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It has been proposed that opiates modulate memory consolidation, but recent work has indicated
that this effect may be mediated by how the drug is experienced (i.e., passive injections vs. self-
administration). Because the dopamine (DA) D1 receptor is involved in processing of learning signals
and attribution of salience to events experienced by an organism, two studies in male Sprague-Dawley
rats tested the effect of blocking this receptor on modulation of memory consolidation by passive and
self-administered heroin, in addition to conditioned memory modulation by heroin-paired cues. Using
the object location memory task, Study 1 employed SCH23390 (0, 0.05, 0.10 mg/kg, SC) to modulate
enhancement of memory consolidation induced by post-training injections of heroin (1 mg/kg, SC) as
well as by exposure to the environment paired with heroin injections (6 pairings, 1 h each, 1 mg/kg).
Study 2 was conducted in rats that could self-administer heroin (0.05 mg/kg/infusion, V) and tested
whether SCH23390 (0 and 0.1 mg/kg, SC) could prevent memory modulation induced by a change in
schedule of self-administration (from fixed to variable ratio). It was found that while repeated passive
injections of heroin retained their enhancing effect on memory, when self-administered, heroin
enhanced consolidation of object location memory only at the beginning of self-administration and
after a change in schedule. Importantly, SCH23390 blocked memory modulation by heroin when
passively administered and when the drug was self-administered on a novel schedule. SCH23390 also
blocked conditioned memory modulation induced by post-training exposure to heroin-paired cues.
Taken together, these results suggest that modulation of memory consolidation by unconditioned and
conditioned opiate reinforcers involve a D1-dependent mechanism of salience attribution linked to the
anticipation of drug effects.

White and Milner' proposed that reinforcing stimuli promote the acquisition and maintenance of new behav-
iours by enhancing memory consolidation: a time-dependent process of memory stabilization that is central to
learning?. In support of this theory, there is significant evidence that chemical reinforcers such as morphine/
heroin, cocaine, nicotine, as well as environmental stimuli associated with their effects (conditioned stimuli,
CS) enhance memory consolidation in various tasks and species®*. These observations are considered critical
to addictive behaviours because drugs that enhance the consolidation of actions performed prior to, or during,
the experience of drug effects have the potential to increase the probability that these actions will be repeated
in the future’.

However, it has been recently observed that only passively received, but not self-administered, heroin
enhanced consolidation of object location memory®. This is a puzzling observation because intravenous (IV)
self-administration of drugs in animals is considered the gold standard for assessing their reinforcing efficacy
and addictive potential'®-"°. That is, animals (and humans) clearly consolidate the memories of drug-self admin-
istration because, under appropriate conditions, they will continue to engage in behaviours that lead to further
drug intake.
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A possible approach to follow-up these findings and explore the role of mode of administration on opiate-
induced memory modulation may lie in considering the functional characteristics of central dopaminergic (DA)
systems. In fact, D1 and D2 receptors in the nucleus accumbens (NAc) are involved in memory formation'*'” and
our laboratory demonstrated that memory enhancement induced by post-training passive injections of cocaine,
nicotine, or exposure to their CSs, can be blocked by a D2 antagonist'®. Interestingly, although many drugs of
abuse, including opiates!, increase levels of extracellular DA in the NAc of naive animals regardless of whether
the drug is self-administered or passively received!®-?!, changes in phasic DA levels over repeated exposure are
linked to how the drug is administered*>**-*. Importantly, phasic DA signalling in the brain has a pivotal role in
reinforcement®”*® and associative learning®. Mediating the incentive signal that promotes reward-seeking-*,
phasic DA activity encodes surprising, novel and salient experiences*~** and promotes repetition of actions that
immediately precede unanticipated biologically relevant events®***. Moreover, exposure to drug-paired cues
in the absence of drug also enhances memory consolidation®'® possibly because of their effects on central DA
activity®> and specific actions on phasic DA transmission*’*!.

Taken together, these findings suggest the hypothesis that the effect of unconditioned and conditioned opiates
on memory consolidation may be modulated by a dopamine-dependent mechanism encoding salience of the
experience with the drug and/or cue. Hence, two studies were carried out in male Sprague-Dawley rats tested
on an object location memory task that, during the period of memory consolidation (i.e., post-sample), were
exposed to: injections of heroin (Study 1); or self-administered heroin (Study 2); or a context paired with the
effects of heroin in the absence of the drug (Study 1). Because the D1 receptor is considered key to encoding
neural and behavioural responses to unexpected and salient outcomes*~, it was predicted that D1 antagonism
by SCH23390% would block the ability of passive heroin, and possibly of a heroin CS, to modulate memory
consolidation. Moreover, because a change in reinforcement schedule after development of stable self-admin-
istration activates memory stabilization*~*, it was also predicted that a shift in reinforcement schedule would
rescue the action of self-administered heroin on memory modulation, and that this effect should be blocked by
D1 antagonism.

Methods and materials

Subjects. One-hundred and sixteen male Sprague-Dawley rats (Charles River, QC) weighing between 250
and 300 g at the beginning of each experiment were individually housed in standard rat cages (polycarbonate;
50.5x48.5 x 20 cm) with standard environmental enrichment. Upon arrival, rats were given 1 week of acclima-
tization to the facility and were maintained on a 12-h reverse light/dark schedule (lights off 7:00 AM, on 7:00
PM). All behavioral testing was conducted during the dark period. Rats had access to 25 g per day of standard rat
chow and water ad libitum in their home cages. All procedures were approved by the Animal Care Committee at
the University of Guelph and were performed in accordance with recommendations provided by the Canadian
Council on Animal Care and ARRIVE guidelines.\

Surgery. Details of the surgical procedures have been described in Francis et al.’. Briefly, rats in Study 2 were
surgically implanted with intravenous (IV) silastic catheters (Fisher Scientific, Whitby, ON) in the right jugular
vein under general anesthesia induced by isoflurane (4% induction, 2% maintenance). The catheter was passed
subcutaneously (SC) in the back of the rat where it exited into a connector (a modified 22-gauge cannula), and
flushed daily with saline and every second day with 0.10 ml of a saline-heparin solution. Rats were given at least
7 days to recover from surgery before behavioural testing began.

Apparatus. Operant chambers. Details of the operant chambers have been described in Francis et al.’.
Briefly, 20 Plexiglas operant chambers (Med Associates, Georgia, VT) each contained a house light, and two
levers, one retractable (active) and one stationary (inactive). The active lever entered and remained extended
during the entire duration of all sessions, and all responses were recorded. In addition, presses on this lever acti-
vated a white light that served as a discrete CS that was paired with heroin delivery in Study 2. The inactive lever
served to control for non-specific lever presses; responses on this lever had no consequence but were recorded.

