Research

Cocaine, nicotine, and their conditioned contexts
enhance consolidation of object memory in rats

Michael Wolter, Ethan Huff, Talia Speigel, Boyer D. Winters, and Francesco Leri
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To test the hypothesis that drugs of abuse and their conditioned stimuli (CSs) enhance memory consolidation, the effects of
post-training exposure to cocaine and nicotine were compared to the effects of post-training exposure to contextual stimuli
that were paired with the effects of these drugs. Using the object recognition (OR) task, it was first demonstrated that both
10 and 20 mg/ kg cocaine, and 0.2 and 0.4 mg/kg nicotine, enhanced recognition memory when administered immediately
after, but not é h after the sample phase. To establish the drug CSs, rats were confined for 2 h in a chamber (the CS+) after
injections of 20 mg/kg cocaine, or 0.4 mg/kg nicotine, and in another chamber (the CS-) after injections of vehicle. This
was repeated over 10 d (5 drug/CS+ and 5 vehicle/CS— pairings in total). At the end of this conditioning period, when
tested in a drug-free state, rats displayed conditioned hyperactivity in the CS+ relative to the CS—. More important, imme-
diate, but not delayed, post-sample exposure to the cocaine CS+, or nicotine CS+, enhanced OR memory. Therefore, this
study reports for the first time that contextual stimuli paired with cocaine and nicotine, like the drugs themselves, have the

ability to enhance memory consolidation.

Thorndike (1911) proposed that a reinforcer acts as an event that
“stamps-in” the association between stimuli and responses. This
idea has been formalized by the hypothesis that reinforcers exert
their behavioral effects by enhancing memory consolidation: a
time-dependent process in which a memory trace becomes stabi-
lized and less sensitive to interference (White and Milner 1992;
McGaugh and Roozendaal 2009). Biologically, this is significant
because events that enhance memory consolidation also increase
the probability that behaviors will be more likely to be repeated
in the future (White 1996).

The experimental approach used to explore the memory en-
hancing function of reinforcers involves manipulations delivered
immediately, or soon after, training on a given task (White 1996;
Rkieh et al. 2014). This is a key experimental requirement because
it is believed that a memory trace is labile, and therefore sensitive
to modulations, particularly during a critical period of minutes to
hours that follow the experience of learning (McGaugh 2000).
Therefore, using this post-training approach, it has been demon-
strated that reinforcers such as food (Huston et al. 1974, 1977),
sucrose (Messier and White 1984), and various drugs of abuse
(Introini-Collison and McGaugh 1989; Janak et al. 1992; Blaiss
and Janak 2006; Ifiiguez et al. 2012; Leri et al. 2013) improve learn-
ing of a variety of tasks in several species (Eddins et al. 2009; Ifi-
guez et al. 2012; May et al. 2016).

An interesting question is whether cues paired with reinforc-
ing stimuli via classical conditioning can also influence memory
consolidation. These are usually referred to as conditioned stimuli
(CS), or conditioned reinforcers, depending on the behavioral
effect of interest. For example, activation of drug-paired CSs en-
hance operant responses in the absence of drugs (Di Ciano and
Everitt 2003), and can even maintain responding when delivered
contingently (Rescorla and Solomon 1975; Tunstall and Kearns
2017). Moreover, in place conditioning, when a drug reinforcer is
administered in a specific context, the contextual CS gains the abil-
ity to attract the animal when in a drug-free state (for review, see
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Tzschentke 1998), and can induce ultrasonic vocalizations similar-
ly to acute injections of the drug (Ahrens et al. 2009; Ma et al. 2010;
Hamed et al. 2012). Drug-paired CSs also acquire the ability to elicit
other behavioral responses (e.g., conditioned locomotion) and
modify various physiological functions (e.g., heart and respiratory
rates) (Bloch et al. 1973; Fitzgerald et al. 1984; Blanco et al. 2012).

While it has been repeatedly demonstrated that CSs estab-
lished by conditioning with drugs of abuse can activate and main-
tain approach behavior, it is unclear whether these CSs can also
modulate memory consolidation. Holahan and White (2004)
found that post-training exposure to a fear provoking CS enhanced
consolidation of a cue preference task. As well, Leong et al. (2015)
and Goode et al. (2016) reported that the impact of these CSs
can be selective to particular memory systems and that the phar-
macological inhibition of conditioned arousal blocks their impact
on learning. However, Holahan and White (2013) demonstrated
that post-training exposure to a sucrose-paired context was also ef-
fective in enhancing cue preference learning, suggesting that con-
ditioned fear/arousal is not always necessary to enhance memory
consolidation. This conclusion is further supported by evidence
of enhanced acquisition of the Morris water maze by pretesting ex-
posure to a morphine- or cocaine-paired context (Zhai et al. 2007),
although this result cannot confirm that the drug-paired appetitive
context impacted memory consolidation because pretraining ma-
nipulations preclude conclusions about the selective stage of learn-
ing affected (encoding vs. consolidation).

