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Sleep deprivation alters the time 
course but not magnitude of 
locomotor sensitization to cocaine
Theresa E. Bjorness1,2 & Robert W. Greene2,3,4,5

Repeated exposure to drugs of abuse progressively increases the response to the same stimuli, a 
process known as sensitization. Behavioral sensitization to cocaine administration is often measured 
in non-human subjects via locomotor activity which is easily quantifiable. The effects of four hours of 
sleep deprivation on repeated cocaine (five daily and one challenge) showed attenuated hyperactivity 
on the first day only, compared to the non-deprived group. Both groups reached the same final level of 
sensitization, indicating that sleep deprivation altered the time course, but not magnitude of locomotor 
sensitization.

Sensitization is a progressive increase in the responses to repeated stimuli and is often measured as increased 
lcomotor activity following repeated administration of drugs of abuse such as cocaine, amphetamine, and mor-
phine1–5. While the precise mechanism(s) by which drugs of abuse elicit locomotor sensitization are not entirely 
clear, there is substantial evidence linking changes in the mesocortical dopaminergic (DA) system to the induc-
tion and expression of sensitization6–9 including increased DA release within the nucleus accumbens in response 
to repeated drug administration10. Induction of sensitization is dependent on alterations within the ventral teg-
mental area (VTA)11–13 with intra-VTA drug administration sufficient to induce sensitization14 and intra-VTA 
glutamatergic receptor antagonism able to block the development of sensitization15,16. Expression of sensitization 
is dependent on alterations in the broader mesocortical DA system including the nucleus accumbens in which 
intra-accumbens DA antagonists block expression of sensitization17 and, for cocaine, the prefrontal cortex based 
on evidence from lesion studies18 amongst other regions (for review6).

Cocaine is a psychostimulant which causes sleep disruption in human users under both chronic use and absti-
nence conditions19–21. Cocaine decreases the amount of time spent in deeper Non-Rapid Eye Movement sleep 
(NREM, also referred to as slow wave sleep (SWS) stage 3–4) and increases the amount of time spent in lighter 
stage 2 NREM sleep22. Additionally, cocaine reportedly shifts the timing of Rapid Eye Movement sleep (REM) 
within the sleep cycle to occur earlier within the sleep period20,22,23, while overall REM time is increased22,24. As 
with humans, cocaine has been shown to disrupt sleep/waking behavior in rats25–27 and we recently demonstrated 
that acute cocaine dose dependently increases waking in mice with a delayed sleep onset latency of approximately 
one hour compared to saline administration following a 18 mg/kg dose28.

Sleep disruption through deprivation can influence the DA reward system; specifically, short duration (6 h) 
sleep deprivation decreases neuronal activity in the VTA which lasts beyond the homeostatic recovery period29, 
while longer duration (72 h) sleep deprivation reduces striatal D1 receptor expression although D2 receptor 
expression is unchanged30.

There is also evidence that sleep disruption through deprivation influences the response to drugs such as 
cocaine. In mice, acute (6 h) sleep deprivation has been shown to increase hyperactivity in response to a single 
cocaine administration31, and increase sensitization to amphetamine as measured by activity to a challenge dose 
one week following a single induction dose32 with sleep deprivation occurring immediately prior to the induction 
dose. Here, we tested the effect of repeated sleep deprivation in order to determine whether repeated sleep dep-
rivation would alter the magnitude of sensitization to cocaine or induce sensitization in the absence of cocaine.