Object location. Details of the apparatus have been described in Francis et al.’. Briefly, this task assesses the
ability of rats to discriminate between familiar and novel locations of objects placed in an open field*’. The appa-
ratus consisted of an open box (70 cm x 70 cm % 60 cm) made of corrugated plastic. The floor was black and two
walls opposite from each other were covered with two distinct patterns while the remaining walls were white.
Objects used varied in height, size, and texture. An overhead camera was used to record object exploration of
rats while in the apparatus.

Procedures. Passive heroin administration. ~Rats were injected with 1 mg/kg heroin (SC) and immediately
confined in operant chambers for 1 h. This was repeated for each of the 6 (Pavlovian) conditioning sessions in
Study 1. The operant chamber was used as a contextual CS to enhance methodological consistency with Study
2. The number of conditioning sessions was selected based on previous findings indicating that such CS elicits
approach behavior and modulates memory consolidation when experienced post-training’, Rizos et al.>'; Wolter
etal’.

Heroin self-administration. In Study 2, rats were placed in the same operant chambers as Study 1, attached to
the infusion lines, and allowed to self-administer 0.05 mg/kg/inf heroin (IV) on a fixed ratio 1 (FR1) schedule
for a total of 11 daily 3 h sessions. Each session began with activation of the house light, entry of the retractable
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lever, and illumination of the discrete light CS above the active lever for 30 s. If a rat responded on the active lever
during this first period, it received a 150 pl infusion of heroin. Similarly, subsequent presses on the active lever
led to heroin infusions and simultaneous illumination of the discrete light CS for 5 s. Responses on the inactive
lever were without consequences.

For the 12th 3 h session of self-administration, the schedule of reinforcement was changed to a variable ratio
20 (VR20; heroin infusion obtained, on average, after 20 presses on the active lever). This schedule was chosen
because a shift from FR1 to VR20 can generate a DA-dependent prediction error and activate memory stabiliza-
tion processes*’~*. The range of active lever presses (1-58) required to achieve an average of 20 responses x inf
was based on responses made during the 11th self-administration session.

Object location memory task.  Prior to receiving heroin in Studies 1 (passive administration) and 2 (self-admin-
istration), rats were exposed to the object location apparatus for a single, 10 min habituation session and to
the operant chambers for a single, 1 h habituation session. In both studies, animals were then tested for object
location memory at key stages of the conditioning/self-administration periods. All tests included a sample and a
choice phase. During the sample phase, rats were allowed to explore two identical objects positioned in adjacent
corners of the apparatus for a total of 180 s, until 25 s of total object exploration was reached, or whichever came
first. Immediately following the sample phase, rats were exposed to heroin or the heroin CS (see below), and
then returned to their home cages where they remained undisturbed for 72 h. After this retention delay, they
were placed back in the open field for the choice phase with one of the sample objects moved to a new location.
This retention interval was chosen as a “suboptimal” condition in which drug naive rats do not typically express
object memory”®. On each test, rats were exposed to new, never-before-seen objects, and the locations of moved
objects during the choice phase were counterbalanced for each rat and for each test. Object exploration was
defined as the nose pointed directly at the object within 2 cm and/or touching the object with the nose. Time
spent investigating objects were scored by an experimenter blind to experimental group allocations.

Tests of object memory in Study 1. Panel A of Fig. 1 illustrates how the object location task was employed to
explore the effects of SCH23390 (SCH) on memory modulation by passive heroin administration during Pav-
lovian conditioning and by drug-free exposure to the heroin CS. Test 1 explored whether the 1st conditioning
session could modulate object location memory consolidation when no SCH was injected (n=52). The same
animals were then re-tested (Test 2) to assess the effects of SCH (0, 0.05, 0.10 mg/kg, n=12 per group) on
memory modulation by the 6th session of conditioning. For this test, a subset of rats did not receive SCH (No
SCH group; n=16) because they were randomly selected to proceed to Test 3. This final test assessed the effect
of SCH (0 and 0.10 mg/kg, n=8 per group) on memory modulation by post-sample exposure (for 1 h) to the
heroin CS in the absence of the drug.

Using a separate group of rats (n =8) that was not conditioned, it was verified whether post-training SCH
(within-group design, 3 tests, 0, 0.05, 0.10 mg/kg randomized using a Latin Square protocol) could block object
location memory by itself using a 24 h retention period; this delay is sufficiently short for drug-naive rats to
display object memory (Winters et al.”>>3).

Test of object memory in Study 2. Panel B of Fig. 1 illustrates how the object location task was employed to
explore whether the modulatory action of self-administered heroin on memory does change over the course of
self-administration, and whether the anticipated memory effect caused by a change in reinforcement schedule
could be blocked by SCH. Therefore, Tests 1 and 2 assessed, in the same group of rats (n=40), the effect of the
1st and 6th sessions of heroin self-administration on consolidation of object memory, respectively. For the final
Test (Test 3), a subset of rats were not injected with SCH (No SCH; n=20) and self-administered heroin on a
VR20 schedule. The remaining rats received vehicle or SCH (0 mg/kg, n =10, or 0.10 mg/kg, n=10) prior to the
VR20 self-administration session. The 0.10 mg/kg dose of SCH was selected because it was most effective in
decreasing choice DRs during Test 2 in Study 1 (Fig. 2B), and a previous locomotion experiment revealed that
the impairment in locomotor activity generated by the two doses of SCH (0.05 and 0.10 mg/kg) was similar [SC
injection: 0 mg/kg, n=9; 0.05 mg/kg, n=38, 0.10 mg/kg, n=28; total distance moved (cm) in 120 min; 0 mg/kg:
Mean =10,092 SEM = 1,000; 0.05 mg/kg: Mean =2,830 SEM =209; 0.10 mg/kg, Mean=2,511 SEM =462].

Using a separate group of rats (FR1 group, n=16) similarly trained to self-administer heroin, it was verified
whether post-sample exposure to the 12th session of heroin self-administration could modulate object location
memory if the FR1 schedule was not changed.

Drugs. Heroin (Diacetylmorphine hydrochloride, Toronto Research Chemicals, Toronto, ON) and SCH23390
(Sigma-Aldrich, Oakville, ON) were dissolved in 0.9% physiological saline. For Study 1, heroin was injected at
1 mg/kg because this dose can enhance object location memory®. For Study 2, heroin was self-administered at
0.05 mg/kg/infusion and a volume of 150 pl/infusion because of previous self-administration studies in our
laboratory>*-*. SCH23390 was injected SC at 0, 0.05 or 0.10 mg/kg because when administered alone, rats dis-
play object memory when tested using a 24 h retention delay”’. Finally, SCH23390 was administered immedi-
ately post-training followed by a 15 min delay®” before exposure to heroin, or to the heroin CS.

