inhibitory neurotransmission by reducing adenylyl 

cyclase activity (Neve et al., 2004).  

Stimulation of DA receptors is thought to be largely responsible for the action of 

goal directed behaviours, experience of reward and punishment (Baik, 2013; Mursaleen 

and Stamford, 2016). Hence, the projections from the substantia nigra and ventral 

tegmentum to forebrain structures such as the neostriatum and nucleus accumbens 

(NAc) are some of the most thoroughly studied of all brain substrates of dopamine and 
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reinforcement (Beninger, 1983; Bechara et al., 1992; Beninger and Miller, 1998). 

Experimental research has revealed that these projections mediate the reinforcing value 

of drugs and natural rewards and conditioned stimuli associated with reinforcers 

(Hernandez and Hoebel, 1988; Everitt et al., 1991; Kelley and Delfs, 1991; Berridge and 

Robinson, 1998), thereby supporting the idea that reinforcing effects are mediated by 

the incentive states established by dopaminergic transmission.  

There is evidence that DA is involved in memory consolidation. For example, 

Lima et al. (2011) found that D1 receptor agonists enhance OR memory. More 

specifically, only the non-specific (D1/D2) agonist apomorphine and the selective D1 

agonist SKF38393 enhanced performance. Moreover, Balderas et al. (2013) found that 

intra-PRh but not intra-HPC infusions of D1 antagonist SCH 23390 impaired OR 

memory, suggesting that OR consolidation may involve the activation of D1 receptors.  

Aversive tasks appear to have different DA receptor involvement. For example, 

Castellano, Cestari, Cabib, & Puglisi-Allegra (1991) found that post-training injections of 

the D1 receptor (SKF 38393) and D2 receptor agonists (LY 171555) enhance one-trial 

inhibitory avoidance and that enhancement is blocked by D1 (SCH 23390) and D2 (- 

sulpride) DA antagonists. Furthermore, White and Major (1978) found that D2-like 

antagonist pimozide blocked memory enhancement by intracranial self-stimulation. 

Moreover, other stimuli known to enhance DA, such as exposure to novelty, optogenetic 

stimulation of ventral tegmental area (VTA) DA neurons, and infusions of DA agonists 

into the amygdala and medial pre-frontal cortex enhance memory consolidation (Lisman 

and Grace, 2005; Kim et al., 2012; Rossato et al., 2013; Duszkiewicz et al., 2019; Tang 

et al., 2020).  
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Dopamine and cocaine  

There is evidence that the effects of cocaine on the DA system largely contribute 

to its reinforcing effects. This is supported by reports that lesions to the DA system 

(Roberts et al., 1980; Pettit et al., 1984) and injections of dopamine antagonists block 

cocaine self-administration (de Wit and Wise, 1977). Cocaine also elevates DA levels in 

the memory systems. For example, acute injections of cocaine enhance DA in the 

basolateral amygdala (BLA) (Liang et al., 1990; Cahill et al., 1994; McGaugh et al., 

1996; Vazdarjanova and McGaugh, 1999), hippocampus (Fotros et al., 2013; Kramar et 

al., 2014), prefrontal cortex, entorhinal cortex, perirhinal cortex (Pum et al., 2007) and 

intra-BLA infusions of DA antagonists impair cocaine seeking behaviours (Di Ciano and 

Everitt, 2004). There is also behavioural evidence that cocaine modulates memory 

consolidation by DA. For instance, the enhancement of one-trial inhibitory avoidance by 

cocaine is blocked by systemic D2 antagonists (Cestari and Castellano, 1995), post-

training cocaine and D1 antagonists infused into the HPC impair step-down latency 

tasks (Kramar et al., 2014) and D3 antagonists impair reconsolidation of cocaine reward 

memories (Yan et al., 2013).  

Dopamine and nicotine  

 Accumulating experimental research indicates that the activation of nicotinic 

acetylcholine receptors (nAChRs) by nicotinic agonists modulate DA. Thus, nAChRs are 

present in most cognitive and memory systems as well as reward circuits such as the 

VTA and substantia nigra (Levin et al., 1994; Abdulla et al., 1996). Nicotine 

administration promotes DA in the striatum (Lichtensteiger et al., 1982), NAc and cortex 

(Summers and Giacobini, 1995) and in-vivo micro-dialysis studies reveal that injections 
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of nicotine enhance hippocampal and cortical dopamine (Rossi et al., 2005). There is 

also behavioural evidence that nicotinic agonists interact with DA systems to reinforce 

behaviour and enhance memory. For example, there are reports that intra-BLA 

infusions of D3 antagonists impair nicotine seeking (Khaled et al., 2014), nAChR 

enhancement of radial arm maze learning is blocked by D2 antagonists (Mcgurk et al., 

1989a, 1989b) and enhanced by infusions of nicotinic antagonists into the VTA (Levin 

and Rose, 1995), cholinergic antagonists infused into the ventral HPC block D2 agonist 

induced enhancement of arm maze learning (Kim and Levin, 1996); and finally, nicotinic 

agonists infused into the VTA enhance avoidance tasks (Lima et al., 2013). 

Dopamine and opioid agonists 

 Opioid receptors have been repeatedly shown to modulate DA. Thus, MOP 

agonists tend to exert some of their effects by binding to opioid receptors present on 

gamma-aminobutyric acid (GABA) interneurons and reduce GABA activity. Specifically, 

this effect impairs the GABA neurons inhibitory action on dopaminergic neurons and 

enhances dopaminergic neurotransmission (Johnson and North, 1992). Importantly, a 

number of studies have found that opioid agonists interact with the DA system to 

reinforce drug taking behaviours. For example, morphine is self-administered when 

infused into VTA and self-administration is blocked by injections of naloxone (Bozarth 

and Wise, 1981), intra-VTA infusions of morphine enhance NAc dopamine (Leone et al., 

1991), and the firing rate of VTA DA neurons (Gysling and Wang, 1983). DOR also 

contribute to the reinforcing properties of opioid agonists by modulating the presynaptic 

release of VTA, Striatal, (Pentney and Gratton, 1991) and NAc DA  (Broekkamp et al., 

1979; Latimer et al., 1987; Di Chiara and Imperato, 1988a, 1988b; Spanagel et al., 



 
 

16 
 

1990, 1992; Leone et al., 1991). However, selective lesions of NAc DA terminals do not 

alter heroin self-administration (Pettit et al., 1984), suggesting that the reinforcing 

properties of opioid agonists likely also interact with other systems to facilitate the 

acquisition of addictive behaviours. 

1.5.2 Noradrenaline  

Noradrenergic cell groups originate in the ascending fibers of the locus coeruleus 

and lateral tegmentum and project to most parts of the brain (Kobayashi and 

Yasoshima, 2001; Sofuoglu and Sewell, 2009). The adrenergic system uses 

noradrenaline (NA; norepinephrine) as its primary chemical messenger and is divided 

by its central noradrenergic and peripheral (adrenaline/epinephrine) sympathetic 

pathways that regulate a number of central functions (arousal, attention, memory, stress 

etc.) (Sofuoglu and Sewell, 2009). The central adrenoreceptors are divided into the α 

(α1 and α2) and the β (β1 and β2), all of which a g-protein coupled metabotropic 

receptors (Bylund et al., 1994). The α1 adrenoreceptors are coupled with Gq proteins 

that stimulate an excitatory phospholipase cascade, which is generally involved in motor 

control, learning, memory, and responses to fear (Tanoue et al. 2003). The α2 

adrenoreceptors are located pre- and post-synaptically and coupled by Gi proteins that 

inhibit adenylyl cyclase, contributing to their effects on analgesia, sedation and the 

overall regulation of adrenergic activity (Bylund et al., 1994). The β-adrenoreceptors are 

coupled to Gs proteins and stimulate adenylyl cyclase as its second messenger 

(Wallukat, 2002) and regulate memory as well as other physiological functions (White 

and Milner, 1992; White, 1996; Ferry et al., 1999; Roozendaal et al., 1999). 

Kety (1972) proposed that the activation of noradrenaline is necessary for the 
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consolidation of new memories.  Accordingly, it has been reported that emotionally 

salient stimuli enhance memory consolidation in multiple species (Cahill and McGaugh, 

1998; McGaugh, 2000; McGaugh and Roozendaal, 2002, 2009; Gibbs et al., 2008; 

Ruetti et al., 2014) and are impaired by β-adrenoreceptors receptor antagonists (Cahill 

et al., 1994; Schneider et al., 2011). Suggesting that memory modulation may directly 

involve the stimulation of β-adrenoreceptors. Likewise, pharmacological studies also 

report that adrenergic agonists (Dornelles et al., 2007; Jurado-Berbel et al., 2010), as 

well as indirect noradrenergic agonists (Nirogi et al., 2012) also enhance memory. This 

evidence speaks to the specificity of noradrenergic activation during the consolidation 

phase. A number of studies have also found that the activation of 𝛽-adrenoreceptors 

receptors in the amygdala enhance memory consolidation (McGaugh et al., 1996; Cahill 

and McGaugh, 1998; Segal et al., 2012). Other studies have dissociated the enhancing 

effects of noradrenaline from serotonin. For example, Feltmann et al. (2015) found that 

only injections of the noradrenergic reuptake inhibitor reboxetine, atomoxetine or a dual 

5-HT-NARI duloxetine enhanced recognition memory, while the 5-HT reuptake inhibitors 

citalopram and paroxetine produced no observable effect on memory storage. 

Noradrenaline and cocaine 

 Cocaine impacts the noradrenergic system by blocking the NA reuptake 

transporter which enhances and lengthens its synaptic response (Florin et al., 1994). In 

humans, cocaine enhances plasma levels of NA (Sofuoglu et al., 2001) and animal in-

vivo microdialysis experiments show enhanced NA in the HPC, NAc and prefrontal 

cortex following acute injections of cocaine (Florin et al., 1994) and during cocaine self-

administration (Verheij et al., 2014). Interestingly, α- and β-adrenoreceptor antagonists 
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do not alter cocaine self-administration (Wilson and Schuster, 1974; de Wit and Wise, 

1977; Woolverton, 1987; Ecke et al., 2012), but impair cocaine sensitization, seeking  

(Bernardi and Lattal, 2012), and conditioned place preference (Fricks-Gleason and 

Marshall, 2008; Bernardi et al., 2009; Otis and Mueller, 2011). It is possible that 

cocaine’s reinforcing properties are only partly influenced by its effects on 

adrenoreceptor activity and play a larger role in the establishment of cocaine 

memories/cues. Hence, it is surprising that despite evidence that cocaine and central 

NA impact memory consolidation (White, 1996; Roozendaal and McGaugh, 2011; Rkieh 

et al., 2014), and evidence that adrenoreceptor antagonists impair cocaine-associated 

memories (Fricks-Gleason and Marshall, 2008; Otis et al., 2014; Fitzgerald et al., 2016; 

Zhu et al., 2018; Denny and Unterwald, 2019), the relationship between central NA and 

cocaine on memory consolidation is unclear using post-training manipulations on 

memory tasks.   

Noradrenaline and nicotine 

 Nicotinic receptors are highly distributed throughout the brain with high affinity 

nAChRs located directly on the locus coeruleus (LC), a major NA nucleus (Azam and 

McIntosh, 2006). There is considerable evidence that nicotine administration stimulates 

NA activity.  For example, Mitchell et al. (1990) found that nicotine facilitates NA 

synthesis in the locus coeruleus by selectively lesioning either the dorsal or ventral 

noradrenergic branch. Indicating that one mechanism that nicotine modulates NA is by 

the activation of nAChRs on the LC. In a follow up study using in-vivo microdialysis 

Mitchell (1993) found that nicotine injections modulated hippocampal NA by stimulating 

LC nAChRs and infusions of nAChR antagonists into the LC blocked these effects.  
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Furthermore, Fu et al. (2003) reported while measuring NA using in-vivo microdialysis 

that nicotine self-administration enhanced NA in the amygdala with the magnitude of NA 

expression diminishing over later sessions. This finding is interesting because it not only 

suggests that desensitization of nAChR influences amygdaloid NA release, but that also 

the enhancement of amygdala dependent memories is no longer necessary once self-

administration is established. Other reports have also found that nicotine dose 

dependently enhances BLA, striatal, and hippocampal NA (Arqueros et al., 1978; 

Brazell et al., 1991; Yitong et al., 1998) and catecholamine synthesis in the NAc, 

hypothalamus and HPC (Mitchell et al., 1989). Despite research clearly demonstrating 

that nicotine stimulates NA in several memory systems and plays a role in the overall 

regulation of NA activity, the systematic exploration of NA and nicotine on memory 

consolidation is unclear.  

Noradrenaline and opioid agonists 

 The neurons of the locus coeruleus express the MOR, DOR and KOR, but are 

also present on rat cortical, hypothalamic, and hippocampal regions (Sugrue, 1974; 

Mazei-Robison and Nestler, 2012). However, the evidence supporting the level by 

which opioid receptors modulate NA is conflicting. Some studies demonstrate that 

morphine both acutely and chronically administered enhances central NA (Sugrue, 

1974; Roffman et al., 1977) and other studies report that acute morphine decreases NA 

turnover and metabolism in the rat cortex, brainstem, and hypothalamus (Gomes et al., 

1976; Gabriel et al., 1988). Moreover, Matsumoto et al. (1994) using in-vivo 

microdialysis in rats injected with morphine found a reduction in hippocampal NA. One 

interpretation suggests that opioid agonists impair memory by their actions on reducing 
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the activity of central NA. However, despite these findings, the evidence listed above 

indicates that opioid agonists can enhance memory consolidation and may do so by NA. 

For example, the stria terminalis is a major output of the amygdala and lesions block the 

memory enhancing effects of perirhinal injections of epinephrine, intra-amygdala 

infusions of norepinephrine (Liang et al., 1990) and beta-endorphin on avoidance and y-

maze discrimination tasks (McGaugh et al., 1986). Furthermore, beta-adrenergic 

antagonists co-administered with morphine impair the consolidation of y-maze spatial 

recognition memory (Zhang et al., 2008), the reconsolidation of morphine place 

conditioning (Robinson and Franklin, 2010) and spatial working memory (Wang et al., 

2012). Finally, α2 agonists rescues avoidance memory deficits produced by high doses 

of morphine (7.5 mg/kg) (Torkaman-Boutorabi et al., 2015). 

1.5.3 Acetylcholine 

The cholinergic system is involved in a wide range of behavioural functions such 

as processing information for emotion, motivation, arousal, attention, learning and 

memory (Mesulam, 1996; Mihailescu and Drucker-Colín, 2000). The brainstem 

cholinergic system and basal forebrain cholinergic system provide a wide range of 

cholinergic projections that modulate several cognitive functions (Dutar et al., 1995; 

Woolf, 1996; Everitt and Robbins, 1997; Iversen, 1998; Disterhoft et al., 1999; 

Hasselmo, 1999; Sarter et al., 1999; Sarter and Bruno, 2000) and projections to the 

limbic and paralimbic areas contain some of the highest densities of ACh innervations 

(Mesulam, 1996). Cholinergic synapses are found ubiquitously in the human central 

nervous system, are present on axon terminals, axons, dendrites and somata 

(McGehee et al., 1995; Grady et al., 2007; Henderson and Lester, 2015) and in high 
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density within the thalamus, striatum, limbic system, HPC and PRh (Brophey and 

Raptis, 2003; Nashmi and Lester, 2006) indicating their importance for learning, 

memory as well as other higher order brain functions (Vnek et al., 1996; Auld et al., 

2002; Brophey and Raptis, 2003; Deiana et al., 2011). Cholinergic receptors are divided 

into the muscarinic and nAChR families. The muscarinic receptors are G-coupled 

proteins with five currently discovered isoforms (M1-M5). Muscarinic receptors are 

highly distributed and expressed in the central nervous system (Wess, 1993) with M1, 

M2 and M4 primarily found in the forebrain. M1-like receptors (M1, M3 and M5) are 

primarily coupled to Gq proteins and stimulate phospholipases (Williams and Adinoff, 

2008). M2-like receptors (M2 and M4) are coupled with Gi proteins and inhibit adenylyl 

cyclase. The relevant distribution of M2-like receptors are found within the striatum and 

may play a role in addiction (Levey et al., 1991; Williams and Adinoff, 2008). The 

neuronal nAChRs are fast acting ionotropic transmembrane proteins that form 

pentameric structures assembled by subunits of α2-α10 and β2-β4 (Cooper et al., 1991; 

Morales-Perez et al., 2016; Wittenberg et al., 2020). The activation of nAChRs allow for 

an influx of cations by the binding of endogenous acetylcholine or by exogenous 

receptor agonists such as nicotine (Mihailescu and Drucker-Colín, 2000). Importantly, 

the subunit combinations of α3β4, α4β2 and homo-oligomeric combination α7 are 

strongly implicated in attention, learning, memory, and nicotine addiction (Deiana et al., 

2011; Kenney et al., 2011; Roozendaal and McGaugh, 2011; Beer et al., 2013).  

Neurodegenerative disorders such as Alzheimer’s dementia effectively 

demonstrate the importance of cholinergic signalling in normal cognition. For instance, 

Alzheimer’s disease progression is accompanied by the degeneration of cholinergic 
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nuclei and corresponds to a progressive loss of cognitive function (Bartus et al., 1982; 

Whitehouse et al., 1982; Coyle et al., 1983) that can be somewhat rescued by drugs 

that block the enzymatic breakdown of ACh to prolong its synaptic effects (i.e., 

acetylcholinesterase inhibitors) (Winkler et al., 1998; Kaduszkiewicz and van den 

Bussche, 2009). Experimental evidence in animals also indicates a clear role for ACh in 

memory consolidation. For example, post-training stimulation of the cholinergic system 

enhances avoidance memory (Introini-Collison and Baratti, 1992; Castellano et al., 

1996; Farr et al., 2000; Kopf et al., 2001), object recognition memory (Tinsley et al., 

2011; Melichercik et al., 2012; Okada et al., 2015), fear conditioning (Rudy, 1996) and 

even enhances extinction for place conditioning (Schroeder and Packard, 2004). There 

is also evidence that cholinergic signalling modulates the activity of NA in the amygdala 

to facilitate the consolidation of avoidance memories (Introini-Collison et al., 1996); and, 

elevated hippocampal, amygdaloid and striatal ACh predict memory performance for a 

number of tasks (Ragozzino et al., 1996; Hironaka et al., 2001; Kopf et al., 2001; Gold, 

2003; Pych et al., 2005). 

Acetylcholine and cocaine 

While cocaine is not a direct pharmacological agonist of cholinergic receptors, 

its effects on monoamine neurotransmitters have been shown to enhance cortical levels 

of ACh. For example, lever pressing for cocaine increases VTA ACh and injections of 

cholinergic antagonists block cocaine self-administration (Levin et al., 2000) as well as 

cocaine seeking following extinction trials (You et al., 2008). Additionally, cocaine self-

administration increases NAc shell ACh release more in rats trained contingently versus 

non-contingently, suggesting the task parameters influence ACh activity (Mark et al., 
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1999; Crespo et al., 2006; Xu et al., 2017). There are even reports that the percent of 

cholinergic neurons activated in the NAc shell and ventromedial striatum correlate to the 

amount of cocaine self-administered (Berlanga et al., 2003). Single dose injections of 10 

to 40 mg/kg cocaine or D1 agonists increase ACh in the striatum, NAc and caudate 

putamen complex (Stoof et al., 1987; Bertorelli and Consolo, 1990; Drukarch et al., 

1990; Imperato et al., 1993; Zocchi and Pert, 1994; Consolo et al., 1999; Mark et al., 

1999; Berlanga et al., 2003; Smith et al., 2004b) and ACh elevations are impacted by 

the D1 antagonists SCH 38166 and SCH 23390 (Imperato et al., 1993; Consolo et al., 

1999). Cocaine also modulates ACh in memory systems. For example, cocaine 

increases extracellular levels of hippocampal ACh (Imperato et al., 1993, 1996b), ACh 

turnover rates and D1 antagonists block HPC ACh (Robinson and Hambrecht, 1988; 

Imperato et al., 1993; Smith et al., 2004a). Interestingly, enhancing synaptic 

concentrations of ACh via AChE inhibitors suppress cocaine CPP and ablating ACh 

cells in the NAc reverses this suppression (Hikida et al., 2003), suggesting that NAc 

ACh may underlie associate learning mechanisms in cocaine addiction.  

Acetylcholine and nicotine 

Nicotine is a potent agonist of a most nAChR subtypes (but has a high affinity for 

α3β4, α4β2 and α7 nAChRs) as it is closely chemical related to that of endogenous 

acetylcholine (Dani and Bertrand, 2007). While the activation of nAChRs influence other 

neurochemical systems listed above, the stimulation of cholinergic neurons by nAChRs 

also modulate memory. For example, Melichercik et al. (2012) assessed the role of 

perirhinal and hippocampal nAChRs on spatial OL and OR memory. It was found that 

pre-sample systemic injections of nicotine enhanced both the OR and OL tasks 
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following long 72 h retention intervals. Interestingly, both pre-sample infusions of 

nicotine into the PRh and HPC also enhanced both OL and OR memory indicating that 

the activation of nicotinic receptors may facilitate memory encoding/consolidation 

regardless of cortical involvement by the memory type. Additionally, a recent report by 

Esaki et al. (2021) found that post-training medial pre-frontal cortex (mPFC) infusions of 

nicotine dose dependently enhanced OR. Interestingly, post-training intra-mPFC of 

nAChR antagonists mecamylamine (non-specific antagonist), dihydro-β-erythroidine 

(α4β2 antagonist) and methyllycaconitine (α7 antagonist) block nicotine induced 

enhancement of OR in mice. Importantly, this study indicates that the activation of α4β2 

and α7 nAChRs are likely involved in the consolidation of OR memory by the mPFC. 

Hence, while nicotinic receptors evidently influence the activity of other monoamine 

neurotransmitters in memory consolidation, these studies provide direct evidence that 

the stimulation of nAChRs by nicotine can also influence memory formation.  

Acetylcholine and opioid agonists 

There is evidence that opioid agonists modulate the release of ACh in cholinergic 

neurons throughout the cortex. Thus, it has been reported that KOP agonists modulate 

hippocampal ACh release (Jackisch et al., 1986), DOP agonists inhibit striatal ACh 

release (Mulder et al., 1984, 1991), but chronic morphine administration enhances HPC 

ACh (Imperato et al., 1996a). However, it has been reported that systemic and intra-

PFC infusions of morphine inhibit PFC cholinergic release (Osman et al., 2005). 

Interestingly, there is also evidence that opioid systems interact with muscarinic ACh 

receptors to modulate memory. For example, Rezayof et al. (2009) reported intra-

amygdala infusions of the muscarinic agonist pilocarpine and an ineffective dose of 
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morphine (0.5 mg/kg) enhanced one-trial inhibitory avoidance. This effect was reversed 

by infusions of the muscarinic antagonist scopolamine, indicating a role of ACh in the 

amygdala that is stimulated by injections of morphine. Moreover, Baratti et al. (1984) 

found that facilitation of one-trial inhibitory avoidance performance by post-training 

injections of naloxone were blocked by administration of the muscarinic antagonist 

atropine.  

Conditioned stimuli 

The concept of conditioned learning/associative learning is based on the original 

demonstration by Pavlov (1927) in which an initially neutral stimulus acquired the 

reinforcing and motivational properties of the reinforcer with which it had been paired. 

This finding has generated a number of important research paths in the exploration of 

treatments for drug addiction. Hence, drug-cues remain one of the most important 

contributors to the perpetuation of drug behaviours and ultimately relapse. In fact, there 

is evidence that exposure to drug cues mimic and sometimes even enhance behaviours 

related to the pursuit and consumption of addictive drugs and will even continue to elicit 

these behaviours when the drug reward is not administered. For example, exposure to 

drug CSs enhance operant responses in the absence of drugs (Di Ciano and Everitt 

2003) and can even maintain responding when delivered contingently (Rescorla and 

Solomon 1975; Tunstall and Kearns 2017). Moreover, place-conditioning experiments 

(i.e., conditioned place preference) indicate that the rewarding properties of a drug 

become associated with characteristics of an environment (Bardo et al, 1995; Schechter 

and Calcagnetti, 1993) and can reveal the motivational effects of a drug conditioned 

environment (i.e., conditioned motivation) (White and Milner, 1992). Specifically, in this 
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experimental design an animal receives alternating injections of a drug in one 

contextual environment (a CS+) and a vehicle injection in another (a CS-) over several 

days and sessions. A test of ‘preference’ is conducted by giving the animal a choice 

between the drug associated-CS+ and the vehicle associated-CS-. Accordingly, it has 

been reported in place conditioning experiments that when a drug reinforcer is 

administered in a specific context, the contextual CS gains the ability to attract the 

animal when in a drug-free state (Tzschentke, 1998; Huston et al., 2013), or in 

sensitization experiments, animals experience a larger drug effect in an environment 

previously conditioned with the drug compared to a novel contextual stimulus (Robinson 

et al, 1998; Stewart and Vezina, 1988). Moreover, exposure to drug CSs can induce 

ultrasonic vocalizations similarly to acute injections of the drug (Ahrens et al. 2009; Ma 

et al. 2010; Hamed et al. 2012). Drug-paired CSs also acquire the ability to elicit other 

behavioral responses (e.g., conditioned locomotion, CL). CL refers to an autonomic 

implicit memory where the somatic skeletal responses induced by the drug effects are 

also elicited by drug free exposure to that drug paired environment (Blanco et al., 2012). 

Additionally, this drug free exposure to CSs can also modify various physiological 

functions (e.g., heart and respiratory rates) similar to acute drug administration (Bloch et 

al. 1973; Fitzgerald et al. 1984; Blanco et al. 2012).  

