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A B S T R A C T

Susceptibility to interference can be a result of memory retrieval and reconsolidation. Given the fact that ad-
diction develops through the neural mechanisms of learning and memory, it would not be surprising that a
consolidated drug reward memory may also be susceptible to interference following retrieval/reconsolidation.
Due to the critical role of sleep in memory consolidation, sleep deprivation (SD) has been shown to impair
memory. Therefore, the major objective of this study was to investigate the effect of rapid eye movement (REM)
sleep deprivation (RSD) on the retrieval and reconsolidation of methamphetamine (METH) reward memory in
male rats. The animals were trained to acquire METH-induced CPP (2mg/kg, i.p.). METH reward memory was
then reactivated/retrieved in the drug-paired chamber during a drug-free (memory reactivation) session. A
period of 48-h RSD paradigm using the multiple platform technique resulted in persistent deficits in the retrieval
of METH reward memory. Nevertheless, the same protocol of RSD, which was conducted immediately after the
memory reactivation, did not affect the reconsolidation of METH reward memory. Additionally, the RSD episode
induced a temporary potentiation of METH-induced hyperlocomotion. Our findings would seem to suggest that
sleep is involved in the retrieval, but not reconsolidation, of METH reward memory. The results may also de-
monstrate that RSD mimics the effects of METH on locomotor activity. The results of this study, therefore,
support the idea that sleep is involved in the processing of METH reward memory which can be considered for
further investigations to manage the relapse associated with drug-related memory.

1. Introduction

Drug addiction, as a chronically relapsing disorder, is characterized
by compulsive drug-taking behavior despite adverse consequences
(Hyman, 2005; Hyman et al., 2006; Koob and Volkow, 2010, 2016;
Leshner, 1997). Methamphetamine (METH), a potent synthetic psy-
chostimulant, is one of the drugs of abuse which dramatically enhances
extracellular dopamine, thereby leading to wide-ranging adverse effects
on the structure and function of brain, including neuroinflammation,
neuronal damage, cognitive deficits, and psychosis (Ghazvini et al.,
2016a; Ghazvini et al., 2016b; Hori et al., 2010; Khalifeh et al., 2019;
Krasnova and Cadet, 2009; Marshall et al., 2007; McKetin et al., 2010;
North et al., 2013; Riddle et al., 2006).

Importantly, it has been well documented that the neurobiology of
drug addiction shares similar mechanisms with learning and memory
since addiction may develop through a pathological usurpation of the
neural circuits of learning and memory (Hyman, 2005; Hyman et al.,
2006; Kutlu and Gould, 2016; Madsen et al., 2012). Repeated drug

administration may induce an associative memory between the con-
textual cues and rewarding effects of the drug (Hyman, 2005; Hyman
et al., 2006; Kutlu and Gould, 2016; Nestler, 2001; Robbins et al.,
2008). Consequently, due to the functional and structural changes in
the brain, encountering the cues associated with the prior drug use may
promote relapse to drug abuse (Kutlu and Gould, 2016; Weiss, 2005).

A growing literature continues to emphasize that sleep may play a
vital role in cognitive processes, particularly in learning and memory
(Gais et al., 2006; Maquet, 2001). Hippocampal replay, spontaneous
reoccurrence of neural activity in the hippocampus relevant to a recent
experience, during deep sleep may play an important role in memory
consolidation (Bendor and Wilson, 2012). Thus, it is not surprising that
sleep deprivation (SD), including total SD and rapid eye movement
(REM) SD (RSD), may result in memory deficits (Cipolli et al., 2013;
Fishbein, 1971; Graves et al., 2003; Salari et al., 2015; Smith, 2001; Yoo
et al., 2007). A survey of the literature also indicates that SD acts like
psychostimulants as both of them enhance dopaminergic neuro-
transmission and locomotor activity (Berro et al., 2014a; Riviere et al.,
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1999; Van Hulzen and Coenen, 1981).
Sleep has been reported to have a bidirectional relationship with

drug addiction (Hasler et al., 2012). Sleep disturbances may lead to
relapse since SD, similar to psychostimulants, affects the dopaminergic
system of the brain (Berro et al., 2014a) and, therefore, reinforces re-
activity of brain reward circuits (Gujar et al., 2011). SD may also
postpone the extinction of cocaine reward memory and potentiates the
development of amphetamine conditioning (Berro et al., 2014b; Berro
et al., 2018). In contrast, the drugs of abuse may affect sleep archi-
tecture and, therefore, produce sleep problems, especially insomnia
(Angarita et al., 2016; Roehrs and Roth, 2015). On the other hand,
however, a piece of evidence indicates that induction of SD during
memory reactivation impairs the reconsolidation of morphine reward
memory (Shi et al., 2011) which may be due to the fact that an es-
tablished memory may become labile and susceptible to interference
subsequent to retrieval/reactivation (Iordanova et al., 2011; Nader and
Einarsson, 2010; Yu et al., 2009). We, therefore, speculated that SD
may also affect the retrieval and/or reconsolidation of METH reward
memory since reconsolidation following retrieval updates the pre-ex-
isting memories and may lead to new learning (Preston and
Eichenbaum, 2013; Sara, 2000). It should be emphasized that various
memory stages, including reconsolidation and retrieval, may have a
different neurobiology (Preston and Eichenbaum, 2013; Sara, 2000).
For example, regarding ionotropic glutamate receptors, it seems that
retrieval may involve the integrity of AMPA/kainate receptors (Riedel
et al., 1999); however, reconsolidation may depend on the NMDA re-
ceptors (Steele and Morris, 1999). Furthermore, in contrast to other
memory stages, including acquisition and retention which involve only
small neuronal ensembles in the hippocampus, retrieval may require
large neuronal networks and involve the integrity of at least 70% of the
dorsal hippocampus (Moser and Moser, 1998). We, therefore, hy-
pothesized that RSD may have different effects on the retrieval and
reconsolidation of METH reward memory. Thus, this study set out with
the aim of assessing the effect of RSD on the retrieval and re-
consolidation of METH reward memory and METH-induced hyperlo-
comotion in male rats.

2. Materials and methods

2.1. Subjects

A total number of 133 male Wistar rats (n=8–10 in each group)
weighing 200–250 g served as subjects throughout this study. They
were housed four per cage under controlled conditions, including a
constant humidity (50 ± 5%), a temperature of 23 ± 1 °C, and a 12/
12 h light/dark cycle (lights on at 07:00 h). All behavioral assessments
were carried out between 13:00 and 17:00 h. The animals were pro-
vided with free access to food and water. All experiments were con-
ducted according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the
Regional Ethics Committee of Kermanshah University of Medical
Sciences, Kermanshah, Iran (Grant No. KUMS.REC.1396.7).