Data analysis. Analysis of object location memory involved the calculation of a discrimination ratio (DR)
in the first minute of the choice phase using the formula: [(time exploring object in novel location — time explor-
ing object in familiar location)/total exploration time]*®. A score of 0 indicated equal exploration of both objects,
while a positive score indicated more time spent investigating the object in the novel location. A sample DR was
also calculated using an if/then scenario: (if “the right object is in a novel location” during the choice phase, then
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Figure 1. Panel (A): experimental design employed in Study 1 showing the relationship between the tests of
object location memory and sessions of conditioning/passive heroin injection and exposure to the heroin CS in
the absence of heroin. Panel (B): experimental design employed in Study 2 showing the relationship between the
tests of object location memory and sessions of heroin self-administration.

[(right object exploration —left object exploration)/total exploration of both objects]. A minimum exploration
time was not used in these calculations. For all tests, total object exploration on choice was also analyzed to rule
out possible motor effects of drug treatments administered 72 h prior. Because this variable was never signifi-
cantly different between groups, data are not shown, and statistical analyses not reported.

When possible, the data of study Tests common to all animals were combined and analyzed as a single group.
Paired t-tests, one, two and three-factor mixed repeated measures ANOVA followed by post hoc comparisons
or multiple simple comparisons, when appropriate, were performed using Statistical Package for the Social Sci-
ences (V28 for Mac, SPSS Inc., IBM) with an alpha=0.05, unless corrected using the Bonferroni method. In
cases where the assumption of sphericity was violated, the Greenhouse-Geisser (GG) corrected P value was used.

Results

Study 1. Figure 2 represents mean (SEM) sample and choice DRs following immediate post-sample expo-
sure to: (A) conditioning with 1 mg/kg heroin on Test 1; (B) conditioning with 1 mg/kg heroin alone (No SCH),
or preceded by 0, 0.05 or 0.10 mg/kg SCH on Test 2; (C) the heroin-paired context preceded by 0 or 0.10 mg/
kg SCH on Test 3. The t-test comparing Test 1 sample and choice DRs was significant [#(51) =-5.40, P<0.001].
The t-tests comparing Test 2 sample and choice DRs were significant in the No SCH [#(15)=-5.71, P<0.001]
and 0 SCH [#(11)=-2.93, P<0.05] groups. Finally, only the t-test on the 0 SCH group was significant on Test 3
[£(7)=-2.83, P=0.05].

Post-sample administration of 0, 0.05 or 0.10 mg/kg SCH did not change 24 h DRs ([0 mg/kg, sam-
ple Mean=-0.03, SEM =0.05; choice Mean=0.43, SEM=0.05; [t(7)=-5.56, P<0.001]; 0.05 mg/kg,
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Figure 2. Panel (A): mean (SEM) DRs from sample and choice phases of rats (n=52) administered 1 mg/kg
heroin post-sample to test memory modulation by the first conditioning session. Panel (B): mean (SEM) DRs
from sample and choice phases of rats that received injections of 1 mg/kg heroin but no SCH (No SCH group;
n=16), or immediate post-sample injections of either 0, 0.05 or 0.10 mg/kg SCH23390 (=12 per group)
followed by 1 mg/kg injections of heroin. Panel (C): mean (SEM) DRs from sample and choice phases of rats
that received either 0 or 0.10 mg/kg SCH23390 (n =8 per condition) immediately post-sample followed by
exposure to the heroin context CS. The * indicates a significant difference between phases.

sample Mean =-0.07, SEM =0.05; choice Mean =0.62, SEM =0.05; [t(7) =—12.1, P<0.001]; 0.10 mg/kg, sample
Mean=0.02, SEM =0.04; and choice Mean=0.51, SEM=0.07; [t(7) =-5.31, P<0.001]).

Study 2. At the conclusion of self-administration sessions 1, 6 and 12, catheter patency was confirmed by
connecting a piece of tubing to a 1 ml syringe, attaching it to the cannula, and slowly pulling back on the syringe.
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Figure 3. Panel (A): mean (SEM) active and inactive lever presses, as well as infusions, during the 11 sessions
of heroin self-administration on FR1 (n=37). Panel (B): mean (SEM) active and inactive lever presses, as well
as infusions, for No SCH (n=18), 0 SCH (n=10), and 0.10 SCH (n=9) groups during the session of self-
administration on a VR20 schedule. The * indicates a significant difference between levers. The # indicates a
significant difference between groups.
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Figure 4. Panels (A,B): mean (SEM) DRs from sample and choice phases of rats (n=37) on the test of memory
modulation by self-administration sessions 1 and 6, respectively. Panel (C): mean (SEM) DRs from sample and
choice phases of FR1 only (n=16), No SCH (n=18), 0 SCH (n=10), and 0.10 SCH (n=9) groups on the test of
memory modulation by the 12th session of heroin self-administration. The * indicates a significant difference
between phases.

Catheters were considered patent if blood could be drawn. This verification excluded 2 rats from the No SCH
group, and 1 rat from the 0.10 SCH group, leading to a final n=37.

Panel A of Fig. 3 represents mean (SEM) responses on the active and inactive levers during self-administration
sessions 1 through 11. The ANOVA revealed a significant Session by Lever interaction [F(4.02, 144.8 GG cor-
rected) =15.5, P<0.001] as well as main effects of Session [F(4.00, 144.3 GG corrected) =10.9, P<0.001] and
of Lever [F(1, 36) =60.6, P<0.001]. Multiple comparisons indicated that responses on the active lever were
significantly greater than on the inactive lever and that active lever responses significantly increased from Ses-
sion 1 to Session 11.

Panel A of Fig. 3 also represents infusions delivered during sessions 1 through 11. The t-test comparing
number of infusions administered during session 1 versus session 11 was significant [£(36) =—-9.00, P<0.001].

Panel B of Fig. 3 represents mean (SEM) responses on the active and inactive levers during the 12th session of
heroin self-administration for No SCH, 0 SCH, and 0.10 SCH groups. The ANOVA revealed a significant Lever
by Group interaction [F(2, 34) =6.03, P<0.01] as well as main effects of Lever [F(1, 34) =51.4, P<0.001] and of
Group [F(2, 34) =5.76, P<0.01]. Multiple comparisons indicated that No SCH and 0 SCH groups responded
significantly more on the active than inactive lever, and that both No SCH and 0 SCH groups responded signifi-
cantly more on the active lever than the 0.10 SCH group.