1.6 Conditioned memory modulation 

A critical factor of drug reinforcement is the ability of reinforcers to enhance 

memory consolidation. The reviews above indicate that acting as primary reinforcers, 

addictive drugs facilitate this process. However, memory enhancement by exposure to 

CSs has not been systematically explored. Thus, this pathway of research is a critical 
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component to establishing how, even in the absence of withdrawal symptoms and long 

periods of abstinence, various drug cues can perpetuate the maintenance of addictive 

behaviours and induce behavioural states that result in drug relapse. There are some 

demonstrations of non-drug reinforcers directly influencing memory consolidation. For 

example, Holahan and White (2004) found that post-training exposure to a fear-

provoking CS enhanced consolidation of a cue preference task. As well, Leong et al. 

(2015) and Goode et al. (2016) reported that the impact of these CSs can be selective 

to particular memory systems and that the pharmacological inhibition of conditioned 

arousal blocks their impact on learning. However, Holahan and White (2013) 

demonstrated that post-training exposure to a sucrose-paired context was also effective 

in enhancing cue preference learning, suggesting that conditioned fear/arousal is not 

always necessary to enhance memory consolidation. This conclusion is further 

supported by evidence of enhanced acquisition of the Morris Water Maze by pre-testing 

exposure to a morphine- or cocaine-paired context (Zhai et al., 2007), although this 

result cannot confirm that the drug-paired appetitive context impacted memory 

consolidation because pre-training manipulations preclude conclusions about the 

selective stage of learning affected (encoding vs consolidation).  

1.7 Spontaneous object recognition memory 

 This dissertation evaluated the memory modulatory effects of cocaine, nicotine, 

heroin, and exposure to their contextual CSs by testing animals using the spontaneous 

object recognition task. OR was originally developed by Ennaceur and Delacour (1988) 

as a comparable visual recognition test to the delayed (non)matching-to-sample 

(DNMS) paradigm used in non-human primates; and, considered to be a test of 
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declarative memory in animals (i.e., a conscious memory for facts and events) (Squire 

and Zola-Morgan, 1988; Squire and Zola, 1996). An OR trial consists of a sample phase 

followed by a retention interval and a test of memory during the choice phase. During 

the sample phase a rat is introduced to the testing field (either an open field or a Y-

apparatus), given a period of time to explore two novel identical objects and removed, 

then given a retention delay. During the choice phase, the rat is placed into the 

apparatus which now contains a familiar sample object and a novel object. A normal rat 

will preferentially explore the novel object during the choice phase, which is interpreted 

as a memory for the previously explored sample object. Hence, because rodents 

possess a natural tendency to explore novelty, OR has several advantages over other 

tasks. First, OR avoids extensive training to acquire rules and can allow for rapid data 

collection. Second, because OR does not involve pain, the effects of stress, or 

interaction with rewards, their confounding effects on acquisition, consolidation or 

retrieval are avoided.  Finally, OR allows for comprehensive within-subject models 

because the same animals can undergo numerous trials by using different sets of 

objects. 

 OR memory is amendable to damage within the medial temporal lobe. Although 

there is evidence that other regions of the medial temporal lobe influence OR memory 

and performance (i.e., the hippocampus and amygdala) (Mishkin, 1978; Zola-Morgan et 

al., 1982; Murray and Mishkin, 1984; Saunders et al., 1984; Zola-Morgan and Squire, 

1985), there is also evidence that the PRh may play a more crucial role. The PRh forms 

functional connections with a number of cortical inputs such as the sensory association 

areas (TE and insula), frontal lobe as well as other MTL inputs such as the HPC, 
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entorhinal cortex, parahippocampal cortex and amygdala thus playing a critical role in 

integrating sensory information and memory formation (Brown and Aggleton, 2001; 

Suzuki and Naya, 2014). In fact, PRh neurons also display reduced responses to 

repeated stimuli and these reductions correspond to familiarity discrimination in memory 

tests (Brown and Xiang, 1998; Xiang and Brown, 1998). There is also behavioural 

evidence that indicates that the PRh plays a crucial role in object memory consolidation. 

For example, in primates, rhinal (Meunier et al., 1993), but not amygdala or 

hippocampal (Murray and Mishkin, 1998) lesions impair DNMS performance and PRh 

lesions impair DNMS performance to the same magnitude of rhinal lesions (Meunier et 

al., 1993; Leonard et al., 1995). In rodents, neurotoxic lesions to the PRh impair OR 

memory but spare spatial memory tasks (Ennaceur et al., 1996; Bussey et al., 1999, 

2000). Kolb et al. (1994) found that posterior temporal lesions impaired visual 

discrimination memory. Importantly, a study by Winters et al. (2004) demonstrated that 

the HPC and PRh could be dissociated by their performance on OR and spatial memory 

tasks. Specifically, it was reported that bilateral excitotoxic lesions to the hippocampus 

spared OR memory but impaired spatial memory, and excitotoxic lesions to the PRh 

impaired OR memory but spared location memory. Importantly, this study supports the 

interpretation that the PRh plays a greater role in the representations of individual object 

information in recognition memory over other MTL regions.  

1.8 Rationale and objectives 

The aim of this dissertation was to test the overarching hypothesis that drugs of 

abuse and drug conditioned stimuli (CS) enhance memory consolidation by acting on 

similar neurochemical systems. Therefore, three research objectives were developed to 
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test this hypothesis. The first objective was to compare the conditioned effects to the 

unconditioned effects of different drugs (acting on different neuropharmacological 

systems) to modulate memory consolidation. We explored this objective with the 

research question: does post-training cocaine, nicotine, heroin and contextual CSs 

paired with their behavioural effects enhance object recognition memory? Using a within 

subject model, male Sprague Dawley rats were injected with cocaine (0, 5, 10 and 20 

mg/kg), nicotine (0, 0.2 and 0.4 mg/kg) (Chapter 2) or heroin (0, 0.3 and 1 mg/kg) 

(Chapter 3), or exposure to contextual CSs paired with these drugs, following training 

on an object recognition (OR) task. To assess whether the effects of these drugs and 

CSs produced an enhancement of OR memory, a version of this task employing a 72 h 

retention interval was used in which normal/untreated rats do not typically express 

memory (Melichercik et al., 2012; Rkieh et al., 2014). To establish the drug CSs, we 

developed a novel within-subject conditioning model that could characterize the effects 

of a drug contextual CS on memory consolidation. Following conditioning, rats were 

then exposed to a context that had been previously paired with injections of cocaine (20 

mg/kg), nicotine (0.4 mg/kg) or heroin (1 mg/kg) following training on the OR task.  

The second objective was to determine whether the pharmacological 

mechanisms underlying memory enhancement by the unconditioned and conditioned 

effects of nicotine, cocaine and heroin were similar. We addressed this objective by 

asking the research question: do the post-training effects of cocaine, nicotine, heroin 

and their contextual CSs enhance OR by activating dopaminergic and noradrenergic 

systems? Male Sprague Dawley rats were tested using the within subject model 

described above to assess the post-training effects of cocaine (20 mg/kg), nicotine (0.4 
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mg/kg) and contextual CSs paired with these drugs by co-administering the 

dopaminergic and noradrenergic antagonists pimozide (0, 0.2 and 0.6 mg/kg) and 

propranolol (0, 5 and 10 mg/kg) (Chapter 4), respectively. To assess whether the post-

training effects of heroin (1 mg/kg) and the heroin contextual CS were overlapping, male 

Sprague Dawley rats were co-administered with the opioid receptor antagonist 

naltrexone (0, 3 and 10 mg/kg) and propranolol (0, 5, 10 mg/kg) (Chapter 3).  

The final objective was to determine whether the neuropharmacological 

mechanisms of memory enhancement are similar within the same cortical area. We 

explored this objective with the research question: Do the post-training effects of 

nicotine, cocaine and their contextual CSs stimulate perirhinal nicotinic acetylcholine 

receptors to enhance OR? Using male Sprague Dawley rats, we tested the role the 

cholinergic system and nicotinic acetylcholine receptors using mecamylamine (MEC) (0, 

10 and 30 μg/side) within the perirhinal cortex (PRh) on the modulation of OR memory 

by nicotine (0.4 mg/kg), cocaine (20 mg/kg) and their contextual CSs (Chapter 5).  
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Chapter 2: Cocaine, nicotine, and their conditioned contexts 

enhance consolidation of object memory in rats 

 

This manuscript is published in: Michael Wolter, Ethan Huff, Talia Speigel, Boyer D. 
Winters, and Francesco Leri. (2019). Cocaine, nicotine, and their conditioned contexts 
enhance consolidation of object memory in rats. Learning and Memory 26:46–55. 
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2.1 Abstract 

To test the hypothesis that drugs of abuse and their conditioned stimuli (CSs) 

enhance memory consolidation, the effects of post-training exposure to cocaine and 

nicotine were compared to the effects of post-training exposure to contextual stimuli that 

were paired with the effects of these drugs. Using the object recognition (OR) task, it 

was first demonstrated that both 10 and 20 mg/kg cocaine, and 0.2 and 0.4 mg/kg 

nicotine, enhanced recognition memory when administered immediately after, but not 6 

h after the sample phase. To establish the drug CSs, rats were confined for 2 h in a 

chamber (the CS+) after injections of 20 mg/kg cocaine, or 0.4 mg/kg nicotine, and in 

another chamber (the CS−) after injections of vehicle. This was repeated over 10 d (5 

drug/CS+ and 5 vehicle/CS− pairings in total). At the end of this conditioning period, 

when tested in a drug-free state, rats displayed conditioned hyperactivity in the CS+ 

relative to the CS−. More important, immediate, but not delayed, post-sample exposure 

to the cocaine CS+, or nicotine CS+, enhanced OR memory. Therefore, this study 

reports for the first time that contextual stimuli paired with cocaine and nicotine, like the 

drugs themselves, have the ability to enhance memory consolidation. 
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2.2 Introduction 

Thorndike (1911) proposed that a reinforcer acts as an event that “stamps-in” the 

association between stimuli and responses. This idea has been formalized by the 

hypothesis that reinforcers exert their behavioural effects by enhancing memory 

consolidation: a time dependent process in which a memory trace becomes stabilized 

and less sensitive to interference (McGaugh & Roozendaal, 2009; White & Milner, 

1992). Biologically, this is significant because events that enhance memory 

consolidation also increase the probability that behaviours will be more likely to be 

repeated in the future (White, 1996).  

The experimental approach employed to explore the memory enhancing function 

of reinforcers involves manipulations delivered immediately, or soon after, training on a 

given task (Rkieh et al., 2014; White, 1996). This is a key experimental requirement 

because it is believed that a memory trace is labile, and therefore sensitive to 

modulations, particularly during a critical period of minutes to hours that follow the 

experience of learning (McGaugh, 2000). Therefore, using this post-training approach, it 

has been demonstrated that reinforcers such as food (Huston et al.,1974;1977), 

sucrose (Messier and White, 1984), and various drugs of abuse (Introini-Collison and 

McGaugh, 1989; Janak et al., 1992; Blaiss and Janak, 2006; Iñiguez et al., 2012; Leri et 

al., 2013) improve performance on a variety of memory tasks in several species (Eddins 

et al., 2009; Iñiguez et al., 2012; May et al., 2016).   

An interesting question is whether cues paired with reinforcing stimuli via 

classical conditioning can also influence memory consolidation. These are usually 

referred to as conditioned stimuli (CS), or conditioned reinforcers, depending on the 
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behavioural effect of interest. For example, activation of drug-paired CSs enhance 

operant responses in the absence of drugs (Di Ciano and Everitt, 2003), and can even 

maintain responding when delivered contingently (Rescorla and Solomon, 1975; 

Tunstall and Kearns, 2017). Moreover, in place conditioning, when a drug reinforcer is 

administered in a specific context, the contextual CS gains the ability to attract the 

animal when in a drug-free state (for review, see Tzschentke 1998), and can induce 

ultrasonic vocalizations similarly to acute injections of the drug (Ahrens et al., 2009; Ma 

et al., 2010; Hamed et al., 2012). Drug-paired CSs also acquire the ability to elicit other 

behavioral responses (e.g., conditioned locomotion) and modify various physiological 

functions (e.g., heart and respiratory rates) (Bloch et al., 1973; Fitzgerald et al., 1984; 

Blanco et al., 2012).   

While it has been repeatedly demonstrated that CSs established by conditioning 

with drugs of abuse can activate and maintain approach behavior, it is unclear whether 

these CSs can also modulate memory consolidation. Holahan and White (2004) found 

that post-training exposure to a fear provoking CS enhanced consolidation of a cue 

preference task. As well, Leong et al. (2015) and Goode et al. (2016) reported that the 

impact of these CSs can be selective to particular memory systems and that the 

pharmacological inhibition of conditioned arousal blocks their impact on learning. 

However, Holahan and White (2013) demonstrated that post-training exposure to a 

sucrose-paired context was also effective in enhancing cue preference learning, 

suggesting that conditioned fear/arousal is not always necessary to enhance memory 

consolidation. This conclusion is further supported by evidence of enhanced acquisition 

of the Morris water maze by pretesting exposure to a morphine- or cocaine-paired 
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context (Zhai et al. 2007), although this result cannot confirm that the drug-paired 

appetitive context impacted memory consolidation because pretraining manipulations 

preclude conclusions about the selective stage of learning affected (encoding vs. 

consolidation). 

The experiments presented in the current study were designed to test the 

hypothesis that drug CSs can enhance memory consolidation by comparing the effects 

of post-training drug administration to the effects of post-training exposure to contextual 

stimuli that were paired with the effects of the same drugs. Cocaine and nicotine were 

selected because they have been found previously to enhance memory consolidation 

(Introini-Collison and McGaugh, 1989; Beer et al., 2013) and because they support 

classical conditioning of various responses (Jackson et al., 2009; Johnson et al., 2012). 

Contextual conditioning was selected because place preference studies performed in 

several laboratories, including ours, have consistently shown that a compartment paired 

with injections of cocaine will elicit an approach response in cocaine-free animals 

(Bardo et al., 1995; Calcagnetti et al., 1995; Leri et al., 2006; Sticht et al., 2010; 

Thériault et al., 2018). Place preference studies with nicotine point to the same general 

conclusion (Le Foll and Goldberg, 2005, 2009), although the results with nicotine have 

been more variable (Liu et al., 2008), and it appears that the exact conditioning 

parameters are very important to nicotine contextual conditioning (Risinger and Oakes, 

1995; Tzschentke, 1998; Le Foll and Goldberg, 2005). 

The effects of post-training administration of cocaine and nicotine, and exposure 

to cocaine and nicotine CSs, were tested on a spontaneous object recognition (OR) 

task. This memory task is based on the natural tendency of rats to explore novel objects 
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(Ennaceur and Delacour, 1988; Winters et al., 2004), and it was selected because of 

our previous demonstration that OR 72 h after learning can be improved by post-sample 

administration of cocaine (Rkieh et al., 2014). 

A nicotine place conditioning experiment was also included to verify whether the 

CS+ established in our apparatus and with the selected conditioning protocol would be 

effective in revealing conditioned approach, another key aspect of reinforcement (White 

and Milner, 1992). A cocaine place conditioning experiment was not deemed necessary 

because we have found that rats will consistently approach a compartment of our 

conditioning apparatus paired with 20 mg/kg cocaine (Leri et al., 2006; Sticht et al., 

2010; Cummins Jacklin et al., 2015; Thériault et al., 2018). 

2.3 Materials and Methods 

2.3.1 Subjects  
 

A total of 108 male Sprague–Dawley rats (Charles River, Quebec, Canada), 

weighing between 225 and 250 g at the beginning of the experiments were individually 

housed in standard rat cages (polycarbonate; 50.5 × 48.5 ×20 cm) with standard 

bedding and environmental enrichment, and were maintained on a reverse light–dark 

schedule (lights off at 07:00; on at 19:00). All testing was conducted during the dark 

period. Rats had access to 25 g per day of standard rat chow, and water was available 

ad libitum in home cages. All experiments were approved by the Animal Care 

Committee of the University of Guelph and were performed in accordance with 

recommendations provided by the Canadian Council on Animal Care.  

2.3.2 Apparatus 
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Locomotion and place conditioning 

Six semitransparent Plexiglas chambers (University of Guelph, Guelph, ON, 

Canada) were used for place conditioning. Each chamber included two distinct 

compartments of equal size (30 × 40×26 cm) separated by a removable insert (dark 

gray PVC). A small square opening (10 ×10 cm) at the back of the insert allowed access 

to both compartments during habituation, conditioning, and test sessions, and an 

identical insert without an opening was used for conditioning. Distinct visual (marbled 

white and black pattern on the wall of one compartment and vertical white and black 

stripes on the wall of the other; objects external to the boxes including cabinets, tables, 

and computer) and tactile (one compartment in each chamber contained a black 

ceramic floor tile) cues were maintained constant throughout the experiment. Black wire 

mesh covered the front of each compartment allowing for automatic video tracking 

(EthoVision v3, Noldus, The Netherlands). The software was also used to create a 

virtual transition zone (approximately the size of a 400 g rat) creating a third, middle 

compartment. Time spent in this virtual compartment was not included in data analysis.  

 

2.7 Figure 1. Schematic representation of the place conditioning apparatus. 
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Object-recognition 

 Object recognition was tested using a Y-apparatus, which consisted of three 

arms of equal size (40×27×10 cm) constructed from solid white Plexiglas to prevent the 

rat from looking out into the room. One arm was designated as the start arm and 

contained a guillotine door 18 cm from the rear of the arm to confine the rat at the start 

of a trial. The remaining two arms served as choice arms. The objects used were copies 

made from plastic, ceramic and glass. Objects ranged in height from 10 to 20 cm and 

varied with respect to their visual and tactile qualities. Objects were fixed to the floor 

using odorless reusable adhesive putty. Objects were always wiped with 50% ethanol 

before being placed into the apparatus to control for any olfactory cues that may 

influence exploration. A JVC Everio digital camera was mounted on a tripod above the 

apparatus to record all trials.   

2.3.3 Procedures 
 

Experiment 1 

Experiment 1 was designed to assess the effect of acute post-sample cocaine 

administration on OR memory. Thirty-six rats were habituated to the empty Y-apparatus 

for 5 min on two consecutive days before the beginning of testing. The test trials began 

24 h after the second habituation session. Each trial consisted of two phases: a sample 

phase and a choice phase, separated by a 72 h retention interval. This retention interval 

was chosen as a “suboptimal” condition in which drug-naïve rats do not typically 

express memory (Melichercik et al., 2012). Rats were always exposed to new, never-

before-seen objects on each trial. 
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During the sample phase, two identical novel objects were placed into the Y-

apparatus at the end of each exploration arm. Each rat was placed in the start box, and 

the guillotine door was opened. Rats were allotted a maximum of 180 sec to explore 

objects or were removed if 25 sec of total object exploration was achieved, whichever 

came first. Object exploration was defined as directing the nose to the object at <2 cm 

and/or touching the object with the nose. Twenty-four rats were injected immediately 

after the conclusion of the sample phase with 0, 5, 10, or 20 mg/kg cocaine. All animals 

were tested at each dose of cocaine and the order of cocaine doses was 

counterbalanced using a Latin Square Design. An additional group of 12 rats received 

20mg/kg cocaine 6 h following the conclusion of the sample phase. Following the 72 h 

retention interval, rats experienced the choice phase, for which the Y-apparatus 

contained a copy of the original sample object in one arm and a novel object in the 

other. The choice phase lasted 2 min, and the time spent exploring the novel and 

familiar objects was recorded. Different object pairs were used for each trial, and the 

order of exposure to object pairs, as well as the designated sample and novel objects 

for each trial were counterbalanced. 

Experiment 2 

Experiment 2 was designed to assess the effect of post-sample exposure to a 

cocaine (20 mg/kg)-conditioned context on OR memory. Forty-eight rats were 

habituated to each of the chambers for 30 min 24 h prior to the beginning of 

conditioning (vehicle in CS− and 20 mg/kg in CS+). At the beginning of conditioning, 

rats received either vehicle or 20 mg/kg cocaine and were immediately placed in the 

CS− or CS+ chamber for 2 h, respectively. The chambers of the apparatus used as CS− 
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and CS+ were counterbalanced across rats. All animals received a total of 5 

conditioning sessions with the CS− and 5 with the CS+, alternating over 10 successive 

days. Conditioned locomotion was assessed on two separate tests. The first test 

occurred the day after the last conditioning session and half of the animals were placed 

in the CS− and the other half were placed into the CS+. The second test occurred 72 h 

later and the same animals were tested in the alternate chamber. 

Of the 48 rats, 24 rats were tested on OR and 24 rats were only tested on 

conditioning. The rats tested on OR were habituated to the Y-apparatus on Days 9 and 

10 of conditioning and were ex- posed to the sample phase prior to the first test of 

conditioned locomotion on Day 11. Therefore, 12 of these subjects were exposed to the 

CS− immediately following exposure to the two objects, and the other 12 were exposed 

to the CS+ immediately following exposure to the two objects. The choice phase of OR 

occurred 72 h later (Day 14). On Day 15, the same animals experienced another 

sample phase of OR with different objects, and right after they were confined to the 

alternative conditioning chamber (CS− or CS+). The final test of OR occurred 72 h later 

(Day 18). Finally, this experiment also included a group of 12 rats that were tested as 

described above, but exposure to the CS− and CS+ was delayed by 6 h following the 

two sample phases 

Experiment 3 

Experiment 3 was designed to assess the effect of acute post-sample nicotine 

administration on object recognition memory. The object recognition task was 

conducted using the same procedures as in Experiment 1, but rats received immediate 
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post-sample (n = 24) 0, 0.1, 0.2 and 0.4 kg nicotine counterbalanced within subjects, or 

delayed (n = 12) 0.4 mg/kg nicotine.  

Experiment 4 

Experiment 4 was designed to assess the effect of post-sample exposure to a 

nicotine (0.4 mg/kg)-conditioned context on object recognition memory. A total of 48 rats 

were conditioned and tested on object recognition using the same procedures as in 

Experiment 2. Hence, 24 were only conditioned, 12 were also exposed to the nicotine-

paired CS- and CS+ immediately after the sample phase, and 12 were exposed to the 

nicotine-paired CS- and CS+ 6 h following the sample phase. 

Experiment 5 

 Experiment 5 was designed to assess the effect of nicotine (0.4 mg/kg) in place 

preference using an unbiased design. Nicotine has been shown to produce both 

conditioned place aversion and preference at various doses; therefore, we designed this 

experiment to assess the reinforcing effects of 0.4 mg/kg nicotine.  Twelve rats were 

habituated for 30 min to the conditioning chambers 24 h prior to the beginning of 

conditioning (nicotine-paired chamber; vehicle-paired chamber). At the beginning of 

conditioning, rats received either vehicle or 0.4 mg/kg nicotine and were immediately 

placed in the vehicle-to-be paired chamber or nicotine-to-be paired chamber for 2 h. 

The chambers of the apparatus were counterbalanced across rats. All animals received 

a total of 5 conditioning sessions with vehicle and 5 with 0.4 mg/kg nicotine, alternating 

over 10 successive days. Place preference was assessed 24 h following the final 

conditioning day.   
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2.3.4 Drugs 

All drugs were injected intraperitoneally (i.p.). Vehicle (sterile 0.9% saline) was 

administered at 1 mL/kg. Cocaine hydrochloride at 5, 10, or 20 mg/kg (Dumex, Toronto, 

ON, Canada) and (−)Nicotine hydrogen tartrate salt at 0.1, 0.2, and 0.4 mg/kg (Sigma) 

was dissolved in sterile 0.9% physiological saline. The doses of these two drugs were 

selected because of their known stimulatory properties (Zavala et al. 2008) and their 

faciliatory effects on OR memory (Melichercik et al., 2012; Rkieh et al., 2014). 

2.3.5 Data analysis  

One-, two-, and three-factor repeated measures analyses of variance (ANOVAs) 

were used as appropriate. Significant main effects, and/or interactions, were further 

analyzed by Student–Newman– Keuls post-hoc analysis. The one- and two-factor 

ANOVAs were performed using SigmaStat (v.3.5 for Windows). Three-factor ANOVAs 

were performed using GB-STAT, and the α level was ≤0.05. A discrimination ratio was 

used as a primary measure of OR and was calculated as (time exploring the novel 

object−time exploring the familiar object)/total time spent exploring both objects. 

Comparison between the sample and choice phase discrimination ratios was used as 

an index of successful memory for objects. Because the sample objects are identical, 

the sample phase discrimination ratio should be approximately 0; as such, a significant 

difference between choice and sample discrimination ratios is indicative of successful 

novelty/familiarity discrimination. For all OR experiments, total object exploration was 

also analyzed for both the sample and choice phases as a control measure of general 

exploratory behavior. The values of nonsignificant analyses are not reported. One rat 

from Experiment 1 and one from Experiment 3 had to be removed from data analysis 
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because of complete inactivity during OR testing. One rat from Experiment 5 had to be 

removed because its habituation activity was two SDs above the mean. 

2.4 Results 

2.4.1 Experiment 1  

Immediate post-sample cocaine enhanced OR memory (Fig. 1). The ANOVA 

revealed a significant interaction between Dose and Phase (F(3,66) = 10.73, P< 0.001), 

as well as significant main effects of Dose (F(3,66) = 6.61, P< 0.001) and Phase 

(F(1,66) = 57.09, P< 0.001). Multiple comparisons further indicated that, when rats were 

injected with 10 and 20 mg/kg cocaine, their choice discrimination ratio was significantly 

higher compared to their sample discrimination ratio, as well as 0 mg/kg cocaine choice 

discrimination ratio. The analysis of total object exploration was nonsignificant for the 

sample and choice phases (data not shown). When cocaine injections were delayed by 

6 h, there was no evidence of object memory, as the sample and choice phase 

discrimination ratios did not differ (Fig. 5A). 
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2.7 Figure 2. The mean (±SEM) discrimination ratio from the sample and choice phases of object 
recognition following post-sample injections of 0 (n= 23), 5 (n= 23), 10 (n= 23), and 20 (n= 23) mg/kg 
cocaine in Experiment 1. The * denotes a significant difference compared to 0 mg/kg cocaine choice 
phase discrimination ratio. The # denotes a significant difference when compared to the sample phase 
discrimination ratio. 