2.2. Apparatus

The conditioned place preference (CPP) apparatus consisted of two
identical three-chamber polyvinyl chloride (PVC) boxes as described in
previous studies (Carr and White, 1983; Hashemizadeh et al., 2014;
Rezayof et al., 2012). The two large conditioning chambers
(30 cm×30 cm×40 cm) were connected to each other through a
small chamber (the start box; 30 cm×15 cm×40 cm). Distinct visual
and tactile cues were used for each compartment. The walls of the
conditioning chambers were covered with visual cues; black-white
vertical stripes were used for one compartment and black-white hor-
izontal stripes were used for another compartment. The floor of each
conditioning chamber consisted of distinct color and texture features;

black-smooth for one chamber and white-grid for another chamber (as
visual and tactile cues). The start box was painted neutral purple. The
three distinct compartments were separated by two removable guillo-
tine doors. The performance of the animals was video-recorded using a
camera installed above the boxes which was connected to a computer.
The data were then analyzed offline by experimenters blind to the
groups and treatments.

2.3. Conditioned place preference (CPP)

The place preference was carried out based on previous reports (Shi
et al., 2011; Voigt et al., 2011a, 2011b; Yu et al., 2009). All behavioral
procedures were conducted in a testing room dimly lit with overhead
lamps, each containing a 25W light bulb. Animals were transferred
from the colony to the adjacent experimental room ~45min prior to
each experiment. The CPP protocol consisted of four main phases, in-
cluding Pre–Conditioning or habituation (PreeC, on day 1), con-
ditioning sessions (over the days 2–9), Post–Conditioning to verify the
development of CPP (Post–C, on day 10), and Post–Treatment tests
(Post–t-tests 1, 2, and 3) to determine the effects of RSD and sleep re-
bound (SR) on METH reward memory (Post–t-tests 1, 2, and 3 on days
13, 14, and 21, respectively; Figs. 1A, 2A, and 3A).

On day 1, the animals underwent a 30-min drug-free Pre–C test to
determine their baseline preference. They were placed in the start box
and the guillotine doors were immediately removed to allow a free
access to the entire box. The place preference was conducted using an
unbiased, balanced protocol as those rats which showed a pre-
ference>70% (1260 s) to one compartment during the Pre–C test were
excluded for the next sessions (about 2% of the rats were excluded)
(Houchi et al., 2005). Conditioning was then carried out every other
day interposed by saline administration for a period of 8 days.
(+)-Methamphetamine hydrochloride (METH; Catalog No. M8750;
Sigma–Aldrich, St. Louis, MO) was dissolved in 0.9% sterile saline and
administered intraperitoneally (2 mg/kg, i.p.). Immediately after each
METH injection, the animals were confined to the conditioning
chamber for a period of 45min. The conditioning chamber for each rat
was assigned randomly and, in alternate sessions, the animals received
the same volume of saline and were placed in another chamber.
Twenty-four hours after the last conditioning session, the expression of
METH was examined during the Post–C test (a 30-min drug-free session
on day 10) to confirm the development of CPP. Those animals that did
not show an increase in the time spent in the METH-paired chamber
during the Post–C test with respect to the same chamber during the
Pre–C test by at least 10% (180 s) were discarded for the subsequent
analyses (about 1% of the rats were excluded). The CPP scores were
calculated as differences between the time spent in the METH-paired
chamber and the time spent in the saline-paired chamber
(Hashemizadeh et al., 2014; Rezayof et al., 2012; Shi et al., 2011; Voigt
et al., 2011a, 2011b; Yu et al., 2009).

2.4. Sleep deprivation

RSD was induced using the modified multiple platform technique as
described in previous studies (Hajali et al., 2015; Salari et al., 2015;
Zagaar et al., 2012). The RSD apparatus (100 cm long×60 cm
wide×40 cm high), which was used for the sleep-deprived groups,
consisted of 15 circular platforms in three rows with a height of 10 cm
and 6 cm in diameter. A similar (wide platform-WP) apparatus was used
for the control (WP) groups, with the difference that the platforms were
14 cm in diameter. Thus, in contrast to the RSD apparatus, the animals
were able to sleep on the wide platforms without the risk of falling into
the water. The WP apparatus, therefore, may minimize the probable
effects of the new environmental stress. In both apparatus, the distances
between the platforms were such that the animals could jump from one
to another. Both the apparatus were filled with water to a height of
~8 cm and, therefore, the surfaces of the platforms were set ~2 cm over
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the water surface. The cage-mate rats were placed in the same appa-
ratus at the same time (during the induction of RSD) to maintain social
stableness. During the 48-h RSD episode, the animals were provided
with free access to food and water using pellet baskets and water bottles
which were attached to the wire-mesh lids (on the top of the RSD and
WP apparatus). Furthermore, the RSD protocol (for 48 h) was con-
ducted under standard conditions, including a 12/12 h light/dark cycle
and a temperature of 23 ± 1 °C.

It is worth pointing out that the multiple platform technique has
been reported as the best and most common model of RSD as this model

considerably reduces immobility stress, forced activity, and isolation
stress (Zagaar et al., 2012). It should, however, be noted that, based on
previous reports, the multiple platform technique affects both the REM
and non-rapid eye movement (NREM) stages of sleep (Machado et al.,
2004). Despite the fact that this technique reduces the NREM stage of
sleep (−31%) (Machado et al., 2004); nonetheless, this model is the
most widely used method to induce REM sleep deprivation in rat
(Ashley et al., 2016; Hajali et al., 2015; Karimi-Haghighi and
Haghparast, 2018; Salari et al., 2015; Zagaar et al., 2012) since this
technique completely abolishes the REM stage of sleep (Machado et al.,

Fig. 1. Effects of RSD on the retrieval of METH reward memory and METH-induced hyperlocomotion during the retrieval experiment. (A) Timeline of the ex-
perimental protocol. (B) A period of 48 h RSD in the RSD group induced persistent deficits in the retrieval of the METH reward memory compared with the WP group.
(C) Effects of RSD on METH-induced hyperlocomotion during the different phases (test conditions) of the memory retrieval experiment. Analysis of the number of
crossings and entries to the large compartments (counts/30min), as criterions of locomotor activity, revealed that the RSD paradigm (in the RSD group) produced a
potentiation of METH-induced hyperlocomotion in the Post–t-test 1 than the WP group. The hyperlocomotion induced by METH in the RSD group was also observed
after a 24 h period of sleep rebound (in the Post–t-test 2), but it was abolished completely when examined one week later (in the Post–t-test 3). Data are presented as
mean ± S.E.M. (n= 10 rats in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the Pre–C test within each group; #p < 0.05 and ###p < 0.001 vs.
the WP group within each test condition (the Pre–C test, Post–C test or Post–t-tests 1, 2, and 3). Pre–C, Pre–Conditioning test; Post–C, Post–Conditioning test; Post–T,
Post–Treatment test; WP, wide platform; RSD, REM sleep deprivation; M, methamphetamine; S, saline; D, day.
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2004).