Panel B of Fig. 3 also represents infusions delivered during session 12 for each group. The one-way ANOVA
was significant [F(2, 36) =10.5, P<0.001] and Bonferroni post-hoc comparisons indicated that No SCH and 0
SCH groups self-administered significantly more heroin infusions than the 0.10 SCH group.

Figure 4 represents mean (SEM) sample and choice DRs for Tests 1, 2 and 3, performed in conjunction with
the 1st, 6th, and 12th session of heroin self-administration. On Test 1, the t-test comparing sample and choice
DRs was significant [£(36) =—4.27, P<0.001]. On Test 2, no significant difference between sample versus choice
DRs was found. Finally, on Test 3, t-tests comparing sample and choice DRs were significant only for the No
SCH [#(17)=-5.25, P<0.001] and the 0 SCH [#(9) =—3.62, P<0.01] groups.

Discussion

The primary purpose of the current studies was to test whether the effects of unconditioned and conditioned
opiates on memory consolidation involve a dopamine-dependent mechanism encoding salience of the experi-
ence with the drug and/or the drug CS. Using male Sprague-Dawley rats and the object location memory task,
Study 1 employed the D1 receptor antagonist SCH23390 (0, 0.05, 0.10 mg/kg SC) to modulate enhancement of
memory consolidation induced by post-training passive administration of heroin (SC injections of 1 mg/kg)
as well as by exposure to the context paired with heroin injections (6 pairings, 1 h each, 1 mg/kg). Study 2 was
conducted in animals that could self-administer heroin (0.05 mg/kg/infusion IV), and further explored whether
SCH23390 (0 and 0.10 mg/kg SC) could prevent memory modulation induced by a change in schedule of self-
administration (from fixed to variable ratio). It was found that while repeated passive administration of heroin
retained its enhancing effect on memory, when self-administered, heroin enhanced consolidation of object
location only at the beginning of self-administration and after a change in schedule. Importantly, SCH23390
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blocked memory modulation by heroin when passively administered and when the drug was self-administered
on a novel schedule. SCH23390 also blocked conditioned memory modulation induced by drug-free exposure
to the heroin-paired context.

The findings in this report indicate that the effect of heroin on memory consolidation is significantly influ-
enced by the relationship between behaviour and drug delivery. Supporting this conclusion, in Study 1, heroin
(1 mg/kg) administered passively as a bolus injection maintained its ability to modulate memory throughout the
period of conditioning. However, in rats that were able to self-administer (Study 2), enhanced object location
memory was observed after the 1st (Fig. 4A), but not 6th (Fig. 4B), session of self-administration. These findings,
which confirm the previous observation that heroin self-administration in well-trained animals does not modu-
late consolidation of object memory?, suggest that heroin’s modulatory effect on memory changes when animals
are able to engage in behaviours directly linked to drug delivery. This interpretation is in line with the idea that
activation of learning and memory systems occurs as a function of how meaningful, or salient, an event is to
the subject?”*-61, This said, it could be asked whether the larger amount of heroin consumed in later sessions
(average intake on 1st session=0.59 mg/kg; 6th session = 1.3 mg/kg) explains the absence of memory modula-
tion in well-trained animals. This, does not seem to be the case because although post-training administration
of opiates can impair discrimination learning and performance in inhibitory avoidance tasks®*®, it has been
found that when very similar doses of intravenous heroin are delivered passively using a yoked design (i.e., when
the behaviour of the animal has no influence on drug delivery), heroin retains its ability to modulate memory®.

There are other findings consistent with the idea that responding for heroin can significantly modulate its
effect on memory consolidation. In fact, Study 2 established, for the first time, that heroin-induced memory
enhancement could be rescued by a shift in reinforcement contingency from FR1 to VR20 on the 12th session
of self-administration (Fig. 4C). This again fits the interpretation that the salience of the drug effect was renewed
when the contingency between responses and drug delivery was modified. This rescue could not simply be
attributed to the longer duration of the self-administration period because a separate group of animals simi-
larly trained to self-administer heroin displayed no evidence of memory facilitation if the FR1 schedule was
maintained during the last session of self-administration (Fig. 4C, grey panel, FR1 group). Similarly, although
a switch from FR1 to VR20 increased motor output during the session (337% increase in active lever pressing),
and increased motor activity has been linked to elevated DA levels®*®® that could facilitate memory®®*’, we have
found clear dissociations between number of lever presses and the post-training effects of operant sessions on
object location memory consolidation’.

The hypothesis that the salience of the drug experience is involved in the ability of heroin to modulate memory
consolidation is further supported by the findings with the D1 receptor antagonist SCH23390. In fact, Study 1
determined that immediate post-training injections of 0.05 and 0.10 mg/kg SCH blocked enhancement of object
location memory induced by passive heroin injections (Fig. 2B). This finding is consistent with the idea that
DA signaling is recruited when learning to discriminate behaviours that lead to salient outcomes®>**. As well,
0.10 mg/kg SCH prevented memory modulation induced by a change in schedule of self-administered heroin in
Study 2 (Fig. 4C). It is unlikely that this latter effect was due to SCH-induced reduction in lever pressing (Fig. 3C),
because heroin intake (0.25 mg/kg) on session 12 was still within the range of heroin doses found to modulate
object memory when injected post-sample®”. Moreover, 0.1 mg/kg SCH did not abolish lever pressing but rather
prevented the increase in responses engendered by the transition from the FR to the VR schedule [active lever
presses—on VR20 on Session 12: Mean=68.9, SEM =15.5; on FR1 on Session 11: Mean =69.0, SEM =16.3].

Interestingly, 0.10 mg/kg SCH also blocked modulation of memory by exposure to the heroin CS (operant
chamber) in the absence of heroin (Fig. 2C), and this may be the first evidence of involvement of the D1 receptor
in conditioned memory modulation. Here, it is critical to note that the effect of SCH23390 is interpreted as a
disruption of memory modulation by heroin and by the heroin CS rather than an effect on memory consolida-
tion per se because post-training administration of 0.05 or 0.10 mg/kg SCH alone did not alter object location
memory using a 24 h retention period. Because D1 receptors are known to be involved in encoding a learning
signal linked to increased burst firing of DA neurons***%6°, and because DA activity is involved in the formation
and modulation of memory'>~'8, the current studies suggest that opiate reinforcers enhance memory specifically
when their effects are first associated with particular responses, when the contingency between responses and
drug delivery is altered, or when exposure to a heroin CS is followed by the absence of heroin delivery.