2.4.2 Experiment 2 

Significant conditioned locomotion was observed in the compartment paired with 

cocaine, and immediate post-sample exposure to this CS+ enhanced object memory 

(Fig. 2). Figure 2A represents the mean (±SEM) distance moved in compartments 

paired (1–5) with injections of 0 (in CS−) and 20 (in CS+) mg/kg cocaine. The ANOVA 

revealed significant interactions between Dose and Time (F(2,705) = 16.48, P< 0.001), 

Dose and Pairing (F(4,705) = 4.69, P= 0.001), as well as significant main effects of 

Dose (F(1,705) = 1748.87, P< 0.001), Time (F(2,705) = 119.61, P< 0.001), and Pairing 

(F(4,705) = 8.88, P< 0.001). Multiple comparisons further indicated that when rats were 
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injected with 20 mg/kg cocaine in the CS+, they were significantly more active than 

when they were injected with 0 mg/kg cocaine in the CS− at each time point and pairing.  

Figure 2B represents the mean (±SEM) distance moved during the test of 

conditioned locomotion (30 min) in compartments previously paired with 0 (CS−) and 20 

mg/kg (CS+) cocaine. The ANOVA only revealed significant main effects of CS 

compartment (F(1,94) = 49.25, P< 0.001) and Time (F(2,94) = 344.82, P< 0.001). 

Multiple comparisons of marginal means further indicated that rats displayed 

significantly higher locomotor activity in the CS+ than in the CS− compartments.  

Figure 2C represents mean (±SEM) discrimination ratio produced during the 

sample and choice phase of OR following expo- sure to CS compartments previously 

paired with 0 (CS−) and 20 mg/kg (CS+) cocaine post-sample. The ANOVA revealed a 

significant interaction between Compartment and Test (F(1,11) = 21.40, P< 0.001), as 

well as significant main effects of Compartment (F(1,11) = 5.99, P= 0.03) and Test 

(F(1,11) = 26.55, P< 0.001). Multiple comparisons further indicated that when rats were 

exposed to the CS+ compartment post-sample, their choice discrimination ratio was 

significantly higher when compared to their sample discrimination ratio and CS− choice 

discrimination ratio. The analysis of total object exploration was nonsignificant for the 

sample and choice phases (data not shown). When exposure to the CS compartments 

previously paired with 0 (CS−) and 20 mg/kg (CS+) cocaine was delayed by 6 h, there 

was no evidence of object memory (Fig. 5B), as the discrimination ratios did not differ 

between sample and choice phases.  

A final analysis ascertained whether the choice DR following post-training 

confinement in the cocaine-paired compartment was related to total locomotion 
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displayed during the confinement period, and the correlation was not statistically 

significant. 

 

2.7 Figure 3. Experiment 2. (A) Mean (±SEM) distance moved in compartments paired (1–5) with 
injections of Vehicle (in CS−; n= 48) and 20 (in CS+; n= 48) mg/kg cocaine. The ** denotes a significant 
difference compared to CS− distance moved at all time points. (B) The mean (±SEM) distance moved 
during the 30 min test of conditioned locomotion in the compartment previously paired with Vehicle (CS−) 
and 20 mg/kg (CS+) (n= 48) cocaine. The @ denotes a significant difference compared to CS− distance 
moved. (C) The mean (±SEM) discrimination ratio produced during the sample and choice phase of 
object recognition following exposure to CS compartments previously paired with Vehicle (CS−) and 20 
mg/kg (CS+) (n= 12) cocaine post-sample. The * denotes a significant difference compared to CS− 
choice phase discrimination ratio. The # denotes a significant difference compared to sample phase 
discrimination ratio 

2.4.3 Experiment 3 

Immediate post-sample nicotine enhanced OR performance (Fig. 3). The ANOVA 

revealed a significant interaction between Dose and Phase (F(3,66) = 4.70, P= 0.005), 

as well as significant main effects of Dose (F(3,66) = 9.63, P< 0.001) and Phase 

(F(1,66) = 20.67, P< 0.001). Multiple comparisons further indicated that rats only 
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produced significantly higher discrimination ratios when injected with 0.2 and 0.4 mg/kg 

nicotine when compared to the sample discrimination ratio and 0 mg/kg nicotine choice 

discrimination ratio. The analysis of total object exploration was nonsignificant for the 

sample and choice phase (data not shown). When nicotine (0.4 mg/kg) was delayed by 

6 h, there was no difference between the sample and choice discrimination ratios (Fig. 

5C). 

 

2.7 Figure 4. The mean (±SEM) discrimination ratio from the sample and choice phases of object 
recognition following post-sample injections of 0 (n = 23), 0.1 (n= 23), 0.2 (n= 23), and 0.4 (n= 23) mg/kg 
nicotine in Experiment 3. The * denotes a significant difference compared to 0 mg/kg nicotine choice 
phase discrimination ratio. The # denotes a significant difference compared to sample discrimination ratio. 

2.4.4 Experiment 4  

Significant conditioned locomotion was observed in the compartment paired with 

nicotine, and immediate post-sample exposure to this CS+ enhanced object memory 

(Fig. 4). Figure 4A represents the mean (±SEM) distance moved in compartments 
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paired (1–5) with injections of 0 (in CS−) and 0.4 (in CS+) mg/kg nicotine. The ANOVA 

revealed significant interactions between Dose, Time, and Pairing (F(8,564) = 10.25, P< 

0.001), Dose and Time (F(4,564) = 4.93, P= 0.03), Dose and Pairing (F(4,564) = 81.82, 

P< 0.001), as well as Time and Pairing (F(8,564) = 7.56, P< 0.001). The analysis also 

revealed significant main effects of Dose (F(1,54) = 40.29, P< 0.001), Time (F(2,564) = 

106.52, P< 0.001), and Pairing (F(4,564) = 24.99, P< 0.001). Multiple comparisons 

indicated that rats were significantly more active when injected with 0.4 mg/kg nicotine 

in the CS+ during pairings 4 and 5 compared to pairings 1 and 2 and when they were 

injected with 0 mg/kg nicotine in the CS−.  

Figure 4B represents the mean (±SEM) distance moved during the 30 min test of 

conditioned locomotion in the compartment previously paired with 0 (CS−) and 0.4 

mg/kg (CS+) nicotine. The ANOVA revealed a significant interaction between CS 

compartment and Time (F(2,94) = 10.12, P< 0.001), as well as significant main effects 

of CS compartment (F(1,94) = 30.86, P< 0.001) and Time (F(2,94) = 438.77, P< 0.001). 

Multiple comparisons further indicated that rats placed into the CS+ compartment were 

significantly more active than rats placed into the CS− compartment at 10 and 20 min.  
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2.7 Figure 5. Experiment 4. (A) Mean (±SEM) distance moved during pairings (1–5) of locomotion to 
compartments paired with injections of vehicle (in CS−; n= 48) and 0.4 (in CS+; n= 48) mg/kg nicotine 
after 30 min. The * denotes a significant difference compared to Vehicle CS−. The & denotes a significant 
difference compared to 0.4 mg/kg in CS+ nicotine pairing 5. (B) The mean (±SEM) distance moved during 
the 30 min test of conditioned locomotion in compartments previously paired with Vehicle (n= 48) (CS−) 
and 0.4 (n = 48) mg/kg (CS+) nicotine. The * denotes a significant difference compared to CS− distance 
moved. (C) The mean (±SEM) discrimination ratio calculated during the sample and choice phases of 
object recognition following exposure to a compartment previously paired with Vehicle (n= 12) (CS−) and 
0.4 (n= 12) mg/kg (CS+) nicotine post-sample. The * denotes a significant difference compared to CS− 
choice phase discrimination ratio. The # denotes a significant difference compared to sample 
discrimination ratio 

Figure 4C represents the mean (±SEM) discrimination ratio calculated during the 

sample and choice phases of OR following exposure to a compartment previously 

paired with 0 (CS−) and 0.4 mg/kg (CS+) nicotine post-sample. The ANOVA revealed a 

significant interaction between CS compartment and Phase (F(1,9) = 11.824, P= 0.007), 

as well as significant main effects of CS compartment (F(1,9) = 15.27, P= 0.004) and 

Phase (F(1,9) = 23.10, P< 0.001). Multiple comparisons further indicated that when rats 

were exposed to the CS+ compartment post-sample, their choice discrimination ratio 
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was significantly higher when compared to their sample discrimination ratio and CS− 

choice discrimination ratio. The analysis of total object exploration was nonsignificant for 

the sample and choice phases (data not shown). A final analysis ascertained whether 

choice DR following post-training confinement in the cocaine-paired compartment was 

related to total locomotion displayed during the confinement period, and the correlation 

was not statistically significant.  

When exposure to the CS compartments previously paired with 0 (CS−) and 0.4 

mg/kg (CS+) nicotine was delayed by 6 h the discrimination ratios in the sample and 

choice phases did not differ (Fig. 5D). 

 

2.7 Figure 6. Experiment 5. (A) The mean (±SEM) discrimination ratio produced during the sample and 
choice phases of object recognition in response to an injection of 0 (n = 12) and 20 (n= 12) mg/kg cocaine 
6 h post-sample. (B) The mean (±SEM) discrimination ratio produced during the sample and choice 
phases of object recognition in response to exposure to a compartment previously paired with 0 (n= 12) 
(CS−) and 20 mg/kg (n= 12) (CS+) cocaine 6 h post-sample. (C) The mean (±SEM) discrimination ratio 
produced during the sample and choice phase of object recognition in response to an injection of 0 (n= 
12) and 0.4 (n= 12) mg/kg nicotine 6 h post-sample. (D) The mean (±SEM) discrimination ratio produced 
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during the sample and choice phase of object recognition in response to exposure to a compartment 
previously paired with 0 (n= 12) (CS−) and 0.4 (n= 12) mg/kg (CS+) nicotine 6 h post-sample. There was 
no evidence of object recognition in any condition when the drug or CS+ exposure was delay by 6 h. 

 

2.4.5 Experiment 5 

During the test of conditioned place preference, rats significantly preferred the 

nicotine-paired chamber over the vehicle-paired chamber (Fig. 6). Figure 6A represents 

the mean (±SEM) distance moved in compartments paired (1–5) with injections of 

vehicle and 0.4 mg/kg nicotine. The ANOVA revealed significant interactions between 

Dose and Time (F(2,329) = 23.82, P< 0.001), Dose and Pairing (F(4,329) = 6.98, P= 

0.002); however, the interaction between Time and Pairing as well as Drug, Time, and 

Pairing were nonsignificant. The analysis also revealed significant main effects of Dose 

(F(1,329) = 57.62, P< 0.001) and Time (F(2,329) = 193.27, P< 0.001), but not Pairing. 

Multiple comparisons indicated that rats were significantly more active when injected 

with 0.4 mg/kg nicotine in the nicotine-paired chamber than when they were injected 

with vehicle in the vehicle-paired chamber.  

Figure 6B represents the mean (±SEM) time spent in the chambers paired with 

vehicle and nicotine (0.4 mg/kg). The ANOVA revealed a significant interaction between 

Chamber and Phase (F(1,43) = 15.57, P= 0.003), as well as a significant main effect of 

Chamber (F(1,43) = 7.03, P= 0.02), but not Phase. Multiple comparisons indicated that 

during habituation rats did not significantly prefer either chamber but spent significantly 

more time in the nicotine-paired chamber during the test of place preference. 
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2.7 Figure 7. (A) Mean (±SEM) distance moved during pairings (1–5) of locomotion to compartments 
paired with injections of vehicle (n= 11) and 0.4 (n= 11) mg/kg nicotine after 30 min. The * denotes a 
significant difference compared to 0 mg/kg in CS−. (B) The mean (±SEM) time spent in a vehicle-paired 
(n= 11) and 0.4 mg/kg nicotine-paired (n= 11) chamber during the habituation and test of conditioned 
place preference. The * denotes a significant difference compared to the vehicle-paired chamber.  

 

2.5 Discussion 

To test the hypothesis that incentive CSs enhance memory consolidation, this 

study compared the effects of post-training exposure to cocaine, nicotine, and 

contextual stimuli paired with the effects of these drugs on object memory in rats. Using 

the OR task, it was first demonstrated that both 10 and 20 mg/kg cocaine, and 0.2 and 

0.4 mg/kg nicotine, can enhance recognition memory when administered immediately, 

but not 6 h, after the sample phase of OR. To establish the drug contextual CSs, rats 

were confined for 2 h in a chamber (the CS+) after injections of 20 mg/kg cocaine, or 

0.4 mg/kg nicotine, and in another chamber (the CS−) after injections of vehicle. At the 
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end of conditioning, when tested in a drug-free state, animals displayed conditioned 

hyperactivity in the CS+ relative to the CS−. More important, immediate but not delayed 

exposure to the cocaine CS+, or to the nicotine CS+, enhanced recognition memory. 

Therefore, this study reports for the first time that contextual stimuli paired with drugs of 

abuse not only gain the ability to produce approach, but they also become capable of 

enhancing memory processes. 

Cocaine alters synaptic levels of dopamine, noradrenaline, and serotonin by 

blocking their transporters (Carrera et al., 2004). Nicotine activates nicotinic 

acetylcholine receptors throughout the brain (Deiana et al., 2011), also enhancing levels 

of monoamine neurotransmitters (Berrettini, 2008). Both drugs are abused (Carrera et 

al., 2004; Le Foll and Goldberg, 2006), and both should enhance memory consolidation 

when administered post-training, as predicted by the hypothesis of White and Milner 

(1992). This prediction has been tested extensively in several species using various 

memory tasks (Introini-Collison and McGaugh, 1989; Sansone et al., 1991; Puglisi-

Allegra et al., 1994; Ciamei et al., 2000, 2001; Sharifzadeh et al., 2005; Iñiguez et al., 

2012), and in general, the results are consistent with this prediction. Using the OR task, 

the current study sought to expand these findings to OR memory by immediate or 

delayed post-sample administration of cocaine (0, 5, 10, 20 mg/kg) and nicotine (0, 0.1, 

0.2, 0.4 mg/kg). As expected, both cocaine (Fig. 1) and nicotine (Fig. 3) produced dose-

dependent increases in recognition memory, replicating the findings of Rkieh et al. 

(2014) for cocaine and of Puma et al. (1999) for nicotine. Importantly, Experiment 5 

revealed no significant difference when the injections of 20 mg/kg cocaine (Fig. 5A) or 

0.4 mg/kg nicotine (Fig. 5C) were delayed by 6 h following the sample phase. This 
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strongly suggests that post-training administration of these drugs enhanced memory of 

the objects seen during the sample phase because of a selective action on 

consolidation rather than other memory processes such as encoding or retrieval 

(Roozendaal and McGaugh, 2011). 

Demonstrating that both post-sample cocaine and nicotine effectively enhanced 

OR memory was essential to test whether contextual stimuli paired with these drugs 

could also modify memory consolidation in the same task. Hence, using a place 

conditioning protocol, rats received 20 mg/kg cocaine (Experiment 2), 0.4 mg/kg 

nicotine (Experiment 4), or their vehicle, prior to confinement to two distinct conditioning 

chambers (the CS+ and the CS−), respectively. During these pairings, the typical 

stimulation of motor activity was observed (Figs. 2A, 4A, and 6A). Importantly, when 

locomotion was tested in a drug-free state, animals conditioned with cocaine or nicotine 

moved significantly more in the CS+ than in the CS− (Figs. 2B and 4B), clearly 

indicating that the CS+ had acquired the ability to produce an observable conditioned 

response on motor behavior (Johnson et al., 2012). More important, using this within-

subjects design, it was found that post-sample exposure to the cocaine (Fig. 2C) or to 

the nicotine (Fig. 4C) CS+ significantly enhanced object memory in comparison to when 

animals were exposed to the CS−. 

This primary finding most likely reflects an enhancement of consolidation by 

exposure to the CS+, rather than an inhibition caused by exposure to the CS−, as the 

72 h version of OR used in this study can only reveal memory facilitation. Furthermore, 

it is interesting to note that total locomotion displayed by drug-free animals in the CS+ 

compartment was not correlated to the effect of post-training exposure to this CS+ on 
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object memory, possibly suggesting that the two conditioned responses are dissociable. 

In addition, Experiment 5 with nicotine, and previous place conditioning studies with 

cocaine (see Introduction), demonstrated that a contextual CS+ established using the 

same protocol and the same apparatus, also acquires the ability to elicit conditioned 

approach (Fig. 6B). Unfortunately, place preference precludes an investigation of the 

correlation between conditioned approach and memory modulation because the test of 

preference involves a choice between the simultaneous presentation of the CS+ and the 

CS−. Hence, other conditioning preparations are needed to explicitly explore the 

relationship between conditioned locomotion, conditioned approach, and conditioned 

memory modulation in the same animals (Ettengerg, 2009; Saunders et al., 2018). 

The secondary finding of this study is that OR was no longer facilitated when 

exposure to the cocaine CS+ (Fig. 5B) or nicotine CS+ (Fig. 5D) was delayed by 6 h 

following the sample phase. These results are essential to the interpretation of the data 

for three reasons. First, they rule out the possibility that OR was facilitated by some 

drug-induced nonspecific effects on perceptual, cognitive, or motor functions resulting 

from repeated administration during the conditioning period. Second, they rule out 

possible nonspecific effects of exposure to the CS+ on general perceptual, cognitive, or 

motor functioning. Last, the findings exclude possible nonspecific effects linked to 

arousal or stress caused by confinement in the conditioning compartments. 

The parallel findings with cocaine and nicotine suggest that these drugs may 

modulate memory consolidation by activating overlapping neurochemical systems. One 

of these systems may be the basolateral amygdala (Roozendaal et al., 1999, 2006; 

McGaugh and Roozendaal, 2002; Stern and Alberini, 2013), as it is known that its 
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ablation blocks memory enhancement produced by systemic cocaine (Cestari et al., 

1996) and that bilateral intra-amygdala infusions of nicotine enhance memory (Barros et 

al., 2005). It should be acknowledged there is also evidence that that the amygdala is 

may not always modulate memory modulation by drugs of abuse as McDonald et al. 

(2007) found that its ablation does not alter memory enhancement by post-training D-

amphetamine. There is also evidence that the mesolimbic dopamine system may be 

involved. For example, the ventral tegmental area is a primary source of dopamine 

afferents to the basolateral amygdala, hippocampus, and prefrontal cortex (Beninger, 

1983; Schultz et al., 1997; Wassum and Izquierdo, 2015), all areas involved in memory 

formation (White and McDonald, 2002; Paré, 2003; Browning et al., 2005); systemic and 

central modulation of dopamine activity modulates consolidation of fear memory 

(Castellano et al., 1991; Rossato et al., 2009; de Lima et al., 2011), as well as 

consolidation of OR memory (Rossato et al., 2013),  and intraventral tegmental 

infusions of nicotine enhance consolidation of fear memory (Lima et al. 2013). Central 

cholinergic systems could also play a role (Vnek et al., 1996) as injections of both 

cocaine and nicotine increase cholinergic activity in the hippocampus (Mitchell et al., 

1989; Toide and Arima, 1989; Brazell et al., 1991; Imperato et al., 1993), and 

intrahippocampal infusions of nicotine enhance memory (Sharifzadeh et al., 2005). 

The interesting possibility raised by the current results is that pathways of 

memory enhancement shared by acute cocaine and nicotine may also be involved in 

memory enhancement induced by exposure to their CS. In support of this hypothesis, 

there is evidence that the basolateral amygdala is required for the facilitation of memory 

consolidation induced by conditioned emotional stimuli (Holahan and White, 2002, 
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2004; Goode et al., 2016). Moreover, this region has efferent projections to the 

perirhinal cortex (Pikkarainen and Pitkänen, 2001), which is required for OR memory 

(Winters et al., 2004). Mesolimbic dopamine may also play a role as it modulates 

conditioned responses to Pavlovian stimuli (Parkinson et al., 2002; Darvas et al., 2014), 

provides a functional reward signal that drives conditioning (Kim et al., 2012), and 

modulation of dopamine receptors in the perirhinal cortex significantly influences long-

term object memory (Balderas et al., 2013). Finally, cholinergic mechanisms mediate 

conditioned reinforcement elicited by both drug and natural reward-associated stimuli 

(Löf et al., 2007; Wickham et al., 2015) and activation of nicotinic receptors in the 

perirhinal cortex facilitate object memory (Melichercik et al., 2012). 

In conclusion, consistent with the memory consolidation hypothesis of drugs of 

abuse (White, 1996), the present results suggest that contextual stimuli paired with the 

effects of cocaine and nicotine enhance memory consolidation. These data in rats 

identify a psychological function of cocaine- and nicotine-associated stimuli that is likely 

to impact the development and maintenance of addictive behaviors. 
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heroin and heroin-conditioned stimuli: role of opioid and 

noradrenergic systems 
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3.1 Abstract 

There is recent evidence that cocaine, nicotine, and their conditioned stimuli 

have the ability to enhance memory consolidation tested in object recognition. The 

present study compared the effects of post-training heroin and of a heroin contextual 

conditioned stimulus (CS+) on object recognition memory and investigated the roles of 

opioid and beta-adrenergic receptors in heroin/CS+ memory modulation by co-

administering the respective antagonists, naltrexone (NTX) and propranolol (PRO). 

Three experiments were performed in male Sprague-Dawley rats demonstrating that 

immediate, but not delayed, post-sample exposure to heroin (0.3, 1 mg/kg), or exposure 

(30 min) to a contextual CS+ paired with 1 mg/kg heroin (5 pairings, each 120 min), 

equally enhanced object memory. Importantly, while the memory enhancing effects of 1 

mg/kg heroin and of the contextual CS+ were not altered by post-training co-

administration of 3 mg/kg naltrexone, they were blocked by post-training co-

administration of 10 mg/kg propranolol. Taken together, these data suggest that a 

context paired with heroin shares the memory enhancing effect of heroin itself and that 

these unconditioned and conditioned drug stimuli may modulate memory through the 

activation of beta-noradrenergic receptors.  
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3.2 Introduction 

Drugs of abuse have powerful effects on behavior in part because they enhance 

the consolidation of neural representations of learned events (White and Milner, 1992; 

McGaugh, 2000). Hence, drugs such as cocaine, nicotine, amphetamine, morphine, 

heroin, and alcohol, when administered post-training during the period of memory 

consolidation, generally enhance performance of various learning tasks, in various 

species (Introini-Collison and McGaugh, 1989; Saha et al., 1990; Puma et al., 1999; 

Simon and Setlow, 2006; Eddins et al., 2009; Iñiguez et al., 2012; Leri et al., 2013; 

Rkieh et al., 2014; Weafer et al., 2017; Wolter et al., 2019). 

It is well known that neutral stimuli paired with the effects of addictive substances 

can acquire “conditioned” properties and, consequently, influence behavior. For 

example, environmental stimuli paired with the acute effects of these drugs consistently 

elicit approach (i.e., conditioned place preference; for review see Tzschentke, 1998), 

enhance operant responding maintained by incentive stimuli (Di Ciano et al., 2003), 

alter locomotion activity (i.e., conditioned locomotion; for review see Barr et al. (1983) 

and Damianopoulos and Carey (1994)), and stimulate physiological responses such as 

heart rate and respiratory rate (Bloch et al., 1973; Fitzgerald et al., 1984; Blanco et al., 

2012).  More importantly, accumulating experimental evidence suggests that 

conditioned stimuli paired with drugs of abuse can also affect memory consolidation. 

For example, Wolter et al. (2019) found that post-training exposure to a context paired 

with cocaine or nicotine enhanced memory in the object recognition (OR) task. 

The experiments in this manuscript were designed to explore the effects of 

opioids on memory consolidation because, while these compounds are clearly 
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reinforcing in people (Mello et al., 1981; Degenhardt et al., 2014) and animals (Kuntz et 

al., 2008), and opioid-paired stimuli elicit approach conditioned responses (i.e., 

conditioned place preference; (Tzschentke, 1998; Sticht et al., 2010), the acute effects 

of agonists (Castellano and Oliverio, 1975; White and Major, 1978; Mondadori and 

Waser, 1979; Castellano, 1980; Stäubli and Huston, 1980; Introini et al., 1985; 

Castellano et al., 1994; Cloke et al., 2014) and antagonists (Fulginiti and Cancela, 1983; 

Introini et al., 1985; Introini-Collison and Baratti, 1986; Introini-Collison and McGaugh, 

1989) on memory consolidation have been more mixed, and the question of whether 

opioid-conditioned stimuli impact memory consolidation has never been explored. 

Hence, three experiments were carried out using the object recognition memory 

task, which has been found sensitive to modulation by cocaine, nicotine, and their 

conditioned stimuli (Wolter et al., 2019). The first was designed to compare the effects 

of heroin and of a contextual heroin conditioned stimulus (CS+). Experiment 2 

established whether naltrexone (NTX), a non-selective opioid receptor antagonist 

(Beatty, 1983) could alter the memory effects of post-training exposure to heroin or to 

the contextual CS+ paired with heroin. Because this experiment generated puzzling 

findings, a hot-plate test was employed to verify the pharmacological competition 

between NTX and heroin on analgesia. Finally, Experiment 3 investigated whether the 

effects of heroin or of the contextual heroin CS+ could be modified by administration of 

propranolol (PRO) a beta-noradrenergic antagonist that has been found to block the 

memory enhancing effects of various manipulations (Cahill et al., 1994; Lee and Ma, 

1995; Schneider et al., 2011; Goode et al., 2016; Goodman and Packard, 2016). An 

effect of PRO was anticipated because this noradrenergic antagonist has been found to 
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modulate the effects of opioid agonists and antagonists on consolidation of memory 

tested by inhibitory avoidance, Y-maze discrimination and Y-maze spatial recognition 

(Introini-Collison and Baratti, 1986; Introini-Collison et al., 1989; Zhang et al., 2008). 