2.5. Effects of REM sleep deprivation and sleep rebound on the retrieval of
METH reward memory

The Pre–C test (habituation), conditioning sessions, and Post–C test
were conducted as described above which confirmed the development
of CPP. Twenty-four hours after the Post–C test, the animals were
randomly assigned into two groups; the WP and RSD groups (n=10 in
each group). The WP and RSD groups were placed in the WP or RSD
apparatus, respectively, for a period of 48 h. Immediately after the 48-h

episode (in the WP or RSD apparatus), the animals were evaluated for
CPP expression during the Post–t-test 1 (on day13) to evaluate the re-
trieval of METH reward memory. Rats were then allowed to sleep un-
disturbed in their home cages for a period of 24 h. The CPP expression
was examined again after the SR period on day 14 during the Post–t-test
2. Furthermore, METH-induced CPP was also evaluated one week later
(on day 21) during the Post–t-test 3 to find out whether the effects of
RSD on METH reward memory is persistent or temporary (Fig. 1A).

Fig. 2. Effects of RSD on the reconsolidation of METH reward memory and METH-induced hyperlocomotion during the reconsolidation experiment. (A) Timeline of
the experimental protocol. (B) A period of 48 h RSD (in the NoR–RSD and R–RSD groups) immediately after memory reactivation did not affect the reconsolidation of
METH reward memory during the Post–t-test. (C) Effects of RSD on METH-induced hyperlocomotion during the different phases (test conditions) of the memory
reconsolidation experiment. Analysis of the number of crossings and entries to the large compartments (counts/30min), as criterions of locomotor activity, de-
monstrated a potentiation of the METH-induced hyperlocomotion following RSD induction and memory reactivation (in the NoR–RSD, R–WP, and R–RSD groups) in
comparison with the NoR–WP group. Data are presented as mean ± S.E.M. (n= 9–10 rats in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the Pre–C
test within each group; #p < 0.05 and ##p < 0.01 vs. any other group within the Post–t-test. Pre–C, Pre–Conditioning test; Post–C, Post–Conditioning test; Post–T,
Post–Treatment test; WP, wide platform; RSD, REM sleep deprivation; R, reactivation; NoR, no reactivation; M, methamphetamine; S, saline; D, day.
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2.6. Effects of REM sleep deprivation on the reconsolidation of METH
reward memory

To assess the effects of RSD on memory reconsolidation, the 48-h
period of RSD was induced immediately after the reactivation of METH
reward memory. For memory reactivation, 24 h after the Post–C test (on
day 11), the animals were placed in the METH-paired chamber for a
period of 20-min with the guillotine doors closed (Fig. 2A). It has been
reported that re-exposure to the drug-paired chamber (without METH
administration) may retrieve/reactivate drug reward memory (Shi
et al., 2011; Yu et al., 2009).

The Pre–C test, conditioning, and Post–C test were carried out si-
milar to the retrieval experiment. The next day after the Post–C test, the
animals were randomly assigned to one of the following treatments
(based on the factors reactivation/no reactivation and RSD/WP): (1) no
memory reactivation prior to being placed in the WP apparatus (the

NoR–WP group; n= 10); (2) no reactivation prior to being placed in the
RSD apparatus (the NoR–RSD group; n= 10); (3) reactivation prior to
being placed in the WP apparatus (the R–WP group; n= 9); or (4) re-
activation prior to being placed in the RSD apparatus (the R–RSD
group; n=10). Thus, immediately after the memory reactivation (or no
reactivation) session on day 11, the animals were placed in the WP or
RSD apparatus for a period of 48 h and then returned to their home
cages. Finally, twenty-four hours following the RSD or WP period, the
animals were again evaluated for METH-induced CPP during the Post–t-
test (on day 14) to assess the reconsolidation of METH reward memory
(Fig. 2A).

2.7. Effects of REM sleep deprivation on saline place preference

One may argue that subjecting animals to the RSD or WP paradigm
immediately after the memory reactivation session (in the METH-paired

Fig. 3. Effects of RSD on saline place preference and loco-
motor activity. (A) The experimental timeline. (B) A period
of 48 h RSD (in the RSD group) did not produce preference
or aversion to the drug-associated compartment as it did not
affect saline place preference with respect to the WP group.
(C) A period of 48 h RSD resulted in an increased locomotor
activity during the Post–t-test in the drug-free animals (the
RSD group) compared with the WP group. Data are ex-
pressed as mean ± S.E.M. (n= 10 rats in each group).
*p < 0.05 vs. the Pre–C test within group; #p < 0.05 vs.
the WP group during the Post–t-test. Pre–C,
Pre–Conditioning test; Post–C, Post–Conditioning test;
Post–T, Post–Treatment test; WP, wide platform; SD, sleep
deprivation; S, saline; D, day.
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chamber) may have generated a negative associative memory between
the context of the METH-paired chamber and the RSD apparatus, and
thereby may have interfered with the results. To examine this hy-
pothesis, we conducted the saline place preference experiment. The
protocol was the same as the reconsolidation experiment, except that
the animals always received saline during the conditioning sessions
(Fig. 3A). Twenty-four hours after the Post–C test, the animals were re-
exposed to one of the two large compartments (side A or side B). They
were immediately divided into two groups; the WP and RSD groups
(n=10 in each group). Thus, immediately following the reactivation
session, the animals of the WP and RSD groups were placed in the WP
and RSD apparatus, respectively, for a period of 48 h. The next day after
the 48 h period of WP/RSD episode, the animals were again evaluated
for CPP expression during the Post–t-test (Fig. 3A).

2.8. Locomotor activity

2.8.1. Locomotion during the different phases of the CPP paradigm
Locomotor activity was evaluated in the two large compartments

during the PreeC, Post–C, and Post–T (Post–T 1, 2, and 3) tests as re-
ported in previous studies (Hashemizadeh et al., 2014; Rezayof et al.,
2012). To do so, the floors of the two conditioning chambers (of the
CPP paradigm) were divided into four equal-sized squares. Locomotor
activity was defined as the number of crossings and entries from one
square to another in the two compartments plus the number of cross-
ings and entries to each chamber during the CPP expression. Thus, the
activity of animals was recorded during the different phases of the place
preference (in all groups during the retrieval, reconsolidation, and
saline experiments) and the data were analyzed offline by experi-
menters blind to the groups and treatments.