1Research Service, North Texas VA Health Care System, Dallas, TX, 75216, USA. 2Department of Psychiatry, 
University of Texas Southwestern, Dallas, TX, 75390, USA. 3Department of Neuroscience, University of Texas 
Southwestern, Dallas, TX, 75390, USA. 4Research Service, North Texas VA Health Care System, Dallas, TX, 75216, 
USA. 5International Institute for Integrative Sleep Medicine, University of Tsukuba, Tsukuba, 305-8577, Japan. 
Correspondence and requests for materials should be addressed to T.E.B. (email: theresa.bjorness@utsouthwestern.
edu)

Received: 26 June 2018

Accepted: 13 November 2018

Published: xx xx xxxx

OPEN

mailto:theresa.bjorness@utsouthwestern.edu
mailto:theresa.bjorness@utsouthwestern.edu


www.nature.com/scientificreports/

2Scientific REPORTS |         (2018) 8:17672  | DOI:10.1038/s41598-018-36002-1

Materials and Methods
Animals. Adult male C57BL/6 mice (age range 2–6 months) were assigned to one of three groups, described 
below, and placed into cages set atop a treadmill apparatus with food and water available ad libitum. A 12:12-h 
light/dark cycle was used in rooms with an ambient temperature of 22.0 +/− 1 °C. All experiments were approved 
by the North Texas VA Health Care System IACUC and were in accordance with recommendations in the Guide 
for Care and Use of Laboratory Animals (U.S. National Research Council).

Experimental paradigm. Mice were injected with saline (IP) and acclimated to a 28 cm × 28 cm open field 
activity chamber (Med Associates, Activity Monitor SOF-812) for 1 h per day between ZT 3.5–7 for at least 3 days 
(Fig. 1). Mice were given up to 5 acclimation sessions after which they were excluded if they did not show a reduc-
tion in activity from the first to last acclimation day and second-to-last to last acclimation day (i.e. decrease in 
activity from the initial day along with a pattern of two days of decreased activity prior to the start of the cocaine 
phase). This relatively extensive acclimation was used to encourage full habituation prior to any sleep deprivation 
since sleep deprivation can increase activity in a novel environment33. There was no difference in acclimation days 
between groups (all averaged 3.7 days). Next, mice underwent a 5-day treatment phase consisting of daily cocaine 
(15 mg/kg, IP) or saline injected immediately prior to the 1-hour activity session. One group of mice was undis-
turbed prior to receiving cocaine (Coc, n = 12), another group of mice was sleep deprived for 4 h immediately 
prior to receiving cocaine (Coc + SD, n = 13), and a third group was sleep deprived for 4 h immediately prior to 
receiving saline (SD, n = 10). Sleep deprivation was achieved via the treadmill method (forced slow walking using 
bottomless cages set atop a treadmill belt)34. After a one-week abstinence period, mice were given a challenge 
(Chall) cocaine (15 mg/kg) injection and activity was monitored for 1 h. As during the treatment phase, mice in 
the Coc + SD and SD groups were sleep deprived for 4 h immediately prior to the challenge. All testing occurred 
under dim red light conditions between ZT 3.5–7. The cocaine dose used (15 mg/kg) is within the typical range 
used for locomotor sensitization experiments in rodents35.

Outcome measurements. Beam breaks, distance moved (in cm, defined as consecutive beam breaks with 
a 0.5 sec resting delay threshold that would end the ambulatory episode), and stereotypic counts (beam breaks 
within a small area, 6.35 × 6.35 cm) were the main outcome measures. Activity (beam breaks and distance values) 
across the acclimation through challenge protocol was compared using a Two-way repeated measures ANOVA 
with Tukey corrections for multiple comparisons. Percent change from the last day of the acclimation phase to 
the first day of the daily treatment phase (effect of sleep deprivation on response to initial cocaine exposure) and 
from the last day of the acclimation phase to the challenge day (effect of sleep deprivation on sensitization) was 
compared using a One-way ANOVA with Holm-Sidak correction for multiple comparisons. For comparison 
to a theoretical mean of 0, a One-sample t test was used. Additionally, daily percent change across acclima-
tion through challenge was performed using a Two-way repeated measures ANOVA with Tukey corrections for 
multiple comparisons. For activity in 5-min bins within each session, a Two-way repeated measures ANOVA 
with Tukey corrections for multiple comparisons was used to compare groups each day. Activity on treatment 
day 1 was compared using a One-way ANOVA with Holm-Sidak correction for multiple comparisons and the 
distributions of activity were compared using a Kolmogorov-Smirnov test, while the normality of the distribu-
tions of activity were determined using a Kolmogorov-Smirnov normality test. Correlation between activity on 
the first treatment day and challenge day was performed using Pearson [Coc, SD] and Spearman [Coc + SD, 
failed normality test] correlations. Time bin of peak activity (1 h activity period divided into 3, 20 min bins) 
was compared using a Two-way repeated measures ANOVA with Tukey corrections for multiple comparisons. 
Additionally, average speed (cm/s) and number of bins with average of 0 speed (used as a measure of quiescence) 
was compared using a Two-way repeated measures ANOVA with Tukey corrections for multiple comparisons. 
One mouse was excluded based on extremely low activity during the acclimation phase (identified as an outlier, 
via ROUT method). All statistical analyses were performed using GraphPad Prism and all tests were two tailed. 