There are a few limitations to consider when interpreting these results. First, because SCH23390 was admin-
istered systemically and D1 receptors are distributed throughout the brain”, it is not known which systems of
learning and memory were affected. Consequently, it may be valuable to establish whether infusion of SCH23390
into the NAc or ventral tegmental area®%’! could mimic the effects of systemic administration. Moreover,
there is evidence that other neuromodulatory systems, such as noradrenaline, are involved in the effects of
opioid agonists on memory consolidation””?-%. As well, because the effect of opioids on DA involves adrenergic
inputs’®, we cannot establish how blockade of D1 receptors may have impacted these other systems. Fourth,
because DA levels were not measured in the current study, it is unknown whether changes in DA concentra-
tion co-occurred with changes in memory modulation. Optogenetic/DREDD/electrochemical methodologies
could provide valuable insights to clarify this important question. Fifth, these studies need replication in female
animals, as females acquire opiate self-administration faster, consume more drug, and appear more motivated
to consume opioids’®”’. Lastly, it would be important to repeat these studies using other unconditioned and
conditioned drug reinforcers, such as cocaine and nicotine, to determine whether the effects found with heroin
can be generalized to other drugs that are self-administered and abused by humans®.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author upon reasonable request.

Scientific Reports |

(2023) 13:12614 | https://doi.org/10.1038/s41598-023-39380-3 nature portfolio



www.nature.com/scientificreports/

Received: 16 March 2023; Accepted: 25 July 2023
Published online: 03 August 2023

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

White, N. M. & Milner, P. M. The psychobiology of reinforcers. Annu. Rev. Psychol. 43, 443-471 (1992).

McGaugh, J. L. Memory—A century of consolidation. Science 287(5451), 248-251. https://doi.org/10.1126/science.287.5451.248
(2000).

Francis, T., Wolter, M. & Leri, F. The effects of passive and active administration of heroin, and associated conditioned stimuli, on
consolidation of object memory. Sci. Rep. 12(1), 20351. https://doi.org/10.1038/s41598-022-24585-9 (2022).

. Iniguez, S. D. et al. Post-training cocaine exposure facilitates spatial memory consolidation in C57BL/6 mice. Hippocampus 22(4),

802-813. https://doi.org/10.1002/hipo.20941 (2012).

. Leri, F et al. Effects of post-training heroin and d-amphetamine on consolidation of win-stay learning and fear conditioning. J.

Psychopharmacol. 27(3), 292-301. https://doi.org/10.1177/0269881112472566 (2013).

. Levy, A., Choleris, E., & Leri, F. (2009). Enhancing effect of heroin on social recognition learning in male Sprague-Dawley

rats: Modulation by heroin pre-exposure. In Psychopharmacology (Vol. 204, Issue 3, pp. 413-421). https://doi.org/10.1007/
500213-009-1473-z

. Wolter, M. et al. Modulation of object memory consolidation by heroin and heroin-conditioned stimuli: Role of opioid and

noradrenergic systems. Eur. Neuropsychopharmacol. 33, 146-157. https://doi.org/10.1016/j.euroneuro.2020.01.010 (2020).

. Wolter, M., Huff, E., Speigel, T., Winters, B. D. & Leri, F. Cocaine, nicotine and their conditioned contexts enhance consolidation

of object memory in rats. Learn. Mem. 26(1), 1-11. https://doi.org/10.1101/Im.048579.118.Freely (2019).

. White, N. M. Addictive drugs as reinforcers: Multiple partial actions on memory systems. Addiction 91(7), 921-950. https://doi.

0rg/10.1111/j.1360-0443.1996.tb03586.x (1996).

Thompson, T. & Schuster, C. R. Morphine self-administration, food-reinforced, and avoidance behaviors in rhesus monkeys.
Psychopharmacologia 5, 87-94. https://doi.org/10.1007/bf00413045 (1964).

Weeks, J. Experimental morphine addiction: Method for automatic intravenous injections in unrestrained rats. Science 138(3537),
143-144. https://doi.org/10.1126/science.138.3537.143 (1962).

Weeks, J. R. & Collins, R. J. Factors affecting voluntary morphine intake in self-maintained addicted rats. Psychopharmacologia
6(4), 267279 (1964).

Woods, J. H. & Schuster, C. R. Reinforcement properties of morphine, cocaine, and SPA as a function of unit dose. Int ] Addictions
3(1), 231-237 (1968).

Dalley, J. W. et al. Time-limited modulation of appetitive Pavlovian memory by D1 and NMDA receptors in the nucleus accumbens.
Proc. Natl. Acad. Sci. USA 102(17), 6189-6194. https://doi.org/10.1073/pnas.0502080102 (2005).

LaLumiere, R. T., Nawar, E. M. & McGaugh, J. L. Modulation of memory consolidation by the basolateral amygdala or nucleus
accumbens shell requires concurrent dopamine receptor activation in both brain regions. Learn. Mem. 12(3), 296-301. https://
doi.org/10.1101/1m.93205 (2005).

Manago, E, Castellano, C., Oliverio, A., Mele, A. & de Leonibus, E. Role of dopamine receptors subtypes, D1-like and D2-like,
within the nucleus accumbens subregions, core and shell, on memory consolidation in the one-trial inhibitory avoidance task.
Learn. Mem. 16(1), 46-52. https://doi.org/10.1101/Im.1177509 (2009).

Mele, A. et al. Nucleus accumbens dopamine receptors in the consolidation of spatial memory. Behav. Pharmacol. 15(5-6), 423-431.
https://doi.org/10.1097/00008877-200409000-00017 (2004).

Wolter, M. et al. Memory enhancing effects of nicotine, cocaine and their conditioned stimuli; Effects of beta-adrenergic and
dopamine D2 receptor antagonists. Psychopharmacology 238, 2617-2628. https://doi.org/10.1007/s00213-021-05884-x (2021).
Chiara, G. D. & Imperato, A. Drugs abused by humans preferentially increase synaptic dopamine concentrations in the mesolimbic
system of freely moving rats. PNAS 85(14), 5274-5278 (1988).

Hemby, S., Martin, T., Dworkin, S. I. & Smith, J. E. The effects of intravenous heroin administration on extracellular nucleus
accumbens dopamine concentrations as determined by in vivo microdialysis. J. Pharmacol. Exp. Ther. 273(2), 591-598 (1995).
Willuhn, I., Wanat, M. J., Clark, J. J. & Phillips, P. E. M. Dopamine signaling in the nucleus accumbens of animals self-administering
drugs of abuse. Curr. Top. Behav. Neurosci. 3, 29-71. https://doi.org/10.1007/7854_2009_27 (2010).

Hemby, S., Co, C., Dworkin, S. I. & Smith, J. E. Synergistic elevations in nucleus accumbens extracellular dopamine concentrations
during self-administration of cocaine/heroin combinations (speedball) in rats. J. Pharmacol. Exp. Therap. 288(1), 274-280 (1999).
Jeong, H. et al. Mesolimbic dopamine release conveys causal associations. Science 378(6626), eabq6740. https://doi.org/10.1126/
science.abq6740 (2022).