2.8.2. Effects of REM sleep deprivation on locomotion in the open field test
Locomotor activity was also evaluated in the open field test (OFT) as

a separate experiment (Abbassian et al., 2016b; Ghotbi Ravandi et al.,
2019; Tahamtan et al., 2016) to see if the effects of RSD on CPP ex-
pression were not due to hyperlocomotion. The animals were placed in
the WP or RSD apparatus for a period of 48 h and they were then, either
immediately or 24 h later, examined in the OFT (in separate groups).
Thus, the animals were randomly assigned to four groups; the WP-1 and
RSD-1 groups (n= 10 in each group) were examined immediately and
the WP-2 and RSD-2 groups (n=9 in each group) were evaluated 24 h
after the RSD or WP paradigm for locomotion. A Plexiglas open-field
box (40 cm×40 cm×40 cm) was used as the apparatus. The floor of
the box was divided into 16 equal-sized squares which were defined as
the central and peripheral regions. The animals were placed in the
middle of the box and their activities were recorded using the Noldus
Ethovision video tracking system (Aitken et al., 2017; Noldus et al.,
2001) for a period of 5min. The Ethovision software was installed on a
computer with a frame grabber connected to a S-VHS recorder. For
every sample the arena was scanned and the positions of the animals
were defined using the subtraction mode; the system was tracking spots
different than a reference image of the empty arena. After providing a
background-scanning of the empty arena, the animals were placed in
the box, the arena was scanned, and the background-scanning was
subtracted in order to the animals become apparent. A center of gravity
was defined for each animal and the rats were then assigned a position
in x,y co-ordinates. Such co-ordinates were consequently related to real
distances in the arena (Aitken et al., 2017; Noldus et al., 2001). The
factors including the total distance moved (TDM) (horizontal activity)
and the number of rearings (vertical activity) were measured to assess
the effects of RSD on locomotor activity and the factors including the
time spent in the central and peripheral squares/regions were measured
to evaluate the effects of RSD on anxiety-like behavior (Abbassian et al.,
2016b; Tahamtan et al., 2016). Finally, all parameters were exported to
Microsoft Excel for further analysis. It is also worth mentioning that the
OFT was carried out in the same room under the same conditions as

described for the CPP paradigm.

2.9. Effects of REM sleep deprivation on METH consumption using the two-
bottle choice (TBC) paradigm

To determine whether the observed effect of RSD on METH reward
memory in this study was not due to a reduced motivation for METH,
we also examined the effects of RSD on voluntary METH consumption
in a separate experiment (Doyle et al., 2015; Hajheidari et al., 2015).
All animals received METH (2mg/kg, ip) for a period of 2 weeks; two
injections each day, at 12 h intervals. Afterwards, the animals under-
went one week of forced abstinence. The METH-withdrawn rats were
then evaluated for METH consumption over an 8-day period in in-
dividual cages using the two-bottle choice (TBC) paradigm. All animals
were provided with two bottles; one containing water (the control
bottle) and the other containing METH in water. The concentration of
METH on days 1–4 was 20mg/l and on days 5–8 was 40mg/l. Free
access to both bottles was limited to 18 h per day to prevent the pre-
valence of METH-induced anorexia. The positions of the bottles were
also changed every day to avoid any learning effect caused by positions
of the bottles. The contents of the bottles and the weights of the animals
were evaluated every day; between 09:00 and 10:00 h. The animals
were randomly assigned to two groups; the WP and RSD groups (n=8
in each group). The animals were placed in the WP (for the WP group)
or RSD (for the SD group) apparatus for a period of 48 h during the last
two days of the METH-withdrawal period (the one-week drug-free
period) to assess the probable effects of RSD on METH consumption.
The daily consumption of METH was defined as mg/kg/18 h. Further-
more, the average METH consumption was determined as mg/kg/18 h
and the METH preference ratio was defined as ml METH consumed/
total ml consumed from both bottles (Doyle et al., 2015; Hajheidari
et al., 2015).

2.10. Statistical analysis

The data were first evaluated using the Shapiro-Wilk or
Kolmogorov–Smirnov test which confirmed the normal distribution of
data in all groups (p > 0.05). All data derived from the CPP paradigm
were then analyzed based on two-way or three-way mixed factorial
analyses of ANOVA with the within-subjects factor test condition
(Pre–C test, Post–C test, and Post–t-tests 1, 2, and 3) and the between-
subjects factors memory reactivation (reactivation, no reactivation),
REM sleep deprivation (WP, RSD), and chamber (side A, side B). The
mean differences between the groups during each test condition (Pre–C
test, Post–C test or Post–t-tests 1, 2, and 3) were analyzed using the
independent samples t-test or one-way ANOVA followed by Tukey's
post hoc multiple comparison test. The mean differences between the
WP and RSD groups in the OFT and TBC paradigms were analyzed using
the independent samples t-test. The data of the daily TBC paradigm
were analyzed according to the mixed ANOVA with the within-subjects
factor time (eight days assessment of METH consumption) and the
between-subjects factor group/RSD (WP, RSD). All analyses were con-
ducted using SPSS version 16. Data are expressed as mean ± standard
error of the mean (S.E.M.) and p values< 0.05 were considered sta-
tistically significant.