Figure 1. Experimental timeline showing the acclimation (A), treatment (T), and challenge phases along with 
groups (Coc, Coc + SD, and SD). Mice experienced 3–5 days of acclimation (see methods for description); 
the number of mice receiving 3, 4, or 5 acclimation days is provided in parentheses. Animals that reached the 
acclimation criteria prior to the 5 day maximum received 1–2 days of rest prior to the start of the treatment 
phase.
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The significance level was set at p < 0.05 with actual P values given whenever possible and the values provided are 
mean +/−  standard error. Data is available upon request.

Results
SD decreased the locomotor response to initial cocaine, but did not alter sensitization to 
repeated cocaine. All groups showed a similar decrease in activity across the acclimation phase (One-way 
ANOVA Coc −33.8 +/− 6.3%, Coc + SD −25.2 +/− 4.5%, SD −24.8 +/− 4.3%, p = 0.97, data not shown). For 
absolute activity values measured as beam breaks, the Coc and Coc + SD groups showed a similar increasing 
pattern throughout the treatment and challenge phases, while the SD group showed little change across days 
with group differences attributable to the SD group (Two-way ANOVA, group p < 0.0001, day p < 0.0001, group 
× day interaction p < 0.0001, Fig. 2A). Coc and Coc + SD groups reached a similar increase in total activity in 
response to cocaine as determined by the change in activity from the last acclimation day through the challenge 
phase (One-way ANOVA, Coc vs Coc + SD p = 0.6, Coc vs SD p = 0.005, Coc + SD vs SD p = 0.0003, Fig. 2B), 
while the SD group did not show an overall increase in activity from the last acclimation day through the chal-
lenge phase (One sample T test Coc p < 0.0001, Coc + SD p = 0.0004, SD p = 0.4). All Coc and Coc + SD animals 
met the criteria for sensitization using a threshold of >20% increase in activity from the first treatment day to 
the challenge day4, as did a subset of SD animals (60%). Mice that were sleep deprived immediately prior to 
receiving cocaine showed less initial activity in response to cocaine than the non-deprived animals as determined 