The experiments presented in the current study were designed
to test the hypothesis that drug CSs can enhance memory consoli-
dation by comparing the effects of post-training drug administra-
tion to the effects of post-training exposure to contextual stimuli
that were paired with the effects of the same drugs. Cocaine and nic-
otine were selected because they have been found previously to en-
hance memory consolidation (Introini-Collison and McGaugh
1989; Beeretal. 2013) and because they support classical condition-
ing of various responses (Jackson et al. 2009; Johnson et al. 2012).

© 2019 Wolteretal. This article, published in Learning & Memory, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.
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Cocaine, nicotine, and their conditioned contexts

Contextual conditioning was selected because place preference
studies performed in several laboratories, including ours, have con-
sistently shown that a compartment paired with injections of co-
caine will elicit an approach response in cocaine-free animals
(Bardo et al. 1995; Calcagnetti et al. 1995; Leri et al. 2006; Sticht
etal. 2010; Thériault et al. 2018). Place preference studies with nic-
otine point to the same general conclusion (Le Foll and Goldberg
2005, 2009), although the results with nicotine have been more
variable (Liu et al. 2008), and it appears that the exact conditioning
parameters are very important to nicotine contextual conditioning
(Risinger and Oakes 1995; Tzschentke 1998; Le Foll and Goldberg
2005).

The effects of post-training administration of cocaine and nic-
otine, and exposure to cocaine and nicotine CSs, were tested on a
spontaneous object recognition (OR) task. This memory task is
based on the natural tendency of rats to explore novel objects
(Ennaceur and Meliani 1988; Winters et al. 2004), and it was select-
ed because of our previous demonstration that OR 72 h after learn-
ing can be improved by post-sample administration of cocaine
(Rkieh et al. 2014).

A nicotine place conditioning experiment was also included
to verify whether the CS+ established in our apparatus and with
the selected conditioning protocol would be effective in reveal-
ing conditioned approach, another key aspect of reinforcement
(White and Milner 1992). A cocaine place conditioning experi-
ment was not deemed necessary because we have found that rats
will consistently approach a compartment of our conditioning ap-
paratus paired with 20 mg/kg cocaine (Leri et al. 2006; Sticht et al.
2010; Cummins Jacklin et al. 2015; Thériault et al. 2018).

Results

Experiment 1

Immediate post-sample cocaine enhanced OR memory (Fig. 1).
The ANOVA revealed a significant interaction between Dose
and Phase (F(3,66)=10.73, P<0.001), as well as significant main
effects of Dose (F3,66)=6.61, P<0.001) and Phase (F,66,=57.09,
P<0.001). Multiple comparisons further indicated that, when
rats were injected with 10 and 20 mg/kg cocaine, their choice dis-
crimination ratio was significantly higher compared to their sam-
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Figure 1. The mean (+SEM) discrimination ratio from the sample and

choice phases of object recognition following post-sample injections of
0 (n=23),5(n=23),10 (n=23), and 20 (n=23) mg/kg cocaine in Exper-
iment 1. The * denotes a significant difference compared to 0 mg/kg
cocaine choice phase discrimination ratio. The # denotes a significant dif-
ference when compared to the sample phase discrimination ratio.
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ple discrimination ratio, as well as 0 mg/kg cocaine choice
discrimination ratio. The analysis of total object exploration was
nonsignificant for the sample and choice phases (data not shown).
When cocaine injections were delayed by 6 h, there was no evi-
dence of object memory, as the sample and choice phase discrim-
ination ratios did not differ (Fig. SA).

Experiment 2

Significant conditioned locomotion was observed in the compart-
ment paired with cocaine, and immediate post-sample exposure to
this CS+ enhanced object memory (Fig. 2). Figure 2A represents the
mean (+SEM) distance moved in compartments paired (1-5) with
injections of 0 (in CS-) and 20 (in CS+) mg/kg cocaine. The
ANOVA revealed significant interactions between Dose and Time
(F(2,705)=16.48, P<0.001), Dose and Pairing (F4,705)=4.69, P=
0.001), as well as significant main effects of Dose (Fq,70s)=
1748.87, P<0.001), Time (F2,705)=119.61, P<0.001), and Pairing
(F(4,705)=8.88, P<0.001). Multiple comparisons further indicated
that when rats were injected with 20 mg/kg cocaine in the CS+,
they were significantly more active than when they were injected
with 0 mg/kg cocaine in the CS— at each time point and pairing.

Figure 2B represents the mean (+SEM) distance moved during
the test of conditioned locomotion (30 min) in compartments pre-
viously paired with 0 (CS-) and 20 mg/kg (CS+) cocaine. The
ANOVA only revealed significant main effects of CS compartment
(F(1'94)=49.25, P< 0001) and Time (F(2’94)=344.82, P<0001)
Multiple comparisons of marginal means further indicated that
rats displayed significantly higher locomotor activity in the CS+
than in the CS— compartments.

