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ABSTRACT 

 

Drugs of abuse as memory modulators: the cocaine puzzle 

 

Nabeel Rkieh         Advisor: 

University of Guelph, 2013        F. Leri 

 

It has been proposed that drugs of abuse reinforce behavior partly, or wholly, because 

they enhance memory consolidation. Cocaine can clearly serve as a reinforcer, but its 

effect on memory consolidation has not been fully characterized. The objective of this 

research is to explore the effects of different regimens of pre- and post-training cocaine 

administration on learning of a win-stay task and object recognition. Cocaine naïve and 

cocaine pre-exposed male Sprague-Dawley rats received cocaine (0, 1, 2.5, 7.5 or 20 

mg/kg, IP) immediately following training on a win-stay task in a radial maze.  In other 

experiments, cocaine was combined with diazepam (1 mg/kg), or was administered 

following the sample phase of an object recognition task.  Post-training cocaine did not 

improve acquisition of win-stay because of performance deficits. An improvement was 

found only in object recognition. It is concluded that cocaine can enhance learning, but 

this effect is highly dependent on the dose and the task employed.  
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General Introduction 

General Rationale 

Cocaine is an addictive drug with psychoactive properties. Repeated cocaine 

users will seek and take cocaine despite their often extensive first-hand experience with 

the various adverse effects of this behavior (Ostlund & Balleine, 2008). The propensity 

of users to persistently seek and take cocaine may be a result of the drug’s actions as a 

reinforcer. According to Thorndike (1911), reinforcers are biologically relevant stimuli 

that strengthen the link between a stimulus and a response. Cocaine has been shown in 

self-administration and conditioned place preference experiments using both humans 

and animals to have reinforcing properties (Arroyo, Markou, Robbins, & Everitt, 1998; 

Caine et al, 2007; Foltin, Christiansen, Levin, & Fischman, 1995; Hoffmeister, 1980; 

Olmstead, Parkinson, Miles, Everitt, & Dickinson, 2000; Ward, Haney, Fischman, & 

Foltin, 1997; Woolverton, 1995). It has been hypothesized that drugs of abuse reinforce 

behavior, partly or wholly, because they enhance memory consolidation processes 

(White, 1990; White & Milner, 1992). One method to investigate cocaine's action as a 

reinforcer is to observe the effect of cocaine administration on the consolidation of non-

drug related experiences. If cocaine administration can strengthen memories that are 

outside the context of the drug taking experience, then it follows that behaviour is being 

reinforced through actions on memory consolidation. The promotion of memory 

consolidation may be one of several drug effects that contribute to the development of a 

drug addiction.  

Summary of Experiments 

In order to study the effect of cocaine on memory consolidation, the first line of 

research involved administering the drug post-training on the win-stay task. The win-
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stay task is typically performed in a radial arm maze where lights in each arm identify 

the location of sucrose pellets (McDonald & White, 1993). However, cocaine is known to 

produce side effects that could potentially interfere with performance on the win-stay 

task. When cocaine is administered following the consumption of a food, conditioned 

taste avoidance (CTA) may develop (Cappell & LeBlanc, 1975; Goudie, Dickins, & 

Thornton, 1978; Mayer & Parker, 2003; Parker, 1993; Reicher & Holman, 1977). If CTA 

develops in cocaine treated rats during win-stay learning, the motivational value of the 

sucrose pellet reinforcer may be altered. This effect may produce impairments in 

performance on the win-stay task. In order to limit motivational deficits that may 

develop, a benzodiazepine was co-administered post-training. Additionally, the object 

recognition task was also employed in this research program because it does not 

involve an explicit appetitive reinforcer. Different doses of cocaine were administered 

post-training in both learning tasks in order to limit aversive side effects of the drug and 

find an optimal dose for memory enhancement. Another experimental approach to 

lessen the effects of CTA is to pre-expose rats to cocaine prior to training on the win-

stay task. One pre-exposure treatment in particular, sensitization, has been shown to 

attenuate the development of CTA (Riley & Diamond, 1998; Riley & Simpson, 1999). 

Taken together, the goal of this research program is to directly test the effects of 

cocaine on memory consolidation and to eliminate side effects of the drug that may 

interfere with the observations of learning and task performance.  

Cocaine: Actions in the Brain & Pharmacology 

Cocaine is a stimulant drug that produces euphoria, increased energy and motor 

activity. Depending on the route of administration, cocaine’s stimulatory effects on the 



 3 

 
 

nervous system can last between 15 min to 1 hr in humans (Long, Greller, & Mercurio-

Zappala, 2004). The psychological and behavioural effects of cocaine are a result of 

actions on the dopaminergic, serotonergic, and noradrenergic signaling pathways 

(Heikkila, Cabbat, & Duvoisin, 1979; Reith, 1986; Ritz, Lamb, Goldberg, & Kuhar, 1987). 

Cocaine blocks the presynaptic reuptake of serotonin, norepinephrine, and dopamine. 

Once the reuptake is blocked, these neurotransmitters remain in the synapse for a 

longer period of time; thus there is increased receptor binding and activation at the post-

synaptic receptors (Reith, 1986; Ritz et al, 1987). 

Given that dopamine transmission is an important component of memory 

consolidation (Clopath, 2012), dopamine is probably involved in the ability of cocaine to 

modulate memory. Dopamine receptor activation is required for memory consolidation 

in the win-stay (Packard, Hirsh, & White, 1991) and object recognition task (Balderas, 

Moreno-Castilla, & Bermudez-Rattoni, 2013; Rossato et al, 2013), both of which are 

employed in this research. In addition, dopamine is present in the dorsal striatum during 

memory consolidation (Lovinger, 2010), and the dorsal striatum is important for win-stay 

acquisition (McDonald & White, 1993). Taken together, dopamine is probably involved 

in the ability of cocaine to modulate memory. 

Dopamine-rich brain regions such as the nucleus accumbens and dorsal striatum 

are targets of cocaine action. Of particular interest is the pathway consisting of 

dopaminergic neurons originating in the ventral tegmental area that terminates in the 

nucleus accumbens (Wise, 1980). These dopaminergic projections can be activated by 

natural reinforcers (food, water, sex) and/or exogenous drugs with reinforcing 

properties, such as cocaine (Di Chiara, 1995).  
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Dopamine transmission is essential to the reinforcing properties of cocaine 

(Kuhar, Ritza, & Boja, 1991; Volkow, Fowler, Wang, Baler, & Telang, 2009; Volkow et 

al, 2002). When dopamine nerve terminals are lesioned in the nucleus accumbens, 

systemically administered cocaine is less reinforcing (Hoebel et al, 1983). Additionally, 

dopamine transporter knockout mice obtain less infusions of cocaine in self-

administration studies (Rocha et al, 1998). These two studies illustrate the importance 

of dopamine in cocaine-induced behavioural reinforcement. 

It is also possible that the ability of post-training cocaine to modulate memory 

consolidation is dependent on norepinephrine neurotransmission. Memory facilitation 

has been observed when norepinephrine levels in the amygdala are increased. More 

specifically, a number of different treatments such as post-training epinephrine (Williams 

et al. 1998), corticosterone (McReynolds et al. 2010), picrotoxin (Hatfield et al. 1999), 

and naloxone (Quirarte et al. 1998), all of which increase norepinephrine levels in the 

amygdala, have facilitated memory consolidation.  

Not only can increases in norepinephrine facilitate memory consolidation, but 

norepinephrine release is directly related to the consolidation window. In a study by 

McIntyre and colleagues (2002), norepinephrine levels in the amygdala were measured 

every fifteen minutes from one hour before to two hours after training on an inhibitory 

avoidance task. Norepinephrine levels were highest in the 30 minutes immediately 

following training.  

At the very least, these studies show the importance of norepinephrine in 

memory consolidation of aversively motivated tasks. In the studies which test the effects 

of cocaine in aversively motivated tasks (see below), norepinephrine is very likely to 
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play an important role in memory modulation.   

Third, the serotonergic system may mediate the ability of post-training cocaine to 

facilitate memory. Gonzalez and colleagues (2013) trained rats to press a retractable 

lever for a food reward. When a serotonin receptor antagonist was administered 

immediately post-training, number of lever presses decreased. When tryptophan, the 

precursor to serotonin, was administered post-training, number of lever presses 

increased. These effects occurred even when rats were tested with different retention 

delays (1.5 hours and 24 hours). In a final experiment, both a serotonin receptor 

antagonist and tryptophan were administered post-training and these rats performed 

similarly to controls. The third experiment suggests that increases in tryptophan 

attenuated the impairment effect induced by the serotonin antagonist, and suggests that 

serotonin is critical for memory consolidation. 

Importantly, the task used in the study by Gonzalez and colleagues (2013) 

involved the consumption of novel flavours and incentive motivation, much like the win-

stay task. Therefore, it is possible that the ability of post-training cocaine to modulate 

memory consolidation also involves the serotonergic system. 

Cocaine as a Reinforcer 

The propensity of users to increase drug intake may be a result of the drug’s 

reinforcing properties. Cocaine has been shown in human and animal studies to have 

reinforcing properties (Foltin, Christiansen, Levin, & Fischman, 1995; Ward, Haney, 

Fischman, & Foltin, 1997). In human self-administration experiments, participants were 

given daily sessions to self-administer cocaine. During the self-administration session, 

participants were given an IV dose of cocaine after a certain number of clicks with a 
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joystick, the operant response. Participants were required to complete subjective effect 

questionnaires before, during, and after a session. These are used to determine and 

compare scores of drug craving (Ward et al.,1997). In humans given self-administration 

sessions for cocaine on consecutive days, joystick clicks increased from session to 

session (Ward et al., 1997). In addition, Ward et al. (1997) found that after the first 

injection of cocaine, overall craving (as measured by self-report questionnaire) and 

number of operant responses (joystick clicks) increased within the self-administration 

session. 

In addition to human self-administration experiments, there have been numerous 

experiments designed to study cocaine self-administration in animals such as non-

human primates (Hoffmeister, 1980; Woolverton, 1995) and rodents (Arroyo et al, 1998; 

Caine et al, 2007; Olmstead et al, 2000). In animal self-administration, subjects are 

trained to perform an action, typically a lever press, in order to receive a drug. A drug 

infusion (typically intravenous) occurs immediately after the lever press. When a drug is 

administered intravenously, the effects are direct and rapid. Thus, an increase in total 

lever presses between sessions or within a session suggests that the drug has 

reinforcing properties. Animal experiments have shown that subjects will self-administer 

cocaine under various conditions (Arroyo et al., 1998; Caine et al, 2007; Olmstead et 

al., 2000).   

Another procedure which shows that cocaine is rewarding, and thus can 

potentially reinforce behavior in animals, is the conditioned place preference (CPP) 

procedure. In a CPP task, an animal is administered a test substance and placed in a 

compartment. The next day, the animal is administered a control substance (saline) and 
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placed in an adjacent compartment that contains different and distinguishable 

environmental cues. After sufficient training, the divider between adjacent 

compartments is removed and the animal is capable of freely moving between 

compartments in a drug-free state (Reichel, Wilkinson, & Bevins, 2010). When the CPP 

procedure is used to test cocaine, animals spend a significantly greater amount of time 

in the drug-paired compartment for doses as low as 2.5 mg/kg (Pickens & Thompson, 

1968; Reichel et al., 2010). Traditionally, CPP experiments are thought to measure a 

drug’s rewarding effects. In the CPP procedure, there is no behaviour occurring after 

drug administration so there is no measure of the drug’s actions as a reinforcer. 

However, many drugs that are rewarding as measured by the CPP procedure have also 

been shown to be reinforcing in a different context (White & Milner, 1992). Both self-

administration and CPP experiments in animals support the hypothesis that cocaine 

acts as a reinforcer during learning. 