3. Results

3.1. Effects of REM sleep deprivation and sleep rebound on the retrieval of
METH reward memory

Statistical analysis of the CPP scores using the mixed factorial
analyses of ANOVA demonstrated significant effects of test condition
(Pre–C test, Post–C test, and Post–t-tests 1, 2, and 3; F4, 68= 65.81,
p < 0.001), RSD (F1, 17= 81.2, p < 0.001), and test condition × RSD
interaction (F4, 68= 29.16, p < 0.001), but it revealed no significant
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effects of chamber (F1, 17= 0.052, p > 0.05) and test condition ×
chamber interaction (F4, 68= 0.87, p > 0.05; Fig. 1B). All animals
showed a successful conditioning during the Post–C test as they re-
vealed a significant preference for the drug-paired side than the saline-
paired side compared with the Pre–C test (habituation) within each
group (p < 0.001; Fig. 1B). The mean CPP scores of the control WP
animals during the Post–t-test 1 indicated that there was a sustained
significant increase (p < 0.001); however, the mean CPP scores of the
sleep-deprived animals (RSD group) no longer showed a significant
difference compared with the Pre–C test within group (p > 0.05;
Fig. 1B), indicating a disruptive effect of RSD on METH reward
memory. We supposed that the observed memory impairment in the
Post–t-test 1 was transient and it might be due to sleepiness and fatigue
of the animals following the RSD paradigm. Indeed, we hypothesized
that enough sleep after the Post–t-test 1 may restore the drug-related
memory. To examine that hypothesis, following the Post–t-test 1, the
animals were allowed to sleep undisturbed in their home cages (as sleep
rebound - SR) for a period of 24 h and examined again for METH-in-
duced CPP after a period of 24 h (on day 14) during the Post–t-test 2.
Analysis of the CPP scores during the Post–t-test 2 indicated that the WP
group demonstrated a sustained increase (p < 0.001), but the RSD
group showed no significant differences with respect to the Pre–C test
within group (p > 0.05). Furthermore, the CPP expression was ex-
amined one week later (during the Post–t-test 3) to determine whether
the effects of RSD on METH reward memory are persistent or tem-
porary. The statistical analysis of the Post–t-test 3 revealed that the
animals of the RSD group, in contrast to the WP group, did not sig-
nificantly differ in the mean CPP scores than the Pre–C test within
group (p > 0.05), indicating persistent deficits in METH reward
memory (Fig. 1B).

The between-groups analyses indicated that the mean CPP scores
were not significantly different between the WP and RSD groups during
the Pre–C and Post–C tests (Student's t-test, p > 0.05); however, during
the Post–t-tests 1, 2, and 3, the RSD group showed significantly less CPP
scores than those for the WP group (Student's t-test, p < 0.001;
Fig. 1B), further demonstrating memory deficits in the RSD group
(Fig. 1B).

3.2. Effects of REM sleep deprivation on the reconsolidation of METH
reward memory

Analysis of the CPP scores using the Mixed ANOVA showed sig-
nificant effects of test condition (F2, 70= 202.8, p < 0.001), RSD (F1,
35= 5.73, p=0.022), and test condition×RSD interaction (F2,
70= 4.9, p=0.01), but no significant effects of chamber (F1, 35= 0.94,
p > 0.05), and test condition× chamber interaction (F2, 70= 1.34,
p > 0.05; Fig. 2B). Successful conditioning was observed in all groups
during the Post–C test as the animals in all groups showed significant
preferences for the METH-paired side than the saline-paired side in
comparison with the Pre–C test within each group (p < 0.001; Fig. 2B).
During the Post–t-test, all the four groups, including the NoR–WP (no
reactivation – wide platform), NoR–RSD (no reactivation – REM sleep-
deprived), R–WP (reactivation – wide platform), and R–RSD (re-
activation – REM sleep-deprived) groups, showed a sustained drug re-
ward memory as they revealed significant differences in the mean CPP
scores with respect to the Pre–C test within each group (p < 0.001;
Fig. 2B). Thus, in contrast to the memory retrieval, the reconsolidation
of METH reward memory was not affected by the RSD paradigm. Ad-
ditionally, the between-subjects comparisons of the CPP scores revealed
no significant differences between the four (NoR–WP, NoR–RSD, R–WP,
and R–RSD) groups during the Pre–C and Post–C tests; nonetheless, the
NoR–RSD group showed a significant reduction in comparison with any
other group during the Post–t-test (F3, 35= 9.57, p < 0.001; Fig. 2B).
Thus, the RSD episode in the animals without memory reactivation (in
the NoR–RSD group) impaired drug memory compared with other
groups during the Post–t-test. However, it is worth noting that, during

the Post–t-test, the CPP scores of the NoR–RSD group still had a sig-
nificant increase in comparison with the Pre–C test within group
(p < 0.001). As a result, the reconsolidation of METH reward memory
was not affected by RSD, but the reactivation of METH reward memory
in the sleep-deprived animals (in the R– RSD group) significantly in-
creased the mean CPP scores than those for the sleep-deprived animals
without memory reactivation (in the NoR–RSD group) (p=0.005),
indicating an enhancing effect of memory reactivation on drug reward
memory (Fig. 2B).

3.3. Effects REM sleep deprivation on saline place preference

Statistical analysis of the CPP scores indicated no significant effects
of test condition (F1.38, 23.45= 0. 57, p > 0.05), RSD (F1, 17= 0. 29,
p > 0.05), chamber (F1, 17= 0. 97, p > 0.05), test condition×RSD
interaction (F1, 17= 0.68, p > 0.05), and test condition × chamber
interaction (F1, 17= 0.15, p > 0.05). Furthermore, the between-groups
comparisons demonstrated that no significant differences were found in
the CPP scores between the two WP and RSD groups during the PreeC,
Post–C, and Post–t-tests (Student's t-test, p > 0.05; Fig. 3B). Thus, the
induction of RSD immediately after the memory reactivation session
did not induce a negative associative memory between the METH-
paired context and RSD paradigm.

3.4. Locomotor activity

3.4.1. Effects of REM sleep deprivation and sleep rebound on METH-
induced hyperlocomotion during the memory retrieval experiment

Analysis of the number of crossings and entries (counts/30min)
demonstrated significant effects of test condition (F2.75, 46.81= 33.24,
p < 0.001), RSD (F1, 17= 7.22, p=0.016), and test condition×RSD
interaction (F2.75, 46.81= 9.39, p < 0.001), but no significant effects of
chamber (F1, 17= 0.014, p > 0.05), and test condition× chamber
interaction (F2.75, 46.81= 0.012, p > 0.05; Fig. 1C). The within-sub-
jects analyses of the number of crossings and entries revealed that the
animals of the WP group showed a significant difference only during
the Post–C test (p=0.019), but not during the Post–t-tests 1, 2, and 3
(p > 0.05), in comparison with the Pre–C test within group. The RSD
group; however, showed significant differences during the Post–C test
(p=0.002) and Post–t-tests 1 (p=0.001) and 2 (p=0.049), but not
during the Post–t-test 3 (p > 0.05), than the Pre–C test within group
(Fig. 1C). Furthermore, the between-subjects analyses of the number of
crossings and entries showed no significant differences between the WP
and RSD groups during the PreeC, Post–C tests, and Post-t-test 3
(Student's t-test, p > 0.05); however, the RSD group showed a sig-
nificant increase than the WP group during the Post–t-tests 1 and 2
(Student's t-test, p < 0.001 and p < 0.05, respectively). Thus, the in-
duction of RSD (in the RSD group) resulted in a transient enhancement
of the METH-induced hyperlocomotion during the memory retrieval
experiment than the control WP group (Fig. 1C).