Figure 2C represents mean (+SEM) discrimination ratio pro-
duced during the sample and choice phase of OR following expo-
sure to CS compartments previously paired with 0 (CS-) and 20
mg/kg (CS+) cocaine post-sample. The ANOVA revealed a signifi-
cant interaction between Compartment and Test (F(;,11)=21.40,
P<0.001), as well as significant main effects of Compartment
(F1,11y=5.99,P=0.03) and Test (F3,11)=26.55, P<0.001). Multiple
comparisons further indicated that when rats were exposed to the
CS+ compartment post-sample, their choice discrimination ratio
was significantly higher when compared to their sample discrimi-
nation ratio and CS— choice discrimination ratio. The analysis of
total object exploration was nonsignificant for the sample and
choice phases (data not shown). When exposure to the CS com-
partments previously paired with 0 (CS—) and 20 mg/kg (CS+) co-
caine was delayed by 6 h, there was no evidence of object memory
(Fig. 5B), as the discrimination ratios did not differ between sample
and choice phases.

A final analysis ascertained whether the choice DR following
post-training confinement in the cocaine-paired compartment was
related to total locomotion displayed during the confinement peri-
od, and the correlation was not statistically significant.

Experiment 3

Immediate post-sample nicotine enhanced OR performance
(Fig. 3). The ANOVA revealed a significant interaction between
Dose and Phase (F366)=4.70, P=0.005), as well as significant
main effects of Dose (F3 66)=9.63, P<0.001) and Phase (F 66)=
20.67, P<0.001). Multiple comparisons further indicated that rats
only produced significantly higher discrimination ratios when
injected with 0.2 and 0.4 mg/kg nicotine when compared to the
sample discrimination ratio and 0 mg/kg nicotine choice discrimi-
nation ratio. The analysis of total object exploration was nonsignif-
icant for the sample and choice phase (data not shown). When
nicotine (0.4 mg/kg) was delayed by 6 h, there was no difference be-
tween the sample and choice discrimination ratios (Fig. 5C).
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Figure 2. Experiment 2. (A) Mean (+SEM) distance moved in compartments paired (1-5) with injections of Vehicle (in CS—; n=48) and 20 (in CS+; n=
48) mg/kg cocaine. The ** denotes a significant difference compared to CS— distance moved at all time points. (B) The mean (+SEM) distance moved during
the 30 min test of conditioned locomotion in the compartment previously paired with Vehicle (CS—) and 20 mg/kg (CS+) (n=48) cocaine. The @ denotes a
significant difference compared to CS— distance moved. (C) The mean (+SEM) discrimination ratio produced during the sample and choice phase of object
recognition following exposure to CS compartments previously paired with Vehicle (CS—) and 20 mg/kg (CS+) (n=12) cocaine post-sample. The * denotes a
significant difference compared to CS— choice phase discrimination ratio. The # denotes a significant difference compared to sample phase discrimination
ratio.

Experiment 4 and 0.4 mg/kg (CS+) nicotine post-sample. The ANOVA revealed
Significant conditioned locomotion was observed in the compart- @ significant interaction between CS compartment and Phase
ment paired with nicotine, and immediate post-sample exposure (F1,9=11.824, P=0.007), as well as significant main effects of CS

to this CS+ enhanced object memory (Fig. 4). Figure 4A represents ~ compartment (Fi;,9)=15.27, P=0.004) and Phase (F9)=23.10,
the mean (+SEM) distance moved in compartments paired (1-5)
with injections of O (in CS—) and 0.4 (in CS+) mg/kg nicotine. The
ANOVA revealed significant interactions between Dose, Time, 89
and Pairing (Fg s564)=10.25, P<0.001), Dose and Time (F4,564)=

4.93, P=0.03), Dose and Pairing (F(4,s64)=81.82, P<0.001), as well 6 - x4
as Time and Pairing (Fg se4)=7.56, P<0.001). The analysis also re-

vealed significant main effects of Dose (F(1,s4)=40.29, P<0.001), o

Time (F(2,564)=106.52, P<0.001), and Pairing (F4,s564)=24.99, P< ' *f

0.001). Multiple comparisons indicated that rats were significantly
more active when injected with 0.4 mg/kg nicotine in the CS+ dur-
ing pairings 4 and 5 compared to pairings 1 and 2 and when they
were injected with 0 mg/kg nicotine in the CS—.