Figure 2. Sleep deprivation initially reduces than subsequently increases the locomotor response to cocaine 
without altering the magnitude of sensitization. (A) Coc and Coc + SD groups showed similar patterns of 
absolute activity throughout the acclimation to treatment to challenge phases, while the SD group showed 
relatively slight (but increasing) activity from the first to last SD days. (B) Coc + SD and Coc groups showed 
similar levels of sensitization as determined by the increase in activity from the last acclimation day to the 
challenge day, while the SD group showed no significant increase. (C) Sleep deprivation reduced the acute 
response to cocaine as determined by the percent change beam breaks from the last acclimation day to the 
first treatment day in the Coc + SD group compared to the Coc group (D). In the Coc group absolute activity 
in response to the initial cocaine was distributed in a rough bell shaped pattern, while activity in Coc + SD 
and SD groups was more clustered towards the low end of activity. All values are expressed as mean +/− SEM, 
n = 10–13/group, #p < 0.1, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, and bars denote which groups 
differ.
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by the percent increase in activity from the last acclimation trial to the first cocaine trial, while they showed a 
non-significant increase in activity compared to sleep deprived mice that received saline (One-way ANOVA Coc 
vs Coc + SD p = 0.05, Coc + SD vs SD p = 0.07, Fig. 2C). As expected, non-deprived mice that received cocaine 
showed a greater increase in activity than sleep deprived mice that received saline (One-way ANOVA Coc vs SD 
p = 0.001). Both cocaine exposed groups showed increases in activity from the last acclimation trial to the first 
cocaine trial that were significantly greater than 0 (One sample T test Coc p = 0.002, Coc + SD p = 0.013), while 
the non-cocaine exposed group did not (SD p = 0.18). On the first treatment day, there was a group difference in 
absolute activity that was primarily driven by differences between Coc and SD groups (One-way ANOVA Coc 
vs Coc + SD p = 0.14, Coc vs SD p = 0.003, Coc + SD vs SD p = 0.25, Fig. 2D). There was also a similar spread 
of activity within the Coc and Coc + SD groups, however, while activity in the Coc animals was normally dis-
tributed throughout the activity range (Kolmogrov-Smirnov normality test, p > 0.1), Coc + SD animals showed 
a relatively high proportion of animals bunched toward the low end of the activity range (Kolmogrov-Smirnov 
normality test, p = 0.007). The distributions of the Coc and SD groups were significantly different from each 
other, while Coc + SD was not significantly different than either, although the comparison with Coc reached a 
trend towards significance (Kolmogorov-Smirnov test, Coc vs SD p = 0.001, Coc vs Coc + SD p = 0.058, Coc + SD 
vs SD p = 0.28). Furthermore, there was a significant correlation between activity in response to the first treat-
ment day and the challenge day in the Coc group, but not in Coc + SD or SD groups (Pearson correlation, Coc 
R2 = 0.61, p = 0.003, SD R2 = 0.12, p = 0.34, Spearman correlation, Coc + SD R2 = 0.12, p = 0.25]). The differences 
in the timing of activity changes between sleep deprived and non-sleep deprived cocaine treated groups become 
apparent when comparing daily increases in activity. The Coc + SD group showed large increases in activity on 
both the first and second treatment days, while the Coc group showed large increases in activity only on the first 
treatment day and the SD group showed decreases in activity until the fourth treatment day (Two-way ANOVA, 
group p = 0.0013, day p < 0.0001, group*day interaction p < 0.0001, Supplementary Fig. 1). Overall, this suggests 
that sleep deprivation prior to repeated cocaine does not influence the magnitude of the response to cocaine, but 
does alter the time course of activity across days.

Similar pattern of activity within treatment sessions. The typical pattern of activity was initially 
high, followed by a steady reduction across the 1 h period (Two-way ANOVA, significant effect of time all 
days, p < 0.0001) with higher activity in the Coc and SD + Coc groups compared to the SD group (group effect 
p = 0.0043 [T1], p = 0.0003 [T2, 3, 4], p < 0.0001 [T5, Chall], group*time interaction p < 0.0001); however, the 
Coc + SD group showed significantly higher activity than the Coc group during the middle portion of treatment 
day 2 (p < 0.05) which may account for the increased relative activity (% change across time detailed above) in 
this group on this day (Fig. 3A). In order to further investigate the pattern of activity within the 1 h post-injection 
sessions, each session was divided into 3, 20 min bins with a numerical value assigned to the bin in which the peak 
activity occurred (for example, if the peak activity of the session occurred in the first 20 min, the session would be 
assigned a value of 1, while an activity peak occurring in the second or third 20 min bin would be assigned 2 or 3, 
respectively). When bin of peak activity across days was compared between groups, peak activity occurred later 
in the Coc + SD group on treatment day 2 compared to Coc and SD groups (Two-way ANOVA, day p = 0.047, 
group p = 0.01, Fig. 3B).