3.4.2. Effects of REM sleep deprivation on METH-induced hyperlocomotion
during the memory reconsolidation experiment

Analysis of the number of crossings and entries revealed significant
effects of test condition (F1.61, 56.51= 43.75, p < 0.001), RSD (F1,
35= 7.66, p=0.009), test condition×RSD interaction (F1.61,
56.51= 4.97, p=0.015), but no significant effects of chamber (F1,
35= 0.038, p > 0.05) and test condition× chamber interaction (F1.61,
56.51= 0.00, p > 0.05; Fig. 3C). During the Post–C test, all the four
(NoR–WP, NoR–RSD, R–WP, and R–RSD) groups showed a significant
increase in the number of crossings and entries than the Pre–C test
within each group (p < 0.01; Fig. 2C). During the Post–t-test, except
the NoR–WP group (the group without reactivation and RSD), the other
three groups, including the NoR–RSD, R–WP, and R–RSD groups,
showed a sustained significant increase in the number of crossings and
entries compared with the Pre–C test within each group (p < 0.05 for
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the NoR–RSD and R–WP groups and p < 0.01 for the R–RSD group,
Fig. 2C). The one-way ANOVA indicated no significant differences be-
tween the four groups during the Pre–C and Post–C tests (p > 0.05);
however, during the Post–t-test, the NoR–RSD and R–RSD groups
showed a significant increase in number of crossings and entries in
comparison with the NoR–WP group (F3, 35= 6.6, p=0.001; Fig. 2C).
The results, therefore, indicated a potentiation of the METH-induced
hyperlocomotion following the induction of RSD and drug memory
reactivation (Fig. 2C).

3.4.3. Effects of REM sleep deprivation on locomotion during the saline
place preference

The mixed factorial analyses of ANOVA indicated no significant
effects of test condition (F1.38, 23.45= 0. 57, p > 0.05), RSD (F1, 17= 0.
29, p > 0.05), chamber (F1, 17= 0. 97, p > 0.05), test condition ×
RSD interaction (F1, 17= 0.68, p > 0.05), and test condition ×
chamber interaction (F1, 17= 0.15, p > 0.05). During the Post–C test,
both the WP and RSD groups did not significantly differ with respect to
the Pre–C test within each group (p > 0.05); however, the RSD group,
but not the WP group, showed a significant increase in the number of
crossings and entries during the Post–t-test compared with the Pre–C
test within group (p < 0.05; Fig. 3C). In addition, no significant dif-
ferences in the number of crossings and entries were observed between
the two WP and RSD groups during the Pre–C and Post–C tests (Stu-
dent's t-test, p < 0.05); nonetheless, the RSD group showed a sig-
nificant increase during the Post–t-test than the WP group (Student's t-
test, p < 0.05; Fig. 3C). Thus, a 48-h period of RSD resulted in an in-
creased locomotion in the drug-free animals with memory reactivation
(the RSD group in the saline place preference experiment).

3.4.4. Effects of REM sleep deprivation on locomotion in the open field task
We conducted the OFT in a separate experiment to find out whether

the observed deficits in memory during the retrieval experiment (in the
CPP paradigm) were not due to hyperlocomotion and/or anxiety-like
behaviors induced by the sleep deprivation protocol. The analyses re-
vealed that, when the OFT was carried out immediately following RSD,
the RSD paradigm (in the RSD-1 group) induced an increase in the TDM
(horizontal activity) compared with the WP-1 group (Student's t-test,
p < 0.05). Nonetheless, such increase was not observed 24 h after the
RSD episode as the RSD-2 group did not significantly differ compared
with the control WP-2 group (Student's t-test, p > 0.05; Fig. 4A).
Furthermore, other variables including the number of rearings (vertical
activity) (Fig. 4B), and the time spent in the central (Fig. 4C) and
peripheral squares (Fig. 4D) (the anxiety factors) were not significantly
different between the groups (Student's t-test, p > 0.05, for all com-
parisons), neither immediately nor 24 h following the RSD paradigm.
Thus, the RSD protocol used in this study only produced a transient
effect on locomotion, whereas it did not affect anxiety-like behaviors in
male rats.

3.5. Effects of REM sleep deprivation on METH consumption

We also examined whether the effects of RSD on memory were not
due to a reduced motivation for METH. The analysis revealed a sig-
nificant effect of time (F3.65, 51.09= 3.87, p=0.01), but no significant
effects of group (F1, 14= 1.435, p > 0.05) and time× group interac-
tions (F3.65, 51.09= 0.54, p > 0.05). The animals of the WP and RSD
groups showed an increase in the daily consumption of METH over a
period of 8 days; however, there were no significant differences be-
tween the two groups (Fig. 5A). Moreover, analysis of the first (days
1–4) and second (days 5–8) periods indicated no significant differences
in the average of METH consumption and METH preference ratio be-
tween the WP and RSD groups (Student's t-test, p > 0.05, for all
comparisons; Fig. 5B and C). Therefore, the RSD paradigm did not af-
fect motivation for METH.

4. Discussion

To the best of our knowledge, the current study is the first to em-
phasize that sleep may play a critical role in METH reward memory as a
period of 48-h RSD episode led to persistent deficits in the retrieval of
METH reward memory. Nonetheless, the same protocol of RSD, which
was carried out immediately after reactivation of METH reward
memory, did not affect the reconsolidation of METH reward memory.
Additionally, both the RSD paradigm and memory reactivation were
associated with a temporary potentiation of the METH-induced hy-
perlocomotion. Our findings provide a novel insight into the effects of
sleep on the processing of METH reward memory and further support
the hypothesis that sleep may play a critical role in the processes un-
derlying relapse to METH seeking/taking behavior.