Figure 4B represents the mean (+SEM) distance moved during
the 30 min test of conditioned locomotion in the compartment

0.0 rn 1

Mean (SEM) discrimination ratio

previously paired with 0 (CS-) and 0.4 mg/kg (CS+) nicotine. A sample

The ANOVA revealed a significant interaction between CS com- I Choice

partment and Time (F3,04,=10.12, P<0.001), as well as significant -4 T T T T

main effects of CS compartment (F,94,=30.86, P<0.001) and 0 01 0.2 04

Time (F3,04,=438.77, P<0.001). Multiple comparisons further in- Nicotine (mg/kg)

dicated that rats placed into the CS+ compartment were signifi-

cantly more active than rats placed into the CS— compartment at Figure 3. The mean (+SEM) discrimination ratio from the sample and
10 and 20 min. choice phases of object recognition following post-sample injections of

R . X 0 (n=23), 0.1 (n=23), 0.2 (n=23), and 0.4 (n=23) mg/kg nicotine in
Figure 4C represents the mean (+SEM) discrimination ratio Experiment 3. The * denotes a significant difference compared to

calculated during the sample and choice phases of OR follow- 0 mg/kg nicotine choice phase discrimination ratio. The # denotes a sig-
ing exposure to a compartment previously paired with 0 (CS-) nificant difference compared to sample discrimination ratio.
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Figure 4. Experiment 4. (A) Mean (+SEM) distance moved during pairings (1-5) of locomotion to compartments paired with injections of vehicle
(in CS—; n=48) and 0.4 (in CS+; n=48) mg/kg nicotine after 30 min. The * denotes a significant difference compared to Vehicle CS—. The &
denotes a significant difference compared to 0.4 mg/kg in CS+ nicotine pairing 5. (B) The mean (+SEM) distance moved during the 30 min test of con-
ditioned locomotion in compartments previously paired with Vehicle (n=48) (CS—) and 0.4 (n=48) mg/kg (CS+) nicotine. The * denotes a significant
difference compared to CS— distance moved. (C) The mean (+SEM) discrimination ratio calculated during the sample and choice phases of object rec-
ognition following exposure to a compartment previously paired with Vehicle (n=12) (CS-) and 0.4 (n=12) mg/kg (CS+) nicotine post-sample. The
* denotes a significant difference compared to CS— choice phase discrimination ratio. The # denotes a significant difference compared to sample dis-
crimination ratio.

P<0.001). Multiple comparisons further indicated that when rats tine in the nicotine-paired chamber than when they were injected
were exposed to the CS+ compartment post-sample, their choice with vehicle in the vehicle-paired chamber.

discrimination ratio was significantly higher when compared to Figure 6B represents the mean (+SEM) time spent in the cham-
their sample discrimination ratio and CS— choice discrimination ra- bers paired with vehicle and nicotine (0.4 mg/kg). The ANOVA re-
tio. The analysis of total object exploration was nonsignificant for vealed a significant interaction between Chamber and Phase
the sample and choice phases (data not shown). A final analysis as- (F(1,43y=15.57, P=0.003), as well as a significant main effect of

certained whether choice DR following post-training confinement Chamber (F(1 43y="7.03, P=0.02), but not Phase. Multiple compar-
in the cocaine-paired compartment was related to total locomotion isons indicated that during habituation rats did not significantly
displayed during the confinement period, and the correlation was prefer either chamber but spent significantly more time in the
not statistically significant. nicotine-paired chamber during the test of place preference.
When exposure to the CS compartments previously paired
with 0 (CS-) and 0.4 mg/kg (CS+) nicotine was delayed by 6 h
the discrimination ratios in the sample and choice phases did Discussion
not differ (Fig. 5D).
To test the hypothesis that incentive CSs enhance memory con-
solidation, this study compared the effects of post-training expo-

Experiment 5 sure to cocaine, nicotine, and contextual stimuli paired with the
During the test of conditioned place preference, rats significantly effects of these drugs on object memory in rats. Using the OR
preferred the nicotine-paired chamber over the vehicle-paired task, it was first demonstrated that both 10 and 20 mg/kg cocaine,
chamber (Fig. 6). Figure 6A represents the mean (+SEM) distance and 0.2 and 0.4 mg/kg nicotine, can enhance recognition mem-
moved in compartments paired (1-5) with injections of vehicle ory when administered immediately, but not 6 h, after the sam-
and 0.4 mg/kg nicotine. The ANOVA revealed significant interac- ple phase of OR. To establish the drug contextual CSs, rats were
tions between Dose and Time (F329)=23.82, P<0.001), Dose confined for 2 h in a chamber (the CS+) after injections of
and Pairing (F(4,329) = 6.98, P=0.002); however, the interaction be- 20 mg/kg cocaine, or 0.4 mg/kg nicotine, and in another cham-
tween Time and Pairing as well as Drug, Time, and Pairing were ber (the CS-) after injections of vehicle. At the end of condition-
nonsignificant. The analysis also revealed significant main effects ing, when tested in a drug-free state, animals displayed
of Dose (F(1,320)=57.62, P<0.001) and Time (F,329)=193.27, P< conditioned hyperactivity in the CS+ relative to the CS—. More
0.001), but not Pairing. Multiple comparisons indicated that rats important, immediate but not delayed exposure to the cocaine
were significantly more active when injected with 0.4 mg/kg nico- CS+, or to the nicotine CS+, enhanced recognition memory.
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Figure 5. Experiment 5. (A) The mean (+SEM) discrimination ratio produced during the sample and