3.3 Materials and Methods 

3.3.1 Subjects 

 A total of 124 male Sprague-Dawley rats (Charles River, Quebec, Canada), 

weighing between 225-250 g at the beginning of the experiments were individually 

housed in standard rat cages (polycarbonate; 50.5 x 48.5 x 20 cm) with standard 

bedding and environmental enrichment, and were maintained on a reverse light-dark 

schedule (lights off at 07:00; on at 19:00). All testing and injections were performed 

during their dark period. The rats had access to 25 g per day of standard rat chow, and 

water was available ad libitum in home cages. All procedures adhered to the guidelines 

of the Canadian Council on Animal Care and were approved by the University of Guelph 

Animal Care Committee.  

3.3.2 Apparatus 

3.3.3 Conditioning chambers 

 The chambers (30 cm x 40 cm x 26 cm) used for contextual conditioning were 

made of semi-transparent Plexiglass (University of Guelph, ON, Canada), differed in 

visual (half of the chambers had vertical black and white stripes and the other half had a 

checkered pattern) and tactual (half of the chambers included a ceramic tile on the floor) 

cues, and were covered by black wire mesh to enable automatic video tracking 

(EthoVision v11.5, Noldus, The Netherlands).  
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3.3.4 Spontaneous Object Recognition Task 

This memory task is based on the natural tendency of rats to explore novel 

objects (Ennaceur and Meliani, 1992; Winters et al., 2004) and was selected because of 

our previous demonstration that OR 72 h after learning is improved by post-sample 

cocaine, nicotine or exposure to cocaine- or nicotine-contextual CSs (Wolter et al., 

2019). The Y-apparatus was used for OR has been described previously by Winters et 

al. (2004). The objects used were of varying sizes, tactile qualities, visual qualities, 

shape, and height. On each object recognition trial, the rats experienced a new set of 

never-before-seen objects.  

3.3.5 Hot plate latency  

Analgesia was assessed using a hot plate apparatus (Model LE7406; LSI Letica. 

Spain, Barcelona). The heated surface (22 X 22 cm) was maintained at 50 ± 2.1 °C 

(Leri et al., 2007). The rats placed onto the apparatus were removed after they had 

licked one hind paw or 60 s of session time had elapsed (Carter, 1991).  

3.3.6 Procedures  

Experiment 1  

A group of rats (n = 28) was used to assess the effect of acute post-sample 

injections of 0, 0.3, or 1 mg/kg heroin on OR memory. These rats were habituated to the 

empty Y-apparatus for 5 min on two consecutive days before the beginning of testing. 

The test trials began 24 h after the second habituation session. Each trial consisted of 

two phases: a sample phase and a choice phase, separated by a 72-h retention 

interval. This retention interval was chosen as a “suboptimal” condition in which drug-

naïve rats do not typically express memory (Melichercik et al., 2012; Rkieh et al., 2014; 
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Wolter et al., 2019). Rats were always exposed to new, never-before-seen objects for 

each new trial. 

 During the sample phase, two identical novel objects were placed into the Y-

apparatus at the end of each exploration arm. Each rat was placed in the start box, and 

the guillotine door was opened. Rats were allotted a maximum of 180 s to explore 

objects or were removed if 25 s of total object exploration was achieved, whichever 

came first. Object exploration was defined as directing the nose to the object at <2 cm 

and/or touching the object with the nose. The rats were injected immediately after the 

conclusion of the sample phase with vehicle or heroin (0.3 or 1 mg/kg). All animals were 

tested at each dose of heroin and the order of heroin doses was counterbalanced using 

a Latin Square Design. Following the 72-h retention interval, rats experienced the 

choice phase, for which the Y-apparatus contained a copy of the original sample object 

in one arm and a novel object in the other. The choice phase lasted 2 min, and the time 

spent exploring the novel and familiar objects was recorded. Different object pairs were 

used for each trial, and the order of exposure to object pairs, as well as the designated 

sample and novel objects for each trial were counterbalanced. Another group of 12 rats 

received vehicle or 1 mg/kg heroin 6-h following the conclusion of the sample phase to 

evaluate the time-dependency of any observed memory effect. 

 A separate group of 12 animals was used to assess the effects of post-sample 

exposure to a 1 mg/kg heroin conditioned context on OR memory. All rats were 

habituated to each of the chambers for 30 min, 24 h prior to the beginning of 

conditioning (0 mg/kg heroin in CS− and 1 mg/kg heroin in CS+). At the beginning of 

conditioning, rats received either 0 mg/kg heroin or 1 mg/kg heroin and were 
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immediately placed in the CS− or CS+ chamber for 2 h, respectively. The chambers of 

the apparatus used as CS− and CS+ were counterbalanced across rats. All animals 

received a total of 5 conditioning sessions with the CS− and 5 with the CS+, alternating 

over 10 successive days. Conditioned locomotion was assessed on two separate tests. 

The first test occurred the day after the last conditioning session and half of the animals 

were placed in the CS− and the other half were placed into the CS+. The second test 

occurred 72 h later and the same animals were tested in the alternate chamber. The 

rats were habituated to the Y-apparatus on Days 9 and 10 of conditioning and were 

exposed to the sample phase prior to the first test of conditioned locomotion on Day 11. 

Therefore, 6 of these subjects were exposed to the CS− immediately following exposure 

to the two objects, and the other 6 were exposed to the CS+ immediately following 

exposure to the two objects. The choice phase of OR occurred 72 h later (Day 14). On 

Day 15, the same animals experienced another sample phase of OR with different 

objects, and right after they were confined to the alternative conditioning chamber (CS− 

or CS+). The final test of OR occurred 72 h later (Day 18). Finally, this experiment also 

included a separate group of 12 rats that were tested as described above, but exposure 

to the CS− and CS+ was delayed by 6 h following the two sample phases. 

Experiment 2  

A group of rats (n = 12) was used to assess the effects of immediate post-training 

injections of 1 mg/kg heroin as well as co-administration of 1 mg/kg heroin and 3 mg/kg 

NTX on object recognition memory. The procedure used for this experiment was 

identical to that of experiment 1. A separate experiment was also conducted with the 

same group of rats tested the same as above, but only receiving injections of 1 or 3 
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mg/kg NTX post-training. Finally, this group of animals was also evaluated for heroin 

analgesia by testing their hind-paw lick latency on a hot-plate using the same drugs and 

doses as above. Rats were pre-treated (within group) with 0 mg/kg heroin, 1 mg/kg 

heroin or 1 mg/kg heroin & 3 mg/kg NTX. The rats placed onto the testing apparatus 

were removed after they licked one of their hind-paws or a maximum of 60 s had 

elapsed. 

A separate group of 12 rats was used to assess the effects of 3 mg/kg NTX on 

post-training exposure to compartments previously paired with 0 mg/kg heroin (the CS-) 

and compartments previously paired with 1 mg/kg heroin (the CS+). The procedures 

employed during conditioning and post-training exposure to the CS- and CS+ were 

identical to experiment 1, the only difference being that rats were also tested with 

injections of 3 mg/kg NTX in the CS- and CS+ post-training.  

Experiment 3 

A group of rats (n = 12) was used to assess the effects of post-training co-

administration of 1 mg/kg heroin and 10 mg/kg PRO on OR. The procedures and testing 

parameters were the same as experiment 1 and 2; however, now rats were co-

administered with 1 mg/kg heroin and 10 mg/kg PRO post-training. A separate group of 

animals (n = 12) were also evaluated using the same testing procedures as above but 

were injected with 5 or 10 mg/kg PRO post-training and assessed following a 24 h 

retention interval. A 24 h retention interval has been established as a sufficiently short 

interval at which normal rats should perform OR successfully when tested in a Y-

apparatus (Winters et al., 2004, 2008). A separate group of rats (n = 12) were used to 

assess the effects of 10 mg/kg PRO on post-training exposure to compartments 
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previously paired with 0 mg/kg heroin (the CS-) and 1 mg/kg H (the CS+). The 

procedures and testing parameters were the same as experiment 1 and 2, but the rats 

were injected with 0 mg/kg PRO or 10 mg/kg PRO prior to confinement in the CS- and 

CS+ post-training.  

3.3.7 Drugs 

 Heroin (Diacetylmorphine hydrochloride, Almat Pharmachem, Concord, ON), 

naltrexone hydrochloride (Sigma Aldrich) and propranolol hydrochloride (Sigma Aldrich) 

were dissolved in 0.9% physiological saline and injected subcutaneously at a volume of 

1.0 ml/kg. Vehicle (0.9% physiological saline) was injected at the same volume 

subcutaneously. The range of heroin doses utilized was selected on the basis of 

previous place conditioning and memory consolidation studies. Hence, both 0.3 (Leri & 

Rizos, 2005; Sticht, Mitsubata, Tucci, & Leri, 2009) and 1 mg/kg heroin (Leri & Rizos, 

2005; Levy, Choleris, & Leri, 2009) reliably produce a conditioned place preference, and 

post-training administration of heroin enhanced acquisition of tasks involving fear 

conditioning, maze learning, and social learning (Levy et al., 2009; Leri et al., 2013). 

The range of doses of naltrexone utilized were selected on the basis of previous place 

conditioning and memory consolidation studies (Introini et al., 1985; Introini-Collison and 

Baratti, 1986; Introini-Collison et al., 1989; Leri et al., 2003). The range of doses of 

propranolol were selected on the basis of previous memory consolidation studies (Cahill 

et al., 1994; Lee and Ma, 1995; McGaugh, 2004). 

3.3.8 Data Analysis 
 

Two-way repeated measures analyses of variance (ANOVA) were performed 

using SigmaPlot (v.12.5, Systat Software Inc). Significant main effects and/or 
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interactions were further analyzed by Student Newman-Keuls post-hoc analysis. The 

significant alpha level for all analyses was set at 0.05. The values of nonsignificant 

analyses are not reported. Analyses of the OR task required the calculation of a 

discrimination ratio (DR) to standardize for differences in individual total exploration 

times between the rats. A DR is a ratio of object preference, where a score of 0 means 

the rat shows no preference between the two objects, a positive score indicates 

preference of the novel object, and a negative score indicates preference for the familiar 

object. Exploration data were taken from the first minute of the choice phase to 

calculate the choice discrimination ratio [1 minute novel object exploration – 1 minute 

familiar object exploration / 1 minute novel object exploration + 1 minute familiar object 

exploration], as previous research indicates that novelty preference is most robust 

during the first minute of the choice phase (Dix and Aggleton, 1999). The sample DR 

was calculated using an if/then scenario: (If “novel side is left” (left arm exploration – 

right arm exploration) / (total object exploration) If “novel side is right” (right arm 

exploration – left arm exploration) / (total object exploration)). A minimum exploration 

time was not employed in these calculations. 

3.4 Results 

3.4.1 Experiment 1 

Immediate post-sample heroin (0.3, 1 mg/kg) enhanced OR choice DRs (Fig. 

1A). The ANOVA revealed a significant interaction between Dose and Phase [F(2, 46) = 

4.62, P < 0.05], as well as significant main effects of Dose [F(2, 46) = 4.29, P < 0.05] 

and Phase [F(1, 46) = 29.13, P < 0.01].  Multiple comparisons further indicated that 

post-sample 0.3 and 1 mg/kg heroin significantly increased the choice discrimination 
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ratio compared to the sample discrimination ratio, as well as to the 0 mg/kg heroin 

choice discrimination ratio. When injections of 1 mg/kg heroin were delayed by 6 h, the 

choice discrimination ratio was not significantly altered (“del” - Table 1). The analyses of 

total object exploration for the sample and choice phases were not significant (data not 

shown).  
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3.7 Figure 1. (A): Mean (±SEM) discrimination ratios from sample and choice phases by the same rats (n 
= 28) following post-sample injections of 0, 0.3, and 1 mg/kg heroin. The * denotes a significant difference 
compared to 0 mg/kg heroin choice phase discrimination ratio. The # denotes a significant difference 
compared to sample discrimination ratio within dose. (B):  Mean (SEM) distance moved by the same rats 
(n = 12) in compartments paired with injections of 0 mg/kg heroin (CS-) and 1 mg/kg heroin (CS+) during 
the first and last set of pairings. The * denotes a significant difference between compartments.  (C): 
Mean (SEM) total distance moved in 30 min of confinement to the CS- and CS+, and the * denotes a 
significant difference between compartments. (D):  Mean (±SEM) discrimination ratios during sample and 
choice phases of OR displayed by the same rats (n = 12) following confinement to CS- and the CS+. The 
* denotes a significant difference compared to the CS- choice phase DR. The # denotes a significant 
difference compared to the sample phase DR.  

 

Injections of 1 mg/kg heroin during conditioning had a bi-phasic effect on 

locomotion. Fig. 1B represents mean (SEM) distance moved by the same rats during 

the first CS- & 0 mg/kg heroin and CS+ & 1 mg/kg heroin pairings. In pairing 1, the 

ANOVA revealed a significant interaction between Dose and Time [F(11, 121) = 14.66, 

P < 0.01], as well as a significant main effect of Time [F(11, 407) = 5.92, P < 0.01]. 

Post-hoc analysis further indicated that, after receiving 1 mg/kg heroin, the animals 

moved significantly less during the initial 0-30 min and significantly more during the 

remaining 70-110 min of the session. In pairing 5, the ANOVA revealed a significant 

interaction between Dose and Time [F(11, 121) = 4.57, P < 0.01], as well as a 

significant main effect of Time [F(11, 121) = 4.33, P < 0.01] and Dose [F(1, 121) = 

15.01, P < 0.01]. Post-hoc analysis further indicated that, after receiving 1 mg/kg heroin, 

the animals moved significantly more during the remaining 40-120 min of the session. 

Hyperactivity was observed in the CS+ compartment previously paired with 1 

mg/kg heroin. Fig. 1C represents mean (SEM) total distance moved by the same rats 

confined to the CS- and the CS+ compartments. The analysis of total distance moved 

was significant [F(1,11) = 9.23, P < 0.05], and the post-hoc analysis indicated that the 
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same rats confined in the CS+ moved significantly more than when they were confined 

in the CS-. 

Immediate post-sample confinement into the CS+ previously paired with heroin 

enhanced OR choice DRs. Fig. 1D represents mean (±SEM) discrimination ratios during 

the sample and choice phases of OR following exposure in the same animals confined 

post-sample to the CS- and the CS+. The ANOVA revealed a significant interaction 

between Compartment and Phase [F(1, 11) = 9.04, p < 0.05], as well as a significant 

main effect of Phase [F(1, 11) = 31.64, p < 0.01]. Multiple comparisons further indicated 

that immediate post-training confinement into the CS+ significantly enhanced the choice 

discrimination ratio in comparison to when the same animals were confined into the CS- 

post-training. When exposure to the CS+ was delayed by 6-h, the choice discrimination 

ratio was not significantly altered (“del” - Table 1). The analysis of total object 

exploration was not significant (data not shown).  

3.7 Table 1. Mean (±SEM) discrimination ratio (EXP. 1, 2, 3) 

EXP 1. Mean (±SEM) discrimination ratios from sample and choice phases by rats exposed to 0 and 1 

mg/kg heroin (n = 12; within subject design), or exposure to the CS- or CS+ (n = 12; within subject 

design), 6 hr after the sample phase (“del”) and tested following a 72 h retention interval. EXP 2. 

Mean (±SEM) discrimination ratios from sample and choice phases of object recognition by the same rats 

(n = 12) following injections of 0, 1 and 3 mg/kg naltrexone following the sample phase and tested 

following a 72 h retention interval. EXP 3. Mean (±SEM) discrimination ratios from sample and choice 

phases of object recognition by the same rats (n = 12) following injections of 5 and 10 mg/kg propranolol 

immediately post-sample and tested following a 24 h retention interval. 
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3.4.2 Experiment 2 

Naltrexone (3 mg/kg) did not alter the effects of 1 mg/kg heroin on choice DRs 

when co-administered post-training. Fig. 2A represents the mean (±SEM) discrimination 

ratio calculated during the sample and choice phases of OR following immediate post-

sample injections of 0 mg/kg heroin, 1 mg/kg heroin or 1 mg/kg heroin and 3 mg/kg 

NTX. The ANOVA revealed a significant main effect of Drug [F(2,22) = 11.33, P < 0.01] 

and Phase [F(1,22) = 8.71, P < 0.05]. Multiple comparisons indicated that when rats 

were injected with 1 mg/kg heroin or co-administered 1 mg/kg heroin and 3 mg/kg NTX 

post-sample, their choice discrimination was significantly higher compared to their 

sample discrimination ratio. Immediate post-training injections of NTX (0, 1 or 3 mg/kg) 

did not significantly alter choice discrimination ratios (Table 1). The analyses of total 

object exploration for the sample and choice phases were not significant (data not 

shown). 

The absence of a modulatory effect by 3 mg/kg NTX on 1 mg/kg heroin choice 

DRs was followed up by a test, using the same drugs and doses, of hot plate latency 

using the same animals. When the rats received 0 mg/kg heroin, the latency to lick the 

hind-paws was: [M = 18.86 s (SEM = 2.63 s)]. When the rats were pre-treated with 

heroin, the latency was [M = 52.11 s (SEM = 2.73 s)].  And, when the rats received 1 

mg/kg heroin & 3 mg/kg NTX, the latency was [M = 16.35 s (SEM = 2.57 s)]. The 

analysis of variance was significant [F(2, 22) = 111.95, P < 0.01] and multiple 

comparisons revealed that when the rats were pre-treated with 1 mg/kg heroin they took 

significantly longer to lick their hind-paws on the hot plate than when the same rats were 

pre-treated with 0 mg/kg heroin or 1 mg/kg heroin & 3 mg/kg NTX.  
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Injections of 1 mg/kg heroin during conditioning had a bi-phasic effect on 

locomotion. Fig. 2B represents mean (SEM) distance moved by the same rats during 

the first CS- & 0 mg/kg heroin and CS+ & 1 mg/kg heroin pairings. In pairing 1, the 

ANOVA revealed a significant interaction between Dose and Time [F(11, 121) = 7.53, P 

< 0.01], as well as a significant main effect of Time [F(11, 121) = 13.16, P < 0.01]. The 

post-hoc analysis further indicated that, after receiving 1 mg/kg heroin, the animals 

moved significantly more during the remaining 80-120 min of the session. In pairing 5, 

the ANOVA revealed a significant interaction between Dose and Time [F(11, 121) = 

4.45, P < 0.01], as well as a significant main effect of Time [F(11, 121) = 10.84, P < 

0.01] and Dose [F(1, 121) = 9.88, P < 0.01]. The post-hoc analysis further indicated 

that, after receiving 1 mg/kg heroin, the animals moved significantly more during the 

remaining 60-110 min of the session.   

NTX (3 mg/kg) blocked hyperactivity in the CS+ previously paired with 1 mg/kg 

heroin. Figure 2C represents mean (SEM) total distance moved by the same rats 

confined to the CS- and the CS+ compartments. The ANOVA revealed a significant 

interaction between CS and Dose [F(1, 11) = 5.40, P < 0.05], as well as a significant 

main effect of CS [F(1, 11) = 9.88, P < 0.01]. Multiple comparisons further indicated that 

rats only moved significantly more when injected with 0 mg/kg heroin prior to 

confinement into the CS+ compared injections of 0 mg/kg heroin prior to confinement 

into the CS-.  
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3.7 Figure 2. (A): Mean (±SEM) discrimination ratios from sample and choice phases by the same rats 

(n = 12) following post-sample injections of 0 mg/kg heroin, 1 mg/kg heroin or co-administration of 1 
mg/kg heroin and 3 mg/kg NTX. The * denotes a significant difference compared to 0 mg/kg heroin choice 
phase discrimination ratio. The # denotes a significant difference compared to sample discrimination ratio 
within dose. (B):  Mean (SEM) distance moved by the same rats (n = 12) in compartments paired with 
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injections of 0 mg/kg heroin (CS-) and 1 mg/kg heroin (CS+) during the first and last set of pairings. (C): 
Mean (SEM) total distance moved in 30 min of confinement into the CS- and CS+ of rats pre-treated with 
either 0 mg/kg NTX or 3 mg/kg NTX. The * denotes a significant difference between compartments. (D):  
Mean (±SEM) discrimination ratios during sample and choice phases of OR displayed by the same rats (n 
= 12) following injections of 0 mg/kg NTX or 3 mg/kg NTX prior to confinement into CS- and the CS+. The 
* denotes a significant difference compared to CS- choice phase discrimination. The # denotes a 
significant difference compared to the sample phase DR.  

NTX (3 mg/kg) did not alter the CS+ choice DRs. Fig. 2D represents mean 

(±SEM) discrimination ratio produced during the sample and choice phase of OR 

following exposure to CS compartments previously paired with 0 mg/kg (CS-) and 1 

mg/kg heroin (CS+) and injections of 3 mg/kg NTX (in the CS- or CS+) post-sample. 

The ANOVA revealed a significant interaction between Group and Phase [F(3,33) = 

6.89, P = <0.01], as well as significant main effects of Group [F(3,33) = 5.54, P < 0.01] 

and Phase [F(1,33) = 20.71, P <0.01]. Multiple comparisons further indicated that when 

rats were injected with 0 or 3 mg/kg NTX prior to confinement into the CS+, their choice 

discrimination ratio was significantly higher when compared to their sample 

discrimination ratio and compared to when the same rats were exposed into the CS- 

post-training. The analysis of total object exploration was non-significant (data not 

shown). 

3.4.3 Experiment 3 

Propranolol (10 mg/kg) blocked the effects of 1 mg/kg heroin on OR choice DRs. 

Fig. 3A represents the mean (±SEM) discrimination ratio calculated during the sample 

and choice phases of OR following immediate post-sample injections of heroin (0 or 1 

mg/kg) or co-administration of 1 mg/kg heroin and 10 mg/kg PRO. The ANOVA 

revealed a significant interaction between Drug and Phase [F(2,22) = 3.58, P <0.05] and 

a significant main effect of Drug [F(2,22) = 8.09, P =<0.01]. Multiple comparisons of 

marginal means indicated that the discrimination ratio was only significantly higher in 
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the choice phase when rats were injected with 1 mg/kg heroin post-sample. The choice 

discrimination ratio was significantly higher than the sample discrimination ratios when 

rats were injected with 5 or 10 mg/kg PRO post-training and evaluated using a 24-h 

retention interval (Table 1).  

Injections of 1 mg/kg heroin during conditioning had a bi-phasic effect on 

locomotion. Fig. 2B represents mean (SEM) distance moved by the same rats during 

the first CS- & 0 mg/kg heroin and CS+ & 1 mg/kg heroin pairings. In pairing 1, the 

ANOVA revealed a significant interaction between Dose and Time [F(11, 121) = 7.53, P 

< 0.01], as well as a significant main effect of Time [F(11, 121) = 13.16, P < 0.01]. The 

post-hoc analysis further indicated that, after receiving 1 mg/kg heroin, the animals 

moved significantly less in the first 20 min and significantly more during the remaining 

70-120 min of the session. In pairing 5, the ANOVA revealed a significant interaction 

between Dose and Time [F(11, 121) = 9.91, P < 0.01], as well as a significant main 

effect of Time [F(11, 121) = 3.80, P < 0.01] and Dose [F(1, 121) = 5.22, P < 0.05]. The 

post-hoc analysis further indicated that, after receiving 1 mg/kg heroin, the animals 

moved significantly less in the first 10 min and significantly more during the remaining 

50-110 min of the session. 

Propranolol (10 mg/kg) blocked hyperactivity in the CS+ previously paired with 1 

mg/kg heroin. Fig. 3C represents mean (SEM) total distance moved by the same rats 

confined to the CS- and the CS+ compartments. The ANOVA revealed a significant 

interaction between CS and Dose [F(1, 11) = 5.70, P < 0.05], as well as a significant 

main effect of CS [F(1, 11) = 15.91, P < 0.01].  
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Finally, propranolol (10 mg/kg) blocked the effects of the CS+ previously paired 

with 1 mg/kg heroin on OR choice DRs. Fig. 2D represents mean (±SEM) discrimination 

ratio produced during the sample and choice phase of OR following post-training 

injections of 0 mg/kg PRO or 10 mg/kg PRO prior to confinement into CS compartments 

previously paired with 0 (CS-) and 1 mg/kg heroin (CS+). The ANOVA revealed a 

significant interaction between Drug and CS [F(1,11) = 5.65, P = < 0.05], as well as a 

significant main effect of Drug [F(1,11) = 9.49, P < 0.05]. Multiple comparisons further 

indicated that the choice discrimination ratio was only significantly higher when animals 

were injected with 0 mg/kg heroin prior to confinement into the CS+. The analysis of 

total object exploration was non-significant (data not shown).  



 
 

79 
 

 

3.7 Figure 3. (A): Mean (±SEM) discrimination ratios from sample and choice phases by the same rats (n 
= 12) following post-sample injections of 0 mg/kg heroin, 1 mg/kg heroin or 1 mg/kg heroin & 10 mg/kg 
PRO. The * denotes a significant difference compared to 0 mg/kg heroin choice phase discrimination 
ratio. The # denotes a significant difference compared to sample discrimination ratio within dose. (B):  
Mean (SEM) distance moved by the same rats (n = 12) in compartments paired with injections of 0 mg/kg 
heroin (CS-) and 1 mg/kg heroin (CS+) during the first and last set of pairings. (C): Mean (SEM) total 
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distance moved following 30 min of confinement into the CS- and CS+ of rats pre-treated with either 0 
mg/kg PRO or 10 mg/kg PRO. The * denotes a significant difference between compartments. (D):  
Mean (±SEM) discrimination ratios during sample and choice phases of OR displayed by the same rats (n 
= 12) following injections of 0 mg/kg PRO or 10 mg/kg PRO prior to confinement into CS- and the CS+. 
The # denotes a significant difference compared to the sample phase DR. 