The ability of cocaine to reinforce behaviour may explain why addicts will seek 

and take cocaine despite their often extensive first-hand experience with the various 

adverse effects of this behavior (Ostlund & Balleine, 2008). This observation is also true 

for alcohol (Dunn & Cook, 1999; Hoffman & Tabakoff, 1996), heroin (Biron, 1977; Mello, 

Mendelson, Kuehnle & Sellers, 1981), nicotine (Corrigall, Coen, & Adamson, 1994; 

Perkins, 1999), and other drugs of abuse. Perhaps these addictive behaviours develop 

because they are particularly effective in engaging the neural systems involved in 

learning and memory, which produces strong associations between drug taking 

behaviours and environmental stimuli. These neurobiological effects may be one factor 

that contributes to the development of a drug addiction. 
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Memory Consolidation 

It has been hypothesized that drugs of abuse reinforce behavior, partly or wholly, 

because they enhance memory consolidation processes (White, 1990). Memory 

consolidation is a neurobiological process through which the labile representation of a 

memory that exists immediately after its formation changes over time into a relatively 

permanent representation (McGaugh, 2000). The development of a drug addiction may 

result from a drug’s ability to enhance memory for drug-related experiences through 

actions on memory consolidation (White, 1990).  

Effects of Cocaine on Memory Consolidation 

A standard method for studying the effect of a drug on memory consolidation is 

to administer it after training. This eliminates any effects that the drug may have on 

perception of stimuli associated with the learning task (White, 1990). Previous work with 

cocaine has found that post training drug administration can increase performance in 

rodents learning aversive tasks (Iniguez et al, 2012; Introini-Collison & McGaugh, 1989; 

Janak, Keppel & Martinez Jr, 1992).  

Janak and colleagues (1992) conducted an active avoidance task where rats 

were trained to run from one compartment to another in order to escape a foot shock. 

Rats were given two training trials on Day 1 and then tested 24 hr later. Avoidance was 

defined as movement into the second compartment occurring prior to the onset of 

shock. Rats which received a post-training i.p injection of cocaine immediately after the 

second training trial on Day 1 performed significantly greater avoidances on test day.  

Another one of these aversive tasks is the inhibitory avoidance task. In a study 

by Introini-Collison, and McGaugh (1989), the animal was shocked for stepping down 
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from a platform. After the shock, the animal was given an i.p injection of cocaine or 

saline. The next day, cocaine treated animals took longer to step down from the 

platform in comparison to saline treated animals. Time to step down is a measure of the 

memory for the experience the previous day. Higher step down latencies in the cocaine-

treated group suggest that cocaine strengthened the memory of the initial training 

session (Introini-Collison & McGaugh, 1989).  

Iniguez and colleagues (2012) found that post-training cocaine enhanced 

memory consolidation in the Morris water maze task. Mice were given one of five dose 

of cocaine intraperitoneally following eight training sessions. Mice were placed in the 

water maze at one of four starting points (which was counterbalanced) and were 

allowed 1 min to freely swim and find the submerged escape platform. 24 hr after the 

last training trial and drug injection, mice were returned to the Morris water maze for a 

single memory retention trial. All mice were released from the same starting point, and 

latency to reach the escape platform was measured. Rats treated with 2.5 mg/kg 

cocaine showed significantly lower latencies in comparison to control. 

Because previous studies have found a memory enhancing effect for cocaine in 

aversive situations, it is of interest to explore the effects of cocaine on tasks that require 

incentive motivation and consumption of food. Morever, because the neural processes 

of memory storage in aversive and incentive learning are not identical (Cahill & 

McGaugh, 1990), it is possible that the effect of cocaine on memory consolidation is 

highly dependent on the task. The first task used in this research project employed 

sucrose pellets as the motivational stimulus, and the learning strategy required the 

development of a habit. 
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Habit Learning 

A habit is a type of behavior that is repeated regularly and tends to occur 

automatically. A habit develops when an environmental stimulus becomes associated 

with a learned response such that the stimulus will elicit the response independent of 

conscious thought (Rudy, 2008). The win-stay is a task that involves habit learning. 

The win-stay task is typically performed in a radial arm maze where lights at the 

entrance to each arm identify the location of sugar pellets (McDonald & White, 1993). 

When a rat enters (response) a lit (stimulus) arm, it will be reinforced with a sugar pellet 

upon nose poke in a depressed food well at the end of the arm. If the rat enters and 

nose pokes in a dark arm, no sugar pellet will be released. The win-stay task has been 

shown to require an intact dorsal striatum for normal learning (McDonald & White, 1993; 

Packard, Hirsch, & White, 1989). The dorsal striatum is a brain region that has been 

implicated in the learning of rigid, unchanging patterns of behavior (Devan & White, 

1999; Sakamoto & Okaichi, 2001; McDonald & White, 1993).  

The dorsal striatum modulates stimulus-response associations independent of 

other memory systems. This was shown by McDonald and White (1993), who found that 

damage to the dorsal striatum impaired acquisition of the win-stay task, but not the win-

shift or conditioned cue preference tasks, which require an intact hippocampus and 

lateral amygdala, respectively. The selection of win-stay as our learning task allows for 

an observation of cocaine’s effects on memory for a specific type of learning. 

To measure cocaine’s effect on memory consolidation, rats were given daily 

sessions of win-stay training and received either saline (control group) or cocaine 

(experimental group) post-training. Because cocaine has multiple actions in the brain, 
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its administration may cause neurobiological changes that effect performance in a 

process unrelated to memory. More specifically, cocaine may alter the motivational 

properties of the sugar pellet used to reinforce behavior in the win-stay task.  

Conditioned Taste Avoidance 

Cocaine has been shown to produce CTA (Grigson & Twining, 2002; Awasaki, 

Nojima & Nishida, 2011). CTA is when an animal actively avoids the consumption of a 

flavour, and it is measured by the amount that an animal consumes in a consumption 

test (Parker, 2003). Previous studies have shown that rodents will actively avoid a 

flavour that has been paired with cocaine (Cappell & LeBlanc, 1975; Goudie, Dickins & 

Thornton, 1978; Parker, 2003; Parker & Mayer, 2003; Reicher & Holman, 1997).  

The strength of conditioned taste avoidance to a flavour is a function of the dose 

(Booth et al, 1977) and the number of post-training injections (Cappel & LeBlanc, 1975; 

Reicher & Holman, 1997). In fact, a dose of 24 mg/kg cocaine can produce a CTA after 

one training trial, which is not possible at lower doses (Booth et al, 1977). Since CTA 

can be observed after the first post-training injection, it is extremely important to 

measure variables during maze training that may be sensitive to CTA. Session time is 

one variable which may be sensitive to CTA. As the motivational value of the sugar 

pellet decreases, rats are less interested in obtaining sugar pellets and so it takes 

longer to perform the required number of correct nose pokes. The pellets-in-home-cage 

test is another approach to measuring the development of CTA (see methods).  

Benzodiazepine Co-administration 

 One proposed mechanism for the development of conditioned taste avoidance is 

that one of the effects of drug administration is conditioned fear (Parker et al., 2009; 
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Verendeev and Riley 2012). More specifically, post-training drug administration 

produces an association of fear and anxiety with features of the training apparatus. If 

conditioned fear plays a role in the development of a conditioned taste avoidance, then 

pretreatment of an anxiolytic should attenuate CTA.  

The benzodiazepine diazepam was selected because of its known anxiolytic 

properties. In a study by Roache and Zabik (1985), pretreatment with diazepam was 

effective in attenuating a LiCl induced taste avoidance.The selection of diazepam was 

also based on data which indicates that diazepam attenuates some of the aversive 

effects of cocaine (Ettenberg & Geist, 1991; Geist & Ettenberg, 1997; Paine et al., 2002; 

Maier et al., 2008). Therefore, it is of interest to study the effect of post-training co-

administration of cocaine and diazepam on the win-stay task. 

 The co-administered dose of diazepam was selected primarily because it 

effectively attenuates anxiety caused by acute and chronic cocaine administration 

(Ettenberg & Geist, 1991; Paine et al., 2002).  When this dose of diazepam was tested 

alone on the win-stay task, it had no effects on the various indexes of accuracy and 

performance, a finding consistent with previous results (Voits et al., 1995). Additionally, 

the low dose of diazepam that was employed is in the range of potency (Brunton et al., 

2008) at which benzodiazepines do not produce conditioned taste aversion (Parker et 

al., 1991). 

Object Recognition 

Since CTA may influence the effect of post-training cocaine on acquisition of win-

stay, a second task which does not require appetitive motivation was employed. The 

object recognition task takes advantage of a rat’s natural tendency to explore novel 
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objects, and this task does not require consumptive behaviour (Winters, Saksida & 

Bussey, 2008).  

Consolidation of object learning requires the perirhinal cortex and local DA 

activity (Brown et al 2012; Winters and Bussey 2005; Balderas et al 2013). 

Noradrenergic projections from the Nucleus of the Solitary to the Locus Coeruleus and 

to the CA1 region of dorsal hippocampus and basolateral amygdala are also involved in 

the consolidation of object learning (Mello-Carpes and Izquierdo 2013; Roozendaal et al 

2008). Synaptic plasticity and protein synthesis in the dorsal hippocampus and 

entorhinal cortex plays a role in consolidation of object learning (Furini et al., 2010; Lima 

et al., 2009; Balderas et al 2008). 

There is substantial evidence suggesting that object learning involves a memory 

consolidation process that occurs after exposure to the sample object.  Although the 

exact time course of memory modulation is dependent on the neurochemical system, 

cellular targets, and regions of the brain investigated (da Silveira et al 2013; Ill-Raga et 

al 2013; (Mello-Carpes and Izquierdo 2013; Furini et al., 2010; Lima et al., 2009; Inagaki 

et al 2010; Goulart et al 2010; Balderas et al 2008), it is clear that manipulations that 

occur several hours post-training fail to modulate performance. 

There are several lines of evidence consistent with the finding that cocaine, a 

drug that elevates release of catecholamines (Koob and Le Moal 2006), can enhance 

object learning. First, post-training administration of D1 receptor agonists enhance 

object learning (de Lima et al 2011). Similar results are obtained with drugs that block 

the transporter of catecholamines such as amphetamine (Wiig et al., 2009) or with direct 

sympathomimetics (Dornelles et al., 2007). Second, post-training administration of beta 
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adrenergic receptors antagonists blocks object learning (Mello-Carpes and Izquierdo 

2013; Dornelles et al 2007).  Third, post-training administration of dopaminergic 

antagonists in the medial prefrontal cortex and amygdala block object learning (Rossato 

et al 2013), and elevations in dopamine and noradrenaline release in the medial 

prefrontal cortex facilitate consolidation of object recognition (Inagaki et al 2010).  

Fourth, consolidation of object learning is dependent on dopaminergic activity in the 

perirhinal cortex (Brown et al 2012; Winters and Bussey 2005; Balderas et al 2013) as 

well as on noradrenergic projections from the nucleus of the solitary tract to the locus 

coeruleus, dorsal hippocampus and basolateral amygdala (Mello-Carpes and Izquierdo 

2013; Roozendaal et al 2008). 

Issue of Dose 

Depending on the dose, post-training cocaine will have varying effects on 

behavior. Janak and colleagues (1992) found that a post-training dose of 5 mg/kg of 

cocaine improved performance on an inhibitory avoidance task, but a slightly higher (7.5 

mg/kg) or slightly lower (2.5 mg/kg) dose had no effect.  

In order to determine a dose that is optimal for memory consolidation, cocaine 

doses which engender different levels of reward (as measured by CPP experiments) 

were selected. Because the development of CTA is dependent on the dose (Booth et 

al., 1977), using different doses will also minimize the likelihood of CTA contaminating 

our results. Another experimental approach to prevent CTA in cocaine-treated rats is to 

pre-expose rats to cocaine. One pre-exposure treatment in particular, sensitization, has 

been shown to retard the development of CTA (Riley & Diamond, 1998; Riley & 

Simpson, 1999).  
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Sensitization 

Sensitization in the context of psychostimulant treatment refers to the 

amplification of certain drug effects following repeated administration of the drug 

(Stewart & Badiani, 1993). A sensitization regimen involves subjects repeatedly 

administering a drug, typically over consecutive days. This treatment is a useful 

procedure to study the neuroadaptive changes that occur in repeated drug users 

(Robinson & Berridge, 2000). When an animal is sensitized to a drug, specific 

behavioural effects caused by drug administration will occur with greater frequency or 

intensity (Stewart & Badiani, 1993).  