choice phases of object recognition in response to an injection of 0 (n=12) and 20 (n=12) mg/kg
cocaine 6 h post-sample. (B) The mean (+SEM) discrimination ratio produced during the sample and
choice phases of object recognition in response to exposure to a compartment previously paired with
0 (n=12) (CS-) and 20 mg/kg (n=12) (CS+) cocaine 6 h post-sample. (C) The mean (+SEM) discrim-
ination ratio produced during the sample and choice phase of object recognition in response to an in-
jection of 0 (n=12) and 0.4 (n=12) mg/kg nicotine 6 h post-sample. (D) The mean (+SEM)
discrimination ratio produced during the sample and choice phase of object recognition in response
to exposure to a compartment previously paired with 0 (n=12) (CS—) and 0.4 (n=12) mg/kg (CS+) nic-
otine 6 h post-sample. There was no evidence of object recognition in any condition when the drug or
CS+ exposure was delay by 6 h.

delayed post-sample administration of
cocaine (0, 5, 10, 20 mg/kg) and nicotine
(0, 0.1, 0.2, 0.4 mg/kg). As expected,
both cocaine (Fig. 1) and nicotine (Fig. 3)
produced dose-dependent increases in
recognition memory, replicating the find-
ings of Rkieh et al. (2014) for cocaine and
of Puma et al. (1999) for nicotine. Impor-
tantly, Experiment 5 revealed no signifi-
cant difference when the injections of
20 mg/kg cocaine (Fig. 5A) or 0.4 mg/kg
nicotine (Fig. 5C) were delayed by 6 h fol-
lowing the sample phase. This strongly
suggests that post-training administration
of these drugs enhanced memory of the
objects seen during the sample phase
because of a selective action on consolida-
tion rather than other memory processes
such as encoding or retrieval (Roozendaal
and McGaugh 2012).

Demonstrating that both post-
sample cocaine and nicotine effectively
enhanced OR memory was essential to
test whether contextual stimuli paired
with these drugs could also modify mem-
ory consolidation in the same task. Hence,
using a place conditioning protocol, rats
received 20 mg/kg cocaine (Experiment
2), 0.4 mg/kg nicotine (Experiment 4), or
their vehicle, prior to confinement to
two distinct conditioning chambers (the
CS+ and the CS-), respectively. During
these pairings, the typical stimulation of
motor activity was observed (Figs. 2A,

Therefore, this study reports for the first A Pairing 1 Pairing 2 Pairing 3 Pairing 4 Pairing 5

time that contextual stimuli paired with . 3000

drugs of abuse not only gain the ability s
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come capable of enhancing memory gg §\ . . .
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choline receptors throughout the brain vonw v 10A 20 _ * o 0o
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(Deiana et al. 2011), also enhancing levels
of monoamine neurotransmitters (Ber-
rettini 2008). Both drugs are abused (Car-
rera et al. 2004; Le Foll and Goldberg
2006), and both should enhance memory
consolidation when administered post-
training, as predicted by the hypothesis
of White and Milner (1992). This pre-
diction has been tested extensively in sev-
eral species using various memory tasks
(Introini-Collison and McGaugh 1989;

1800 —

1200 —

Mean (SEM) time spent
in chamber (sec)

[ Vehicle-paired
I 0.4 mg/kg nicotine-paired

N I
0

Habituation

Sansone et al. 1991; Puglisi-Allegra et al.
1994; Ciamei et al. 2000, 2001; Sharifza-
deh et al. 2005; Ifiiguez et al. 2012), and

in general, the results are consistent with Figure 6.

(A) Mean (+SEM) distance moved during pairings (1-5) of locomotion to compartments

this prediction. Using the OR task, the
current study sought to expand these
findings to OR memory by immediate or

www.learnmem.org

paired with injections of vehicle (n=11) and 0.4 (n=11) mg/kg nicotine after 30 min. The * denotes
a significant difference compared to 0 mg/kg in CS—. (B) The mean (+SEM) time spent in a vehicle-paired
(n=11) and 0.4 mg/kg nicotine-paired (n=11) chamber during the habituation and test of conditioned
place preference. The * denotes a significant difference compared to the vehicle-paired chamber.
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4A, and 6A). Importantly, when locomotion was tested in a drug-
free state, animals conditioned with cocaine or nicotine moved sig-
nificantly more in the CS+ than in the CS— (Figs. 2B and 4B), clearly
indicating that the CS+ had acquired the ability to produce an ob-
servable conditioned response on motor behavior (Johnson et al.
2012). More important, using this within-subjects design, it was
found that post-sample exposure to the cocaine (Fig. 2C) or to the
nicotine (Fig. 4C) CS+ significantly enhanced object memory in
comparison to when animals were exposed to the CS—.