Increased in beam breaks reflect increased distance moved and stereotypic activity. The 
pattern of activity seen with beam breaks between groups is mostly recapitulated when using distance (cm) as 
the outcome measure (Fig. 4A–C). The pattern of increasing activity across treatment and challenge days was 
similar between Coc and Coc + SD animals (Two-way ANOVA, day p < 0.0001, group p < 0.0001, day*group 
interaction p = 0.0001, no significant difference between Coc and Coc + SD via Tukey’s multiple comparison 
test, Fig. 4A). As with activity measured in beam breaks, both distance moved and stereotypic counts were sim-
ilarly increased from acclimation to the challenge day in Coc and Coc + SD groups, while significantly lower 
in the SD group (distance, One-way ANOVA Coc vs Coc + SD p = 0.98, Coc vs SD p = 0.0004, Coc + SD vs SD 
p = 0.0001, stereotypic counts, One-way ANOVA Coc vs Coc + SD p = 0.12, Coc vs SD p < 0.0001, Coc + SD 
vs SD p < 0.0001, Fig. 4B,D). The reduced initial response to cocaine measured with beam breaks was apparent 
with distance although the significance level was reduced. When comparing increase in activity as measured by 
distance from the last acclimation to first treatment trial there was a significant difference between Coc and SD 
groups (One-way ANOVA, p = 0.004) and Coc + SD vs Coc groups (p = 0.05), while the trend between Coc + SD 
vs SD was lost (p = 0.14, Fig. 4C).

Sleep deprivation did not influence movement speed. Across the acclimation, treatment, and chal-
lenge phases, there was no overall difference in movement speed between groups; however, there was a signifi-
cant group × day interaction due to slower movement in the SD group on some days (Two-way ANOVA, group 
p = 0.22, day p = 0.39, group × day interaction p < 0.005, Fig. 5A). Furthermore, the number of 5 min bins/day 
with an average movement speed of 0 (quiescence as a rough indicator of possible sleeping within the activ-
ity chamber) was significantly different between groups, which again was driven by the SD group (Two-way 
ANOVA, group p < 0.005, day p = 0.34, group × day interaction p < 0.001, Fig. 5B) suggesting that the reduced 
locomotor response to cocaine on treatment day 1 in the Coc + SD group compared to the Coc group was likely 
not due to Coc + SD animals sleeping within the activity chamber.
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Discussion
Acute daily SD did not influence overall locomotor sensitization to cocaine with the hypoactivity in response to 
the initial cocaine administration overcome by increases in activity to subsequent cocaine administrations. The 
reduced activity response following the initial cocaine exposure in Coc + SD animals was unexpected given the 
prior finding of SD increasing hyperactivity in response to cocaine31. However, the discrepancy in results may 
be due to methodological differences, with Andersen and colleagues using much shorter sessions for habituation 
(10 min/d for 3 days) and not including IP injections within the habituation procedure. If mice were not fully 
habituated to the testing environment, SD could enhance activity since SD enhances preference to novelty36. 
While it is not possible to entirely exclude the possibility that Coc + SD animals fell asleep in the activity chamber, 
there was no significant difference between Coc vs Coc + SD animals when comparing the number of 5 min bins 
with a movement speed of average 0 cm/s on any day including the first treatment day, whereas the SD group 
showed significantly more 0 movement bins on several days. Furthermore, we previously found that following a 
similar dose of cocaine (18 mg/kg), latency to fall sleep was ~80 min28. Together, this suggests that the decreased 
initial response to cocaine in the Coc + SD group was likely not due to Coc + SD animals sleeping within the 1 h 
post cocaine period. Importantly, the method of sleep deprivation used (forced slow walking) was not expected 
to induce fatigue since belt speed needed to prevent sleep (~3 cm/s) is considerably slower than speeds used for 
treadmill exercise in mice (~20 cm/s)37.