Cocaine sensitization develops after repeated administration of cocaine and can 

be measured by comparing locomotor activity or stereotyped motor patterns before and 

after the sensitization treatment (Horger, Shelton & Schenk, 1990). The use of 

locomotion scores as pre- and post-tests in sensitization treatment is based on the 

assumption that the neural substrates mediating psychomotor activating effects 

(increased locomotion) are the same as, or at least overlap with, the neural substrates 

mediating the reinforcing properties of drugs (Wise & Bozarth, 1987).  

Given that sensitization retards CTA (Riley & Diamond, 1998; Riley & Simpson, 

1999), subjects that show an elevated locomotor or stereotypy response following 

sensitization treatment may respond differently to post-training cocaine when learning 

an incentive task. Cocaine sensitization produces long lasting changes to brain systems 

involved in incentive motivation and reinforcement such as the dorsal striatum, nucleus 

accumbens and ventral tegmental area. The neuroadaptations that occur in response to 

a sensitization treatment render these brain systems hypersensitive to drugs and drug 
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associated stimuli (Robinson & Berridge, 2000). Therefore, it is of interest to study 

whether sensitization can attenuate the development of CTA, or other aversive side 

effects of cocaine. It is also possible that cocaine sensitization will alter the ability of 

post-training cocaine to modulate memory consolidation.  

 This thesis includes two manuscripts.  The first was submitted to Pharmacology, 

Biochemistry, and Behaviour, and it describes the effect of daily post-training cocaine, 

diazepam, and their combination, on win-stay learning. The second manuscript was 

submitted to Psychopharmacology, and it describes the effect of post-training cocaine in 

both drug-naïve and cocaine sensitized rats on the win-stay and object recognition task. 
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Abstract 

 According to the memory-enhancing hypothesis of addictive drugs, post-training 

administration of cocaine should enhance consolidation and thus facilitate learning. This 

hypothesis has not been tested in appetitive tasks reinforced by sucrose.  

 The current study assessed the effect of post-training cocaine administration on 

the acquisition of a win-stay task, and modulation of this effect by co-administration of 

diazepam. Male Sprague-Dawley rats (n = 63) were trained for 5 days on a win-stay 

task performed on a 8-arm radial maze, and were administered cocaine (0, 2.5, 7.5 or 

20 mg/kg), diazepam (1 mg/kg), or cocaine (7.5 mg/kg) + diazepam (1 mg/kg) 

immediately following each training session. Post-training cocaine caused dose-

dependent impairments that appeared linked to the development of cocaine-induced 

sucrose taste avoidance and/or cocaine-induced anxiety. When it was attempted to 

modify these learned side-effects of cocaine by co-administration of diazepam, it was 

observed that the drug combination slowed task completion and reduced overall 

number of nose pokes.  

 These findings suggest that post-training cocaine can alter behavior on appetitive 

tasks through learned motivational deficits rather than through selective actions on 

memory consolidation. The implications for the memory-enhancing hypothesis of 

addictive drugs are discussed.  

Keywords 

Post-training, cocaine, diazepam, memory consolidation, radial arm maze, sucrose 
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1. Introduction 

 According to Thorndike (1911), reinforcers are biologically relevant events that 

strengthen the link between a stimulus and a response. It has been suggested that 

reinforcers facilitate the formation of this link by enhancing and/or modulating memory 

consolidation (Huston et al., 1977; White & Milner, 1992). Consolidation refers to a time-

dependent biological process during which memories are stabilized and become less 

sensitive to interference (McGaugh, 1966; McGaugh, 2000). Given that drug addiction is 

characterized by enduring drug-related memories (Hyman et al., 2006), it has been 

proposed that drugs of abuse are reinforcing because of their enhancing effect on 

memory consolidation (White, 1996). 

  Cocaine, a drug with established abuse potential in humans (Nutt et al., 2007) 

and reinforcing properties in animals (Arroyo et al., 1998; Olmstead et al., 2000; 

Galuska & Woods, 2005; Thomsen & Caine, 2006), has been investigated in the context 

of memory consolidation using the post-training drug administration method in rodents, 

but only in aversive tasks. In these experiments, the drug is administered immediately 

or shortly after training, during the putative period of memory consolidation.  If the drug 

enhances this stage of memory formation, then drug-treated subjects display better 

acquisition (i.e., defined as improved scores of accuracy on the task) than vehicle-

treated subjects given the same training.  Because subjects are always tested drug-

free, this procedure is believed not to affect other stages of memory formation, or more 

general perceptual, motor, or motivational processes (White and Milner 1992).  Acute 

doses ranging between 2.5 and 10 mg/kg administered post-training, significantly 

enhanced acquisition of inhibitory avoidance (Janak et al., 1992; Puglisi-Allegra et al., 
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1994; Castellano et al., 1996) and Morris water maze (Iniguez et al., 2012). The effect 

of post-training cocaine administration on appetitive tasks reinforced by food or sucrose 

has not been tested. This represents an important knowledge gap because the neural 

processes of storage of aversive and incentive memories are not identical (Cahill & 

McGaugh, 1990). 

There are reasons to anticipate a possible interference by cocaine on 

consolidation of appetitive tasks. First, repeated (i.e., 5 injections in 5 days) post-

training administration of another psychomotor stimulant, d-amphetamine (2 mg/kg), 

interfered with acquisition of a win-stay task reinforced by sucrose (Leri et al., 2013). 

Second, cocaine has anxiogenic effects (Rogerio & Takahashi, 1992; Yang et al., 1992) 

that can interfere with appetitive behaviors (Ettenberg & Geist, 1991). Finally, cocaine 

can promote the development of taste avoidance when its effects are paired with a 

specific taste (Parker, 1993; Freeman & Riley, 2005), and this could affect the behavior 

of rats in learning tasks reinforced by food. 

 Therefore, Experiment 1 assessed the effect of repeated post-training 

administration of cocaine (0, 2.5, 7.5, and 20 mg/kg) on acquisition of a win-stay task 

reinforced by sucrose. It was anticipated that the higher doses would produce effects 

similar to those observed after repeated post-training administration of larger d-

amphetamine doses (Leri et al., 2013). Experiment 2 was based on the findings that the 

benzodiazepine diazepam attenuates some of the aversive effects of cocaine 

(Ettenberg & Geist, 1991; Geist & Ettenberg, 1997; Paine et al., 2002; Maier et al., 

2008). Therefore, cocaine (7.5 mg/kg) and diazepam (1 mg/kg) were co-administered, 

and behavior in the maze was examined both in the presence, and absence, of sucrose.  
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2. Material and Methods 

2.1. Subjects 

 Sixty-three adult Male Sprague-Dawley rats (Charles River, St-Constant, QC), 

weighing 225-250 g at the beginning of the experiments, were individually housed on a 

reversed 12 h light/dark cycle and were food restricted to 85% of their free-feeding 

weights prior to the beginning of testing. All procedures were approved by the Animal 

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

the recommendations of the Canadian Council on Animal Care. 

2.2. Apparatus 

Testing on the win-stay task was conducted in an automated eight-arm radial 

maze (Med Associates, St. Albans, VT). The entire maze (floors, walls and lids) was 

made of opaque, white polycarbonate. The central hub (ENV-538) was octagonal (28.6 

cm in diameter) with walls 33.3 cm high and a removable lid. Eight arms radiating from 

the central hub were 76.2 cm long, 8.9 cm wide, with walls 17.5 cm high, and with lids 

that covered the entire arm. The central hub was equipped with eight automatic 

guillotine doors (ENV-540). A pellet receptacle (trough type; ENV-200R2M) was located 

at the end of each arm. A photo beam (ENV-253SD) was situated 1 cm inside each 

pellet receptacle (1cm from the bottom) to detect head entries. A pellet dispenser (ENV-

203) was positioned behind each receptacle, outside the arm. Additional photo beams 

were positioned 4.0 cm off the floor at 4.5 cm from the entrance, and 4.5 cm from the 

end of each arm to record arm entries and proximity to the pellet receptacles. Each arm 

was equipped with a cue light (28V; ENV-221) positioned just above the entrance. The 

maze was placed on a custom-made table (40 cm above the floor) that was located in 
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the center of a quiet and dark testing room. A computer running MED-PC for Windows 

(Version 1.15) controlled experimental events with a 10-msec resolution. 

2.3. Drugs  

Cocaine hydrochloride (Dumex, Toronto, ON) was dissolved in sterile 0.9% 

physiological saline and injected intraperitoneally (IP) at 2.5, 7.5 and 20 mg/kg. These 

doses were selected on the basis of place conditioning studies (Reichel et al., 2010; 

Leri et al., 2006). Diazepam (Valium, Roche) was diluted in a solution of 50% sterile 

0.9% physiological saline and 50% propylene glycol, and injected subcutaneously (SC) 

at a dose of 1 mg/kg. This dose was selected because: it does not interfere with the 

reinforcing effect of cocaine assessed by place preference (Meririnne et al., 1999), it 

does not impair learning when administered post-training (Voits et al., 1995), and it 

attenuates some aversive effects of cocaine (Ettenberg & Geist, 1991; Paine et al., 

2002). 

2.4. Procedures 

 In the four days prior to training in the maze, rats were handled (5 min/day), and 

were habituated to sucrose pellets by placing ten pellets in their home cages. Then, 

they received a single session of habituation to the maze. During this session, all arms 

were lit, and sucrose pellets could be obtained from any of the 8 arms. This session 

ended once rats performed a total of 20 nose pokes, or when 15 min elapsed. A vehicle 

injection was administered immediately following habituation to accustom the animals to 

the injection procedure. 

 In the win-stay task employed in these experiments, there was always only one 

correct arm identified by the activation of the light cue positioned at its entrance. Within 
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each training session, the position of the lit arm relative to the other arms did not 

change. The lit arm, however, changed randomly between sessions. When the rat 

entered the lit arm, and performed a nose poke, a sucrose pellet was dispensed and the 

light cue was turned off. This light was turned back on once the animal re-entered the 

hub. Entries in non-lit arms were considered mistakes and were not reinforced. The 

session ended once the rats received a total of 20 sucrose pellets, or when 15 min 

elapsed. Rats received 5 training sessions in five consecutive days. Correct and 

incorrect nose pokes, total arm entries, and total time elapsed to obtain all 20 pellets 

were recorded. 

2.5. Experiment 1 

 Different groups of rats received injections of vehicle (n = 12), 2.5 (n = 6), 7.5 (n 

= 6) or 20 mg/kg cocaine (n = 8) immediately after each of the 5 training sessions. On 

the last day of the experiment, in order to ascertain whether cocaine modified sucrose 

consumption, 20 sucrose pellets were placed in the home cages, and after 30 min, 

number of pellets consumed was recorded. The sample sizes are unequal because 6 

vehicle-treated animals were initially tested to verify the learning curve on the task, and 

2 rats received 20 mg/kg cocaine to confirm tolerability.  

2.6. Experiment 2  

Experiment 1 revealed dose-dependent impairments in acquisition, increases in 

time required to complete the task, as well as reduced sucrose consumption. On the 

basis of these findings, the 7.5 mg/kg dose was selected for Experiment 2. Different 

groups of rats received injections of vehicle (n = 8), 7.5 mg/kg cocaine (n = 8), 1 mg/kg 

diazepam (n = 8) or 7.5 mg/kg cocaine combined with 1 mg/kg diazepam (n = 7) 



 24 

 
 

immediately after each of the 5 training sessions. The following day, all rats were tested 

as described above, but the food dispensers were disconnected from the arms (i.e., 

extinction conditions). On the last day of the experiment, 20 sucrose pellets were placed 

in the home cages, and after 30 min, number of pellets consumed was recorded. Data 

from one rat in the cocaine + diazepam group could not be included in the analyses 

because the animal never responded in the maze. 

2.7. Statistical Analyses 

 Independent and mixed design Analyses of Variance (ANOVAs) with one or two 

factors were used as appropriate. Multiple comparisons were performed using the 

Student-Newman–Keuls method (α = 0.05) when significant interactions or main effects 

were found. The specific values of non-significant analyses are not reported. To assess 

accuracy on the win-stay task, cumulative % correct nose pokes was calculated by 

dividing the number of correct nose pokes (always equal to 20 if the rat completed the 

session) by the total number of nose pokes made in each session. All statistical 

analyses were performed using SigmaStat (version 3.0 for Windows, SPSS Inc). 