This primary finding most likely reflects an enhancement of
consolidation by exposure to the CS+, rather than an inhibition
caused by exposure to the CS—, as the 72 h version of OR used in
this study can only reveal memory facilitation. Furthermore, it is
interesting to note that total locomotion displayed by drug-free
animals in the CS+ compartment was not correlated to the effect
of post-training exposure to this CS+ on object memory, possibly
suggesting that the two conditioned responses are dissociable. In
addition, Experiment 5 with nicotine, and previous place condi-
tioning studies with cocaine (see Introduction), demonstrated
that a contextual CS+ established using the same protocol and
the same apparatus, also acquires the ability to elicit conditioned
approach (Fig. 6B). Unfortunately, place preference precludes an
investigation of the correlation between conditioned approach
and memory modulation because the test of preference involves
a choice between the simultaneous presentation of the CS+ and
the CS—. Hence, other conditioning preparations are needed to ex-
plicitly explore the relationship between conditioned locomotion,
conditioned approach, and conditioned memory modulation in
the same animals (Ettenberg 2009; Saunders et al. 2018).

The secondary finding of this study is that OR was no longer
facilitated when exposure to the cocaine CS+ (Fig. 5SB) or nicotine
CS+ (Fig. SD) was delayed by 6 h following the sample phase.
These results are essential to the interpretation of the data for three
reasons. First, they rule out the possibility that OR was facilitated
by some drug-induced nonspecific effects on perceptual, cognitive,
or motor functions resulting from repeated administration during
the conditioning period. Second, they rule out possible nonspecif-
ic effects of exposure to the CS+ on general perceptual, cognitive,
or motor functioning. Last, the findings exclude possible nonspe-
cific effects linked to arousal or stress caused by confinement in the
conditioning compartments.

The parallel findings with cocaine and nicotine suggest that
these drugs may modulate memory consolidation by activating
overlapping neurochemical systems. One of these systems may be
the basolateral amygdala (Roozendaal et al. 1999, 2006; McGaugh
and Roozendaal 2002; Stern and Alberini 2013), as it is known
that its ablation blocks memory enhancement produced by system-
ic cocaine (Cestari et al. 1996) and that bilateral intra-amygdala
infusions of nicotine enhance memory (Barros et al. 2005). There
is also evidence that the mesolimbic dopamine system may be
involved. For example, the ventral tegmental area is a primary
source of dopamine afferents to the basolateral amygdala, hippo-
campus, and prefrontal cortex (Beninger 1983; Schultz et al.
1997; Wassum and Izquierdo 2015), all areas involved in memory
formation (White and McDonald 2002; Paré 2003; Browning
et al. 2005); systemic and central modulation of dopamine activity
modulates consolidation of fear memory (Castellano et al. 1991;
Rossato et al. 2009; de Lima et al. 2011), as well as consolidation
of OR memory (Rossato et al. 2013), and intraventral tegmental in-
fusions of nicotine enhance consolidation of fear memory (Lima
et al. 2013). Central cholinergic systems could also play a role
(Vnek et al. 1996) as injections of both cocaine and nicotine
increase cholinergic activity in the hippocampus (Mitchell et al.
1989; Toide and Arima 1989; Brazell et al. 1991; Imperato et al.
1993), and intrahippocampal infusions of nicotine enhance mem-
ory (Sharifzadeh et al. 2005).
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The interesting possibility raised by the current results is that
pathways of memory enhancement shared by acute cocaine and
nicotine may also be involved in memory enhancement induced
by exposure to their CS. In support of this hypothesis, there is ev-
idence that the basolateral amygdala is required for the facilitation
of memory consolidation induced by conditioned emotional stim-
uli (Holahan and White 2002, 2004; Goode et al. 2016). Moreover,
this region has efferent projections to the perirhinal cortex (Pikkar-
ainen and Pitkdnen 2001), which is required for OR memory (Win-
ters et al. 2004). Mesolimbic dopamine may also play a role as it
modulates conditioned responses to Pavlovian stimuli (Parkinson
et al. 2002; Darvas et al. 2014), provides a functional reward
signal that drives conditioning (Kim et al. 2012), and modulation
of dopamine receptors in the perirhinal cortex significantly influ-
ences long-term object memory (Balderas et al. 2013). Finally, cho-
linergic mechanisms mediate conditioned reinforcement elicited
by both drug and natural reward-associated stimuli (Lof et al.
2007; Wickham et al. 2015) and activation of nicotinic receptors
in the perirhinal cortex facilitate object memory (Melichercik
et al. 2012).

In conclusion, consistent with the memory consolidation hy-
pothesis of drugs of abuse (White 1996), the present results suggest
that contextual stimuli paired with the effects of cocaine and nic-
otine enhance memory consolidation. These data in rats identify a
psychological function of cocaine- and nicotine-associated stimuli
thatis likely to impact the development and maintenance of addic-
tive behaviors.