Sleep has been shown to affect the consolidation of declarative and
non-declarative memory (Bendor and Wilson, 2012) as a number of
studies have shown that both total SD and RSD may result in memory
deficits (Fishbein, 1971; Graves et al., 2003; Palchykova et al., 2006;
Salari et al., 2015; Smith, 2001; Yoo et al., 2007). Interestingly, it has
been reported that a consolidated memory can be modulated during
slow-wave sleep via targeting the hippocampal replay (Barnes and
Wilson, 2014). Recent evidence also suggests that a consolidated
memory can, at least partially, be modified or updated following re-
trieval and the subsequent reconsolidation processes (Nader and
Einarsson, 2010; Preston and Eichenbaum, 2013). De novo protein
synthesis due to memory retrieval/reactivation and the subsequent
reconsolidation converts the consolidated memory to become suscep-
tible to interference (Iordanova et al., 2011; Nader and Einarsson, 2010;
Preston and Eichenbaum, 2013). Since addiction develops through a
pathological usurpation of the neural mechanisms of learning and
memory (Hyman, 2005; Hyman et al., 2006; Kutlu and Gould, 2016;
Madsen et al., 2012), it is not surprising that a consolidated drug re-
ward memory can also be susceptible to interference following retrieval
and reconsolidation (Yu et al., 2009). It has been reported that a period
of 6-h total SD after memory reactivation impairs the reconsolidation of
morphine reward memory in male rats (Shi et al., 2011). It is also stated
that acute total SD disrupts the reinstatement of cocaine self-adminis-
tration in the low drug-taker rats (Puhl et al., 2009). Interestingly, our
findings demonstrated that a period of 48-h RSD can impair the re-
trieval of METH reward memory in male rats. Due to the fact that an
established memory may become labile following reactivation, memory
retrieval and the subsequent reconsolidation can update, either weak-
ening or strengthening, the memory (Preston and Eichenbaum, 2013;
Sara, 2000). Thus, in this study, memory retrieval during the Post-T1
may have updated (disrupted) the METH-reward memory as the ani-
mals did not retrieve the METH–context conditioning during the Post-
T2 and Post-T3. Therefore, our results, in line with previous evidences,
would seem to suggest that RSD and/or modulation of sleep can modify
drug reward memory and, thereby alleviate the likelihood of relapse to
drug-seeking/taking. Importantly, as mentioned earlier, retrieval may
require the integrity of large neuronal networks in the dorsal hippo-
campus, in contrast to other memory stages (Moser and Moser, 1998;
Sara, 2000). This may, in part, account for the findings observed in this
study; RSD impaired retrieval, whereas it did not affect reconsolidation
of METH reward memory. Furthermore, it has been reported that both
REM and NREM stages of sleep are critical for memory processing
(Sara, 2000; Stickgold and Walker, 2005). The REM sleep seems to
update the cortico-hippocampal transfer of information which is then
reinforced during the NREM stage of sleep through bursting activity
vital for synaptic plasticity and memory consolidation (Buzsaki, 1998).
Drug reward memory may also depend on both REM and NREM stages
of sleep as our results and previous reports (Shi et al., 2011) have in-
dicated that it can be impaired by both RSD and total SD. Un-
fortunately, in this study, we had limitations to measure the time spent
asleep by the sleep-deprived and wide platform animals and also the
percentage of REM and NREM stages of sleep in both the groups.
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However, as mentioned before, Machado et al. (2004) reported that the
multiple platform technique not only abolishes the REM stage of sleep,
but it also reduces the NREM stage of sleep by 31% in rat. They also
reported that the animals in the WP apparatus showed a significant
reduction in both REM and NREM sleep (77% and 26%, respectively)
(Machado et al., 2004). Thus, the WP apparatus may also reduce the
REM and NREM stages of sleep; nonetheless, such reduction may be less
than that of the total SD model. Therefore, our and previous findings
demonstrate that sleep may play a critical role in drug reward memory,
however, the probable differences between the effects of REM and
NREM sleep on this regard which should be considered for further re-
search.

On the other hand, however, it has been reported that SD and sleep
disturbance may lead to relapse to drug abuse (Berro et al., 2014a;
Hasler et al., 2012). It has, for example, been shown that a period of 6-h
total SD impairs the extinction of the association between the cocaine
effects and contextual cues which may enhance the probability of re-
lapse (Berro et al., 2014b). Sleep deprivation, similar to psychostimu-
lants, may enhance the activity of the dopaminergic system, thereby
contributing to relapse to drug-seeking/taking (Berro et al., 2014a;
Troncone et al., 1988; Tufik et al., 1978). These rather contradictory
results may, in part, be attributable to the differences in the protocols
used. Worthy of note here is that, in the retrieval experiment which
showed the destructive effects of RSD on METH reward memory, the
RSD paradigm was carried out right before the memory retrieval (CPP
expression). As mentioned earlier, retrieval makes memory vulnerable
to interference and manipulation (Nader and Einarsson, 2010; Preston
and Eichenbaum, 2013; Sara, 2000). This seems to be a reasonable
explanation for our findings and similar previous ones, indicating the
destructive effects of SD on drug reward memory (Shi et al., 2011).

Thus, our results, consistent with the claim by Shi et al. (2011) and in
contrast to some other reports (Berro et al., 2014a; Berro et al., 2014b),
would seem to suggest that SD impairs drug reward memory only when
SD occurs during memory retrieval.

Our findings also indicated that RSD transiently potentiates METH-
induced hyperlocomotion. This is somewhat interesting since one may
argue that RSD, due to the subsequent sleepiness and fatigue of the
animals, can lead to a decrease in hyperlocomotion. Nonetheless, our
results are consistent with some earlier studies which have reported the
enhancing effects of SD on METH-induced hyperlocomotion (Riviere
et al., 1999; Van Hulzen and Coenen, 1981). For example, it is reported
that a neurotoxic regimen of METH (four injections at 2 h intervals) at
lower doses (1.0 or 2.0mg/kg) attenuates locomotor activity but at
higher doses (i.e., 4.0 or 7.5mg/kg) enhances stereotypic behavior in
male rats (Wallace et al., 1999). SD has also been shown to potentiate
hyperlocomotion induced by the psychostimulants cocaine and am-
phetamine (Berro et al., 2014c; Saito et al., 2014). A possible me-
chanism might be through activation of the dopaminergic system since,
as mentioned above, SD seems to mimic the effects of the psychosti-
mulants on the dopaminergic circuits and, therefore, induces super-
sensitivity of dopamine receptors, aggressiveness, hyperactivity, and
stereotypy (Troncone et al., 1988; Tufik, 1981; Tufik et al., 1978). The
serotonergic and dopaminergic circuits are thought to be involved in
METH-induced hyperlocomotion as it has been indicated that inhibition
of the serotonin synthesis, antagonism of the serotonin and dopamine
receptors, and blockade of the serotonin and dopamine transporters
may lead to a marked reduction in METH-induced hyperlocomotion
(Steed et al., 2011). Additionally, SD is thought to increase the density
of dopamine D1 (Demontis et al., 1990) and D2 (Nunes Junior et al.,
1994) receptors in the mesoaccumbens dopamine system. It has, for

Fig. 4. Effects of SD on locomotor activity in the OFT. (A) Examining TDM immediately after a 48 h period of RSD in the RSD-1 group resulted in a significant
increase compared with the WP-1 group; however, such increase was not observed when the TDM was evaluated 24 h following the RSD paradigm (there were no
significant differences between the WP-2 and RSD-2 groups). Examining the number of rearings (B) and the time spent in the central (C) and peripheral (D) squares in
the OFT indicated that the RSD-1 and RSD-2 groups did not significantly differ in comparison with the WP-1 and WP-2 groups, respectively, neither immediately nor
24 h after the RSD paradigm. Data are expressed as mean ± S.E.M. (n=9–10 rats in each group). *p < 0.05 vs. the WP-1 group. OFT, open field test; TDM, total
distance moved; WP, wide platform; RSD, REM sleep deprivation.
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example, been demonstrated that one-night SD may enhance the levels
of dopamine in the striatum and thalamus regions of the human brain
(Volkow et al., 2008). It, therefore, seems reasonable to assume that
activation of the dopaminergic system may be involved in the RSD-
induced hyperlocomotion observed in the current study; however, the
precise mechanisms remain to be elucidated.