3.5 Discussion 

Cocaine, nicotine, and their conditioned stimuli (Wolter et al., 2019) have the 

ability to enhance memory consolidation and consequently improve learning of some 

tasks. The present study compared the effects of post-training heroin and a heroin 

contextual conditioned stimulus (CS+) on object recognition memory and investigated 

the roles of opioid and beta-adrenergic receptors in heroin/CS+ memory modulation by 

co-administering the respective antagonist’s naltrexone (NTX) and propranolol (PRO). It 

was found that immediate, but not delayed post-sample exposure to heroin, and to the 

heroin CS+ enhanced object memory. Interestingly, these effects were not altered by 

NTX, but they were both blocked by PRO. Taken together, these data suggest that a 

context paired with heroin shares the memory enhancing effect of heroin itself and that 

these unconditioned and conditioned drug stimuli may modulate memory through the 

activation of beta-noradrenergic receptors. 

Using the object recognition task, Experiment 1 revealed a dose dependent 

increase of test discrimination ratios (Fig. 1A) only when 1 mg/kg heroin was 

administered immediately following the sample phase (Table 1). This observation 

suggests that post-sample administration of heroin enhanced the memory of the objects 

explored during the sample phase and rules out possible effects of the drug on other 

stages of memory processing or on other cognitive functions (Nader et al., 2000; Dudai, 

2004; Roozendaal and McGaugh, 2011). It is interesting to note, however, that although 

this conclusion is consistent with other demonstrations of heroin- or morphine-induced 
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memory enhancements (Mondadori and Waser, 1979; Castellano, 1980; Stäubli and 

Huston, 1980; Levy et al., 2009; Leri et al., 2013), there is also substantial evidence that 

the same drugs can impair memory when administered post-training (Castellano and 

Oliverio, 1975; Introini et al., 1985; Castellano et al., 1994) and that opioid antagonists 

such as naloxone or naltrexone enhance consolidation (Fulginiti and Cancela, 1983; 

Introini et al., 1985; Introini-Collison and Baratti, 1986; Introini-Collison et al., 1989).  To 

this point, it is important to note that post-sample injections of 1 and 3 mg/kg naltrexone 

in Experiment 2 did not alter test discrimination ratios. This observation strongly 

suggests that the nature of the memory task is a critical determinant of the direction of 

post-training effects of opioid agonists and antagonists. This conclusion is substantiated 

by our previous observation that post-training cocaine impaired performance in a win-

stay task motivated by sucrose (Cloke et al., 2014) despite enhancing object recognition 

memory (Rkieh et al., 2014).  Clearly, this intriguing possibility should be explored 

directly using a variety of tasks motivated by incentive and aversive stimuli and various 

drug reinforcers.     

The current study also explored the effects of immediate and delayed post-

sample exposure to a heroin contextual CS on object memory. In the same animals, it 

was found that post-sample confinement into the heroin CS+, but not into the vehicle-

paired CS-, significantly increased test discrimination ratio (Fig. 1D). Importantly, when 

exposure to the heroin CS+ was delayed by 6 h following the sample phase, there was 

no evidence of object memory facilitation (Table 1), a finding confirming that exposure 

to the heroin CS+ facilitated OR by a selective action on memory consolidation. It is 

important to point out that this is not the only conditioned effect of the heroin-paired CS 
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observed in this study. In fact, in Experiments 1-3, rats displayed the expected bi-phasic 

locomotor response (Leri et al., 2013) to heroin during conditioning (Figs. 1B-3B), as 

well as a substantial conditioned hyperlocomotion in the CS+ where they were confined 

in a drug free-state (Figure 1C-3C).  Presumably, the animals would have also 

displayed a significant “preference” for the CS+ over the CS-, but this was not tested in 

Experiments 1-3 because our (Leri and Rizos, 2005) and many other (Galaj et al., 2016; 

Paniccia et al., 2018) laboratories have already shown this, and the finding that opiate 

agonists produce place preference in rodents is not disputed (For review see, 

Tzschentke, 2007; Tomek and Olive, 2018). At a more general level, therefore, using 

conditioning parameters similar to those employed in traditional place conditioning 

studies, it is observed that a heroin-paired context not only has incentive properties and 

stimulates motor activity, but also enhances memory consolidation.   

The second experiment explored the role of opioid receptors in the memory 

enhancing actions of post-sample heroin and the post-sample contextual heroin CS+ by 

administering 3 mg/kg naltrexone just prior to 1 mg/kg heroin, or just prior to 

confinement in the CS+ compartment. Unexpectedly, this dose of naltrexone, which 

effectively blocked analgesia induced by 1 mg/kg heroin (Experiment 2), did not change 

the memory enhancing action of post-sample heroin (Fig. 2A).  Similarly, although 3 

mg/kg naltrexone blocked the conditioned hyperactivity displayed in the CS+ 

compartment (Fig. 2C), it failed to alter the effect of confinement in the heroin CS+ on 

object memory modulation and it had no effect when administered during confinement 

in the CS- (Fig. 2D). This latter finding rules out any effect of post-training naltrexone on 

object memory due to an interaction with a history of exposure to heroin and seems to 



 
 

83 
 

suggest that opioid receptors are not involved in memory consolidation processes 

promoted by opioid agonists or opioid conditioned stimuli.  It should be noted, however, 

that naltrexone is a relatively weak antagonist at delta opioid receptors (Raynor et al., 

1994), and that these receptors may play a key role in these memory effects.  In fact, 

sub-analgesic doses of the selective delta agonist rubiscolin-6 enhances memory 

(Pavone et al., 1990), and these effects are blocked by the delta opioid antagonist 

naltrindole (Yang et al., 2003). Clearly, it would be interesting to ascertain whether 

naltrindole could block the enhancement of object memory induced by post-sample 

heroin or heroin CS.   

The final experiment explored the role of the beta-noradrenergic system in the 

memory enhancing actions of post-sample heroin, and the post-sample contextual 

heroin CS+, by administering 10 mg/kg propranolol just prior to 1 mg/kg heroin, or just 

prior to confinement in the CS+ compartment. Post-sample injections of PRO blocked 

the memory enhancing effect heroin (Fig. 3A), as well as conditioned hyperactivity (Fig. 

3C) and CS+ enhancement of OR discrimination (Fig. 3D). A control study revealed that 

propranolol (5 or 10 mg/kg) injected post-training during a 24 h retention interval had no 

effect on object recognition (Table 1), suggesting that PRO could not alter OR when 

tested with the selected experimental parameters. Here it should be acknowledged that 

this PRO effect could have been different had the animals been tested in a different 

apparatus (Winters et al., 2004; Roozendaal et al., 2008). 

Although it is not surprising that an adrenoreceptor antagonist would block the 

memory enhancing action of heroin and heroin CS+ (Introini-Collison and Baratti, 1986, 

1992; Introini-Collison et al., 1989; Cahill et al., 1994; Zhao et al., 2011; Goode et al., 
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2016), the finding is nevertheless notable for two main reasons. First, it provides 

additional evidence that the post-training effects of heroin and post-training exposure to 

the heroin CS+ act through established mechanisms of memory consolidation that are 

dependent on noradrenergic activity. Second, this finding indicates that the post-training 

effects of heroin and the heroin CS+ can be pharmacologically manipulated. It would be 

very interesting to test the involvement of other known modulators of memory 

consolidation because administration of heroin, or exposure to a heroin CS, are both 

likely to generate a “novelty signal” (Redondo and Morris, 2011; Duszkiewicz et al., 

2019) dependent on dopamine activity. Moreover, it would be interesting to explore 

whether both heroin and heroin CSs exert their effect on memory consolidation by 

similar activation of stress hormones (McGaugh, 2002; Roozendaal et al., 2002a), by 

involving similar patterns of noradrenergic and cholinergic activity in the basolateral 

amygdala (Castellano et al., 1996; McGaugh et al., 1996; Roozendaal and McGaugh, 

1997; Vazdarjanova and McGaugh, 1999; Power et al., 2003; Roozendaal et al., 2009), 

or by modulating the same molecular mechanisms of long-term potentiation 

(Pourmotabbed et al., 1998; Ito et al., 2001; Bao et al., 2007).    

In conclusion, this study extends the hypothesis of White (1996) indicating that 

addictive substances such as heroin can impart their memory enhancing properties onto 

Pavlovian conditioned stimuli to facilitate memory consolidation. This study also shows 

that heroin and a contextual conditioned stimulus paired with heroin enhance memory 

consolidation through the activation of beta-noradrenergic receptors. 
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4.1 Abstract 

Background: There is evidence that post-training exposure to nicotine, cocaine, and 

their conditioned stimuli (CS), enhance memory consolidation in rats. The present study 

assessed the effects of blocking noradrenergic and dopaminergic receptors on nicotine 

and cocaine unconditioned and conditioned memory modulation.  

Methods: Male Sprague-Dawley rats tested on the spontaneous object recognition task 

received post-sample exposure to 0.4 mg/kg nicotine, 20 mg/kg cocaine, or their CSs, in 

combination with 5 -10 mg/kg propranolol (PRO; beta-adrenergic antagonist), or 0.2 - 

0.6 mg/kg pimozide (PIM; dopamine D2 receptor antagonist). The CSs were established 

by confining rats in a chamber (the CS+) after injections of 0.4 mg/kg nicotine, or 20 

mg/kg cocaine, for 2 hr and in another chamber (the CS-) after injections of vehicle, 

repeated over 10 days (5 drug/CS+ and 5 vehicle/CS- pairings in total). Object memory 

was tested 72h post sample in drug-free animals.  

Results: Co-administration of PRO or PIM blocked the memory enhancing effects of 

post-training injections of nicotine, cocaine and, importantly, exposure to their CSs. 

Conclusions: These data suggest that nicotine, cocaine as well as their conditioned 

stimuli share actions on overlapping noradrenergic and dopaminergic systems to 

modulate memory consolidation.  

Keywords 

Nicotine, Cocaine, Conditioned stimulus, Memory consolidation, Object recognition, 

Propranolol, Pimozide 
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4.2 Introduction 

There is evidence that post-training administration of nicotine and cocaine 

enhance memory consolidation; a neural process of memory stabilization (White and 

Milner, 1992; McGaugh, 2000; Melichercik et al., 2012; Rkieh et al., 2014). Recently, we 

also reported that CSs paired with the effects of nicotine and cocaine have very similar 

effects on memory consolidation. Thus, using the spontaneous object recognition task 

(OR), rats that were exposed to contextual nicotine or cocaine CSs following the sample 

phase of OR displayed enhanced object memory when tested 72 h later (Wolter et al., 

2019). It is well known that drug-paired CSs generate emotional, cognitive and 

physiological responses which promote drug-seeking and -taking behaviours (Deroche-

Gamonet et al., 2003; Tessari et al., 2007). For example, drug-free exposure to these 

CSs can enhance operant responding (Rescorla and Solomon, 1975; Tunstall and 

Kearns, 2017), attract animals to drug-associated contexts in place conditioning (for 

review, see: Tzschentke 1998) and mimic other behavioural responses such as 

conditioned locomotion (Brown et al., 1992; Wolter et al., 2019, 2020; Baidoo et al., 

2020). The current question of interest is whether drug CSs activate the same 

neurochemical systems of memory modulation that are directly stimulated by the drugs 

themselves. 

One of these is the noradrenergic (NA) system. It is well known that emotional 

experiences are better remembered (Cahill et al., 1994; Kobayashi and Yasoshima, 

2001), and there is extensive experimental evidence in various species that fear, 

emotional arousal and epinephrine enhance memory consolidation (Liang et al., 1990; 
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Holahan and White, 2002, 2004; McGaugh, 2013) and that their effects can be reversed 

by propranolol (PRO), a beta-adrenergic antagonist (Cahill et al., 2000; Roozendaal et 

al., 2008; McGaugh, 2013; Wolter et al., 2020). Moreover, nicotine and cocaine elevate 

levels of NA in several regions involved in memory functions such as the hippocampus, 

amygdala, striatum and the nucleus accumbens (Arqueros et al., 1978; Mitchell et al., 

1989; Brazell et al., 1991; Florin et al., 1994; Fu et al., 2003; Verheij et al., 2014). 

Although the neurochemical systems activated by nicotine or cocaine CSs during 

memory consolidation have not been systemically explored yet, there is evidence that 

the basolateral amygdala (BLA) is required for the establishment and expression of drug 

CSs (Hsu et al., 2002) and that BLA NA mediates the facilitation of memory 

consolidation by fear CSs (Holahan and White, 2002, 2004; Goode et al., 2016). 

Dopamine (DA) is also likely to be involved in conditioned modulation of memory 

consolidation. A number of studies have found that both D1-like (D1 & D5) and D2-like 

(D2, D3 & D4) receptors (Mishra et al., 2018). modulate memory encoding and 

consolidation (Castellano et al., 1994; de Lima et al., 2011; Rossato et al., 2013; 

Yamasaki and Takeuchi, 2017; Keshavarzian et al., 2018). Furthermore, stimuli known 

to enhance DA, such as exposure to novelty, optogenetic stimulation of ventral 

tegmental area (VTA) DA neurons, and infusions of DA agonists into the amygdala and 

medial pre-frontal cortex, all enhance memory consolidation (Lisman and Grace, 2005; 

Kim et al., 2012; Rossato et al., 2013; Duszkiewicz et al., 2019; Tang et al., 2020). 

Finally, both nicotine and cocaine enhance DA levels in limbic structures involved in 

memory formation, although via different mechanisms (Rossi et al., 2005; Dani and 

Bertrand, 2007; Hadjiconstantinou and Neff, 2011; Bocklisch et al., 2013).  
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 Therefore, the current study explored the roles NA and DA receptors in the 

unconditioned and conditioned effects of cocaine and nicotine on consolidation of object 

recognition (OR) memory. OR is based on the natural tendency of rats to explore novel 

objects (Ennaceur and Delacour, 1988; Winters et al., 2004), and it was selected 

because of our previous demonstration that object memory 72 hours after sample 

exposure is significantly improved by post-training administration of cocaine (Rkieh et 

al., 2014) and other drugs (Wolter et al., 2019, 2020; Baidoo et al., 2020). PRO was 

selected because the beta-noradrenergic receptors have been implicated in memory 

consolidation by various laboratories (Cahill et al., 1994, 2000; Villain et al., 2016; 

Wolter et al., 2020). Also, our group has demonstrated that PRO blocked the 

enhancement of object memory consolidation induced by exposure to a heroin-paired 

CS (Wolter et al., 2020). Finally, we began our investigation of DA receptors 

involvement with the D2 receptor antagonist pimozide (PIM) because D2-like receptors 

have been implicated in the reinforcing effects of drugs on behavior, conditioned drug 

responses and drug’s effects on learning and memory (White and Major, 1978; 

Beninger and Phillips, 1980; Introini-Collison and Baratti, 1986; Horvitz and Ettenberg, 

1991; Castellano et al., 1994). 

4.3 Materials and Methods 

4.3.1 Subjects 

 A total of 113 male Sprague-Dawley rats (Charles River, Quebec, Canada), 

weighing between 225-250 g at the beginning of the experiments were individually 

housed in standard rat cages (polycarbonate; 50.5 x 48.5 x 20 cm) with standard 

environmental enrichment, and were maintained on a reverse light-dark schedule (lights 
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off at 07:00; on at 19:00). All testing and injections were performed during their dark 

period. Rats had access to ~25 g per day of standard rat chow, and water was available 

ad libitum in home cages. All procedures adhered to the guidelines of the Canadian 

Council on Animal Care and were approved by the University of Guelph Animal Care 

Committee.  

4.3.2 Apparatus 

4.3.3 Conditioning chambers 

 The chambers (30 cm x 40 cm x 26 cm) used for contextual CS conditioning 

were made of semi-transparent Plexiglas (University of Guelph, ON, Canada), differed 

in visual (half of the chambers had vertical black and white stripes and the other half 

had a checkered pattern) and tactual (half of the chambers included a ceramic tile on 

the floor) cues, and were covered by black wire mesh to enable automatic video 

tracking (EthoVision v11.5, Noldus, The Netherlands).  

4.3.4 Spontaneous Object Recognition (OR) Task 

This memory task is based on the natural tendency of rats to explore novel 

objects (Ennaceur and Meliani, 1992; Winters et al., 2004) and was selected because of 

our previous demonstration that recognition of objects 72 h after sample exposure is 

improved by post-sample cocaine, nicotine or exposure to cocaine- or nicotine-

contextual CSs (Wolter et al., 2019). The Y-apparatus used for OR has been described 

previously by Winters et al. (2004). The objects used were of varying sizes, tactile 

qualities, visual qualities, shape, and height. On each object recognition trial, the rats 

experienced a new set of never-before-seen objects.  
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4.3.5 Procedures 

Experiment 1 

A group of 12 rats was used to assess the effect of immediate post-training 0.4 

mg/kg nicotine and co-administration of 0.4 mg/kg nicotine with 5 or 10 mg/kg PRO. The 

rats were first habituated to the Y-apparatus for 5 min on two consecutive days 24 h 

prior to testing. Each OR trial consisted of two phases: a sample phase and a choice 

phase, separated by a 72-h retention interval. This retention interval was chosen as a 

“suboptimal” condition in which drug-naïve rats do not express a memory (Melichercik et 

al., 2012; Rkieh et al., 2014; Wolter et al., 2019, 2020).  

During the sample phase, two identical novel objects were placed into the Y-

apparatus at the end of each arm. The rats were placed in the start box, and the 

guillotine door was opened. Exploration during the sample phase was restricted to 25 s 

of total exploration (sum of exploration times of both objects) or if 180 s had elapsed, 

whichever came first. If animals failed to explore objects during the sample phase, they 

were removed from the experiment. Object exploration was defined as directing the 

nose to the object at <2 cm and/or touching the object with the nose. The rats were 

immediately injected after the conclusion of the sample phase with vehicle, 0.4 mg/kg 

nicotine or nicotine combined with 5 or 10 mg/kg PRO. All animals were tested at each 

dose of nicotine and PRO co-administration, and the order of doses was 

counterbalanced using a Latin Square Design. Following the 72 h retention interval, the 

rats experienced the choice phase; the Y-apparatus contained a copy of the original 

sample object in one arm and a novel object in the other. The choice pairs, the novel 

side, as well as the designated sample and novel objects were counterbalanced. Here it 
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should be noted that a “delay” control group exposed to nicotine, cocaine or their CSs, 6 

hours after the sample phase was not included because these data have already been 

published in Wolter et al. (2019). 

A separate group of 16 rats was used to assess the effect of 10 mg/kg PRO on 

post-training exposure to compartments previously paired with 0.4 mg/kg nicotine in the 

CS+. All rats were habituated to two conditioning chambers (vehicle in the CS- and 0.4 

mg/kg nicotine in the CS+) for 30 min, 24 h prior to the beginning of conditioning. At the 

beginning of conditioning, rats received either vehicle or 0.4 mg/kg nicotine and were 

immediately placed in the CS-, or CS+ chamber for 2 h, respectively. The chambers of 

the apparatus used as CS- and CS+ were counterbalanced across rats. All rats 

received a total of 5 conditioning sessions in the CS- and 5 conditioning sessions in the 

CS+, alternating over 10 successive days.  The rats were also habituated to the Y-

apparatus on Days 9 and 10 of conditioning and were exposed to the sample phase 

prior to the first test of conditioned locomotion on Day 11. Conditioned locomotion was 

assessed on four separate tests. The first test occurred the day after the last 

conditioning session and half of the animals were placed in the CS- and the other half in 

the CS+. The second test occurred 72 h later and the same animals were tested in the 

alternate chamber. The final two tests followed the same testing conditions, but the rats 

were injected with 10 mg/kg PRO prior to exposure to the CS- and the CS+. 

Experiment 2 

A group of eight rats was used to assess the effect of immediate post-training 0.4 

mg/kg nicotine and co-administration of 0.4 mg/kg nicotine with 0.2 or 0.6 mg/kg PIM on 

object recognition memory. The OR experimental procedures used in this experiment 
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were the same as in Experiment 1. Another group of 12 rats was included in this 

experiment to assess the effect immediate post-training 0.2 mg/kg PIM on OR memory 

using a 24 h retention interval. A 24 h retention interval has been established as a 

sufficiently short interval at which normal rats perform OR successfully when tested in a 

Y-apparatus (Winters et al., 2004, 2008; Wolter et al., 2020). Therefore, this group was 

included as a control to verify whether post-training PIM could block object memory. An 

assessment of PRO alone using a 24 h delay was not included in this study because it 

was tested by Wolter et al., 2020 and found not to impact OR memory.  

A separate group of 12 rats was used to assess the effect of immediate 0.2 

mg/kg PIM on post-training exposure to the CS+ paired with 0.4 mg/kg nicotine, as 

described in experiment 1.  

Experiment 3  

A group of 12 rats was used to assess the effect of immediate post-training 20 

mg/kg cocaine and co-administration of 20 mg/kg cocaine with 5 or 10 mg/kg PRO. The 

OR experimental procedures used in this experiment were the same as in Experiment 

1. A separate group of 12 rats was used to assess the effect of immediate 10 mg/kg 

PRO on post-training exposure to the CS+ paired with 20 mg/kg cocaine as in 

experiment 1. 

Experiment 4 

A group of 17 rats was used to assess the effect of immediate post-training 20 

mg/kg cocaine and co-administration of 20 mg/kg cocaine with 0.2 and 0.6 mg/kg PIM 

using a 72 h retention interval. The OR experimental procedures used in this 

experiment were the same as in experiment 1.  
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A separate group of 12 rats was used to assess the effect of immediate 0.2 

mg/kg PIM on post-training exposure to the CS+ paired with 20 mg/kg cocaine as in 

experiment 1. 

4.3.6 Drugs 

All drugs were injected intraperitoneally (IP). Vehicle (sterile 0.9% saline or 

6mg/ml tartaric acid) was administered at 1 ml/kg. Nicotine hydrogen tartrate salt at 0.4 

mg/kg (Sigma) and cocaine hydrochloride at 20 mg/kg (Dumex, Toronto, ON, Canada) 

were dissolved in sterile 0.9% physiological saline. The doses of these two drugs were 

selected because of their known stimulatory properties (Zavala et al., 2008) and their 

faciliatory effects on object recognition memory consolidation (Melichercik et al., 2012; 

Rkieh et al., 2014). Propranolol hydrochloride (PRO) at 5 and 10 mg/kg (Sigma Aldrich) 

was dissolved in 0.9% physiological saline. The range of doses of PRO were selected 

on the basis of previous memory consolidation studies (Cahill et al., 1994; Lee and Ma, 

1995; McGaugh, 2004). Pimozide (PIM) at 0.2 and 0.6 mg/kg was dissolved in 6 mg/ml 

tartaric acid and injected at a volume of 1 ml/kg. This range of doses was selected on 

the basis of place conditioning and memory consolidation studies (White and Major, 

1978; Blackburn et al., 1987; Ichihara et al., 1989). 

4.3.7 Data Analysis 

The discrimination ratio (DR) is a ratio of object preference, where a score of 0 

means the rat shows no preference between the two objects, a positive score indicates 

preference of the novel object, and a negative score indicates preference for the familiar 

object (Equation (1)):   
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Choice DR =  
(1 min novel exploration time − 1 min familiar exploration time)

(1 min novel exploration time + 1 min familiar exploration time)
 (1) 

 

A sample DR was also calculated for the sample phase (Equation (2)): 

Sample DR =

(exploration in arm containing novel object at choice) − (exploration in the arm containing the familiar object at choice)

(total exploration in novel and familiar arms)
 (2) 

 

to rule out exploration preferences in the Y-apparatus. Total object exploration was 

used to as a control to rule out non-specific drug effects on object exploration. The 

choice DR and total object exploration in each phase were analyzed using a repeated 

measures one-way ANOVA and Student-Newman-Keuls post-hoc analyses to probe for 

significant main effects within Choice DRs for the acute cocaine and nicotine 

experiments. Paired sample t tests were performed to assess the choice DRs within the 

nicotine and cocaine contextual CS experiments. In addition, paired-sample t tests were 

used to compare sample and choice DRs in each condition of an experiment, a DR of 0 

in the sample phase expected when two identical objects are equally novel. Hence, a 

significant difference between the sample and choice phase DR indicates a 

discrimination between the familiar and novel objects in the choice phase and is 

interpreted as an intact memory. All statistical analyses were performed using 

SigmaPlot (v.12.5, Systat Software Inc), with an α = 0.05. A minimum exploration time 

was not employed in these calculations. The exact values of non-significant analyses 

are not reported. 
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4.4 Results 

4.4.1 Experiment 1 

Both 5 or 10 mg/kg PRO blocked the memory enhancing effect of 0.4 mg/kg 

nicotine on object recognition memory. Figure 1A represents mean (SEM) DR 

calculated during the sample and choice phases of OR following immediate post-

sample injections of 0.4 mg/kg nicotine co-administered with 0, 5 or 10 mg/kg PRO. The 

ANOVA was significant [F(2,35) = 5.09, P < 0.05] and post-hoc comparisons indicated 

that when rats were injected with 0.4 mg/kg nicotine and 0 mg/kg PRO, their choice 

DRs were significantly higher than when nicotine was co-administered with 5 or 10 

mg/kg PRO. This finding was confirmed by the planned comparisons between sample 

and choice DRs, which were significant only when rats received 0 mg/kg PRO [t(11) = 

3.45, P < 0.01]. The analysis of total object exploration was non-significant (See Table 

1).  