3. Results 

3.1. Experiment 1 

 Figure 1A displays cumulative % correct nose pokes in groups of rats that 

received daily post-training injections of different doses of cocaine. The ANOVA 

revealed significant main effects of Group [F(3,28) = 8.82, p<0.01] and of Training 

Session [F(4,112) = 59.19, p<0.01]. Multiple comparisons indicated that rats treated 

with 20 mg/kg cocaine were significantly impaired in comparison to vehicle-treated rats 

on sessions 3, 4 and 5. The ANOVA on total nose pokes (partial data reported in text 
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below) also revealed significant main effects of Group [F(3,28) = 3.06, p<0.05] and of 

Training Session [F(4,112) = 87.97, p<0.01]. Multiple comparisons indicated that the 20 

mg/kg group made significantly fewer total nose pokes (Mean ± SEM = 21 ± 5.1) than 

all other groups on session 5 (vehicle = 31.1 ± 1.1; 2.5 mg/kg = 32.3 ± 1.2; 7.5 mg/kg = 

36.3 ± 1.5). 

 Figure 1B displays average time required to complete the task on each training 

session. The ANOVA identified significant main effects of Group [F(3,28) = 25.52, 

p<0.01] and of Training Session [F(4,112) = 59.73, p<0.01]. Multiple comparisons 

revealed that rats injected 20 mg/kg cocaine were significantly slower to perform the 

task than vehicle-treated rats on sessions 2, 3, 4 and 5.  

 The day following training session 5, animals were given access to 20 sucrose 

pellets in their home cage. The ANOVA identified a significant main effect of Group 

[F(3,30) = 5.12, p<0.01], and multiple comparisons indicated that rats treated with 20 

mg/kg cocaine consumed significantly less pellets than vehicle-treated rats (0 mg/kg = 

20 ± 0.0; 20 mg/kg = 3.6 ± 1.0). The two other cocaine-treated groups consumed all 

pellets. 

3.2. Experiment 2 

 Figure 2A displays cumulative % correct nose pokes in groups of rats that 

received daily post-training injections of cocaine, diazepam, or cocaine + diazepam. The 

ANOVA revealed a significant main effect of Training Session [F(4,108) = 177.93, 

p<0.01], but no group differences. The ANOVA on total nose pokes (data not shown) 

also revealed a significant main effect of Training Session [F(4,108) = 316.61, p<0.01], 

but no group differences.   
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 Figure 2B displays average time required to complete the task. The ANOVA 

identified a significant interaction between Group and Training Session [F(12,108) = 

4.54, p<0.01], as well as a significant main effect of Training Session [F(4,108) = 76.55, 

p<0.01]. Multiple comparisons revealed that rats injected with cocaine + diazepam were 

significantly slower to perform the task than vehicle-, diazepam- and cocaine-treated 

rats on sessions 3, 4 and 5.  

 The day following training session 5, all rats were tested in extinction conditions. 

Figure 3A displays cumulative % nose pokes made in the lit arm, and the ANOVA 

revealed no significant effect of group. However, the ANOVA on total nose pokes 

(Figure 3B) revealed a significant main effect of Group [F(3,27) = 19.127, p<0.01]. 

Multiple comparisons indicated that the cocaine + diazepam group made significantly 

fewer total nose pokes than all other groups, and the cocaine group made significantly 

fewer total nose pokes than the vehicle and the diazepam groups. 

 The following day, when animals were given access to 20 sucrose pellets in their 

home cage, no group differences were observed (i.e., all rats consumed all pellets).  

4. Discussion 

 This study revealed three main findings. First, post-training administration of 

cocaine dose-dependently impaired acquisition of a win-stay task reinforced by sucrose.  

This impairment was most obvious in rats treated with 20 mg/kg cocaine, and it was 

characterized by a reduction in accuracy and by increased time to complete the task. 

Second, co-administration of diazepam (1 mg/kg) further enhanced the effect of a lower 

cocaine dose (7.5 mg/kg) on time to complete the task. Finally, when animals were 

tested in extinction conditions (i.e., absence of sucrose), the group treated with post-
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training cocaine and cocaine + diazepam displayed reduced nose pokes in all arms of 

the maze. Taken together, these results suggest that the effect of post-training cocaine 

administration on the acquisition of an appetitive task can be significantly hindered by 

associations formed between the drug effect(s) and the sucrose and/or the maze itself.  

 The memory-enhancing hypothesis of addictive drugs (White & Milner, 1998) 

predicts that post-training administration of cocaine should enhance consolidation, and 

thus enhance task acquisition (McGaugh, 1989; McGaugh & Roozendaal, 2009). In 

Experiment 1, this effect should have been manifested as improved accuracy across 

training sessions, but the opposite was observed: cocaine produced a dose-dependent 

impairment in % correct on training sessions 3, 4 and 5 (see Figure 1A). Although these 

data may indicate that the hypothesis should be revised, there are four observations 

suggesting that the impairment did not reflect memory consolidation deficits. In fact, 

unlike vehicle-treated animals, those injected with 20 mg/kg cocaine: 1) took 

progressively longer to complete the task (see Figure 1B); 2) toward the end of testing, 

emitted significantly less nose pokes overall; 3) did not consume all sucrose pellets 

earned during testing in the maze (Mean % pellets consumed on training session: 1 = 

100%; 2 = 100%; 3 = 88.5%; 4 = 68.1%; 5 = 65%); and 4) did not consume sucrose 

pellets that were placed in their home cages at the conclusion of the experiment. These 

observations are consistent with the development of sucrose taste avoidance.  In 

support of this interpretation, it is known that rats will readily learn to avoid a taste 

paired with the effects of psychomotor stimulants (Parker, 1993; Freeman & Riley, 

2005). Furthermore, in a very similar win-stay task, post-training injections of 2 mg/kg d-

amphetamine reduced accuracy (% correct), increased time to complete the task, and 
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reduced sucrose consumption inside and outside the maze (Leri et al., 2013). Here is 

should be noted that when lower doses of d-amphetamine were tested (0.5 mg/kg), 

significant improvements in accuracy were indeed observed.  This latter finding 

indicates that performance on the win-stay can be modulated by post-training 

administration of psychostimulants, and that dose-selection is key to the direction of the 

effect.  

 But, why did lower doses of cocaine (2.5 and 7.5 mg/kg) also failed to improve 

accuracy across sessions? After all, rats injected with these doses did not display any 

obvious deficits in Experiment 1, and others have found memory-enhancing effects 

when cocaine doses within this range were administered after training on aversive tasks 

(see Introduction). To answer this question, it was considered that conditioned taste 

avoidance in rats might reflect an association between a taste and a state of 

fear/anxiety (Parker et al., 2009; Verendeev & Riley, 2012). And, there is substantial 

evidence that acute cocaine can be anxiogenic (Cox et al., 1990; Rogerio & Takahashi, 

1992; Yang et al., 1992). Therefore, it was reasoned that the lower doses of cocaine 

may have not been sufficient to produce an overt avoidance of sucrose, but may have 

been sufficient to induce a state of fear/anxiety that was experienced when the animals 

were in the maze. It was this learned fear/anxiety state that, when experienced in the 

maze, interfered with sucrose seeking behavior and masked a possible memory-

enhancing action of cocaine. 

 Therefore, in Experiment 2, it was attempted to reduce this putative anxiogenic 

action of 7.5 mg/kg cocaine by co-administering 1 mg/kg diazepam. This dose of 

diazepam was selected primarily because it effectively attenuates anxiety caused by 
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chronic cocaine administration (Paine et al., 2002).  Furthermore, rats reinforced by 

intravenous cocaine for entering a chamber, eventually display a form of learned conflict 

behavior (i.e., retreats) that is reduced by doses of diazepam between 0.5 and 2 mg/kg 

(Ettenberg & Geist, 1991). One mg/kg diazepam tested alone on the win-stay task had 

no effect, a finding consistent with previous results (Voits et al., 1995). However, 

contrary to the anticipated outcome, 1 mg/kg diazepam enhanced the effect of 7.5 

mg/kg cocaine on time to complete the task. That is, although this cocaine dose had no 

effect when administered alone (see Figures 1B and 2B), it significantly slowed down 

the animals when it was combined with diazepam (see Figure 2B). 

 When this unexpected result was obtained, it was questioned whether diazepam 

enhanced the ability of cocaine to induce sucrose taste avoidance. Although considered 

unlikely because the cocaine + diazepam rats consumed all sucrose pellets inside and 

outside the maze, this question was addressed by testing the animals in the absence of 

sucrose. The results of this “extinction” test were quite revealing. In fact, the groups did 

not differ in the % of total nose pokes that were made in the lit arm, but both the cocaine 

and the cocaine + diazepam groups entered significantly fewer arms in total. The 

observation of unaltered responding to the “correct” arm, but reduced tendency to nose 

poke in all arms of the maze, is consistent with an interference on sucrose 

seeking/consumption in the maze caused by associations learned as a result of 

repeated cocaine administration.  

 At a general level, these two experiments revealed a possible ambiguity in the 

interpretation of post-training drug administration studies. In fact, it is thought that when 

drugs are administered post-training, they will primarily affect the consolidation of 
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memories that were just acquired. However, the current data indicate that post-training 

drug administration can also affect behavior by altering the motivational and/or affective 

properties of stimuli that are part of the task. This motivational “interference” appears to 

be learned; that is, it emerges after repeated administration of the drug. An interesting, 

and unfortunate, consequence of this observation is that the typical “delay” control 

group would not be useful to dissociate between interpretations based on memory 

consolidation and learned motivational interference.  In fact, if the drug effects are 

induced outside the window of consolidation (hours post-training), they will also be less 

likely to be associated with the stimuli present in the task. Therefore, to duly test a 

possible effect of drugs such cocaine on memory consolidation, it will be necessary to 

employ different types of task, or pre-expose the animals to cocaine prior to maze 

training, or inject the drug in specific memory systems of the brain.  
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Figure Legends 

Figure 1 

Panel A: Mean (SEM) cumulative % correct nose pokes made across the 5 training 

sessions following daily post-training drug injections of vehicle (n = 12), 2.5 (n = 6), 7.5 

(n = 6), or 20 mg/kg cocaine (n = 8).  Panel B: Mean (SEM) time to complete each of 

the 5 training sessions. The * denotes a significant difference (p<0.05) between the 20 

mg/kg cocaine group and the other groups. 

Figure 2 

Panel A: Mean (SEM) cumulative % correct nose pokes made across the 5 training 

sessions following daily post-training drug injections of vehicle (n = 8), 7.5 mg/kg 

cocaine (n = 8), 1 mg/kg diazepam (n = 8), or 7.5 mg/kg cocaine + 1 mg/kg diazepam (n 

= 7). Panel B: Mean (SEM) time to complete each of the 5 training sessions. The * 

denotes a significant difference (p<0.05) between the cocaine + diazepam group and 

the other groups. 

Figure 3 

Panel A: Mean (SEM) cumulative % nose pokes made in the lit arm on the single test 

performed in extinction conditions in animals that had received daily post-training drug 

injections of vehicle (n = 8), 7.5 mg/kg cocaine (n = 8), 1 mg/kg diazepam (n = 8), or 7.5 

mg/kg cocaine + 1 mg/kg diazepam (n = 7). Panel B: Mean (SEM) total nose pokes 

made during the test in extinction conditions. The * denotes a significant difference 

(p<0.05) from the vehicle group. The # denotes a significant difference (p<0.05) from 

the diazepam group.  The @ denotes a significant difference (p<0.05) from the cocaine 

group.  
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Abstract 

Rationale: it has been proposed that drugs of abuse reinforce behavior partly, or wholly, 

because they enhance memory consolidation. Cocaine can clearly serve as a 

reinforcer, but its effect on memory consolidation has not been fully characterized. 

Objectives: to explore the effects of different regimens of pre- and post-training cocaine 

administration on win-stay and object learning. 