The unusual pattern of activity in which activity peaked during the middle portion of the 1 h post-injection 
period in Coc + SD animals on the second treatment day was also unanticipated; however, instances of peak 

Figure 3. Sleep deprivation alters the within-session pattern of activity following the second cocaine exposure. 
(A) All groups showed a similar pattern of activity within the 1 h post-injection session of high initial activity 
tapering across the period except for a flatter pattern of activity in the Coc + SD groups on the second treatment 
day. (B) This flattened pattern of activity is evident as a delayed peak in activity within the post-injection 
period. All values are expressed as mean +/− SEM, n = 10–13/group, *p < 0.05, **p < 0.005, ***p < 0.0005, 
****p < 0.0001.
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activity occurring later within a post-cocaine administration period has been demonstrated following repeated 
cocaine exposure1.

The lack of change in sensitization in the Coc + SD group appears to be driven by both the lower response 
to the initial cocaine administration along with the relatively high response to the second cocaine administra-
tion (Supplementary Fig. S1). Following the initial cocaine administration, Coc animals showed a wide range in 
activity, while Coc + SD animals were bunched towards the low end of the activity range. It has previously been 
demonstrated that animals with high initial response to cocaine show lower sensitization38,39; accordingly, there 
was a significant correlation between response to the initial cocaine exposure and challenge exposure in the Coc 
group but not in the Coc + SD group. The differences in initial activity were insufficient to translate into differ-
ences in sensitization which may also be influenced by sleep deprivation itself since daily acute sleep deprivation 
in the absence of cocaine induced sensitization in a subset of animals although there was no group effect (i.e. 
percent change activity from last acclimation through challenge was not significantly greater than 0). Increases in 
activity following sleep deprivation have been demonstrated previously in that sleep deprivation (12 h by rotating 
drum) can reverse defeat-induced activity reductions40 and prolonged sleep deprivation targeting REM sleep 
deprivation is a model for mania41, based in part on hyperactivity following deprivation42,43 which is associated 
with increased D1 receptor expression in the limbic system44, while others have shown widespread increased D2 
receptor expression following prolonged REM sleep deprivation45.

The mechanism by which sleep deprivation can influence the development of behavioral sensitization to a psy-
chostimulant is an open question but appears to be primarily due to the comparative hypoactivity upon the initial 
cocaine administration. Given that animals sleep deprived in the absence of cocaine also showed a decrease in 
activity following the initial sleep deprivation exposure, this suggests that increased sleep drive, even if sleep itself 
is not achieved, is sufficient to attenuate the arousal promoting effects of cocaine. This attenuation is transient in 
that upon the second cocaine exposure there is a strong increase in locomotor activity following sleep depriva-
tion. Interestingly, sleep deprivation alone resulted in sensitization in a subset of animals indicating that there 
may be complex interactions between sleep drive, which is expected to be increased following sleep deprivation, 
and arousal, which is expected to be increased in the presence of a conditioned procedure and environment (con-
ditioning in the sense that animals were removed from their home cage in one room, weighed, transported into a 

Figure 4. Effect of sleep deprivation replicated with distance and stereotypy as outcomes. (A) For absolute 
distance across the experimental period, the Coc and Coc + SD groups show a similar pattern of increasing 
distance, while SD animals are fairly stable similar to the beam breaks across time. (B,C) The similarity 
in sensitization between Coc and Coc + SD groups was replicated with distance (B), as was the reduced 
initial response to cocaine (C) although there were differences in significance levels for some of the group 
comparisons. (D) Finally, sensitization as measured by stereotypic counts was also similar between Coc and 
Coc + SD groups. (D) All values are expressed as mean +/− SEM, n = 10–13/group, #p < 0.1, ***p < 0.0005, 
****p < 0.0001, and bars denote which groups differ.
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different room with different lighting conditions, given an IP injection, and placed in a large square cage recently 
wiped with a germicidal cloth). Cocaine causes psychostimulation by blockade of the DA, serotonin, and noreph-
inephrine transporters46,47 such that higher arousal at the time of cocaine exposure, and therefore higher DA lev-
els, would result in greater overall extracellular DA, thereby facilitating increased motor activity. Cocaine is also 
reinforcing based on its blockade of the DA transporter48 which may explain the transient nature of the reduced 
motor response in sleep deprived mice. Since the activity box would likely become associated with receipt of a 
reinforcing stimulus, it would not be unexpected for a shift of the sleep drive/arousal spectrum towards arousal to 
occur. The mechanism by which sleep deprivation alone induces sensitization in a subset of animals is less clear; 
however, it is important to note that the increase in activity across the sleep deprivation phase was substantially 
less than the cocaine exposed groups suggesting that this sensitization is quite modest. Additionally, it has previ-
ously been demonstrated that repeated saline administrations can increase amphetamine-induced DA release49.