 PRO at 10 mg/kg also blocked the effects of the CS+ previously paired with 0.4 

mg/kg nicotine on object recognition memory. Figure 1B represents mean (SEM) 

discrimination ratio calculated during the sample and choice phase of OR following 

post-sample confinement to the nicotine CS+. The t test on choice DRs was significant 

[t(15) = -3.95, P < 0.01] indicating that the mean choice DR was higher when the rats 

were injected with 0 mg/kg PRO than when they were injected with 10 mg/kg PRO. 

Planned comparisons between the sample and choice phase DRs were significant [t(15) 

= -3.00, P <  0.01] only when rats were injected with 0 mg/kg PRO. The analysis of total 

object exploration was non-significant (See Table 1). 
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4.6 Figure 1. (A): Mean (SEM) discrimination ratios from the sample and choice phases by the same rats 
(n = 12) following post-sample injections of 0.4 mg/kg nicotine co-administered with 0, 5 or 10 mg/kg 
PRO. The * denotes a significant difference compared to 0 mg/kg PRO choice phase discrimination ratio. 
The # denotes a significant difference of the choice phase DR compared to sample DR within dose. (B): 
Mean (SEM) discrimination ratios from the sample and choice phases of OR displayed by the same rats 
(n = 16) following injections of 0 mg/kg PRO or 10 mg/kg PRO prior to confinement to the CS+ paired with 
0.4 mg/kg nicotine. The * denotes a significant difference compared to 0 mg/kg PRO choice phase DR. 
The # denotes a significant difference compared to the sample phase DR.  

4.4.2 Experiment 2 

Both 0.2 and 0.6 mg/kg PIM blocked the effects of 0.4 mg/kg nicotine on object 

recognition memory. Figure 2A represents mean (SEM) discrimination ratio calculated 

during the sample and choice phases of OR following immediate post-sample injections 

of 0.4 mg/kg nicotine co-administered with 0, 0.2 or 0.6 mg/kg PIM. The ANOVA of the 

choice DRs was significant [F(2,23) = 3.90, P < 0.05] and post-hoc comparisons 

indicated that rats had higher choice DRs when they received 0 in comparison to 0.2 or 

0.6 mg/kg PIM. Furthermore, planned comparisons between the sample and choice 

phase DRs were significant [t(7) = -3.16, P < 0.05] only when rats received 0 mg/kg 

PIM. The analysis of total object exploration was non-significant (data not shown).  
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4.6 Table 1. Mean (SEM) sample and choice total object exploration (TOE) in 
Experiments 1 and 2. 

 

Mean (SEM) sample and choice total object exploration (TOE) by the same rats (within-subject) injected 
with 0.4 mg/kg nicotine co-administered with 0, 5 or 10 mg/kg PRO immediately post-training.  
Mean (SEM) sample and choice TOE by rats (within-subject) exposed to either 0 or 10 mg/kg PRO 
immediately prior to confinement into the CS+ previously paired with 0.4 mg/kg nicotine. 
Mean (SEM) sample and choice TOE by rats (within-subject) injected with 0.4 mg/kg nicotine co-
administered with 0, 0.2 or 0.6 mg/kg PIM immediately.  
Mean (SEM) sample and choice TOE by rats (within-subject) injected with 0 or 0.2 mg/kg PIM 
immediately prior to confinement into the CS+ previously paired with 0.4 mg/kg nicotine.  

 

PIM at 0.2 mg/kg also blocked the effect of the CS+ previously paired with 0.4 

mg/kg nicotine on object recognition memory. Figure 2B represents mean (SEM) 

discrimination ratio calculated during the sample and choice phases of OR following 

post-sample confinement into the CS+. The analysis was significant [t(11) = 4.93, P < 

0.01] indicating that choice DRs were higher when rats were injected with 0 mg/kg PIM 

compared to 0.2 mg/kg PIM prior to confinement into the CS+. Further, planned 

comparisons between sample and choice DRs were significant [t(11) = -3.01, P < 0.05] 

only when rats were injected with 0 mg/kg PIM. The analysis of total object exploration 
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was significant [t(11) = 5.43, P < 0.01] during the choice phase indicating that rats 

injected with 0.2 mg/kg PIM in the CS+ explored objects less than when they were 

injected with 0 mg/kg PIM (See Table. 1).  

The acute post-sample administration of 0.2 mg/kg PIM did not alter 24 h DRs. 

The comparison between sample and choice DRs was significant [t(9) = -3.61, P < 0.01] 

indicating that when rats were injected with 0.2 mg/kg pimozide post-training and 

assessed after a 24 h retention interval (n = 12), their choice DRs (M = 0.42, SEM = 

0.08) were higher than their sample DRs (M = 0.05, SEM = 0.14). 

 

4.6 Figure 2. (A): Mean (SEM) discrimination ratios from the sample and choice phases by the same rats 
(n = 8) following post-sample injections of 0.4 mg/kg nicotine co-administered with 0, 0.2 or 0.6 mg/kg 
PIM. The # denotes a significant difference compared to sample DR within dose. (B): Mean (SEM) 
discrimination ratios from the sample and choice phases of OR displayed by the same rats (n = 12) 
following injections of 0 or 0.2 mg/kg PIM prior to confinement into the CS+ paired with 0.4 mg/kg 
nicotine. The * denotes a significant difference compared to 0 mg/kg PIM choice phase DR. The # 
denotes a significant difference of the choice phase DR compared to the sample phase DR. 
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4.4.3 Experiment 3 

Both 5 and 10 mg/kg PRO blocked the effect of 20 mg/kg cocaine on object 

recognition memory. Figure 3A represents mean (SEM) discrimination ratio calculated 

during the sample and choice phases of OR following immediate post-sample injections 

of 20 mg/kg cocaine co-administered with 0, 5 or 10 mg/kg PRO. The ANOVA was 

significant [F(2,35) = 14.01, P < 0.01] and post-hoc comparisons further indicated that 

rats co-administered with 0 mg/kg PRO had higher choice DRs than when they were 

injected with 5 or 10 mg/kg PRO. Further, planned comparisons between the sample 

and choice phase DRs were significant [t(11) = -6.11, P < 0.01] only when rats were 

injected with 0 mg/kg PRO. The analysis of total object exploration was non-significant 

(See Table 2).  

 PRO at 10 mg/kg also blocked the effects of the CS+ previously paired with 20 

mg/kg cocaine on object recognition memory. Figure 3B represents mean (SEM) 

discrimination ratio calculated during the sample and choice phase of OR following 

post-sample confinement in the CS+. Although the paired-samples t test was non-

significant, planned comparisons between the sample and choice phase DRs were 

significant [t(11) = -3.16, P <  0.01] only when rats were injected with 0 mg/kg PRO. The 

analysis of total object exploration was non-significant (See Table 2). 
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4.6 Figure 3. (A): Mean (SEM) discrimination ratios from the sample and choice phases by the same rats 
(n = 12) following post-sample injections of 20 mg/kg cocaine co-administered with 0, 5 or 10 mg/kg PRO. 
The * denotes a significant difference compared to 0 mg/kg PRO choice phase discrimination ratio. The # 
denotes a significant difference of the choice phase DR compared to sample DR within dose. (B): Mean 
(SEM) discrimination ratios from the sample and choice phases of OR displayed by the same rats (n = 
12) following injections of 0 or 10 mg/kg PRO prior to confinement to the CS+ paired with 20 mg/kg 
cocaine. The # denotes a significant difference of the choice phase DR compared to the sample phase 
DR.  

4.4.4 Experiment 4 

Both 0.2 mg/kg and 0.6 mg/kg PIM blocked the memory enhancing effect of 20 

mg/kg cocaine on object recognition memory. Figure 4A represents mean (SEM) 

discrimination ratio calculated during the sample and choice phases of OR following 

immediate post-sample injections of 20 mg/kg cocaine co-administered with 0, 0.2 or 

0.6 mg/kg PIM. The ANOVA was significant [F(2,32) = 14.89, P < 0.01] and post-hoc 

comparisons indicated that rats injected with 0 mg/kg PIM had higher choice DRs 

compared to when the same rats were co-administered with 0.2 or 0.6 mg/kg PIM post-

training. Furthermore, planned comparisons between sample and choice DRs indicated 

that rats had significantly higher [t(11) = -3.16, P <  0.01]  choice DRs compared to 
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sample when they were injected with 0 mg/kg PIM. The analysis of total object 

exploration was non-significant (See Table 2). 

4.6 Table 2. Mean (SEM) sample and choice total object exploration (TOE) in 
Experiments 3 and 4. 

 

Mean (SEM) sample and choice total object exploration (TOE) by rats (within-subject) injected with 20 
mg/kg cocaine co-administered with 0, 5 or 10 mg/kg PRO immediately post-training. 
Mean (SEM) sample and choice TOE by rats (within-subject) exposed to either 0 or 10 mg/kg PRO 
immediately prior to confinement into the CS+ paired with 20 mg/kg cocaine. 
Mean (SEM) sample and choice TOE by rats (within-subject) injected with 20 mg/kg cocaine co-
administered with 0, 0.2 or 0.6 mg/kg PIM immediately post-training.  
Mean (SEM) sample and choice TOE by rats (within-subject) injected with 0 or 0.2 mg/kg PIM immediately 
prior to confinement into the CS+ paired with 20 mg/kg cocaine.  
 

 PIM at 0.2 mg/kg also blocked the effects of the cocaine CS+ on object 

recognition memory. Figure 4B represents the mean (SEM) discrimination ratio 

calculated during the sample and choice phases of OR following immediate post-

sample confinement into the CS+. The t test of choice DRs was significant [t(11) = 2.77, 

P <  0.05] indicating that choice DRs were higher when rats were injected with 0 mg/kg 
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PIM than when the same rats were injected with 0.2 mg/kg PIM. Further, planned 

comparisons between the sample and choice phase DRs were significant [t(11) = -3.71, 

P <  0.01] indicating that when rats were injected with 0 mg/kg PIM prior to confinement 

in the CS+ their choice DR was higher than the sample DR. The analysis of total object 

exploration was significant [t(11) = 3.32, P <  0.01] during the choice phase indicating 

that rats explored objects significantly less when they had been injected with 0.2 mg/kg 

PIM prior to confinement into the CS+ (See Table. 2). 

 

4.6 Figure 4. (A): Mean (SEM) discrimination ratios from the sample and choice phases by the same rats 
(n = 17) following post-sample injections of 20 mg/kg cocaine co-administered with 0, 0.2 or 0.6 mg/kg 
PIM. The # denotes a significant difference compared to sample DR within dose. (B): Mean (SEM) 
discrimination ratios from the sample and choice phases of OR displayed by the same rats (n = 12) 
following injections of 0 or 0.2 mg/kg PIM prior to confinement to the CS+ previously paired with 20 mg/kg 
cocaine. The * denotes a significant difference compared to 0 mg/kg PIM choice phase DR. The # 
denotes a significant difference of the choice phase DR compared to the sample phase DR. 

4.5 Discussion 

 The present study assessed the effects of blocking noradrenergic and 

dopaminergic receptors on nicotine and cocaine unconditioned and conditioned memory 

modulation. The nicotine and cocaine contextual conditioned stimuli (CS+) were 
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established by confining rats for 2 h in a chamber after injections of 0.4 mg/kg nicotine 

or 20 mg/kg cocaine. The effects on memory consolidation were evaluated by injecting 

rats with either nicotine or cocaine, or by exposing them to the drug CSs, post-sample 

during the object recognition task. It was found that co-administration of propranolol 

(PRO) and pimozide (PIM) blocked the enhancement of discrimination ratios induced by 

post-sample administration of nicotine, cocaine, or exposure to their contextual CSs. 

These data suggest that the memory enhancing effects of nicotine and cocaine and 

their conditioned stimuli share actions on adrenergic and dopaminergic systems of 

memory consolidation.  

 The first set of experiments replicated the findings reported by Wolter et al. 

(2019) in which nicotine, cocaine, and exposure to their contextual CSs, enhanced 

choice phase discrimination ratios in rats. Importantly, these are within-subjects 

experiments which control for non-specific effects that the drugs, or the exposure to the 

drug CSs, may have on memory. Notably, the memory enhancing effects of nicotine, 

cocaine and their CSs were all blocked by post-sample injections of the beta-NA 

receptor antagonist PRO. This result is interpreted as a blockade of the enhancement of 

memory consolidation by cocaine, nicotine and their contextual CSs, as we have 

previously reported that this dose of PRO has no effect on 24 h retention intervals 

(Wolter et al., 2020). However, it should also be acknowledged that other studies have 

found different results with PRO that may be dependent on the dose, injection method 

or infusion site, test conditions as well as testing apparatus (open field vs. Y-apparatus) 

(Winters et al., 2004; Roozendaal et al., 2008).  
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 The second set of experiments explored the role of the dopamine D2 receptor 

using PIM. Similar to the results above, PIM blocked the enhancement of choice DRs 

induced by post-training nicotine, cocaine, and exposure to their contextual CSs. 

Interestingly, PIM also altered total object exploration of choice discrimination ratios in 

the CS+ (see Table 1 and Table 2); however, it is unlikely that this reduction affected 

memory because post-training injections of PIM did not alter choice DRs when 

evaluated with a 24-h retention interval, indicating that the post-training effect of PIM 

were selective to unconditioned and conditioned enhancement of memory 

consolidation.  

Although our experiments did not explore the central site of action of PRO and 

PIM in modulating nicotine, cocaine, and their CSs on memory consolidation, there is 

substantial evidence pointing to an involvement of the BLA, the hippocampus (HPC) 

and the perirhinal cortex (PRh). In fact, both nicotine and cocaine self-administration 

enhance NA and DA in the BLA (Fu et al., 2003; Di Ciano and Everitt, 2004), and 

exposure to nicotine and cocaine CSs have very similar effects (Fotros et al., 2013; 

Khaled et al., 2014; Sharp, 2019). Furthermore, the BLA is involved in memory 

enhancement induced by nicotine and cocaine (Cestari et al., 1996; Barros et al., 2005), 

NA and DA agonists and antagonists infused into the BLA impact memory consolidation 

(Castellano et al., 1991; Ferry et al., 1999; Roozendaal et al., 1999, 2002b; McGaugh 

and Roozendaal, 2002; Gibbs et al., 2010; Stern and Alberini, 2013; Heath et al., 2015), 

and the BLA is involved in memory enhancement by emotional CSs via NA mechanisms 

(Holahan and White, 2004; Goode et al., 2016). The HPC is known to be involved in the 

consolidation of drug-related memories (Melichercik et al., 2012; Kutlu and Gould, 2016) 
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through afferents from the NA locus coeruleus and mesolimbic DA system (Lisman and 

Grace, 2005; Lodge and Grace, 2008; Koch et al., 2011; Hansen, 2017), and injections 

of nicotine or cocaine enhance levels of NA and DA in the HPC (Rossi et al., 2005; 

Placzek et al., 2009; Fitzgerald, 2013; Fotros et al., 2013; Kramar et al., 2014). 

Moreover, inactivation of the HPC impairs responses to drug CSs (Fuchs et al., 2005; 

Atkins et al., 2012; Kutlu and Gould, 2016). Finally, the PRh is required for the 

consolidation of object memories (Winters et al., 2004) and although cholinergic and 

glutamatergic systems regulate PRh-dependent memories (Brophey and Raptis, 2003; 

Winters and Bussey, 2005; Melichercik et al., 2012), modulations of its efferents from 

the mesolimbic system, locus coeruleus and the BLA have also been reported to alter 

memory (Balderas et al., 2013; Holmes et al., 2013; Laing and Bashir, 2014; Albasser et 

al., 2015).  

In conclusion, this study expands upon the hypothesis of White (1996) and the 

findings of Wolter et al. (2019) suggesting that psychomotor stimulants such as cocaine 

and nicotine share overlapping neurochemical systems with their contextual CSs to 

enhance memory consolidation. Although this study only employed two relatively non-

selective compounds at a limited range of doses, and did not investigate central sites of 

action, it does provide evidence to justify exploration of how visual/tactual/olfactory 

conditioned environmental stimuli gain the ability to mimic the actions of 

pharmacological stimuli on cognitive processes. Furthermore, this data suggests the 

possibility that drug CSs may not only perpetuate addiction-like behaviours by causing 

drug-like or drug-opposite responses (Stewart et al., 1984), but they also can have 

cognitive effects on memory that could play a role in perpetuating the maintenance 
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addictive behaviors by enhancing the consolidation of memories linked to drug-seeking 

and -taking. 
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5.1 Abstract 

It has been recently suggested that drug conditioned stimuli (CS) activate 

neurochemical systems of memory modulation that are directly activated by the drugs 

themselves. To test this hypothesis using two psychomotor stimulant drugs, nicotine 

and cocaine, we infused male Sprague-Dailey rats with the nicotinic receptor antagonist 

mecamylamine (MEC) into the perirhinal cortex (PRh), a brain region strongly implicated 

in object memory consolidation. To establish drug CSs, rats were confined for 2 h in a 

chamber (the CS+) after injections of 0.4 mg/kg nicotine or 20 mg/kg cocaine, and in 

another chamber (the CS−) after injections of vehicle. This was repeated over 10 days 

(5 drug/CS+ and 5 vehicle/CS− pairings in total). The memory enhancing action of post-

sample 0.4 mg/kg nicotine was blocked by intra-PRh infusions of 10 and 30 μg/side 

MEC, and 30 μg/side MEC also blocked the memory enhancing effects of the nicotine 

CS. Interestingly, MEC did not block the effects of cocaine, or the cocaine CS, on object 

memory consolidation. These data indicate that a nicotine CS promotes memory 

consolidation by stimulating nicotinic receptors in the PRh, an effect that is typically 

produced by nicotine itself. Nicotinic receptor stimulation, however, does not appear to 

be necessary for object memory consolidation enhancement by CSs paired with 

cocaine. Thus, the memory modulatory effects of drug-paired stimuli may act through 

different mechanisms depending on the drug class.     
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5.2 Introduction 

Exposure to conditioned contextual stimuli (CS) paired with drugs of abuse such 

as nicotine or cocaine enhance memory consolidation, a time dependent process by 

which neural representations of events become stabilized (White and Milner, 1992; 

Wolter et al., 2019). These effects are not unique to psychostimulants as both an 

opiate-paired CS and a CS paired with opiate withdrawal enhance memory 

consolidation (Baidoo et al., 2020; Wolter et al., 2020).  

Interestingly, there is some neuropharmacological evidence suggesting the 

hypothesis that these drug CSs activate the same neurochemical systems of memory 

modulation that are activated by drugs themselves. For example, systemic 

administration of noradrenaline and dopamine antagonists blocked the memory 

enhancing effects of nicotine, cocaine, heroin and of exposure to their contextual CSs 

(Wolter et al., 2020, 2021). Similarly, it has been reported that lesions to the amygdala, 

or intra-basolateral amygdala infusions of beta-adrenoreceptor antagonists, block 

memory enhancement by both foot-shock and conditioned stimuli paired with foot-shock 

(Swartzwelder, 1981; Holahan and White, 2002, 2004; McIntyre et al., 2002; Schneider 

et al., 2011; Goode et al., 2016). 

The current study represents the first direct test of the hypothesis stated above. It 

explored whether intra-perirhinal cortex (PRh) infusions of the nicotinic acetylcholine 

receptor (nAChR) antagonist mecamylamine (MEC) (Levin et al., 2000) would equally 

impact the modulation of object memory consolidation by systemic injections of nicotine, 

cocaine, or by exposure to their contextual CSs. The nAChR in the PRh were targeted 

because this cortical area plays key roles in the acquisition, consolidation, and 
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reconsolidation of object memory in several species (Winters et al., 2004, 2008; 

Miranda and Bekinschtein, 2018). Furthermore, it has been reported that systemic 

injections of nicotine alter PRh nAChR density and that intra-PRh infusions of 𝛼7 

nAChR antagonists impair object memory (Tinsley et al., 2011; Vieira-Brock et al., 

2015).  The spontaneous object recognition (OR) task was selected based on our 

previous demonstrations that long-term object memory (72 hours) is significantly 

improved by post-training administration of nicotine, cocaine, and exposure to their CSs 

(Rkieh et al., 2014; Wolter et al., 2019, 2021). Knowing that intra-PRh infusions of 

nicotine enhance OR (Melichercik et al., 2012), it was anticipated that intra-PRh MEC 

would block nicotine-induced modulation of object memory consolidation, and the 

hypothesis stated above also predicted that a very similar effect by intra-PRh MEC 

would be observed in rats exposed to the nicotine CS. The exploration of intra-PRh 

MEC effects on cocaine and cocaine CS memory modulation was included to ascertain 

the generalizability of possible nicotine findings to drugs that are not direct nicotinic 

agonists but that, nevertheless, elevate acetylcholine levels in the brain (Crespo et al., 

2006; You et al., 2008; Xu et al., 2017).  

5.3 Materials and Methods 

5.3.1 Subjects 

Male Sprague-Dawley rats (Charles River, Quebec, Canada), weighing between 

225-250 g at the beginning of the experiments were individually housed in standard rat 

cages (polycarbonate; 50.5 x 48.5 x 20 cm) with standard bedding and environmental 

enrichment, and were maintained on a reverse light-dark schedule (lights off at 07:00; 

on at 19:00). All testing and injections were performed during the dark period. Rats had 
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access to ~25 g per day of standard rat chow, and water was available ad libitum in 

home cages. All procedures adhered to the guidelines of the Canadian Council on 

Animal Care and were approved by the University of Guelph Animal Care Committee. 

5.3.2 Apparatus 

Conditioning chambers 

 The chambers (30 cm x 40 cm x 26 cm) used for contextual conditioning were 

made of semi-transparent Plexiglas (University of Guelph, ON, Canada), differed in 

visual (half of the chambers had vertical black and white stripes and the other half had a 

checkered pattern) and tactile (half of the chambers included a ceramic tile on the floor) 

cues, and were covered by black wire mesh to enable automatic video tracking 

(EthoVision v11.5, Noldus, The Netherlands).  

Object Recognition (OR) 

This memory task is based on the natural tendency of rats to explore novel 

objects (Ennaceur and Meliani, 1992; Winters et al., 2004) and was selected because of 

our previous demonstration that recognition of objects 72 h after sample exposure is 

improved by post-sample cocaine, nicotine or exposure to cocaine- or nicotine-

contextual CSs (Wolter et al., 2019). The Y-apparatus used for OR has been described 

previously by Winters et al. (2004). The objects used were of varying sizes, tactile 

qualities, visual qualities, shape, and height. On each object recognition trial, the rats 

experienced a new set of never-before-seen objects. 
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5.3.3 Procedures 

Surgery 

Rats were implanted bilaterally with 22-gauge indwelling guide cannulas 

(Plastics1; HRS Scientific, Anjou, QC, Canada) targeting the PRh cortex. Prior to 

surgery, rats were deeply anesthetized using isoflurane (Benson Medical Industries, 

Markham, ON, Canada) and given an injection of Metacam (5 mg/kg, subcutaneous). 

Using non-puncture ear bars, with an incisor bar set to −3.3 mm, rats were secured to 

the stereotaxic frame (Kopf Instruments, Tujunga, CA, USA). The scalp and periosteum 

were cut and retracted to expose the skull. Holes were drilled into the skull to allow 

guide cannulas to be implanted according to the following coordinates: anteroposterior 

−5.5 mm, lateral ±6.6 mm, dorsoventral −7 mm. All coordinates were measured relative 

to bregma. Cannulas were secured to the skull with four jeweler screws and dental 

acrylic. Dummy cannulas measuring 0.36 mm in diameter and cut to extend 1.1 mm 

beyond the guide cannulas were placed into the guide cannulas and removed only 

during testing. Following surgery, the incision was sutured, and rats were placed in an 

empty cage on heat to recover for 1 hour. All rats were given one week to recover in 

their home cages prior to behavioral testing. 

Microinfusions 

Microinfusions took place in a preparation room that was separate from the 

behavioral testing room. At the time of infusion, rats were gently restrained, and the 

dummy cannulas were removed to allow for insertion of a 28-gauge infusion cannula. 

The infusion cannulas were inserted into propylene tubing attached to two 1 µL 

Hamilton syringes to allow for simultaneous bilateral infusions. Syringes were fastened 
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to a Harvard Apparatus (Hilliston, MA, USA) precision syringe pump set to deliver 

infusions of 1.0 µL over 2 min. Infusers were left in place for 1.5 min following infusions 

to allow for diffusion of the infusate. Infusers were then removed, and dummy cannulas 

were reinserted. 

5.3.4 Behavioural testing 

Experiment 1 

 This experiment assessed the effects of intra-PRh infusions of vehicle, 10 or 30 

μg/side MEC on memory modulation by immediate post-sample systemic injections of 

0.4 mg/kg nicotine. Following surgery, 9 rats were habituated to the Y-apparatus for 5 

min and to the infusion procedure on two consecutive days 24 h prior to testing. Each 

OR trial consisted of two phases: a sample phase and a choice phase, separated by a 

72 h retention interval. This retention interval was chosen as a “suboptimal” condition in 

which drug-naïve rats do not express a memory (Melichercik et al., 2012; Rkieh et al., 

2014; Wolter et al., 2019, 2020). During the sample phase, two identical novel objects 

were placed into the Y-apparatus at the end of each arm. The rats were placed in the 

start box, and the guillotine door was opened. Exploration during the sample phase was 

restricted to 25 seconds of total exploration (sum of exploration times of both objects) or 

180 seconds of total elapsed time, whichever came first. If animals failed to explore 

objects during the sample phase, they were removed from the experiment. Object 

exploration was defined as directing the nose to the object at <2 cm and/or touching the 

object with the nose. The rats were immediately injected after the conclusion of the 

sample phase with vehicle or 0.4 mg/kg nicotine preceded by intra-PRh infusions of 

vehicle, 10 or 30 μg/side MEC. All animals were tested at each dose of nicotine/MEC 
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combination, and the order of doses was counterbalanced using a Latin Square design. 