Methods: cocaine naïve and cocaine pre-exposed (30 mg/kg/day, x 5 days followed by 

7 days drug-free) male Sprague-Dawley rats received cocaine (0, 1, 2.5, 7.5 or 20 

mg/kg, IP) immediately following training on a win-stay task in a radial maze, or 

following the sample phase of an object learning task.  Win-stay acquisition was also 

assessed in tests of extinction and after a set shift. 

Results: post-training cocaine did not improve accuracy on the win-stay task, and 

produced performance deficits at 20 mg/kg.  These deficits were attenuated by prior 

cocaine exposure. There was indirect evidence of improved memory in extinction and 

set shift tests, but the effective dosage was different (2.5 mg/kg and 7.5 mg/kg, 

respectively).  Post-training cocaine produced dose-dependent improvements in object 

learning. 

Conclusion: post-training cocaine administration can enhance memory consolidation, 

but this effect is highly dependent on the dose and the type of task employed.  

Keywords 

Cocaine, Consolidation, Reinforcement, Win-Stay, Object Learning, Sensitization, Rat 
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Introduction 

 According to Thorndike (1911), reinforcers are biologically relevant stimuli that 

strengthen the link between a stimulus and a response. It has been suggested that 

reinforcers facilitate the formation of this link by enhancing and/or modulating memory 

consolidation (Huston et al. 1977; White and Milner 1992).  Consolidation refers to a 

time-dependent process during which memories are stabilized and become less 

sensitive to interference (McGaugh 1966; McGaugh 2000). Given that drug addiction is 

characterized by enduring drug-related memories (Hyman et al. 2006), it has been 

proposed that drugs of abuse are reinforcing because of their enhancing effect on 

memory consolidation (White 1996). 

 Cocaine is an indirect sympathomimetic drug (Koob and Le Moal 2006) with 

established abuse potential in humans (Foltin et al. 1995) and reinforcing effects in 

animals (Arroyo et al. 1998; Olmstead et al. 2000; Galuska and Woods 2005; Thomsen 

and Caine 2006).  A few studies explored its action on consolidation of aversive 

memories in rodents using the post-training administration approach.  In these 

experiments, the drug is administered immediately, or shortly after, training sessions, 

during the putative period of memory consolidation.  If the drug enhances this stage of 

memory formation, then drug-treated subjects display better acquisition (i.e., defined as 

improved scores of performance on the task) than vehicle-treated subjects given the 

same amount of training.  Because subjects are always tested drug-free, this procedure 

is believed not to affect other stages of memory formation such as encoding or retrieval 

(White and Milner 1992).  These experiments revealed that acute doses of cocaine 

ranging between 2.5 and 10 mg/kg administered post-training significantly enhanced 
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acquisition of inhibitory avoidance (Introini-Collison and McGaugh 1989; Puglisi-Allegra 

et al. 1994; Castellano et al. 1996), active avoidance (Janak et al. 1992) and water 

maze (Iniguez et al. 2012). 

 But, our initial investigation of the effect of post-training cocaine on a task 

motivated by sucrose generated surprising findings.  More specifically, repeated (i.e., 5 

injections in 5 days) post-training administration of cocaine at doses ranging between 

2.5 and 20 mg/kg interfered with performance of a win-stay task (Leri et al. 2013a).  A 

very similar effect was observed after repeated post-training administration of 2 mg/kg 

d-amphetamine (Leri et al. 2013b). 

 It is possible that cocaine (and d-amphetamine) caused performance 

impairments in the aforementioned studies because of their aversive side effects. More 

specifically, cocaine and d-amphetamine can induce states of fear and anxiety 

(Blanchard and Blanchard 1999; Markham et al. 2006).  In addition, there is evidence 

that rats will avoid a new taste that is paired with administration of psychomotor 

stimulants (Cappell and LeBlanc 1975; Goudie et al. 1978; Hunt and Amit 1986; Reicher 

and Holman 1997; Parker 1993; Parker 2003, Mayer and Parker 2003).  Therefore, a 

learned avoidance for the taste of sucrose and/or a fear of the maze caused by post-

training administration of cocaine could have potentially masked its effectiveness in 

enhancing memory consolidation.  The current set of experiments explored ways to 

reduce these side effects of cocaine and unmask a possible memory enhancing action 

of the drug.  

 Therefore, rats in Experiment 1 received cocaine after training on a win-stay task 

on alternating days (i.e., 3 injections in 5 days).  This procedure was selected because it 
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was found to be effective in revealing d-amphetamine-induced enhancement of memory 

consolidation in previous tasks that involved consumption of food or sucrose (Simon 

and Setlow 2006; Leri et al. 2013b). Furthermore, because the strength of taste 

avoidance is dependent on the number of flavour-drug pairings (MacPhail 1982; Parker 

1984), it was anticipated that reducing the number of post-training cocaine injections 

would have attenuated the development of a putative sucrose avoidance. Rats in 

Experiments 2-4 were pre-treated with cocaine prior to training on the win-stay task. 

This approach was based on findings of Riley and Diamond (1998) suggesting that pre-

exposure to cocaine attenuates its effect on the development of sucrose avoidance.  

Furthermore, in Experiments 2 and 3, rats received tests in extinction conditions to 

ascertain performance of the task in the absence of sucrose.  It was reasoned that if 

cocaine enhanced memory consolidation during training, and if expression of better 

performance was hindered by sucrose aversion, then a test in the absence of sucrose 

may reveal improved performance in cocaine treated rats.  Following a similar logic, 

Experiment 4 determined whether a possible effect of post-training cocaine could be 

revealed by testing rats on a set shift of the win-stay task (Underwood 1957; Wixted 

2004). That is, if post-training cocaine enhanced memory consolidation during training, 

then drug treated rats should be more impaired during in the initial learning of the set 

shift. Finally, in Experiment 5, the effect of post-training cocaine administration was 

tested on object learning—a form of learning that is not dependent on sucrose 

consumption, and that involves a memory consolidation process sensitive to post-

training manipulations of dopaminergic and noradrenergic systems (see Discussion for 

review).   
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Methods 

Subjects 

 Subjects were adult male Sprague–Dawley rats (Charles River, QC) weighing 

225–250 g at the beginning of all experiments. They were single-housed, maintained on 

a reverse light/dark cycle (07:00 lights off; 19:00 lights on), and tested during their dark 

cycle. Animals were habituated to the facility for 4 days prior to the beginning of the 

experiments, and were handled twice for 10 min. Five days prior to the beginning of 

maze testing, they were food restricted to 85% of their free-feeding weight, with 

increases of 10 g/week to allow normal growth. All experiments were approved by the 

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

with the recommendations of the Canadian Council on Animal Care. 

Apparatus 

Locomotion activity 

 Twelve custom-made (University of Guelph, ON) activity chambers were used to 

measure horizontal and vertical locomotion. Each chamber (30 x 40 x 26 cm) was made 

of semitransparent Plexiglas and covered by black wire mesh to allow video tracking 

(EthoVision, Noldus Information Technology, The Netherlands).  EthoVision was 

calibrated prior to each test to eliminate “lost samples” and resulting spurious tracks. 

Automated eight-arm radial maze 

 Testing on the win-stay task was conducted in an automated eight-arm radial 

maze (Med Associates, St. Albans, VT), that was equipped with lights at the entrance of 

each door, with The entire maze (floors, walls and lids) was made of opaque, white 

polycarbonate. The central hub (ENV-538) was octagonal (28.6 cm in diameter) with 
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walls 33.3 cm high and a removable lid. Eight arms radiating from the central hub were 

76.2 cm long, 8.9 cm wide, with walls 17.5 cm high, and with lids that covered the entire 

arm.  The central hub was equipped with eight automatic guillotine doors (ENV-540). A 

pellet receptacle (trough type; ENV-200R2M) was located at the end of each arm. A 

photo beam (ENV-253SD) was situated 1 cm inside each pellet receptacle (1 cm from 

the bottom) to detect nose pokes. A pellet dispenser (ENV-203) was positioned behind 

each receptacle, outside the arm. Additional photo beams were positioned 4.0 cm off 

the floor at 4.5 cm from the entrance, and 4.5 cm from the end of each arm to record 

arm entries and proximity to the pellet receptacles. Each arm was equipped with a cue 

light (28V; ENV-221) positioned just above the entrance. The maze was placed on a 

custom-made table 40 cm above the floor, located in the center of a quiet testing room. 

A computer running MED-PC for Windows (Version 1.15), controlled experimental 

events and recorded photo beam interruptions with a 10-msec resolution. 

Object learning  

 Object learning was conducted in a Y-shaped apparatus as described previously 

(Forwood et al. 2005; Winters et al. 2004). Briefly, the Y-shaped apparatus had white 

walls constructed from Plexiglas 40 cm high, and each arm was 27 cm in length and 10 

cm wide. The start arm contained a guillotine door 18 cm from the rear of the arm. A 

video camera was mounted above the apparatus to record all trials. Duplicate copies of 

objects made from plastic, ceramic, glass, and aluminum were used. The height of the 

objects ranged from 10 to 20 cm, and they varied in visual and tactile qualities. All 

objects were affixed to the floor of the apparatus with an odourless reusable adhesive 

putty. As far as it could be determined, the objects had no natural significance for the 
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rats, and they had never been associated with any reinforcer. Before being placed in the 

apparatus, objects were wiped with a 50% ethanol solution. 

Procedures 

 In the 4 days prior to training on the radial maze, rats were habituated to sucrose 

pellets by placing ten pellets in their home cages. Then, they received a single session 

of habituation to the maze. During habituation, all arms were lit, and sucrose pellets 

could be obtained from any of the eight arms. This session ended once rats performed 

a total of 20 nose pokes, or when 15 min in the maze elapsed. A vehicle injection was 

administered immediately following habituation to accustom the animals to the injection 

procedure.  After the last test session in Experiments 1-4, 20 sucrose pellets were 

placed in the home cages of the animals, and after 30 min, the number of pellets 

consumed was recorded. 

Experiment 1: Alternating post-training cocaine administration in cocaine naïve rats 

 In the one-arm “fixed” condition of the win-stay task, there was always one 

correct arm identified by the lit cue-light positioned at its entrance. Within each training 

session, the position of the lit arm relative to the other arms did not change. The lit arm, 

however, changed randomly between sessions. When the rat entered the lit arm, and 

performed a nose poke, a sucrose pellet was dispensed and the light was turned off.  

This light was turned back on once the animal re-entered the hub. Entries in non-lit 

arms were considered mistakes and were not reinforced. The session ended once the 

animal received a total of 20 sucrose pellets, or when 15 min in the maze elapsed. Rats 

received 5 training sessions in five consecutive days. Correct and incorrect nose pokes, 

total arm entries, and total time elapsed to obtain all 20 pellets were recorded. 
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 The objective of Experiment 1 was to determine whether alternating post-training 

cocaine administration would eliminate the performance impairments that were 

observed after daily post-training cocaine administration (Leri et al. 2013b).  Therefore, 

immediately following training sessions 1, 3 and 5, rats were administered one of four 

doses of cocaine: 0 (n=6), 2.5 (n=6), 7.5 (n=6), or 20 mg/kg (n=6).  Rats received 

vehicle after sessions 2 and 4. During the initial 30 min after each injection, animals 

were placed in a novel environment (quiet corridor of the facility).  

Experiments 2, 3 and 4: Post-training cocaine administration in cocaine pre-exposed 

rats 

 In light of the results of Experiment 1, and of evidence suggesting that pre-

exposure to cocaine can reduce cocaine-induced taste avoidance (Riley and Diamond 

1998), rats in Experiments 2-4 were pre-exposed to cocaine prior to maze training.  It 

was opted to select a regimen of cocaine pre-exposure that would induce significant 

changes in sensitivity to the stimulatory action of the drug because cocaine-induced 

motor stimulation and cocaine-induced reinforcement are often related effects (Stewart 

and Badiani 1993; Wise and Bozarth 1987).  