Materials and Methods

Subjects

A total of 108 male Sprague-Dawley rats (Charles River, Quebec,
Canada), weighing between 225 and 250 g at the beginning of
the experiments were individually housed in standard rat cages
(polycarbonate; 50.5x48.5x20 cm) with standard bedding and
environmental enrichment, and were maintained on a reverse
light-dark schedule (lights off at 07:00; on at 19:00). All testing
was conducted during the dark period. Rats had access to 25 g
per day of standard rat chow, and water was available ad libitum
in home cages. All experiments were approved by the Animal
Care Committee of the University of Guelph and were performed
in accordance with recommendations provided by the Canadian
Council on Animal Care.

Apparatus

Locomotion and place conditioning

Six semitransparent Plexiglas chambers (University of Guelph,
Guelph, ON, Canada) were used for place conditioning. Each
chamber included two distinct compartments of equal size (30 x
40 x 26 cm) separated by a removable insert (dark gray PVC). A
small square opening (10 x 10 cm) at the back of the insert allowed
access to both compartments during habituation, conditioning,
and test sessions, and an identical insert without an opening was
used for conditioning. Distinct visual (marbled white and black
pattern on the wall of one compartment and vertical white and
black stripes on the wall of the other; objects external to the boxes
including cabinets, tables, and computer) and tactile (one com-
partment in each chamber contained a black ceramic floor tile)
cues were maintained constant throughout the experiment.
Black wire mesh covered the front of each compartment allow-
ing for automatic video tracking (EthoVision v3, Noldus, The
Netherlands). The software was also used to create a virtual transi-
tion zone (approximately the size of a 400 g rat) creating a third,
middle compartment. Time spent in this virtual compartment
was not included in data analysis.
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Object recognition

ORwas tested using a Y-apparatus, which consisted of three arms of
equal size (40 x 27 x 10 cm) constructed from solid white Plexiglas
to prevent the rat from looking out into the room. One arm was
designated as the start arm and contained a guillotine door
18 cm from the rear of the arm to confine the rat at the start of a trial.
The remaining two arms served as choice arms. The objects used
were copies made from plastic, ceramic, and glass. Objects ranged
in height from 10 to 20 cm and varied with respect to their visual
and tactile qualities. Objects were fixed to the floor using odorless
reusable adhesive putty. Objects were always wiped with 50%
ethanol before being placed into the apparatus to control for any ol-
factory cues that may influence exploration. A JVC Everio digital
camera was mounted on a tripod above the apparatus to record
all trials.

Procedures

Experiment |

Experiment 1 was designed to assess the effect of acute post-sample
cocaine administration on OR memory. Thirty-six rats were habit-
uated to the empty Y-apparatus for 5 min on two consecutive days
before the beginning of testing. The test trials began 24 h after the
second habituation session. Each trial consisted of two phases: a
sample phase and a choice phase, separated by a 72 h retention
interval. This retention interval was chosen as a “suboptimal” con-
dition in which drug-naive rats do not typically express memory
(Melichercik et al. 2012). Rats were always exposed to new,
never-before-seen objects on each trial.

During the sample phase, two identical novel objects were
placed into the Y-apparatus at the end of each exploration arm.
Each rat was placed in the start box, and the guillotine door was
opened. Rats were allotted a maximum of 180 sec to explore objects
or were removed if 25 sec of total object exploration was achieved,
whichever came first. Object exploration was defined as directing
the nose to the object at <2 cm and/or touching the object with
the nose. Twenty-four rats were injected immediately after the
conclusion of the sample phase with 0, 5, 10, or 20 mg/kg cocaine.
All animals were tested at each dose of cocaine and the order of
cocaine doses was counterbalanced using a Latin Square Design.
An additional group of 12 rats received 20 mg/kg cocaine 6 h follow-
ing the conclusion of the sample phase. Following the 72 h reten-
tion interval, rats experienced the choice phase, for which the
Y-apparatus contained a copy of the original sample object in one
arm and a novel object in the other. The choice phase lasted
2 min, and the time spent exploring the novel and familiar objects
was recorded. Different object pairs were used for each trial, and the
order of exposure to object pairs, as well as the designated sample
and novel objects for each trial were counterbalanced.

Experiment 2

Experiment 2 was designed to assess the effect of post-sample expo-
sure to a cocaine (20 mg/kg)-conditioned context on OR memory.
Forty-eight rats were habituated to each of the chambers for 30 min
24 h prior to the beginning of conditioning (vehicle in CS— and
20 mg/kg in CS+). At the beginning of conditioning, rats received
either vehicle or 20 mg/kg cocaine and were immediately placed in
the CS— or CS+ chamber for 2 h, respectively. The chambers of the
apparatus used as CS— and CS+ were counterbalanced across
rats. All animals received a total of 5 conditioning sessions with
the CS— and 5 with the CS+, alternating over 10 successive days.
Conditioned locomotion was assessed on two separate tests. The
first test occurred the day after the last conditioning session and
half of the animals were placed in the CS— and the other half
were placed into the CS+. The second test occurred 72 h later and
the same animals were tested in the alternate chamber.