Following the 72 h retention interval, rats experienced the choice phase; the Y-

apparatus contained a copy of the original sample object in one arm and a novel object 

in the other. The choice pairs, the novel side, as well as the designated sample and 

novel objects were counterbalanced.  

The same group of rats was used in a control experiment to assess the effect of 

immediate post-sample PRh infusions of 30 μg/side MEC using a 24 h retention interval. 

A 24 h retention interval has been established as a sufficiently short interval at which 

normal rats perform OR successfully when tested in a Y-apparatus (Winters et al., 2004, 

2008; Wolter et al., 2020). Therefore, this group was included to verify whether post-

sample MEC could itself block object memory consolidation. 

Experiment 2 

 This experiment assessed the effect of intra-PRh MEC (30 μg/side) on memory 

facilitation by post-sample exposure to a CS+ previously paired with 0.4 mg/kg nicotine. 

Following surgery, 12 rats were habituated to two conditioning chambers for 30 min, 24 

h prior to the beginning of conditioning. Rats then received either vehicle or 0.4 mg/kg 

nicotine and were immediately placed in the CS- or CS+ chamber for 2 h, respectively. 

The chambers of the apparatus used as CS- and CS+ were counterbalanced across 

rats. All rats received a total of 5 conditioning sessions in the CS- and 5 conditioning 

sessions in the CS+, alternating over 10 consecutive days.  Rats were habituated to the 

Y-apparatus, and infusion procedures, on days 9 and 10 of conditioning. The first test of 

post-sample CS exposure occurred the day after the last conditioning session, and half 

of the animals were placed in the CS- while the other half in the CS+, in a nicotine-free 
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state. Just prior to confinement in the chambers, animals received bilateral infusions of 

vehicle or 30 μg/side MEC, and OR was tested 72 h later. The same procedure was 

repeated 3 additional times to counterbalance exposure to the CS+ and CS-, and intra-

PRh infusions of vehicle and 30 μg/side MEC (i.e., within-subjects treatment design).  

Experiment 3 

 This experiment assessed the effects of intra-PRh infusions of vehicle or 30 

μg/side MEC on memory modulation by immediate post-sample systemic injections of 

20 mg/kg cocaine. A total of 9 rats were tested using the OR experimental procedures 

employed in Experiment 1. 

Experiment 4 

 This experiment assessed the effect of intra-PRh MEC (30 μg/side) on memory 

facilitation by post-sample exposure to a CS+ previously paired with 20 mg/kg cocaine.  

A total of 10 rats were tested using OR and the same experimental procedures 

employed in Experiment 2. 

5.3.5 Drugs 

Nicotine, cocaine, and vehicle were injected intraperitoneally (IP). Mecamylamine 

hydrochloride (Sigma) was infused intracranially targeting the PRh cortex. Vehicle 

(sterile 0.9% saline) was administered at 1 ml/kg. Nicotine hydrogen tartrate salt at 0.4 

mg/kg (Sigma) and cocaine hydrochloride at 20 mg/kg (Dumex, Toronto, ON, Canada) 

were dissolved in sterile 0.9% physiological saline. The doses of these two drugs were 

selected because of their known stimulatory properties (Zavala et al., 2008) and their 

faciliatory effects on object recognition memory consolidation (Wolter et al., 2019). 
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Mecamylamine was dissolved in deionized H2O at 10 μg/side and 30 μg/side. The 

doses of this drug were selected based on previous research examining drug 

conditioned cues and memory consolidation (Le Foll and Goldberg, 2006; Lima et al., 

2013; Ostlund et al., 2017). 

5.3.6 Histology 

Following the behavioral experiment, rats were anesthetized with 1.0 mL I.P 

Euthansol (340 mb/mL; MERK, Intervet Canada Corp, Kirkland, QC) and transcardially 

perfused with PBS followed by 4% neutral buffered formalin. Brains were extracted and 

post-fixed in 4% formalin at 4C for at least 24 h before being transferred to 20% sucrose 

in PBS. Once the brains had sunk, they were mounted in a cryostat and sliced into 

coronal sections (55 µm) through the PRh cortex. Every third slice was mounted on a 

gelatin-coated glass slide to be stained with thionine. Slides were examined under a 

light microscope to verify cannula placements 

5.3.7 Data Analysis 

The discrimination ratio (DR) is a score of object preference, where a value of 0 

indicates no preference between two objects, a positive score indicates preference of 

the novel object, and a negative score indicates preference for the familiar object 

[Choice DR = (1 min novel exploration time - 1 min familiar exploration time) / (1 min 

novel exploration time + 1 min familiar exploration time)]. A sample DR was also 

calculated to rule out exploration preferences in the Y-apparatus [Sample DR = 

(exploration time in arm containing novel object at choice - exploration time in the arm 

containing the familiar object at choice) / total exploration time in novel and familiar 

arms]. Total object exploration was used as a control to rule out non-specific drug 
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effects on object exploration. The choice DR and total object exploration in each phase 

were analyzed using a repeated measures one-way ANOVA and Student Newman-

Keuls post-hoc analyses. Additionally, paired-sample t-tests were used to compare 

sample to choice DRs within condition as index of successful memory for objects. All 

statistical analyses were performed using SigmaPlot (v.12.5), with an alpha level = 0.05. 

A minimum exploration time was not employed in the calculations of sample and choice 

discrimination ratios. The exact values of non-significant analyses are not reported. 

5.4 Results 

5.4.1 Histology 

All rats included in the data analysis had bilateral guide cannulas with tips of 

infusion cannulas terminating in the PRh cortex, at the border between areas 35 and 36, 

represented by the rhinal sulcus. Placements were consistently located between 4.16 

mm and 6.30 mm, posterior to bregma (see Figure 1). 
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5.6 Figure 1: Cannula placements in the perirhinal (PRh) cortex. Panel A: schematic of placements of 
infusion tips for all rats included in data analysis. Panel B: micrograph of coronal sections containing 
cannula track with infusion tip terminating near the rhinal sulcus approximately, -5.80 mm from bregma.  

5.4.2 Experiment 1 

Both 10 and 30 μg/side MEC blocked the effect of 0.4 mg/kg nicotine on object 

recognition memory tested after a 72 h delay. Figure 2A represents the mean (±SEM) 

DRs during sample and choice phases of OR following immediate post-sample 

injections of 0.4 mg/kg nicotine preceded by infusions of 0, 10 or 30 μg/side MEC. The 

ANOVA on choice DRs was significant [F(3,35) = 4.81, P<0.01] and post-hoc 

comparisons indicated that choice DR was significantly higher than all other conditions 

when rats were injected with 0.4 mg/kg nicotine and received 0 μg/side MEC. 

Furthermore, individual mean comparisons between sample and choice DRs [t(8) = 

8.28, P < 0.001] were significant. The analysis of total object exploration was non-

significant (data not shown).  

The control experiment indicated that acute post-sample infusions of 30 μg/side 

MEC did not alter recognition memory tested after a 24 h delay. The comparison 
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between sample and choice DRs was significant [t(7) = 2.89, P < 0.05], indicating that 

when rats were infused with 30 μg/side MEC post-sample and assessed after a 24 h 

retention interval, their choice DRs (Mean = 0.53, ± 0.08 SEM) were higher than their 

sample DRs (Mean = 0.10,  SEM ± 0.08). The analysis of total object exploration was 

non-significant (data not shown).  

 

5.6 Figure 2: Panel A: Mean (±SEM) DRs from sample and choice phases by the same rats (n = 9) 
following post-sample injections of vehicle or 0.4 mg/kg nicotine and intra-PRh infusions of 0, 10 or 30 
μg/side MEC. The * denotes a significant difference in comparison to 0 μg/side choice phase DR. The # 
denotes a significant difference between sample and choice phases within treatment. Panel B: Mean 
(±SEM) DRs on from sample and choice phases of OR displayed by rats (n = 12) treated with intra-PRh 
infusions of 0 or 30 μg/side MEC just prior to post-sample confinement in the CS+ and CS- chambers. 
The * denotes a significant difference in comparison to the choice phase DRs. The # denotes a significant 
difference between sample and choice phases within treatment.  

5.4.3 Experiment 2 

 Post-sample PRh infusions of 30 μg/side MEC blocked the effects of the CS+ 

paired with 0.4 mg/kg nicotine on object recognition memory tested after a 72 h delay. 

Figure 2B represents mean (±SEM) DRs during sample and choice phases of OR 

following post-sample confinement to the CS+ and CS- chambers. The ANOVA on 
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choice DRs was significant [F(3,47) = 10.45, P<0.001] and post-hoc comparisons 

indicated that choice DR was significantly higher than all other conditions when the rats 

were exposed to the CS+ and were infused with 0 μg/side MEC. Individual mean 

comparisons between the sample and choice phase DRs were significant for only the  

CS+ exposure conditions (0 μg/side MEC: [t(11) = 5.58, P < 0.001]. The analysis of total 

object exploration was non-significant (data not shown). 

5.4.4 Experiment 3 

 Post-sample PRh infusions of 30 μg/side MEC did not alter the effect of 20 mg/kg 

cocaine on object recognition memory tested after a 72 h delay. Figure 3A represents 

the mean (±SEM) DRs during sample and choice phases of OR following immediate 

post-sample injections of 20 mg/kg cocaine preceded by intra-PRh infusions of 0 or 30 

μg/side MEC. The ANOVA on choice DRs was significant [F(2,26) = 17.23, P<0.001)] 

and post hoc comparisons indicated that choice DRs were significantly enhanced by 20 

mg/kg cocaine, regardless of the MEC infusion. Furthermore, individual mean 

comparisons between sample and choice DRs were significantly different when 20 

mg/kg cocaine was preceded by both 0 μg/side MEC [t(8) = 3.61, P<0.01] and 30 

μg/side MEC [t(8) = 4.70, P<0.01] infusions. The analysis of total object exploration was 

non-significant (data not shown). 



 
 

123 
 

 

5.6 Figure 3: Panel A:  Mean (±SEM) DRs from sample and choice phases by the same rats (n = 9) 
following post-sample injections of vehicle or 20 mg/kg cocaine and intra-PRh infusions of 0, 10 or 30 
μg/side MEC. The * denotes a significant difference in comparison to vehicle choice phase DR. The # 
denotes a significant difference between sample and choice phases within treatment.  Panel B: Mean 
(±SEM) DRs from sample and choice phases of OR displayed by rats (n = 10) treated with intra-PRh 
infusions of 0 and 30 μg/side MEC just prior to post-sample confinement in the CS+ and CS- chambers. 
The * denotes a significant difference in comparison to the choice phase DRs in the CS+ compared to the 
choice phase DRs in the CS-. The # denotes a significant difference between sample and choice phases 
within treatment.  

5.4.5 Experiment 4 

 Post-sample infusions of 30 μg/side MEC did not alter the effect of the cocaine 

CS+ on object recognition memory tested after a 72 h delay. Figure 3B represents 

mean (±SEM) DRs during sample and choice phases of OR following post-sample 

confinement to the CS+ and CS-. The ANOVA of choice DRs was significant [F(3,35) = 

9.68, P<0.001] and post hoc comparisons of choice DRs were significantly higher than 

other conditions after exposure to the CS+, for both 0 or 30 μg/side MEC treatments.  

Furthermore, individual mean comparisons between sample and choice DRs were 

significant after exposure to the CS+ and infusions of both 0 μg/side MEC [t(8) = 5.08, 
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P<0.001] and 30 μg/side MEC [t(8) = 6.50, P<0.001]. The analysis of total object 

exploration was non-significant (data not shown).   

5.5 Discussion 

The present study assessed the effects of blocking nicotinic acetylcholine 

receptors in the perirhinal cortex on object memory modulation by nicotine, cocaine, or 

their conditioned stimuli. Contextual conditioned stimuli were established by confining 

rats for 2 h in a chamber after injections of 0.4 mg/kg nicotine, or 20 mg/kg cocaine. The 

effects on memory consolidation were evaluated by injecting rats’ post-sample with 

either nicotine, cocaine, or by exposing them to the nicotine CS, or cocaine CS, and 

then assessing their object recognition memory 72 hours later. Post-sample intra-PRh 

infusions of mecamylamine (10 and 30 μg/side) blocked the memory enhancing effects 

of post-sample systemic nicotine, and importantly, blocked the memory enhancing 

effects of post-sample exposure to the nicotine contextual CS. Interestingly, intra-PRh 

MEC did not block facilitation of object memory by cocaine or by its contextual CS. 

Taken together, these data support the hypothesis that drug CSs can enhance memory 

consolidation by an action on systems that are impacted by the drugs themselves, and 

further indicate that the memory modulatory effects of drug-conditioned stimuli may be 

mediated through different mechanisms depending on the drug class.     

 The primary novel finding of this study is that post-sample intra-PRh infusions of 

MEC blocked the enhancement of OR memory consolidation induced by post-sample 

injections of nicotine and exposure to the nicotine contextual CS. The effect of intra-PRh 

MEC on nicotine was anticipated given previous reports that PRh ACh plays an integral 

role in the consolidation of OR memory (Brophey and Raptis, 2003). For example, intra-
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PRh infusions of nicotine enhance OR  (Melichercik et al., 2012), and intra-PRh 

infusions of methyllycaconitine, an α7 nAChR antagonist, impair OR (Tinsley et al., 

2011). The observation that intra-PRh MEC also blocked the memory-enhancing effects 

of the nicotine contextual CS is consistent with the idea that,  through Pavlovian 

conditioning, the contextual CS acquired the ability to stimulate ACh in the PRh and 

thus mimic the activation of nAChRs by injections of nicotine. It is possible the nicotine 

CS stimulates neurons of the basal forebrain cholinergic system to activate nAChRs 

within the PRh (For review see: Ballinger et al., 2016). Hence, this novel suggestion is 

consistent with other observations that MEC reduces conditioned responding to a 

nicotine CS (Besheer et al., 2004; Struthers et al., 2009) as well as acquisition and 

expression of nicotine conditioned place preference (Biala et al., 2010).  

 The second novel finding of this study is that MEC did not alter the enhancement 

of OR memory consolidation induced by post-sample injections of cocaine or by 

exposure to the cocaine CS+. The placements of the cannulas, MEC doses and infusion 

procedures in Experiments 3-4 matched those of Experiments 1-2, and therefore it is 

unlikely that this finding reflects differing methodologies. Rather, these findings likely 

indicate that cocaine, even though it can alter central cholinergic activity (for review see: 

Williams and Adinoff, 2008), does not enhance OR memory consolidation via nAChRs 

in the PRh. Further, the observation that the memory enhancing effect of the cocaine 

CS+ was also not impacted by MEC indicates that this drug CS, differently from the 

nicotine CS+, did not require the activation of nAChRs in the PRh to enhance OR. This 

is notable because we previously found that propranolol and pimozide had identical 

effects on nicotine and cocaine conditioned memory modulation (Wolter et al., 2021). 
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Perhaps, some of the systemic effects of these drugs could be regulating broader 

mechanisms of memory consolidation (i.e., through the amygdala, for example), 

whereas others could be more specific to particular memory storage sites and could 

vary from drug to drug as seen here. This consideration leads to the question of which 

system may underly the effects of cocaine and the cocaine CS on object memory 

consolidation. One possibility may be the local dopamine system, as it has been 

reported that PRh D1 receptors are involved in the consolidation of object memories 

(Balderas et al., 2013). Another possibility may be the glutamatergic (GLU) system, as 

there is evidence that PRh glutamate receptors are involved in encoding and 

consolidation of OR memories (Winters and Bussey, 2005). Moreover, injections of 

cocaine and exposure to cocaine CSs alter mesolimbic DA activity to enhance GLU in 

the basolateral amygdala (You et al., 2007; Wise, 2009; Schmidt and Pierce, 2017), a 

region well known to be involved in memory consolidation (Roozendaal et al., 1999, 

2008; Roozendaal and McGaugh, 2011).  

In conclusion, this study significantly expands the findings of Wolter et al. (2019, 

2020, 2021), offering compelling evidence that contextual CSs associated with drugs of 

abuse gain the ability to mimic the neurochemical action of the drugs themselves on 

object memory consolidation. This could in part explain the persistence of addictive 

behaviours, which are not only reinforced by the actions of drugs of abuse on brain 

systems of learning and memory (White and Milner, 1992), but which can also be 

strengthened by repeated exposure to environmental stimuli associated with the 

pharmacological actions of these drugs (Baidoo et al., 2020).   
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Chapter 6: General Discussion 

Drugs of abuse possess the ability to alter memory formation. This dissertation 

tested the hypothesis that drug conditioned stimuli enhance memory consolidation by 

similar neurochemical systems as the drugs themselves. In exploration of this 

hypothesis, the memory enhancing effects of post-training cocaine, nicotine, heroin, and 

contextual conditioned stimuli (CS) paired with these drugs were evaluated using the 

spontaneous object recognition (OR) task. Additionally, to ascertain the 

pharmacological overlap between the effects of cocaine, nicotine, heroin and their 

contextual CSs on OR, the dopamine system, the noradrenergic system, and the opioid 

system were blocked by the antagonists pimozide, propranolol and naltrexone, 

respectively. Finally, to explore the neurochemical overlap of the drug CSs and drugs 

within a cortical region involved in object memory, the role of nicotinic acetylcholine 

receptors (nAChR) was evaluated using the nAChR antagonist mecamylamine in the 

perirhinal cortex. Collectively, it was found that: 1) post-training cocaine, nicotine, heroin 

and their contextual CSs, enhance OR memory following 72-h retention intervals; 2) 

systemically, cocaine, nicotine, heroin and their contextual CSs, enhanced the 

consolidation of OR memory by similar dopaminergic, noradrenergic and opioid 

mechanisms; 3) perirhinal nAChRs are required for the enhancement of memory by 

nicotine and a nicotine contextual CS but not cocaine or a cocaine contextual CS. 

Overall, this work expands our understanding of how drug CSs modulate memory 

consolidation and identifies a psychological function of drug CSs that may perpetuate 

the maintenance of addictive behaviours by activating similar neuropharmacological 

systems as the unconditioned effects of the drugs themselves. Hence, future research 
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can establish treatments that seek to alter the memory modulatory effects of 

conditioned stimuli to not only prevent the reoccurrence of addictive behaviours, but 

also to prevent the facilitation of new memories associated with drug use.   

6.1 Drug contextual CSs enhance memory consolidation 

 To ascertain whether drug CSs can enhance memory consolidation, it was first 

crucial to establish that the acute post-training effects of cocaine, nicotine, and heroin 

would enhance OR memory consolidation. It has been previously reported that cocaine, 

nicotine, and heroin can facilitate memory consolidation when they are administered 

after learning (Puma et al., 1999; Leri et al., 2013; Rkieh et al., 2014). Thus, the results 

presented in Chapter 2, 3, 4 and 5 replicated the effect of these drugs on memory 

consolidation by demonstrating that post-training injections of cocaine, nicotine and 

heroin enhanced OR performance following 72 h retention intervals. This result is 

interpreted as a facilitation of memory consolidation for four reasons. First, drug 

administration only occurred during the post-training period, which avoids the 

modulation of other stages of memory such as encoding or retrieval. Second, the rats 

were always trained and tested in a drug free state, which limits the possibility that 

object exploration was influenced by the stimulatory or depressant effects of the drugs. 

Third, these experiments utilized within-subject designs and the results with post-

training vehicle injections found that there was no facilitation of OR, which indicates that 

repeated injections of these drugs did not have long-term impacts on exploratory 

behaviour. Finally, when injections were delayed by 6 h following the sample phase, OR 

performance was no longer facilitated, which indicates that the modulatory action of 

these drugs most likely influenced processes taking place within a time-limited memory 
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consolidation window. Therefore, these initial results were critical to demonstrate that 

the acute post-training effect of these drugs modulate the consolidation of OR 

memories. 

 The observation that post-training injections of cocaine and nicotine enhanced 

OR is consistent with previous reports of their effects on memory consolidation (Introini-

Collison and McGaugh, 1989; Janak et al., 1992; Cestari et al., 1996; Ciamei et al., 

2001; Brown et al., 2002; Sharifzadeh et al., 2005; Deiana et al., 2011; Iñiguez et al., 

2012; Lima et al., 2013; Schmitzer-Torbert et al., 2015) and replicate the results of 

Rkieh et al. (2014) and Puma et al. (1999) on OR memory. It is unlikely that the post-

training effects of 20 mg/kg cocaine or 0.4 mg/kg nicotine facilitated OR by modulating 

other selective stages of memory (encoding/retrieval) (Roozendaal and McGaugh, 

2011) or by producing lasting changes to exploratory behaviour because when their 

administration was delayed 6 h post-training to OR, memory was no longer facilitated 

(Chapter 2, Experiment 5). Although there are reports that cocaine can impair memory 

performance (Cloke et al., 2014; Rkieh et al., 2014), these studies examined the post-

training effects of cocaine on win-stay consolidation, which requires animals to learn 

rules about the location of novel food rewards to motivate behavioural responses. There 

is evidence that injections of cocaine induce taste avoidance to food rewards (Cappell 

et al., 1975; Reicher and Holman, 1977; Goudie et al., 1978; Hunt and Amit, 1987; 

Parker, 1993) and may explain impairments observed in win-stay. Hence, because OR 

exploits natural tendencies in rodents to explore novelty, (Ennaceur and Delacour, 

1988; Winters et al., 2008; Lyon et al., 2012) the interaction with food is avoided.  
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 The results with heroin are also consistent with past reports that opioid agonists 

enhance the consolidation of non-aversive behavioural tasks such as pattern 

discrimination (Castellano, 1980), win-stay (Leri et al., 2013), social recognition (Levy et 

al., 2009) and water maze navigation (White et al., 1978). Specifically, it was found that 

injections of 0.3 or 1 mg/kg heroin enhanced OR memory when it was administered 

immediately, but not 6 h following the sample phase (Chapter 3, experiment 1), and 

similarly indicates that these effects were specific to consolidation processes and not 

other cognitive functions (Nader et al., 2000; Dudai, 2004; Roozendaal and McGaugh, 

2011). It is important to note that there is also substantial evidence that opioid agonists 

can impair memory when administered post-training, but these impairments tend to be 

related to tasks that involve the avoidance of electric foot shocks (Castellano and 

Oliverio, 1975; Introini et al., 1985; Castellano et al., 1994) and suggests that the nature 

of the behavioural task is a strong determinant of the direction of opioid agonist effects 

on memory consolidation. This point is further supported by evidence with cocaine, a 

potent cognitive enhancer, which impairs win-stay learning (Cloke et al., 2014; Rkieh et 

al., 2014) and findings that opioid agonists may produce impairments to painful 

avoidance learning because they impair noradrenergic function in the basolateral 

amygdala (Quirarte et al., 1998). This study therefore raises an interesting research 

path for future experiments exploring the contrasting behavioural effects of aversive and 

appetitive memory formation by opioid agonists.  

The exploration of the drug contextual CSs paired with cocaine, nicotine, and 

heroin indicated that they similarly enhanced OR memory compared to when the same 

animals were exposed to the contextual CS- post-training. This finding most likely 
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reflects an enhancement of memory consolidation because when post-training exposure 

to the CS+ paired with cocaine, nicotine (Chapter 2, experiment 5) and heroin (Chapter 

3, experiment 1) was delayed by 6 h, OR was no longer facilitated. These experiments 

were the first to directly explore memory enhancement by exposure to drug CSs and 

are consistent with other reports that post-training exposure to fearful CSs (Holahan and 

White, 2002, 2004), post-training exposure to CSs paired with sucrose (Holahan and 

White, 2013), and pre-training exposure to CSs paired with cocaine or morphine (Zhai 

et al., 2007) can facilitate aversive and appetitive task performance.  

 The secondary result of these experiments indicated that drug-free exposure to 

the contextual CS+ paired with cocaine, nicotine or heroin stimulated an observable 

conditioned response. Hence, using a within-subject place conditioning protocol, rats 

were injected with 20 mg/kg cocaine (Chapter 2, experiment 2), 0.4 mg/kg nicotine 

(Chapter 2, experiment 4), 1 mg/kg heroin (Chapter 3, experiment 1) or vehicle, prior to 

confinement in two distinct conditioning chambers (the CS+ and the CS-), respectively. 

During these pairings, the expected stimulation of locomotor activity was observed with 

cocaine and nicotine (Wise and Bozarth, 1987; Pum et al., 2007), and the typical bi-

phasic locomotor response was observed with heroin (Leri et al., 2013). Importantly, 

drug-free exposure to the cocaine, nicotine and heroin contextual CS+ caused animals 

to move significantly more relative to their confinement in the CS-, which indicates that 

the CS+ for each of these drugs had acquired the ability to stimulate an observable 

conditioned locomotor response (Johnson et al., 2012). This finding is consistent with 

other reports that drug free exposure to environments previously paired with cocaine 

(Blanco et al., 2012), nicotine (Bevins and Palmatier, 2003) or heroin elicit conditioned 
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hyperactivity (Schlussman et al., 2008), and when animals are given a choice between 

the CS+ and CS- also elicit conditioned approach (Bernardi et al., 2009; Sticht et al., 

2010). Interestingly, nicotine can produce conditioned avoidance or conditioned 

approach depending on the selected dose (Risinger and Oakes, 1995). Therefore, a 

place conditioning experiment was also included (Chapter 2, experiment 5) with nicotine 

and found that animals spent significantly more time in the nicotine CS+ compared to 

the CS-, indicating that the dose and conditioning parameters of these experiments with 

nicotine elicit conditioned approach.  