Alternatively, it is possible that animals became habituated to repeated sleep deprivation as has been demon-
strated by diminishing slow wave activity (SWA) power rebound under chronic sleep deprivation conditions50,51, 
although stable rebound across multiple days of chronic sleep deprivation has also been demonstrated52. Under 
the conditions of the present study, it is unlikely that animals in the current experiment became habituated to the 
repeated sleep deprivation since SWA power rebound is similar across 7 days of 4 h acute sleep deprivation by 
the treadmill method that we employed (Supplementary Fig. S2). Overall, this argues that the transient nature of 
the effect of sleep deprivation is not due to changes in response to sleep deprivation over time, but may be due to 
changes in the effect of sleep deprivation on cocaine response over time (i.e. possible interaction between arousal 
and sleep drive discussed above). However, sleep drive (as determined by SWA rebound) cannot necessarily be 
equated with changes in motor activity as a consequence of sleep deprivation.

One limitation to the current experiment is the use of a single acute injection and challenge protocol. It has 
been shown that sensitization to a challenge amphetamine administration varies based on the challenge dose 
and time from the previous injection with tolerance following low dose challenge early in withdrawal53. Thus, it 
is possible that the effect of SD could vary by cocaine exposure protocol. Additionally, the stereotypy measure 
was based on the beam breaks within a small area which may miss more subtle movements (detection threshold 
~1.5 cm) such as head movements which have been shown to increase following repeated cocaine54. There was 
no control group of repeated saline without sleep deprivation. However, all mice experienced this condition 
during the acclimation phase and showed a decrease in activity during this period suggesting that further saline 
administration would likely not induce sensitization. Neural activity during the sleep deprivation period was not 

Figure 5. Sleep deprivation did not influence locomotor activity speed. (A) There was no difference in speed 
between groups from acclimation through challenge. (B) SD animals showed a higher number of bins with 0 
average movement speed on several of the treatment days compared to both Coc and Coc + SD animals. All 
values are expressed as mean +/− SEM, n = 10–13/group, *p < 0.05, **p < 0.005, ***p < 0.0005, and bars 
denote which groups differ.
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measured; however, the treadmill method of sleep deprivation has been verified to reliably prevent sleep over the 
course of a 4 h period28,34 such that it is unlikely that sleep deprived mice achieved sleep and it is unlikely that the 
non-deprived mice (Coc) were spontaneously awake for a majority of the same 4 h period given that sleep drive 
peaks early in the light phase55.

In sum, acute sleep deprivation modestly influenced the development of locomotor sensitization to cocaine, 
primarily by decreasing the initial response to cocaine. This suggests that the development of the activity based 
drug response may be transiently delayed, though ultimately unchanged in magnitude, with sleep deprivation. 
Future experiments are needed to investigate the mechanism(s) by which sleep loss alters the time course of 
behavioral sensitization to cocaine and whether this subtle alteration in sensitization is associated with alterations 
in the development of other addiction-related behaviors such as reward seeking. Currently, there is indirect evi-
dence that sleep disruption may increase relapse to cocaine taking in humans56, while circadian distributed sleep 
disruption increases effort to obtain cocaine in a subset of animals as measured by progressive ratio respond-
ing for self-administered cocaine57. Recently, it was shown that sleep deprivation induces conditioned place 
preference to amphetamine using a protocol that did not induce preference in non-deprived controls58. Finally, 
additional experiments are needed to determine whether the effect of sleep deprivation on the development of 
locomotor sensitization would generalize to non-stimulant drugs such as morphine.
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