Pattison, L. P., McIntosh, S., Budygin, E. A. & Hemby, S. Differential regulation of accumbal dopamine transmission in rats fol-
lowing cocaine, heroin and speedball self-administration. J. Neurochem. 122(1), 138-146. https://doi.org/10.1111/j.1471-4159.
2012.07738.x (2012).

Pothos, E., Rada, P, Mark, G. E., Hoebel, B. G. & Hoebel, B. G. Dopamine microdialysis in the nucleus accumbens during acute
and chronic morphine, naloxone-precipitated withdrawal and clonidine treatment. Brain Res. 566, 348-350. https://doi.org/10.
1016/0006-8993(91)91724-F (1991).

Smith, J. E,, Co, C., Freeman, M. E. & Lane, J. D. Brain neurotransmitter turnover correlated with morphine-seeking behavior of
rats. Pharmacol. Biochem. Behav. 16(3), 509-519. https://doi.org/10.1016/0091-3057(82)90460-9 (1982).

Schultz, W,, Dayan, P. P. & Montague, R. A neural substrate of prediction and reward. Science 275, 1593-1599. https://doi.org/10.
1126/science.275.5306.1593 (1997).

Wise, R. A. Dopamine, learning and motivation. In Nature Reviews Neuroscience (Vol. 5, Issue 6, pp. 483-494). https://doi.org/10.
1038/nrn1406 (2004).

Berridge, K. C. (2016). Incentive motivation and incentive salience. In The Curated Reference Collection in Neuroscience and
Biobehavioral Psychology (pp. 100-104). https://doi.org/10.1016/B978-0-12-809324-5.00342-4

Berridge, K. C. & Robinson, T. E. What is the role of dopamine in reward: Hedonic impact, reward learning, or incentive salience?.
Brain Res. Rev. 28(3), 309-369. https://doi.org/10.1016/S0165-0173(98)00019-8 (1998).

Bromberg-Martin, E. S., Matsumoto, M. & Hikosaka, O. (2010). Dopamine in motivational control: Rewarding, aversive, and
alerting. In Neuron (Vol. 68, Issue 5, pp. 815-834). https://doi.org/10.1016/j.neuron.2010.11.022

Kobayashi, S. & Schultz, W. Reward contexts extend dopamine signals to unrewarded stimuli. Curr. Biol. 24(1), 56-62. https://doi.
0rg/10.1016/j.cub.2013.10.061 (2014).

Redgrave, P. & Gurney, K. The short-latency dopamine signal: A role in discovering novel actions?. Nat. Neurosci. Rev. 7(12),
967-975. https://doi.org/10.1038/nrn2022 (2006).

Redgrave, P, Prescott, T. & Gurney, K. Is the short-latency dopamine response too short to signal reward error?. Trends Neurosci.
22(4), 146-151 (1999).

Boileau, L et al. Conditioned dopamine release in humans: A positron emission tomography [11C]raclopride study with ampheta-
mine. J. Neurosci. 27(15), 3998-4003. https://doi.org/10.1523/JNEUROSCI.4370-06.2007 (2007).

Scientific Reports |

(2023) 13:12614 | https://doi.org/10.1038/s41598-023-39380-3 nature portfolio


https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1038/s41598-022-24585-9
https://doi.org/10.1002/hipo.20941
https://doi.org/10.1177/0269881112472566
https://doi.org/10.1007/s00213-009-1473-z
https://doi.org/10.1007/s00213-009-1473-z
https://doi.org/10.1016/j.euroneuro.2020.01.010
https://doi.org/10.1101/lm.048579.118.Freely
https://doi.org/10.1111/j.1360-0443.1996.tb03586.x
https://doi.org/10.1111/j.1360-0443.1996.tb03586.x
https://doi.org/10.1007/bf00413045
https://doi.org/10.1126/science.138.3537.143
https://doi.org/10.1073/pnas.0502080102
https://doi.org/10.1101/lm.93205
https://doi.org/10.1101/lm.93205
https://doi.org/10.1101/lm.1177509
https://doi.org/10.1097/00008877-200409000-00017
https://doi.org/10.1007/s00213-021-05884-x
https://doi.org/10.1007/7854_2009_27
https://doi.org/10.1126/science.abq6740
https://doi.org/10.1126/science.abq6740
https://doi.org/10.1111/j.1471-4159.2012.07738.x
https://doi.org/10.1111/j.1471-4159.2012.07738.x
https://doi.org/10.1016/0006-8993(91)91724-F
https://doi.org/10.1016/0006-8993(91)91724-F
https://doi.org/10.1016/0091-3057(82)90460-9
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1038/nrn1406
https://doi.org/10.1038/nrn1406
https://doi.org/10.1016/B978-0-12-809324-5.00342-4
https://doi.org/10.1016/S0165-0173(98)00019-8
https://doi.org/10.1016/j.neuron.2010.11.022
https://doi.org/10.1016/j.cub.2013.10.061
https://doi.org/10.1016/j.cub.2013.10.061
https://doi.org/10.1038/nrn2022
https://doi.org/10.1523/JNEUROSCI.4370-06.2007

www.nature.com/scientificreports/

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

. Di Ciano, P, Blaha, C. D. & Phillips, A. G. Conditioned changes in dopamine oxidation currents in the nucleus accumbens of rats
by stimuli paired with self-administration or yoked-administration of d-amphetamine. Eur. J. Neurosci. 10(3), 1121-1127. https://
doi.org/10.1046/j.1460-9568.1998.00125.x (1998).

Ito, R., Dalley, J. W., Howes, S. R., Robbins, T. W. & Everitt, B. J. Dissociation in conditioned dopamine release in the nucleus
accumbens core and shell in response to cocaine cues and during cocaine-seeking behavior in rats. J. Neurosci. 20(19), 7489-7495.
https://doi.org/10.1523/jneurosci.20-19-07489.2000 (2000).

Maas, L. C. et al. Functional magnetic resonance imaging of human brain activation during cue-induced cocaine craving. Am. J.
Psychiatry 155(1), 124-126. https://doi.org/10.1176/ajp.155.1.124 (1998).

Weiss, . et al. Control of cocaine-seeking behaviour by drug-associated stimuli in rats: Effects on recovery of extinguished operant-
responding and extracellular dopamine levels in amygdala and nucleus accumbens. PNAS 97(8), 4321-4326 (2000).

Schultz, W. The phasic reward signal of primate dopamine neurons. In Advances in Pharmacology, (Vol. 42), (1998).