It is also worthy to mention that previous studies have investigated
the anxiety state of animals following METH administration and in-
duction of SD. It has been estimated that 30.2% of the METH users
suffer from anxiety (Salo et al., 2011); however, the anxiogenic-like
behaviors following METH administration seems to be time dependent
(Miladi-Gorji et al., 2015); METH produces anxiety-like behaviors in
the elevated plus-maze at 30min, but not at 120min, following its
administration in male rats (Miladi-Gorji et al., 2015). Regarding the
effects of SD on anxiety, however, there are challenging reports in the
literature. In human studies, it has been indicated that SD may lead to
anxiety; nonetheless, the animal studies have shown contradictory re-
sults as some investigations have shown anxiogenic-like effects of SD
and some others have reported no effects of SD on anxiety (Pires et al.,
2016; Pires et al., 2015). Regarding our findings in the OFT, which
showed no significant effects on anxiety-like behaviors, it should be
noted that the cage-mate rats were placed in the same apparatus at the
same time (during the induction of RSD) to maintain social stableness
which may decrease the anxiety state of animals. Therefore, our find-
ings are consistent with some previous studies. Our results noted that
all groups spent approximately 15% of the time in the center of the
arena. This may indicate that spending about 15–20% of time in the
central zone (in the control groups) seems to be a norm for Wistar rats
as some previous studies have reported similar results (Abbassian et al.,
2016a; Mohammadi et al., 2019). It should also be noted that the OFT
may not model features of anxiety disorders, but it can only be used to
assess anxiety-like behaviors in rodents (Prut and Belzung, 2003).

Indeed, in case of anxiety, our findings may not be generalized to an-
xiety disorders and, therefore, evaluation of RSD–induced anxiogenic-
like effects may need to be assessed using other methods which is be-
yond the scope of this study.

Several other important issues should be addressed here. First,
METH reward memory was selectively reactivated during the re-ex-
posure to the METH-paired chamber (reactivation session) as RSD in
the animals without memory reactivation, in contrast to the animals
with memory reactivation, disrupted CPP expression in the Post–t-test.
Regarding reactivation, it is worth mentioning that the reactivation
session was a drug-free trial; however, it should not be considered as
extinction because extinction does not happen at one drug-free session.
Indeed, the animals showed CPP expression during the Post–t-test and,
therefore, the reactivation session did not induce extinction of
METH–induced CPP. Second, a period of 48-h RSD episode immediately
after memory reactivation in the saline-paired chamber did not affect
saline place preference which demonstrates that the effect of RSD on
memory reconsolidation was not relevant to a negative associative
memory between the METH–paired context and the RSD paradigm.
Third, one may argue that the disruptive effects of RSD on the retrieval
of METH reward memory may be confounded by RSD–induced sleepi-
ness/fatigue in animals. To examine that hypothesis, after the Post–t-
test 1, the animals were allowed to sleep in their home cages and ex-
amined again for CPP expression 24 h or 8 days later (during the Post–t-
tests 2 and 3, respectively) which demonstrated persistent memory
deficits. Fourth, we also examined locomotor activity in a separate
experiment using the open field task to see whether the memory re-
trieval deficits (in the CPP paradigm) were not due to hyperlocomotion
and/or stress/anxiety induced by the RSD protocol. The OFT indicated
that the RSD paradigm only induced a transient and limited effect on
locomotion, whereas it did not produce anxiogenic-like effects in ani-
mals. Fifth, and finally, we examined whether the effects of RSD on

Fig. 5. Effects of RSD on METH consumption. (A) The daily consumption of METH showed an increase over a period of 8 days in both the WP and RSD groups, but the
RSD group did not significantly differ in comparison with the WP group. The average of METH consumption (B) and METH preference ratio (C) during the first (days
1–4) and second (days 5–8) periods were also not significantly different between the WP and RSD groups. Data are expressed as mean ± S.E.M. (n=8 rats in each
group). WP, wide platform; RSD, REM sleep deprivation.
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memory were not due to a reduced motivation for METH which it also
indicated no significant effects of RSD on METH consumption.
Therefore, and according to such arguments, the observed effects of
RSD on the retrieval of METH reward memory in this study were spe-
cific and the experimental conditions did not affect the results. It can,
therefore, be suggested that a 48-h episode of REM sleep deprivation
may disrupt the retrieval of METH reward memory and induces a
transient potentiation of METH-induced hyperlocomotion.

Our findings, in line with some previous studies, indicate that sleep
may play an important role in the processing of psychostimulant reward
memory; however, due to our limitations, several important questions/
issues remain unanswered, including: (1) The probable differences be-
tween the effects of RSD and total SD on psychostimulant reward
memory; (2) effects of manipulating drug reward memory during both
REM and NREM stages of sleep using, for example, pharmacological
and electrophysiological techniques; and (3) measuring the time spent
asleep by the sleep-deprived vs wide platform animals and their re-
lationship with drug-related memory. Therefore, our findings cannot
address such issues; however, this research has thrown up many ques-
tions in need of further investigation.

5. Conclusions

Returning to the hypothesis posed at the beginning of this study, it is
now possible to state that sleep is involved in the retrieval of me-
thamphetamine reward memory. It should, however, be emphasized
that our findings, in line with previous reports, may suggest that RSD
impairs drug reward memory only when the RSD episode occurs during
drug memory reactivation. Consistent with previous studies, our results
may also indicate that RSD induces a transient potentiation of METH-
induced hyperlocomotion which may, at least partially, be attributable
to the involvement of the dopaminergic neurotransmission. Finally, and
importantly, the ethical considerations limit our ability to examine the
effects of sleep deprivation in clinical trials; however, the evidence from
this and previous studies may suggest that the status and quality of
sleep can be targeted for further investigations to manage relapse as-
sociated with drug-related memory.
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