 Hence, prior to the pre-exposure, all rats received the first test of locomotion 

(Test I).  For this test, they were injected with vehicle and then placed in the activity 

chambers for 30 min. After this habituation period, they were removed from the 

chambers, injected 15 mg/kg cocaine (IP), and re-tested for 60 min.  During this period, 

they were also filmed to score stereotypical behaviors.  Scoring was performed by an 

observer blind to drug treatments, using a modified version of the Creese and Iversen 

(1974) and Daunais and McGinty (1995) scales that involved quantifying amount of time 
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spent engaging in repetitive sniffing and/or high-frequency, low-amplitude, stationary 

head movements in one location of the locomotion chamber.   

Starting on the day following Test I, animals were given daily injections of 30 

mg/kg cocaine (IP) for five consecutive days. During the initial 30 minutes after each 

injection, animals were placed in a novel environment (quiet corridor of the facility).  

This regimen of cocaine administration was followed by a 7-day withdrawal period 

during which animals were only weighed.  Twenty-four hours later, they received a 

second test of locomotion (Test II) performed as described above, and maze training 

began the following day.   

 Experiment 2 was performed as Experiment 1, but rats received 0 (n=12), 2.5 

(n=12), 7.5 (n=12) or 20 (n=12) mg/kg cocaine immediately after each training session.  

 In light of the negative findings of Experiment 2, Experiment 3 employed a 

different version of the task characterized by a more gradual learning curve.  In the one-

arm “variable” condition of the win-stay task, there was always only one correct lit arm 

but, within each training session, its position relative to the other arms changed 

randomly after each correct nose poke. The session ended once the animal received a 

total of 20 sucrose pellets, or when 15 min in the maze elapsed. As in Experiment 2, 

rats received 0 (n=12), 2.5 (n=12), 7.5 (n=11; one rat died during the period of cocaine 

pre-exposure) or 20 (n=11; one rat was euthanized during the withdrawal period 

because of health-related issues) mg/kg cocaine immediately after each training 

session.  

 In both Experiments 2 and 3, after the last day of training, rats were tested in 

extinction conditions.  That is, the task was run as usual, but no sucrose pellets were 
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dispensed. During this test, nose pokes of the animals were monitored for 15 min, with 

the lit arm remaining always in the same location, or randomly changing position, for 

animals trained in Experiments 2 and 3, respectively. 

 In Experiment 4, a number of changes were made to the procedures. First, the 

highest dose of cocaine (20 mg/kg) was substituted by a lower dose of cocaine never 

tested before: 1 mg/kg.  Therefore, this experiment included four groups: 0 (n=12), 1 

(n=12), 2.5 (n=12), and 7.5 (n=11; one rat was euthanized during the withdrawal period 

because of health-related issues) mg/kg. Second, animals were trained on the one-arm 

fixed task for 10 days, but on each day they could only obtain a maximum of 10 sucrose 

pellets.  This was done to reduce the likelihood of creating sucrose-cocaine 

associations, while equating for total amount of sucrose exposure between 

experiments.  Cocaine injections were given on alternate days (i.e., 1, 3, 5, 7 and 9). 

Third, after this training period, the animals were tested on a set shift of the task.  For 

each test session, seven arms were lit and the correct arm was now the non-illuminated 

arm. Animals were tested on this set shift for 10 sessions (i.e. test days 11 to 20), and 

no injections were given post-training.  

Experiment 5: Post-training cocaine on object learning in cocaine naïve rats 

 Rats were habituated to the empty Y-shaped apparatus on two consecutive daily 

sessions before the beginning of testing. For habituation, they were placed in the start 

box area of the Y-shaped apparatus, and released into the main exploration area for 5 

min.  Immediately following the habituation session, they received a vehicle injection. 

Testing trials began 24 hr after the second habituation session. 

 Each trial consisted of two phases, a sample and a choice, separated by 72 hr.  
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A different object pair was used for each trial, and the order of exposure to object pairs, 

as well as the designated sample and novel objects for each pair, were 

counterbalanced. In the sample phase, two identical objects were placed in the Y 

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

the guillotine door was opened. Time spent exploring the two objects was scored. 

Object exploration was defined as directing the nose to the object at a distance of < 2 

cm and/or touching it with the nose. The sample phase ended when the rat explored the 

objects for a total of 25 s, or after 3 min elapsed, whichever came first. At the end of the 

sample phase, the rat was removed from the Y apparatus and injected with cocaine. In 

the choice phase, the Y apparatus contained a copy of the original sample object in one 

arm and a new object in the other. The exploration arms in which the novel and sample 

objects were placed for the choice phase were counterbalanced across trials. The rat 

was allowed to explore the objects for 2 min and time spent exploring the novel and 

familiar objects was recorded. All rats were tested on four trials in total, and after each 

sample phase, rats received either 0, 2.5, 7.5 or 20 mg/kg cocaine (IP).  The order of 

cocaine doses was counterbalanced between animals using a Latin Square design. 

Drugs 

 Cocaine hydrochloride (Dumex, Toronto, ON) was dissolved in sterile 0.9% 

physiological saline and injected intraperitoneally (IP) at 1, 2.5, 7.5 or 20 mg/kg. These 

doses were selected on the basis of various place conditioning studies (Leri et al. 2006; 

Reichel et al. 2010; Bardo et al. 1995).  The dose and pattern of cocaine administration 

employed in Experiments 2 - 4 was based on previous studies which involved a cocaine 

pre-exposure treatment (Allen and Leri 2010; Kalivas and Duffy 1993).  Similarly, 15 
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mg/kg cocaine was used for the locomotion tests because it has previously been found 

to be effective in revealing altered sensitivity to cocaine-induced motor stimulation (Allen 

et al. 2013). 

Statistical analyses 

 Independent, repeated, and mixed design Analyses of Variance (ANOVAs), with 

one or two factors, and t-tests for planned comparisons were used as appropriate. 

Multiple comparisons were performed using the Student-Newman–Keuls method 

(α=0.05) when significant interactions or main effects were found. The specific values of 

non-significant analyses are not reported. To explore accuracy on the win-stay tasks, 

cumulative % correct was calculated by dividing the total number of correct nose pokes 

over the total number of nose pokes make during the test. For Experiment 5, a 

discrimination ratio was computed by calculating the difference in time spent exploring 

the novel and familiar objects divided by the total time spent exploring the objects, for 

the first minute of the choice phase on each object recognition trial (Melichercik et al. 

2012).  All statistical analyses were performed using SigmaStat (version 3.0 for 

Windows, SPSS Inc). 

Results 

Experiment 1: Alternating post-training cocaine administration in cocaine naïve rats 

 Figure 1A displays cumulative % correct nose pokes in rats that received post-

training injections of cocaine on alternating days. The ANOVA revealed a main effect of 

Training Session [F(4,100)=48.68, p<0.001] but no significant group difference. Figure 

1B displays average time required to complete the task on each training session. The 

ANOVA revealed a main effect of Group [F(3,100)=5.31, p<0.01] and a main effect of 
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Training Session [F(4,100)=18.00, p<0.001]. Multiple comparisons on the marginal 

means indicated that rats treated with 20 mg/kg cocaine took longer to complete the 

task than all other groups. 

Experiments 2, 3 and 4: Post-training cocaine administration in cocaine pre-exposed 

rats 

 Panel A of Figure 2 displays cumulative % correct nose pokes in cocaine pre-

exposed rats that received cocaine after each training session on the fixed version of 

the win-stay task. The ANOVA identified a main effect of Training Session 

[F(4,220)=145.42, p<0.001] but no group difference.  Multiple comparisons on the 

marginal means revealed that % correct increased significantly from sessions 1 to 2, 

and again from sessions 2 to 3. Panel B of Figure 2 displays average time required to 

complete the task on each training session. The ANOVA identified a main effect of 

Training Session [F(4,220)=76.18, p<0.001] but no group differences, although the 20 

mg/kg group appeared slower than all other groups on sessions 4 and 5. 

 Panel C of Figure 2 displays cumulative % correct nose pokes in cocaine-

sensitized rats that received cocaine after each training session on the variable version 

of the win-stay task. Again, the ANOVA revealed a main effect of Training Session 

[F(4,210)=11.88, p<0.001] but no group difference. Multiple comparisons on the 

marginal means revealed a significant improvement after each training session. Panel D 

of Figure 2 displays average time required to complete task on each training session. 

The ANOVA identified a main effect of Group [F(3,210)=10.47, p<0.001] and a main 

effect of Training Session [F(4,210)=28.03, p<0.001]. Multiple comparisons on the 

marginal means revealed that rats treated with 20 mg/kg cocaine required more time to 
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complete the task than all other groups. 

 Panel A of Figure 3 displays mean number of nose pokes in the lit arm when rats 

were tested in extinction conditions following training on the fixed version of the task. 

The ANOVA identified a main effect of Cocaine Dose/Group [F(3,44)=3.30, p<0.05]. 

Multiple comparisons on marginal means indicated that rats treated with 2.5 mg/kg 

made significantly more nose pokes in the lit arm than saline-treated rats. Panel B of 

Figure 3 displays the results of the extinction test in rats trained on the variable version 

of the task. There was an apparent effect of 2.5 mg/kg cocaine in the same direction as 

Experiment 3, but it did not reach statistical significance. Two separate ANOVAs were 

conducted on total number of nose pokes performed in extinction conditions in rats in 

Experiments 2 and 3 (data not shown), and no significant group differences were found. 

 In Experiment 4, there were no group differences in cumulative % correct nose 

pokes and session time during the first 9 sessions of acquisition (data not shown; 

cumulative % correct nose pokes: significant main effect of Training Session 

[F(8,387)=87.21, p<0.001]; session time: significant main effect of Training Session 

[F(8,387)=42.86, p<0.001]). 

 Table 1 displays cumulative % correct nose pokes and session time on the last 

day of acquisition (i.e., day 10) and on the first test of set shift (i.e., day 11). For 

cumulative % correct, the ANOVA identified a significant interaction between Group and 

Test Session [F(3,86)=3.43, p<0.05], as well as a significant main effect of Test Session 

[F(1,86)=87.02, p<0.001].  Multiple comparisons revealed significantly lower cumulative 

% correct nose pokes in rats treated with 7.5 mg/kg cocaine in comparison to vehicle 

treated rats. For session time, the ANOVA identified only a significant main effect of 
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Test Session [F(1,86)=20.48, p<0.001]; all groups were slower to perform on the test of 

set shift. 

 For the additional nine sessions of set shift (i.e., days 12-20; data not shown), the 

ANOVA on cumulative % correct identified significant main effects of Group 

[F(3,387)=3.19, p<0.05] and of Training Session [F(8,387)=12.33, p<0.001]. Multiple 

comparisons on marginal means revealed that this outcome was primarily the result of a 

significant improvement in all groups from day 12 to day 20. The ANOVA on session 

time indicated a significant main effect of Training Session [F(8,387)=2.42, p<0.05] only. 

In the tests of sucrose consumption following maze training in Experiments 1 – 4, 

all rats consumed all sucrose pellets in their home cages.  

To verify whether cocaine pre-exposure had any effect on responses to cocaine, 

locomotion (Panel A of Figure 4) and stereotypy (Panel B) scores on Tests I and II were 

compared.  For locomotion, the ANOVA identified a significant interaction between Test 

and Time Interval [F(11,1540)=2.32, p<0.01], as well as significant main effects of Test 

[F(1,1540)=9.57, p<0.01] and Time Interval [F(11,1540)=71.41, p<0.001]. Multiple 

comparisons indicated that locomotion was significantly greater during most of the 

duration of Test II. For stereotypy, the ANOVA identified a significant interaction 

between Test and Time Interval [F(11,1540)=52.72, p<0.001], as well as significant 

main effects of Test [F(1,1540)=130.78, p<0.001] and Time Interval [F(11,1540)=67.63, 

p<0.001]. Multiple comparisons indicated that stereotypy was significantly greater for 

most of the duration of Test II. 

Experiment 5: Post-training cocaine on object learning in cocaine naïve rats 

 Figure 5 displays mean discrimination ratios during the choice phase of object 
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learning. A one-factor ANOVA revealed a main effect of Group [F(3,95)=3.92, p<0.05]. 

Multiple comparisons revealed that rats treated with 20 mg/kg cocaine explored the 

novel object significantly longer (i.e., larger discrimination ratio) than saline-treated rats. 