Tsai, H. C. et al. Phasic firing in dopaminergic neurons is sufficient for behavioral conditioning. Science 324(5930), 1080-1084.
https://doi.org/10.1126/science.1168878 (2009).

Keiflin, R. & Janak, P. H. Dopamine prediction errors in reward learning and addiction: From theory to neural circuitry. Neuron
88(2), 247-263. https://doi.org/10.1016/j.neuron.2015.08.037 (2015).

Kravitz, A. V., Tye, L. D. & Kreitzer, A. C. Distinct roles for direct and indirect pathway striatal neurons in reinforcement. Nat.
Neurosci. 15(6), 816-818. https://doi.org/10.1038/nn.3100 (2012).

Roughley, S., Marcus, A. & Killcross, S. Dopamine D1 and D2 receptors are important for learning about neutral-valence relation-
ships in sensory preconditioning. Front. Behav. Neurosci. 15, 740992. https://doi.org/10.3389/fnbeh.2021.740992 (2021).

Wall, V. et al. A behavioural genetics approach to understanding D1 receptor involvement in phasic dopamine signaling. Mol. Cell
Neurosci. 46(1), 12-31. https://doi.org/10.1016/j.mcn.2010.09.011 (2011).

Bourne, J. A. SCH 23390: The first selective dopamine D 1-like receptor antagonist. CNS Drug Rev. 7(4), 399-414. https://doi.org/
10.1111/§.1527-3458.2001.tb00207.x (2001).

Exton-McGuinness, M., Lee, J. L. C. & Reichelt, A. C. Updating memories—The role of prediction errors in memory reconsolida-
tion. Behav. Brain Res. 278, 375-384. https://doi.org/10.1016/j.bbr.2014.10.011 (2015).

Exton-McGuinness, M., Patton, R., Sacco, L. & Lee, J. L. C. Reconsolidation of a well-learned instrumental memory. Learn. Mem.
21, 468-477. https://doi.org/10.1101/Im.035543.114 (2014).

Reichelt, A. C., Exton-McGuinness, M. & Lee, J. L. C. Ventral tegmental dopamine dysregulation prevents appetitive memory
destabilization. J. Neurosci. 33(35), 14205-14210. https://doi.org/10.1523/J]NEUROSCI.1614-13.2013 (2013).

Ennaceur, A., Neave, N. & Aggleton, J. P. Spontaneous object recognition and object location memory in rats: The effects of lesions
in the cingulate cortices, the medial prefrontal cortex, the cingulum bundle and the fornix. Exp. Brain Res. 113(3), 509-519. https://
doi.org/10.1007/PL00005603 (1997).

Rizos, Z., Ovari, J., & Leri, F Reconditioning of heroin place preference requires the basolateral amygdala. Pharmacol Biochem.
Behav. 82(2), 300-305. https://doi.org/10.1016/j.pbb.2005.08.019 (2005).

Winters, B. D., Forwood, S. E., Cowell, R. A, Saksida, L. M., & Bussey, T. ]. Double dissociation between the effects of peri-
postrhinal cortex and hippocampal lesions on tests of object recognition and spatial memory: Heterogeneity of function within
the temporal lobe. J. Neurosci. 24(26), 5901-5908. https://doi.org/10.1523/J]NEUROSCI.1346-04.2004 (2004).

Winters, B. D., Saksida, L. M., & Bussey, T. J. Object recognition memory: Neurobiological mechanisms of encoding, consolidation
and retrieval. Neurosci. Biobehav. Rev. 32(5), 1055-1070. https://doi.org/10.1016/j.neubiorev.2008.04.00 (2008).

Cummins, E. & Leri, F. Unreinforced responding during limited access to heroin self-administration. Pharmacol. Biochem. Behav.
90(3), 420-427. https://doi.org/10.1016/j.pbb.2008.03.026 (2008).

Leri, F. & Stewart, J. Drug-induced reinstatement to heroin and cocaine seeking: A rodent model of relapse in polydrug use. Exp.
Clin. Psychopharmacol. 9(3), 297-306. https://doi.org/10.1037/1064-1297.9.3.297 (2001).

Leri, F. & Stewart, J. The consequences of different lapses’ on relapse to heroin seeking in rats. Exp. Clin. Psychopharmacol. 10(4),
339-349. https://doi.org/10.1037/1064-1297.10.4.339 (2002).

de Lima, M. N. M. et al. Modulatory influence of dopamine receptors on consolidation of object recognition memory. Neurobiol.
Learn. Mem. 95(3), 305-310. https://doi.org/10.1016/j.nlm.2010.12.007 (2011).

Dix, S. L., & Aggleton, J. P. (1999). Extending the spontaneous preference test of recognition: Evidence of object-location and
object-context recognition. In Behavioural Brain Research (Vol. 99, Issue 2, pp. 191-200). https://doi.org/10.1016/S0166-4328(98)
00079-5

Berridge, K. C. (2000). Reward learning: Reinforcement, incentives, and expectations. In Psychology of Learning and Motivation—
Advances in Research and Theory (Vol. 40, pp. 223-278). https://doi.org/10.1016/s0079-7421(00)80022-5

Rescorla, R. A., & Wagner, A. R. (1972). A theory of pavlovian conditioning: Variations in the effectiveness of reinforcement and
nonreinforcement. In Classical Conditioning II: Current Research and Theory, (Eds. Black, A.H. & Prokasy, W.F.) 64-99. https://
www.researchgate.net/publication/233820243

Sutton, R. S. & Barto, A. G. Toward a modern theory of adaptive networks: Expectation and prediction. Psychol. Rev. 88(2), 135-170.
https://doi.org/10.1037/0033-295X.88.2.135 (1981).

Castellano, C. Effects of morphine and heroin on discrimination learning and consolidation in mice. Psychopharmacologia 42,
235-242. https://doi.org/10.1007/BF00429207 (1975).

Castellano, C. & McGaugh, J. L. Effect of morphine on one-trial inhibitory avoidance in mice: Lack of state-dependency. Psycho-
biology 17(1), 89-92 (1989).

Marques, A. et al. Bidirectional association between physical activity and dopamine across adulthood—A systematic review. Brain
Sci. 11(829), 829. https://doi.org/10.3390/brainsci (2021).

Tran, A. H., Tamura, R., Uwano, T., Kobayashi, T., Katsuki, M., & Ono, T. (2005). Dopamine D1 receptors involved in locomotor
activity and accumbens neural responses to prediction of reward associated with place. In PNAS February (Vol. 8, Issue 6). https://
www.pnas.org/doi/pdf/10.1073/pnas.0409726102

Rossi Daré, L., Garcia, A., Neves, B. H. & Mello-Carpes, P. B. One physical exercise session promotes recognition learning in rats
with cognitive deficits related to amyloid beta neurotoxicity. Brain Res. 1744, 146918. https://doi.org/10.1016/j.brainres.2020.
146918 (2020).