6.2 Neurochemical systems involved in unconditioned memory consolidation 

  The parallel results with cocaine, nicotine, heroin and their contextual CSs 

suggest that their modulatory effects on OR memory consolidation may have involved 

the activation of similar neurochemical systems. To compare the neuropharmacological 

similarities between the contextual CSs and acute actions of these drugs, the first set of 

experiments tested the prediction of White (1996) by examining whether the 

neurochemical systems activated by acute post-training injections of cocaine, nicotine, 

and heroin were similar. There is evidence that cocaine (Liang et al., 1990; Cahill et al., 

1994; Florin et al., 1994; McGaugh et al., 1996; Vazdarjanova and McGaugh, 1999; 

Fotros et al., 2013; Kramar et al., 2014; Verheij et al., 2014), nicotine (Lichtensteiger et 

al., 1982; Mitchell et al., 1990; Summers and Giacobini, 1995; Fu et al., 2003; Rossi et 

al., 2005), and opioid agonists (Sugrue, 1974; Roffman et al., 1977; Broekkamp et al., 

1979; Bozarth and Wise, 1981; Latimer et al., 1987; Di Chiara and Imperato, 1988a, 

1988b; Spanagel et al., 1990, 1992; Leone et al., 1991) similarly enhance synaptic 

levels of dopamine and noradrenaline to facilitate the acquisition of addictive 
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behaviours. The results presented in Chapters 3 and 4 explored this prediction by co-

administering the β-adrenoreceptor antagonist propranolol (PRO) or D2-like DA 

antagonist pimozide (PIM) with cocaine, nicotine, and heroin post-training to the OR 

task. It was found that post-training injections of PRO blocked the memory enhancing 

effects of cocaine (Chapter 4, experiment 3), nicotine (Chapter 4, experiment 1) and 

heroin (Chapter 3, experiment 3) and post-training co-administration of PIM blocked 

memory enhancement by cocaine (Chapter 4, experiment 4) and nicotine (Chapter 4, 

experiment 2). Although the interaction between heroin and PIM on OR memory 

consolidation was not explored, it is anticipated that it would have also blocked memory 

facilitation because opioid agonists significantly elevate cortical levels of DA (Gysling 

and Wang, 1983; Leone et al., 1991; Pentney and Gratton, 1991; Johnson and North, 

1992) and DA antagonists can modulate place conditioning experiments with opioid 

agonists (Shippenberg and Herz, 1987; Nazari-Serenjeh et al., 2020).  

 The results with PRO indicate that cocaine, nicotine, and heroin enhanced OR 

memory consolidation by the activation of β-adrenoreceptors. These experiments were 

the first to demonstrate that PRO can block the memory enhancing action of these 

drugs on OR; nevertheless, these findings are consistent with other reports that have 

explored NA and memory modulation. In fact, there are reports that β-adrenoreceptor 

antagonists block the memory enhancing effects of emotional stimuli (Cahill et al., 1994; 

Cahill and McGaugh, 1998; O’Carroll et al., 1999; Canli et al., 2000; McGaugh, 2000; 

McGaugh and Roozendaal, 2002, 2009; Gibbs et al., 2008; Schneider et al., 2011; 

Ruetti et al., 2014). Likewise, the memory enhancing effects of epinephrine are blocked 

by PRO (Dornelles et al., 2007; Jurado-Berbel et al., 2010). It is possible that the 
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stimulation of NA by these drugs converge onto the amygdala to facilitate memory 

because this cortical area is involved in memory modulation by these drugs (Cestari et 

al., 1996; Barros et al., 2005) and there is also evidence that the activation of β-

adrenoreceptors in the amygdala enhance memory (McGaugh et al., 1996; Cahill and 

McGaugh, 1998; Segal et al., 2012).  

 The results with PIM indicate that cocaine and nicotine also similarly stimulated 

DA to facilitate the consolidation of OR. Importantly, these results are consistent with 

other reports exploring the DA system and memory consolidation. For example, the 

memory enhancing effects of cocaine on avoidance memory are blocked by both D1 

(Kramar et al., 2014) and D2 (Cestari and Castellano, 1995) antagonists. There is even 

evidence that D3 antagonism impairs the reconsolidation of cocaine reward memories 

(Yan et al., 2013). With nicotine, nAChR enhancement of radial arm maze learning is 

blocked by D2 antagonists (Mcgurk et al., 1989a, 1989b) and enhanced by infusions of 

nicotinic antagonists into the VTA (Levin and Rose, 1995), cholinergic antagonists 

infused into the ventral HPC block D2 agonist induced enhancement of arm maze 

learning (Kim and Levin, 1996); and finally, nicotinic agonists infused into the VTA 

enhance avoidance tasks (Lima et al., 2013).  

Although these experiments did not directly explore the central sites for PRO or 

PIM, it is likely that the neurochemical targets are similar to other studies of NA and DA 

on memory. For instance, there is evidence that the basolateral amygdala (BLA) is 

involved in memory consolidation (McGaugh et al., 1996; White, 1996; Ferry et al., 

1999; White and McDonald, 2002) and its ablation blocks memory enhancement by 

cocaine and nicotine (Barros et al. 2005; Cestari et al. 1996). Furthermore, cocaine and 
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nicotine self-administration enhance NA and DA in the BLA (Di Ciano and Everitt 2004; 

Fu et al. 2003), and the memory enhancing effects of post-training BLA infusions of NA 

are blocked by intra-BLA infusions of PRO (Quirarte et al., 1998; Fu et al., 2003; Di 

Ciano and Everitt, 2004; Roozendaal et al., 2008; Polston et al., 2012) and the 

reconsolidation of heroin place conditioning (Yuan et al., 2020). Furthermore, the HPC 

is involved in the consolidation of drug-related memories through NA afferents from 

locus coeruleus (Lisman and Grace, 2005; Lodge and Grace, 2008; Koch et al., 2011; 

Melichercik et al., 2012; Kutlu and Gould, 2016) and injections of cocaine, nicotine, and 

opioid agonists modulate NA activity in the HPC (Matsumoto et al., 1994; Placzek et al., 

2009; Otis et al., 2014).  

6.3 Neurochemical systems involved in conditioned memory consolidation 

The results exploring the contextual CSs of cocaine, nicotine, and heroin suggest 

that Pavlovian drug CSs acquire the ability to activate similar neurochemical 

mechanisms of memory consolidation as the drugs they are paired with. Specifically, it 

was found that memory modulation by the drug contextual CSs were equally blocked by 

post-training injections of PRO or PIM on OR memory. Accordingly, this important 

finding suggests that CSs may acquire the ability to mimic the neuropharmacological 

action of the drugs on consolidation processes. In fact, there is evidence to suggest that 

the drug unconditioned and conditioned effects involve similar neurochemical systems. 

For example, exposure to cocaine CSs enhance VTA ACh above levels elicited by 

acute injections of cocaine (You et al., 2008), large doses of cocaine produce significant 

hyperlocomotion and increases in extracellular nucleus accumbens (NAc) DA in a single 

session and on the following session lower doses administered in the contextual CS 
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produce similar effects on movement and NAc DA (Fontana et al., 1993; Duvauchelle et 

al., 2000). Moreover, cocaine self-administration stimulates DA in the core and shell 

NAc and non-contingent presentation of a cocaine CS+ produces similar effects on NAc 

core DA (Ito et al., 2000). Finally, injections of nicotine, morphine or exposure to their 

CSs similarly enhance DA in the NAc shell and pre-frontal cortex (PFC) (Bassareo et 

al., 2007). 

 The exploration of the unconditioned and conditioned effects of heroin in the 

opioid system with naltrexone (NTX) indicated that the activation of μ -(MOP) opioid 

receptors by heroin or by the heroin contextual CS was not involved in the enhancement 

OR memory consolidation. It was found that post-training co-administration of 

naltrexone did not alter the choice discrimination ratios by post-training injections of 1 

mg/kg heroin or by post-training exposure to the heroin contextual CS previously paired 

with injection of 1 mg/kg heroin. Moreover, when NTX was tested with 72 h retention 

intervals, it did not facilitate OR (Chapter 3, experiment 2). This finding is in contrast to 

other reports that post-training opioid antagonists facilitate memory consolidation of 

avoidance tasks involving foot-shocks (Fulginiti and Cancela, 1983; Introini et al., 1985; 

Introini-Collison and Baratti, 1986; Castellano et al., 1989). It is likely that there is a 

direct interaction with systems of pain that are modulated by antagonizing opioid 

receptors. That said, we confirmed that our selected dose of NTX was capable of 

altering MOP responses to pain because NTX reversed the analgesic effects of heroin 

on hot plate latencies (Chapter 3, experiment 2). Interestingly, there are reports that 

NTX has a greater affinity to MOP and κ -(KOP), but a weak affinity for δ -(DOP) (Raynor 
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et al., 1994), which suggests that the enhancing effects of these stimuli could involve 

the activation DOP. 

To explore the possibility that the enhancing effect of heroin involved the 

activation of DOP, we tested the opioid receptor antagonist naloxone (NAL) on memory 

modulation by heroin. Importantly, NAL has a high affinity for MOP, DOP, and KOP 

(Raynor et al., 1994) and we explored the prediction that naloxone would block the 

memory enhancing effects of post-training injections of 1 mg/kg heroin on OR (data not 

included in research chapters). This experiment revealed that post-training co-

administration of 3 mg/kg NAL blocked the effects of 1 mg/kg heroin on choice DRs 

(See additional figure below). This finding supports the interpretation that heroin may 

facilitate the consolidation of new memories by the activation of DOPs. Indeed, there is 

supporting evidence that sub-analgesic doses of the DOP agonist such as rubiscolin-6 

or injections of deltorphin enhance memory (Pavone et al., 1990) and their memory 

enhancing effects are blocked by the DOP antagonist naltrindole (Yang et al., 2003). 

Therefore, these findings raise the interesting possibility that the memory modulatory 

effects of opioid agonists on non-aversive/reward-based learning involve DOPs. 
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6.3 Additional Figure 1: Mean (±SEM) DRs from sample and choice phases by the same rats (n = 8) 
following post-sample injections of vehicle, 1 mg/kg heroin and co administration 3 mg/kg naloxone. The * 
denotes a significant difference in comparison to vehicle and 3 mg/kg naloxone choice phase DRs. The # 
denotes a significant difference between sample and choice phases within treatment.   

6.4 Cortical systems of unconditioned and conditioned memory consolidation 

The important demonstration that the memory enhancing effects by the acute 

drugs and drug CSs were similarly blocked by dopaminergic and noradrenergic 

antagonists suggests that the cortical systems involved in OR memory may also 

overlap. Hence, the experiments presented in Chapter 5 explored this prediction by 

targeting PRh nAChRs with mecamylamine (MEC). The PRh is strongly implicated in 

the consolidation of memory for object identities and OR memory is modulated by the 

use of cholinergic agonists and antagonists within this cortical region (Brophey and 

Raptis, 2003; Hasselmo, 2006; Winters et al., 2008; Melichercik et al., 2012). 

Accordingly, the results of these experiments found that both systemic injections of 0.4 

mg/kg nicotine and post-training exposure to the nicotine contextual CS+ were blocked 

by infusions of 30 μg/side MEC (Chapter 5, experiment 1 and 2). Notably, MEC did not 
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alter choice discrimination ratios when evaluated using a 24 h retention interval and 

indicates that MEC only blocked the enhancement of OR by nicotine and the nicotine 

CS. This important finding suggests that the unconditioned and conditioned effects of 

nicotine activate similar PRh cholinergic mechanisms involving nAChRs. Interestingly, 

the enhancing effects of cocaine and the cocaine contextual CS+ were unaltered by 

infusions of MEC into the PRh (Chapter 5, experiment 3 and 4), suggesting that the 

unconditioned and conditioned effects of cocaine enhance OR memory by another 

neurochemical system.  

 The findings with acute post-training nicotine was anticipated based on previous 

reports that PRh ACh is involved in OR memory consolidation (Brophey and Raptis, 

2003). Moreover, these findings are consistent with the experiments of Melichercik et al. 

(2012) and Tinsley et al. (2011) that infusions of nicotine into the PRh enhances OR 

and that PRh infusions of α7 nAChR antagonists impair OR. The observation that intra-

PRh infusions of MEC also blocked the memory enhancing effect of the nicotine 

contextual CS is novel and consistent with the prediction that Pavlovian CSs acquire the 

ability to mimic the stimulation of neurochemical systems similarly targeted by the acute 

drugs. In fact, there is evidence that MEC impairs conditioned responses to nicotine 

cues and blocks the acquisition and expression of nicotine place conditioning (Besheer 

et al., 2004; Struthers et al., 2009; Biala et al., 2010).  

 The other important and novel finding from these experiments was that the 

enhancement of OR by cocaine and the cocaine contextual CS+ were not altered by 

PRh infusions of MEC. This finding is interesting because cocaine does enhance central 

cholinergic activity (for review see: Williams and Adinoff, 2008) by dopaminergic 
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mechanisms (Stoof et al., 1987; Bertorelli and Consolo, 1990; Drukarch et al., 1990; 

Imperato et al., 1993; Zocchi and Pert, 1994; Consolo et al., 1999; Mark et al., 1999; 

Berlanga et al., 2003; Smith et al., 2004b), and cholinergic antagonists can modulate a 

number of cocaine drug related behaviours (Levin et al., 2000; You et al., 2008). While 

these findings do not confirm that post-training injections of cocaine and exposure to the 

cocaine CS enhanced memory by similar neurochemistry within the PRh, there is 

evidence that they may involve other neurochemical systems possibly driven by DA or 

glutamate (GLU). For example, injections of cocaine dose dependently enhance PRh 

DA (Pum et al., 2007) and OR memory is modulated by systemic dopaminergic agonists 

and antagonists (de Lima et al., 2011; Muratori et al., 2016). Additionally, PRh infusions 

of D1 agonists enhance OR and PRh infusions of D1 antagonists impair OR (Balderas 

et al., 2013). There are also reports that PRh GLU regulates the encoding and 

consolidation of OR memories (Winters and Bussey, 2005) and injections of cocaine or 

exposure to cocaine CSs alter mesolimbic DA activity to enhance GLU in the BLA (You 

et al., 2007; Wise, 2009; Schmidt and Pierce, 2017). Collectively, these results support 

the hypothesis that drug CSs gain the ability to stimulate similar neurochemical systems 

targeted by the acute drugs within a cortical area to enhance memory consolidation. 

Moreover, it is clear that future experiments should seek to explore the dopaminergic or 

glutamatergic systems to verify whether the unconditioned and conditioned effects of 

cocaine require similar neurochemical systems within the PRh to enhance OR.  

6.5 Limitations 

 There are several methodological limitations that should be considered when 

interpreting the results of this dissertation. First, these experiments only evaluated the 
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memory modulatory effect of cocaine, nicotine, heroin and their contextual CSs using 

male Sprague Dawley rats. It should be acknowledged that albino rats (Sprague 

Dawley) have poorer vision than other strains typically evaluated in OR research (i.e., 

Long-Evans) (Prusky et al., 2002) and it is possible that the results could be different if 

evaluated with rodent strains that have higher visual acuity. Importantly, there are also 

notable differences between males and females in their liability for addiction (Carroll et 

al., 2004; Fattore et al., 2008; Bobzean et al., 2014; Becker and Koob, 2016; Carroll and 

Lynch, 2016). For example, males are more likely to use drugs and meet the 

diagnosable criteria for addiction (Lynch, 2018). However, females acquire self 

administration of drugs more rapidly and will escalate drug taking with longer sessions 

compared to males (Becker and Hu, 2008; Anker and Carroll, 2011; Becker et al., 

2012). Interestingly, human females are also more likely to seek treatment for drug use 

compared to men (Anglin et al., 1987; Griffin et al., 1989; McCance-Katz et al., 1999; 

Haas and Peters, 2000; Hernandez-Avila et al., 2004; McHugh et al., 2018) and are 

more likely to attribute their reasons for drug relapse to depression (McKay et al., 1996). 

These differences observed in humans and animals may be attributable to the role of 

the ovarian hormones estradiol and progesterone in drug vulnerability (Ford et al., 2002, 

2004; Lynch and Taylor, 2005; Larson et al., 2007; Kucerova et al., 2009; Lynch and 

Sofuoglu, 2010; Anker and Carroll, 2011; Flores et al., 2016). Hence, it is possible that 

the acute drug action and expression of conditioned behaviours could be different and 

establishing their behavioural similarities is crucial to generalize these effects on 

memory between sex.  
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Additionally, these experiments did not explore the interaction of these drugs or 

drug contextual CSs on other behavioural paradigms and assessed only one type of 

memory using the OR task. It is clear that the memory modulatory effects of cocaine 

and heroin can interact with certain behavioural paradigms to produce memory 

impairments (Leri et al., 2013; Cloke et al., 2014; Rkieh et al., 2014), which begs the 

question of whether these negative effects on memory are also transmittable to the 

modulatory effects of their drug contextual CSs. In fact, accumulating experimental 

evidence from studies using humans and animals indicates that mammalian memory is 

likely mediated by independent but interconnected neural systems to process and store 

various types of peripheral information into long-term memories (White, 1996; White 

and McDonald, 2002). Moreover, these studies suggest that brain areas can regulate 

and process different types of sensory information that can be effectively dissociated 

from the functions of other cortical regions (White et al., 2013). Despite our evidence 

indicating that OR may be regulated by similar neurochemistry by the unconditioned 

and conditioned drug effects, it is unknown if similar neurochemistry is involved in other 

memory systems implicated in other behavioural paradigms.  

 Another important consideration is that the experiments both systemically and 

within the perirhinal cortex only employed relatively non-selective antagonists to target 

the dopamine, noradrenaline, opioid, and cholinergic system. The reports presented in 

the above discussions certainly indicate that the acute and conditioned drug effects can 

involve a number of different receptor subtypes (i.e., D1 versus D2, β versus α or 

muscarinic versus nAChR) in different behavioural assessments of memory and thus 

present the question of whether there are unique contributions related to specific 
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receptor systems when comparing the acute and conditioned drug effects. Indeed, the 

fact that cocaine and the cocaine CS was unaltered by infusions of MEC into the PRh 

indicates that within a cortical region, the unconditioned and conditioned effects of 

nicotine and cocaine are different.  

Finally, this dissertation only assessed conditioned memory modulation by 

confinement into a drug contextual CS. It would have been important to establish 

whether other Pavlovian CSs can produce similar effects on memory. Indeed, there is 

evidence that a number of discrete cues can serve as powerful reminders that re-

establish drug taking behaviours (Bastle et al., 2012; Johnson et al., 2012; Fitzgerald et 

al., 2016; Tunstall and Kearns, 2017). Hence, one limitation of this dissertations current 

design is that we cannot discern what components of the CS animals are responding to 

and cannot conclude whether the memory modulatory effects of drug contextual CSs 

are also replicable to discrete cues such as light, sound or even individual objects.  

6.6 Future research 

 The results from this dissertation present several interesting research directions 

for future studies exploring the memory enhancing effects of addictive drugs and drug 

conditioned stimuli. In these research chapters, we provide evidence that drug 

contextual CSs paired with cocaine, nicotine and heroin equally modulate OR memory 

consolidation. These findings established an important discovery in that memory 

modulation is not unique to just the acute pharmacological action of the drugs, but that 

through Pavlovian conditioning, drug CSs can acquire the ability to stimulate similar 

neurochemical systems that facilitate memory consolidation. It is well known that 

memory consolidation plays a crucial role in the establishment and persistence of 
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addictive behaviours (White, 1996) and the fact that drug CSs can facilitate the 

formation of new memories related to drug use indicates that they should be a primary 

target of pharmacological and psychological interventions.  

Future research should explore whether Pavlovian CSs paired with other 

addictive substances can also modulate memory formation. For example, alcohol is a 

legally purchasable drug and alcohol use disorder is one of the leading factors of 

personal death and disability, affecting 4% of adults (Rehm et al., 2009). Indeed, there 

is evidence that post-training administration of alcohol facilitates memory consolidation 

(Parker et al., 1980, 1981; Mann et al., 1984; Bruce and Pihl, 1997; Bruce et al., 1999a; 

Knowles and Duka, 2004), enhances synaptic levels of monoamines (Mann et al., 1984; 

Bruce et al., 1999b; Esposito et al., 2007), and interacts with known memory systems 

such as the HPC, caudate nucleus and amygdala (White, 1996; Bruce et al., 1999a). 

Animals trained with alcohol in place conditioning experiments will also elicit conditioned 

approach and it is known that exposure to alcohol cues play a pivotal role in alcohol 

relapse (Ludwig, 1986), which suggests perhaps these cues should also facilitate 

memory formation. Another legal and addictive drug that should be explored is 

cannabis. In fact, cannabis use is significantly increasing due to its growing global 

legalization and remains one of the most commonly used addictive substances only 

behind alcohol and tobacco smoking (Zehra et al., 2018). Indeed, cannabis place 

conditioning experiments indicate that it can elicit both conditioned approach and 

conditioned avoidance, depending on dose (Tzschentke, 2007). Moreover, there is 

considerable evidence that its post-training administration impairs memory. For 

example, administration of cannabinoid agonists impair immediate and delayed free 
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recall in humans (Ranganathan and D’Souza, 2006), post-training systemic and intra-

HPC administration of CB1 receptor agonists impair water maze consolidation (Yim et 

al., 2008), and intra-PRh infusions of synthetic cannabinoid agonists impair OR (Sticht 

et al., 2015). What is interesting is the fact that cannabinoids can establish place 

conditioning indicates that they do facilitate the formation of implicit memories. This 

suggests perhaps these conditioned environments may also perpetuate the 

maintenance of cannabis addiction because these environments may also facilitate 

memory formation.  

 Another direction of this research should further explore the role of delta opioid 

receptors on memory consolidation. The preliminary evidence included in the discussion 

of this dissertation indicated that post-training co-administration of naloxone blocked the 

memory enhancing effects of heroin on OR memory. The role of the DOP was inferred 

by the pharmacological differences between NTX and NAL on opioid receptors (Raynor 

et al., 1994). Hence, future studies should also test the effect of post-training NAL on 

the memory modulation by heroin CSs, but also directly explore the role of DOP by 

using specific antagonists such as naltrindole (Yang et al., 2003). If NAL also blocks 

memory modulation by the heroin CSs this should indicate that NAL could be a more 

effective treatment during exposure to heroin cues in the treatment of opioid addiction.  

 Finally, the important demonstration that cocaine and the cocaine CSs were 

unaltered by intra-PRh infusions of MEC indicated that this drug and CS activate 

another neurochemical system to facilitate OR memory consolidation. It is well known 

that cocaine elevates cortical DA (Liang et al., 1990; Cahill et al., 1994; McGaugh et al., 

1996; Vazdarjanova and McGaugh, 1999) and DA antagonists can block memory 
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modulation by cocaine (Cestari and Castellano, 1995; Kramar et al., 2014). There is 

evidence that PFC and PRh infusions of D1 and D2 antagonists modulate OR memory 

consolidation (Watson et al., 2012; Balderas et al., 2013), which suggests that perhaps 

these receptors could be activated by cocaine or the cocaine CS to enhance memory 

consolidation. Hence, future studies should explore the interaction of cocaine and 

cocaine CSs by exploring both D1 and D2 receptors to determine their role on OR 

memory consolidation. It is also possible that the direct actions of cocaine are 

influencing OR by other regions known to be involved (PFC, HPC, and insular cortex) 

(Melichercik et al., 2012; Yan et al., 2013; O’Brien et al., 2014) and overlapping 

neurochemical similarities within these cortical regions should also be considered in 

future exploration.  

6.7 Implications and conclusions 

 This dissertation expands upon the literature of drug cues that can perpetuate 

the maintenance of addiction by serving as not only important reminders of drug use 

that elicit conditioned drug-like behaviours, but we demonstrate that they can also 

enhance memory formation via similar neurochemistry as the drugs themselves. Hence, 

it is possible that their exposure may facilitate the consolidation of drug experiences to 

influence the maintenance of addiction. This psychological component suggests that 

because drug CSs can enhance memory formation by similar neurochemistry, that they 

may also stimulate the formation of many other CSs related to drug experiences acting 

as secondary reinforcers.  

Currently, one therapeutic technique to modulate drug-like responses to drug 

CSs is cue exposure therapy (CET). These models involve exposing patients to cues 
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related to drug use without drug consumption in an attempt to weaken the relationship 

between the CS and US via extinction. In these trials patients are repeatedly exposed to 

cues that have been associated with drug experiences (Perry et al., 2014). In fact, there 

is evidence that this method of devaluation is very effective in the treatment of other 

behavioural disorders such as anxiety (Norton and Price, 2007), but alone, is not an 

effective treatment of addiction (Conklin and Tiffany, 2002; Prisciandaro et al., 2013; 

Unrod et al., 2014). Our findings indicate that perhaps traditional methods of CET could 

be expanded by targeting the memory enhancing action of the drug CSs in combination 

with therapeutic techniques commonly used to treat addiction disorders such as 

cognitive behavioural therapy (An et al., 2017) to facilitate the consolidation of these 

cognitive strategies while also extinguishing the strength of the CS. This implication is 

partially supported by evidence that memory retrieval of drug experiences followed by 

CET reduce relapse-like behaviours in clinical settings (Xue et al., 2012).  

In conclusion, this dissertation provides compelling evidence that drug CSs could 

perpetuate the maintenance of addiction by mimicking the neurochemical action of the 

drugs themselves on memory formation. Hence, these psychological factors may 

enhance the consolidation of memories linked to drug-seeking and drug-taking, while 

also inducing behavioural states that motivate future drug use.  
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