Of the 48 rats, 24 rats were tested on OR and 24 rats were only
tested on conditioning. The rats tested on OR were habituated to
the Y-apparatus on Days 9 and 10 of conditioning and were ex-
posed to the sample phase prior to the first test of conditioned lo-
comotion on Day 11. Therefore, 12 of these subjects were exposed
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to the CS— immediately following exposure to the two objects, and
the other 12 were exposed to the CS+ immediately following expo-
sure to the two objects. The choice phase of OR occurred 72 h later
(Day 14). On Day 15, the same animals experienced another sam-
ple phase of OR with different objects, and right after they were
confined to the alternative conditioning chamber (CS— or CS+).
The final test of OR occurred 72 h later (Day 18). Finally, this exper-
iment also included a group of 12 rats that were tested as described
above, but exposure to the CS— and CS+ was delayed by 6 h follow-
ing the two sample phases.

Experiment 3

Experiment 3 was designed to assess the effect of acute post-sample
nicotine administration on OR memory. The OR task was conduct-
ed using the same procedures as in Experiment 1, but rats received
immediate post-sample (n=24) 0, 0.1, 0.2, and 0.4 kg nicotine
counterbalanced within subjects, or delayed (n=12) 0.4 mg/kg
nicotine.

Experiment 4

Experiment 4 was designed to assess the effect of post-sample expo-
sure to a nicotine (0.4 mg/kg)-conditioned context on OR memory.
Atotal of 48 rats were conditioned and tested on OR using the same
procedures as in Experiment 2. Hence, 24 were only conditioned,
12 were also exposed to the nicotine-paired CS— and CS+ immedi-
ately after the sample phase, and 12 were exposed to the nicotine-
paired CS— and CS+ 6 h following the sample phase.

Experiment 5

Experiment 5 was designed to assess the effect of nicotine
(0.4 mg/kg) in place preference using an unbiased design.
Nicotine has been shown to produce both conditioned place aver-
sion and preference at various doses; therefore, we designed this
experiment to assess the reinforcing effects of 0.4 mg/kg nicotine.
Twelve rats were habituated for 30 min to the conditioning cham-
bers 24 h prior to the beginning of conditioning (nicotine-paired
chamber; vehicle-paired chamber). At the beginning of condition-
ing, rats received either vehicle or 0.4 mg/kg nicotine and were
immediately placed in the vehicle-to-be paired chamber or
nicotine-to-be paired chamber for 2 h. The chambers of the appara-
tus were counterbalanced across rats. All animals received a total of
five conditioning sessions with vehicle and S with 0.4 mg/kg nico-
tine, alternating over 10 successive days. Place preference was as-
sessed 24 h following the final conditioning day.

Drugs

All drugs were injected intraperitoneally (i.p.). Vehicle (sterile 0.9%
saline) was administered at 1 mL/kg. Cocaine hydrochloride at 5,
10, or 20 mg/kg (Dumex, Toronto, ON, Canada) and (—)Nicotine
hydrogen tartrate salt at 0.1, 0.2, and 0.4 mg/kg (Sigma) was dis-
solved in sterile 0.9% physiological saline. The doses of these two
drugs were selected because of their known stimulatory properties
(Zavala et al. 2008) and their faciliatory effects on OR memory
(Melichercik et al. 2012; Rkieh et al. 2014).

Data analysis

One-, two-, and three-factor repeated measures analyses of variance
(ANOVAs) were used as appropriate. Significant main effects,
and/or interactions, were further analyzed by Student-Newman-
Keuls post-hoc analysis. The one- and two-factor ANOVAs were
performed using SigmaStat (v.3.5 for Windows). Three-factor
ANOVAs were performed using GB-STAT, and the o level was
<0.05. A discrimination ratio was used as a primary measure of
OR and was calculated as (time exploring the novel object — time
exploring the familiar object)/total time spent exploring both ob-
jects. Comparison between the sample and choice phase discrimi-
nation ratios was used as an index of successful memory for
objects. Because the sample objects are identical, the sample phase
discrimination ratio should be approximately O; as such, a
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significant difference between choice and sample discrimination
ratios is indicative of successful novelty/familiarity discrimination.
For all OR experiments, total object exploration was also analyzed
for both the sample and choice phases as a control measure of
general exploratory behavior. The values of nonsignificant analy-
ses are not reported. One rat from Experiment 1 and one from Ex-
periment 3 had to be removed from data analysis because of
complete inactivity during OR testing. One rat from Experiment
5 had to be removed because its habituation activity was two SDs
above the mean.
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