Saadati, H., Babri, S., Ahmadiasl, N. & Mashhadi, M. Effects of exercise on memory consolidation and retrieval of passive avoid-
ance learning in young male rats. Asian J. Sports Med. 1(3), 137-142 (2010).

Hollerman, J. R. & Schultz, W. Dopamine neurons report an error in the temporal prediction of reward during learning. Nat.
Neurosci. 1(4), 304-309. https://doi.org/10.1038/1124 (1998).

Roughley, S. & Killcross, S. Differential involvement of dopamine receptor subtypes in the acquisition of Pavlovian sign-tracking
and goal-tracking responses. Psychopharmacology 236(6), 1853-1862. https://doi.org/10.1007/s00213-019-5169-8 (2019).
Weiner, D. M. et al. D1 and D2 dopamine receptor mRNA in rat brain. Proc. Natl. Acad. Sci. USA 88, 1859-1863 (1991).
Steinberg, E. E. et al. A causal link between prediction errors, dopamine neurons and learning. Nat. Neurosci. https://doi.org/10.
1038/nn.3413 (2013).

Introini-Coilison, I. B., Nagahara, A. H. & McGaugh, J. L. Memory enhancement with intra-amygdala post-training naloxone is
blocked by concurrent administration of propranolol. Brain Res. 476, 94-101 (1989).

Scientific Reports |

(2023) 13:12614 | https://doi.org/10.1038/s41598-023-39380-3 nature portfolio


https://doi.org/10.1046/j.1460-9568.1998.00125.x
https://doi.org/10.1046/j.1460-9568.1998.00125.x
https://doi.org/10.1523/jneurosci.20-19-07489.2000
https://doi.org/10.1176/ajp.155.1.124
https://doi.org/10.1126/science.1168878
https://doi.org/10.1016/j.neuron.2015.08.037
https://doi.org/10.1038/nn.3100
https://doi.org/10.3389/fnbeh.2021.740992
https://doi.org/10.1016/j.mcn.2010.09.011
https://doi.org/10.1111/j.1527-3458.2001.tb00207.x
https://doi.org/10.1111/j.1527-3458.2001.tb00207.x
https://doi.org/10.1016/j.bbr.2014.10.011
https://doi.org/10.1101/lm.035543.114
https://doi.org/10.1523/JNEUROSCI.1614-13.2013
https://doi.org/10.1007/PL00005603
https://doi.org/10.1007/PL00005603
https://doi.org/10.1016/j.pbb.2005.08.019
https://doi.org/10.1523/JNEUROSCI.1346-04.2004
https://doi.org/10.1016/j.neubiorev.2008.04.00
https://doi.org/10.1016/j.pbb.2008.03.026
https://doi.org/10.1037/1064-1297.9.3.297
https://doi.org/10.1037/1064-1297.10.4.339
https://doi.org/10.1016/j.nlm.2010.12.007
https://doi.org/10.1016/S0166-4328(98)00079-5
https://doi.org/10.1016/S0166-4328(98)00079-5
https://doi.org/10.1016/s0079-7421(00)80022-5
https://www.researchgate.net/publication/233820243
https://www.researchgate.net/publication/233820243
https://doi.org/10.1037/0033-295X.88.2.135
https://doi.org/10.1007/BF00429207
https://doi.org/10.3390/brainsci
https://www.pnas.org/doi/pdf/10.1073/pnas.0409726102
https://www.pnas.org/doi/pdf/10.1073/pnas.0409726102
https://doi.org/10.1016/j.brainres.2020.146918
https://doi.org/10.1016/j.brainres.2020.146918
https://doi.org/10.1038/1124
https://doi.org/10.1007/s00213-019-5169-8
https://doi.org/10.1038/nn.3413
https://doi.org/10.1038/nn.3413

www.nature.com/scientificreports/

73. Introini-Collison, I. B. & Baratti, C. M. Opioid peptidergic systems modulate the activity of f-adrenergic mechanisms during
memory consolidation processes. Behav. Neural Biol. 46(2), 227-241. https://doi.org/10.1016/S0163-1047(86)90710-7 (1986).

74. Zhang, ]., He, J., Yan, M. C., Wang, J. H. & Ma, Y. Y. Morphine and propranolol co-administration impair consolidation of Y-maze
spatial recognition memory. Brain Res. 1230, 150-157. https://doi.org/10.1016/j.brainres.2008.06.061 (2008).

75. Auclair, A., Drouin, C., Cotecchia, S., Glowinski, J. & Tassin, J. P. 5-HT2A and alb-adrenergic receptors entirely mediate dopamine
release, locomotor response and behavioural sensitization to opiates and psychostimulants. Eur. J. Neurosci. 20(11), 3073-3084.
https://doi.org/10.1111/j.1460-9568.2004.03805.x (2004).

76. Lynch, W. & Carroll, M. Sex differences in the acquisition of intravenously self-administered cocaine and heroin in rats. Psychop-
harmacology 144, 77-82. https://doi.org/10.1007/s002130050979 (1999).

77. Williams, O. O. E, Coppolino, M., George, S. R., & Perreault, M. L. (2021). Sex differences in dopamine receptors and relevance
to neuropsychiatric disorders. In Brain Sciences (Vol. 11, Issue 9). https://doi.org/10.3390/brainsci11091199

Acknowledgements
Figure 1 was created with BioRender.com. This research was supported by a Natural Sciences and Engineering
Research Council of Canada Discovery grant.

Author contributions
T.F. and EL. designed the study and wrote the protocol. T.E. collected the data. T.F. and FL. undertook statistical
analysis and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to EL.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12614 | https://doi.org/10.1038/s41598-023-39380-3 nature portfolio


https://doi.org/10.1016/S0163-1047(86)90710-7
https://doi.org/10.1016/j.brainres.2008.06.061
https://doi.org/10.1111/j.1460-9568.2004.03805.x
https://doi.org/10.1007/s002130050979
https://doi.org/10.3390/brainsci11091199
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Role of dopamine D1 receptor in the modulation of memory consolidation by passive and self-administered heroin and associated conditioned stimuli
	Methods and materials
	Subjects. 
	Surgery. 
	Apparatus. 
	Operant chambers. 
	Object location. 

	Procedures. 
	Passive heroin administration. 
	Heroin self-administration. 
	Object location memory task. 
	Tests of object memory in Study 1. 
	Test of object memory in Study 2. 

	Drugs. 
	Data analysis. 

	Results
	Study 1. 
	Study 2. 

	Discussion
	References
	Acknowledgements