Additionally, a single sample t-test comparing each group to a mean discrimination ratio 

of zero revealed a significant preference of the novel object after all cocaine doses, but 

not saline (2.5 [t(23)=2.28, p<0.05], 7.5 [t(23)=2.77, p<0.05], and 20 mg/kg [t(23)=6.85, 

p<0.001]). 

In the test of sucrose consumption following the last maze training session in 

Experiments 1 – 4, all animals consumed all 20 sucrose pellets in their home cage. 

Discussion 

 The primary goal of these experiments was to test the hypothesis that cocaine 

improves learning by an action on memory consolidation (White 1996).  Using the post-

training drug administration approach (McGaugh 1966), a previous study conducted in 

this laboratory found that cocaine caused dose-dependent impairments in performance 

and did not improve learning of a win-stay task (Leri et al. 2013a).  In the current study, 

it was attempted to reduce this performance deficit by reducing the frequency of cocaine 

injections (Experiment 1) or by exposing the animals to cocaine prior to win-stay training 

(Experiments 2 - 4).  Neither approach, however, was effective in revealing learning 

enhancements.  A possible facilitation of learning was observed when animals were 

tested in extinction, when a set shift procedure was employed, and when the effect of 

post-training administration was tested on a task that did not involve sucrose 

reinforcement (Object learning; Experiment 5).  Therefore, taken together, these data 

suggest that cocaine can enhance learning when it is administered post-training, but 
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this effect is highly dependent on the dose and on the task employed. 

 The initial investigation of the effect of post-training cocaine on a task motivated 

by sucrose indicated that cocaine modified win-stay performance by actions that were 

not specific to memory consolidation (Leri et al. 2013a).  That is, even if it was 

administered post-training, there were indications that the results were attributable to 

performance rather than learning impairments.  In fact, it was observed that rats injected 

with the highest doses of cocaine (7.5 and 20 mg/kg) after each training session took 

progressively longer to complete the win-stay task.  In addition, those injected with 20 

mg/kg cocaine stopped consuming the sucrose pellets obtained in the maze.  The same 

rats also did not consume sucrose pellets when given in their home cages. Very similar 

observations were made in rats that received 2 mg/kg d-amphetamine after each 

training session on a similar win-stay task (Leri et al. 2013b).  This lack of sucrose 

consumption fits an interpretation based on learned taste avoidance, which is commonly 

observed when a novel taste is associated with the effects of cocaine at doses ranging 

between 5 and 40 mg/kg (Freeman and Riley 2005; Parker 1993; Parker 1995; Riley 

and Diamond 1998; Serafine et al 2012) or with the effects of d-amphetamine at doses 

ranging between 1 and 10 mg/kg (Booth et al 1977; Parker 1995).  Hence, it is very 

likely that rats associated the taste of the sucrose with the effect of cocaine 

administered after training, and that performance was affected by a change in the 

motivation to consume sucrose.  Why lower doses of cocaine, unlike lower doses of d-

amphetamine (Leri et al 2013b; Packard and White 1989), produced no improvements 

of acquisition on the win-stay task is not clear.  Procedural factors (types of maze, types 

of food reward used in the tasks, and types of win-stay task), and pharmacodynamics 



 57 

 
 

and pharmacokinetic differences between cocaine and d-amphetamine, are likely to 

play a role in these incongruent findings.  

 The results of the current experiments replicate and further support an 

interpretation not dependent on altered memory processing.  In fact, post-training 

cocaine administration altered performance but not accuracy of two tasks with different 

learning curves (compare Experiments 2 and 3).  This suggests that the behavioural 

effect of cocaine on the maze was not modulated by the specific learning demands of 

the tasks, but rather reflected changes in more general motivational processes.  

Furthermore, rats injected with the highest doses of cocaine (7.5 and 20 mg/kg) took 

progressively longer to complete the win-stay task.  Since accuracy was not affected, 

this result is consistent with a possible interference with the motivation to perform the 

task.  Interestingly, this effect was reduced by alternating the injections of cocaine 

during training (Experiment 1), and by sensitizing the rats to cocaine prior to training in 

the maze (Experiments 2 – 4).  Overall, the results of the win-stay task employed in 

these experiments significantly enhanced our understanding of post-training cocaine 

effects relative to earlier reports that did not have multiple measures allowing for this 

dissociation (for example, see Janak et al 1997). 

 Nevertheless, in Experiments 1 – 4, rats consumed all pellets that were obtained 

in the maze, and that were provided in the home cages at the conclusion of testing.  

This suggests that conditioned taste avoidance may not have been the only cause of 

slower performance in the maze.  More specifically, it is possible that rats treated with 

the highest dose of cocaine were slower to obtain sucrose in the maze because its 

motivational value was outweighed by that of cocaine (Grigson 1997).  Alternatively, 
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cocaine has anxiogenic effects (Rogerio and Takahashi 1992; Yang et al 1992) that are 

well known to interfere with appetitive behaviors (Ettenberg and Geist 1991).  It is 

possible, therefore, that rats injected post-training with 20 mg/kg cocaine became 

progressively more anxious and fearful of the maze environment, and that this 

negatively impacted performance.  

 The effect of cocaine pre-exposure on changes in acquisition caused by post-

training cocaine administration deserves particular attention. In fact, when this 

manipulation was considered, two possible outcomes were predicted. First, on the basis 

of the observation that cocaine pre-exposure reduces cocaine taste avoidance (Riley 

and Diamond 1998), it was anticipated that pre-exposure should have reduced the 

performance deficits caused by 7.5 and 20 mg/kg described above.  Second, on the 

basis of evidence that cocaine pre-exposure can increase its reinforcing effect (Childs et 

al. 2006; Lett 1989; Liu et al. 2005; Mandt et al. 2012; Schenk and Partridge 2000; Wise 

and Bozarth 1987), it was anticipated that pre-exposure should have enhanced the 

memory enhancing effect of low doses of the drug.  The findings of Experiments 2 - 4 

were consistent with the first prediction only; enhanced sensitivity to the stimulatory 

action of cocaine reduced indexes of motivation impairments (see Figures 2B and 3D), 

but did not alter learning curves (see Figures 2A and 2C).  Nevertheless, because only 

a single memory task was employed, it is concluded that further studies are necessary 

to clarify how cocaine-induced locomotor sensitization interacts with cocaine-induced 

modulation of memory formation. 

 The data from the tests in extinction (Experiment 2 and 3) and set shift 

(Experiment 4), provided indirect evidence of memory facilitation by post-training 
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cocaine.  In fact, as illustrated in Figures 3A and 3B, rats treated with the lowest dose of 

cocaine (2.5 mg/kg) during maze training made more nose pokes selectively in the lit 

arm when tested in extinction conditions.  Based on the evidence that persistence of 

responding in extinction is modulated by number of previous conditioning trials (Hull 

1943), the results of Experiments 2 and 3 may be interpreted as more robust learning of 

the win-stay task in animals treated with 2.5 mg/kg cocaine.  A similar reasoning could 

be applied to the results of Experiment 4, whereby rats treated with 7.5 mg/kg cocaine 

displayed the largest impairment in the first set shift session (see Table 1).  That is, it is 

possible that rats treated with this dose of cocaine may have been more impaired on the 

initial shift because of a higher degree of interference induced by better learning of the 

pre-shift contingencies (Underwood 1957; Wixted 2004).  These interpretations, 

however, should be considered tentative for various reasons.  First, there was not 

evidence of better performance of win-stay in cocaine-treated rats prior to extinction or 

set shift tests.  Second, although statistically significant, these effects were not very 

large.  Third, it is not clear why different doses of cocaine elevated responding in 

extinction and impaired initial performance on the set shift.  Finally, it should be noted 

that persistent responding in extinction and set shift tests could be reflective of impaired 

behavioural flexibility (Allen and Leri 2010; Ersche et al. 2008; Fillmore and Rush 2006; 

Schoenbaum et al. 2004; Stalnaker et al. 2006).   

 Therefore, the least controversial evidence that cocaine enhanced memory 

formation was provided by the results of Experiment 5: post-training cocaine dose-

dependently improved object learning. There is substantial evidence suggesting that 

object learning involves a memory consolidation process that occurs after exposure to 
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the sample object.  Although the exact time course of memory modulation is dependent 

on the neurochemical system, cellular targets, and regions of the brain investigated 

(Balderas et al 2008; da Silveira et al 2013; Furini et al 2010; Goulart et al 2010; Ill-

Raga et al 2013; Inagaki et al 2010; Lima et al 2009; Mello-Carpes and Izquierdo 2013), 

it is clear that manipulations that occur several hours post-training fail to modulate 

performance. 

 There are several lines of evidence consistent with the finding that cocaine, a 

drug that elevates release of catecholamines, can enhance object learning. First, post-

training administration of D1 receptor agonists enhance object learning (de Lima et al 

2011). Similar results are obtained with drugs that block the transporter of 

catecholamines such as amphetamine (Wiig et al 2009) or with direct 

sympathomimetics (Dornelles et al 2007). Second, post-training administration of beta 

adrenergic receptors antagonists blocks object learning (Dornelles et al 2007; Mello-

Carpes and Izquierdo 2013).  Third, post-training administration of dopaminergic 

antagonists in the medial prefrontal cortex and amygdala block object learning (Rossato 

et al 2013), and elevations in dopamine and noradrenaline release in the medial 

prefrontal cortex facilitate consolidation of object recognition (Inagaki et al 2010).  

Fourth, consolidation of object learning is dependent on dopaminergic activity in the 

perirhinal cortex (Balderas et al 2013; Brown et al 2012; Winters and Bussey 2005) as 

well as on noradrenergic projections from the nucleus of the solitary tract to the locus 

coeruleus, dorsal hippocampus and basolateral amygdala (Mello-Carpes and Izquierdo 

2013; Roozendaal et al 2008). 

 In conclusion, the results of the current experiments generated three important 
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findings. First, cocaine can produce effects on learning that are consistent with a 

facilitation of memory consolidation.  This offers additional support for the hypothesis 

that drugs of abuse may promote addictive behaviors because they facilitate the 

formation of memories about drug use, drug effects, and associated environmental 

stimuli.  Second, the win-stay task did not reveal substantial modulation of learning by 

post-training cocaine administration, but the object learning task did.  This indicates the 

effect of post-training administration of cocaine on learning is highly dependent on the 

dose and on the learning task employed and suggests that these methodological issues 

are of primary relevance when addressing the theoretical contribution of post-training 

drug administration studies. Finally, these studies offer a possible answer as of why 

task and dose matter.  More specifically, while cocaine may enhance memory 

consolidation, it also produces a variety of other effects that are dependent on the dose.  

In some tasks, but not others, these become “side” effects that interfere with task 

performance and with the consequent interpretation of the results.  The current 

experiments suggest that cocaine-induced taste avoidance and/or anxiety may be 

particularly deleterious in tasks where animals consume food and/or require movement 

in a complex maze.  
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Figure and Table Legends 

Table 1 

 Mean (SEM) cumulative % correct nose pokes and session time on the last day 

of acquisition (i.e., day 10) and on the first test of set shift (i.e., day 11) in Experiment 4.  

Rats received alternating post-training injections of vehicle (n=12), 1 (n=12), 2.5 (n=12), 

and 7.5 (n=11) mg/kg on days 1, 3, 5, 7 and 9.  The * denotes a significant difference 

between cocaine and vehicle.  

Figure 1 

 Panel A: Mean (SEM) cumulative % correct nose pokes made across the 5 

training sessions following alternating post-training injections of vehicle (n = 6), 2.5 (n = 

6), 7.5 (n = 6), or 20 (n = 6) mg/kg cocaine.  Panel B: Mean (SEM) time to complete 

each of the 5 training sessions.  

Figure 2 

 Panel A: Mean (SEM) cumulative % correct nose pokes made across the 5 

training sessions following daily post-training injections of vehicle (n = 12), 2.5 (n = 12), 

7.5 (n = 12), or 20 (n = 12) mg/kg cocaine.  All rats were pre-exposed to cocaine prior to 

training on the fixed version of the win-stay task.  Panel B: Mean (SEM) time to 

complete each of the 5 training sessions on the fixed version of the win-stay task. Panel 

C: Mean (SEM) cumulative % correct nose pokes made across the 5 training sessions 

following daily post-training injections of vehicle (n = 12), 2.5 (n = 12), 7.5 (n = 11), or 20 

(n = 11) mg/kg cocaine. All rats were pre-exposed to cocaine prior to training on the 

variable version of the win-stay task. Panel D: Mean (SEM) time to complete each of the 

5 training sessions for the variable version of the win-stay task. The # denotes a 
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significant difference between the grand means of cumulative % correct between a 

specific training session and the first training session. The + denotes a significant 

difference between the grand means of cumulative % correct between a specific training 

session and the preceding session. 

Figure 3 

 Panel A: Mean (SEM) nose pokes in lit arms during the extinction test in rats 

previously treated with vehicle (n = 12), 2.5 (n = 12), 7.5 (n = 12), or 20 (n = 12) mg/kg 

cocaine following training on the fixed version of the win-stay task. Panel B: Mean 

(SEM) nose pokes in lit arms during the extinction test in rats previously treated with 

vehicle (n = 12), 2.5 (n = 12), 7.5 (n = 11), or 20 (n = 11) mg/kg cocaine following 

training on the variable version of the win-stay task. The * denotes a significant 

difference between the 2.5 mg/kg cocaine group and the vehicle group. 

Figure 4 

 Mean (SEM) discrimination ratio in rats that received injections of vehicle (n = 

24), 2.5 (n = 24), 7.5 (n = 24), or 20 (n = 24) mg/kg cocaine following the sample phase 

of the object learning task.  Rats were tested for memory of the objects 72 hours later. 

The * denotes a significant difference between the 20 mg/kg cocaine group and the 

vehicle group.  
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Table 1 
 
Mean (± SEM) % cumulative % correct nose pokes and session time on the last day 
of acquisition (i.e., day 10) and on the first test of set shift (i.e., day 11). 
 

  Groups 

 Test Session Vehicle 1 mg/kg 2.5 mg/kg 7.5 mg/kg 

% Correct 
10 53.6 ± 3.0 53.8 ± 2.2  58.9 ± 1.5  58.1 ± 2.9  

11 43.8 ± 2.2  39.2 ± 1.8  43.3 ± 1.8  32.5 ± 3.9 *  

Session Time 
10 201 ± 40  183 ± 17  172 ± 22  178 ± 19  

11 246 ± 17 *  328 ± 63 *  297 ± 31 *  351 ± 63 *  
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General Discussion 

Summary of Results 

 The research described in the first manuscript generated three main findings. 

First, post-training administration of cocaine dose-dependently impaired performance on 

a win-stay task motivated by sucrose. Second, co-administration of diazepam (single 

dose: 1 mg/kg) amplified the performance impairments caused by post-training cocaine 

(single dose: 7.5 mg/kg). Finally, when animals were tested in extinction conditions (i.e., 

absence of sucrose), the group treated with post-training cocaine and cocaine + 

diazepam displayed reduced nose pokes in all arms of the maze. Taken together, these 

results suggest that the effect of post-training cocaine administration on the acquisition 

of an incentive task can be significantly hindered by motivational deficits resulting from 

an association between the drug effect and the sucrose and/or the maze itself.  

 These observations are consistent with the development of an acquired sucrose 

avoidance.  In support of this interpretation, it is known that rats will readily learn to 

avoid a novel taste paired with the effects of psychomotor stimulants (Parker, 1993; 

Freeman & Riley, 2005). The development of a sucrose avoidance could have masked 

the ability of cocaine to modulate memory consolidation. 

 In the second manuscript, the experimental procedure was designed to eliminate 

the development of an avoidance to sucrose by reducing the frequency of cocaine 

injections (Experiment 1) or by exposing the animals to cocaine prior to win-stay training 

(Experiments 2 - 4).  Neither approach, however, was effective in revealing learning 

enhancements.  A possible facilitation of learning was observed when animals were 



 80 

 
 

tested in extinction, when a reversal procedure was employed, and when the effect of 

post-training cocaine was tested on a task that did not involve sucrose reinforcement 

(Object recognition; Experiment 5).  Therefore, taken together, these data suggest that 

cocaine can enhance learning when it is administered post-training, but this effect is 

highly dependent on the dose and on the task employed. 

Limitations 

 The conclusions of these studies are limited by the absence of a delay group. 

Normally, researchers test a delay group which receives the drug 4 or 8 hr following 

training (Brown, Beale & Frye, 2002) in order to provide evidence that the observed 

change in performance is due to the drug’s effect on memory consolidation specifically. 

A delay group can help rule out the possibility that group differences in performance are 

due to the presence of the drug during testing. Since the current studies used different 

retention delays, 24 hr in win-stay learning and 72 hr in object recognition learning, the 

likelihood that cocaine was present during testing was highly unlikely. Systemic 

administration of a high dose of cocaine (30 mg/kg) has a half life of 26 minutes (Pan 

and Hedaya, 1999), which would require less than two hours for metabolic elimination 

from the body of a rat. Since the current studies used different tests of memory which 

predict effects in different directions (i.e., persistence test prediction is an increase in 

nosepokes while reversal test prediction is a decrease in percent correct), the likelihood 

that cocaine affected general cognitive abilities was also unlikely. Finally, the presence 

of a delay group would not be useful to the interpretation of these results because 

cocaine administration can have one of two effects: memory modulation and/or produce 

aversive side effects that interfere with performance. If the effect is not present in the 
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delay group, it would still be unclear whether this is because cocaine administration was 

outside of the memory consolidation window or because an aversive effect of the drug 

did not become associated with the task (i.e, conditioned taste avoidance). 

 Another limitation of these studies is that the win-stay task is sensitive to drug 

effects on both memory and consumption. Since the goal of this research project was to 

test the effects of cocaine on memory consolidation directly, the win-stay task has its 

limitations because, as seen in Experiments 1 and 2, post-training cocaine has effects 

on some motivational aspects of the task. Although the win-stay task is limited in some 

ways, efforts were made to control for sensitivity to the adverse side-effects of cocaine; 

session time was analyzed as an index of performance and pellets consumed was 

measured both during training and in the home cage. In addition, the object recognition 

task was employed in this research program and this task does not require appetitive 

motivation. Taken together, the general pattern of results in both the win-stay and object 

recognition suggest that post-training cocaine administration can enhance memory 

consolidation in non-aversively motivated tasks. However, there is an alternative 

explanation that is consistent with both the results of this study and the results of post-

training cocaine studies in aversively motivated situations: Post-training cocaine may 

selectively enhance the salience of aversive situations. This would explain why positive 

results of post-training cocaine administration on memory consolidation more often 

employ a task motivated by aversive stimuli. In order to shed light on this controversy, 

post-training cocaine administration needs to be tested in non-aversive tasks which do 

not require consummatory behaviours, such as social preference and latent learning. 

Third, the dopaminergic system was the only pathway seriously considered to be 
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involved in the ability of cocaine to modulate memory although cocaine is known to 

have effects on both the serotonergic and noradrenergic system as well (Reith, 1986; 

Ritz et al, 1987). Given that post-training central administration of norepinephrine will 

improve performance in an object learning task (Roozendaal et al, 2008), it is very 

possible that improved performance by post-training cocaine on object learning is 

related to norepinephrine levels. 

The specific involvement of the serotonergic and noradrenergic system in 

memory consolidation was outside the scope of this research. Interested readers are 

encouraged to explore reviews on the topic (Gonzalez, Chavez-Pascacio & Meneses, 

2013; Jettsch-David, Koenig & Cassel, 2008; Roozendaal & McGaugh, 2011). 

Finally, one criticism of the object learning task is that post-training cocaine may 

alter exploration in the choice phase. Additionally, sample exploration needs to be 

considered in order to strengthen the argument that changes in object learning 

performance are a result of post-training drug administration. There were no statistically 

significant differences in mean (SEM) time spent exploring sample objects (0 mg/kg: 

13.23 ± 1.20, 2.5 mg/kg: 14.51 ± 1.02, 7.5 mg/kg: 14.68 ± 0.93, 20 mg/kg: 13.37 ± 

0.80). Additionally, there were no statistically significant differences in mean (SEM) time 

spent exploring objects during the choice phase (0 mg/kg: 4.77 ± 0.53, 2.5 mg/kg: 4.75 

± 0.45, 7.5 mg/kg: 5.25 ± 0.54, 20 mg/kg: 4.91 ± 0.40). Given that there were no group 

differences in exploration time during both the sample and choice phase, it is even more 

likely that changes in performance on the object learning task are a result of post-

training cocaine administration. 

Implications 
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 The conclusions of these studies suggest that cocaine can enhance memory 

consolidation, however this effect is highly dependent on the task employed and the 

dose administered. The vast majority of work in this field has shown that post-training 

administration of a drug of abuse will improve memory consolidation, which is consistent 

with our findings. What our findings add is that the ability of cocaine to enhance memory 

consolidation is highly dependent on specific factors. If the task or dose is not properly 

controlled for, it is possible to observe effects in the opposite direction (see Experiment 

1 of manuscript one) which can potentially lead to controversial findings. A study by 

Simon and Setlow (2006) investigated the ability of post-training amphetamine to 

improve performance on a task which involved consumption of food, however there was 

no index of avoidance to the food. The current study illustrates the importance of 

measures of taste avoidance since this is a side effect of several drugs of abuse that 

may interfere with an examination of learning and memory. 

Taken together, this study provides evidence that post-training cocaine can 

modulate memory consolidation in non-aversively motivated tasks. Therefore, it is less 

likely that post-training cocaine improves performance by increasing the salience of 

aversive situations. Considering this study with extant findings on post-training cocaine, 

it is more likely that the drug can increase performance through actions on memory 

consolidation. 

Future Directions 

 There are a few different research directions that can be employed to build upon 

the conclusions of these studies. First, post-training cocaine administration can be 

tested in other tasks in which rats do not consume food or sugar. Based on the current 
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studies, it is obvious that post-training cocaine produced different effects in the win-stay 

and object recognition task. The use of other, non-aversively motivated tasks to test 

post-training cocaine will help supports the conclusions of these studies.  

Two noteworthy options are the social recognition learning and latent learning 

tasks. In the social recognition learning task, social investigation (sniffing, touching) of a 

conspecific rodent is measured for two conspecific rodents (novel and familiar) following 

prior exposure to one of the rodents (familiar). In a study by Levy, Choleris and Leri 

(2009), when heroin was administered immediately following initial exposure to a 

conspecific rodent, the observer rodent spent more time investigating the novel rodent 

on test day. This effect was observed when heroin was administered immediately post-

training but not when heroin was administered two hours post-training, which suggests 

that the task is sensitive to a consolidation window (Levy, Choleris and Leri, 2009). 

Latent learning is the unreinforced acquisition of information with no immediate 

implication for behaviour. The existence of the learned information becomes apparent 

when it later influences the expression of some behaviour (Stouffer and White, 2005). 

Latent learning tasks can involve appetitive motivation (Stouffer and White, 2005; 

Stouffer and White 2006; Westbrook and McGaugh, 1964), but it is not a requirement 

(Devan et al, 2002). Latent learning would be ideal for a test of the memory enhancing 

effect of cocaine because even in latent learning tasks that require appetitive 

motivation, consumptive behaviours are not required on test day and therefore cannot 

interfere with measures of performance. Thus, a latent learning task would be 

insensitive to aversive side effects of cocaine which was a limitation of this study (see 

win-stay Experiments). 
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Second, in tasks that are sensitive to the memory enhancing function of cocaine, 

a group of rats that are cocaine sensitized can be tested. Recall that one prediction of 

cocaine sensitization is that cocaine-sensitized rats will show greater memory 

enhancement in comparison to drug-naïve rats because cocaine sensitization enhances 

the reinforcing properties of the drug. This prediction was only tested in win-stay where 

the ability of cocaine to enhance memory consolidation was not observed during 

training. The sensitization prediction can be tested by studying the effect of post-training 

cocaine in cocaine-sensitized rats in the object recognition task. Such an experiment 

will also help clarify the conclusions of these studies. 
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