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Relapse to drug seeking and drug taking is elicited by exposure to stress, drug-associated cues, or drugs of
abuse themselves. According to the clinical literature, relapse also can be elicited in humans by sleep
deprivation. Even so, the effect of sleep deprivation on drug-seeking and drug-taking behaviors has received
relatively little attention in the laboratory (i.e., currently, no animal model exists) and the underlying
circuitry remains unexplored. In the present study, 42 naive male Sprague-Dawley rats were trained to self-
administer cocaine and were then divided, on the basis of their behavior, into low (n=20) and high (n =22)

Keywords: . .. . . . . i
Sleep deprivation drug-taking groups. Self-administration behavior was extinguished, and the effect of acute sleep deprivation
Cocaine (0, 4, or 8 h) on drug-induced reinstatement and on progressive ratio responding (i.e., on the motivation to

work for drug) was investigated. The results showed that, relative to low drug-takers, high drug-takers took
more drug in acquisition, made more infusion attempts during drug-induced reinstatement, worked harder
for drug, and exhibited greater goal-directed behavior. Acute sleep deprivation had little impact on high
drug-takers beyond increasing the rate of infusions self-administered during progressive ratio (PR) testing.
Conversely, in low drug-takers, acute sleep deprivation completely abolished cocaine-induced reinstatement
during extinction testing. During PR testing, however, sleep deprivation increased the speed with which low
drug-taking rats initiated responding for drug, increased the rate of infusions, and increased goal-directed
behavior. It did not, however, increase the perceived value of the cocaine reward (i.e., neither sleep-deprived
low drug-takers nor high drug-takers exhibited a higher break point for cocaine than their non-deprived
counterparts). These data are the first to demonstrate a direct link between sleep deprivation and
responding for cocaine, particularly in subjects that would otherwise respond little for drug.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Substance abuse and addiction have become major health concerns
in the United States. It has been reported that 17% of Americans meet
the diagnostic criteria for some form of substance dependence,
excluding tobacco dependence (Anthony and Helzer, 1991), which is
almost double the incidence of depression (9.5%; National Institute of
Mental Health, http://www.nimh.nih.gov) and 17 times greater than
that of schizophrenia (1%; National Institute of Mental Health, http://
www.nimh.nih.gov). Substance abuse incurs an estimated $484 billion
in annual expenses to our nation (diabetes and cancer impose costs of
$132 billion and $172 billion, respectively; National Institute on Drug
Abuse, http://www.nida.nih.gov). Addiction is an extremely difficult
disease to treat because it is a syndrome comprised of several mala-
daptive behaviors that exploit the existing reward circuitry of the brain.
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The severity of the problem (and difficulty of treatment) is further
compounded by the fact that addiction is a chronic, relapsing disease
that induces long-lasting changes in brain function (O'Brien, 1997). In
fact, it has been reported that up to 90% of addicted humans will relapse
to drug seeking, even after a prolonged period of abstinence (DeJong,
1994). Three types of relapse have been extensively described in the
scientific literature: relapse induced by exposure to environmental
stressors, relapse induced by exposure to drug-associated cues, and
relapse induced by exposure to drugs themselves.

The clinical literature suggests that sleep deprivation is another
factor that can induce relapse. Both subjective (self-administered
questionnaire scores) and objective (polysomnographic sleep para-
meters) measures of poor sleep quality, in general, have been shown
to predict relapse (Brower, 2001; Clark et al., 1998; Foster and Peters,
1999; Gillin et al., 1994). This problem is compounded by the overall
poor sleep quality experienced by the majority of our society. Data
collected in the recent 2008 Sleep in America Poll conducted by the
National Sleep Foundation showed that 65% of Americans report
experiencing symptoms of a sleep problem several nights per week.
The population of individuals reporting poor sleep likely overlaps
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with the substance-dependent population. Yet, no animal models
have been developed and relatively little work has been done to
ascertain the mechanisms by which sleep deprivation induces relapse.
In addition, several studies purport insomnia as a reliable predictor
of relapse in substance-abusing humans (Brower, 2003; Brower et al.,
2001; Ford and Kamerow, 1989; Foster and Marshall, 1998; Gillin,
1998; Hohagen et al., 1993; Longo and Johnson, 1998; Malcolm et al.,
2007; Teplin et al., 2006). Admittedly, there is a very clear distinction
between frank insomnia and forced sleep deprivation. Insomnia is
primarily a disorder of hyperarousal, often linked with high levels of
psychological stress and anxiety, among other comorbid conditions.
Sleep deprivation refers to the simple suppression or prevention of
sleep. However, both represent a profound loss of sleep and poor sleep
quality, overall. While the effects of insomnia on relapse cannot
simply be generalized to those of sleep deprivation, it seems likely
that the two conditions do, in fact, have similar effects on drug-
seeking behaviors. Such an inference is not unreasonable given the
aforementioned studies showing that both subjective and objective
measures of general poor sleep quality also have been shown to
predict relapse (Brower, 2001; Clark et al., 1998; Foster and Peters,
1999; Gillin et al.,, 1994). Given the impact of insomnia and general
poor sleep quality on drug seeking and drug taking reported in the
clinical literature, we hypothesized that sleep deprivation would
augment cocaine-induced reinstatement and cocaine seeking in drug-
experienced rats. While chronic sleep deprivation may be more akin
to that experienced by the human population (Girardin et al., 2000),
we thought it prudent to begin this investigation with the study of
acute sleep deprivation. The present study, then, used drug-induced
reinstatement and progressive ratio testing to investigate the effects
of acute sleep deprivation (0, 4, or 8 h) on drug seeking and drug
taking in rats that had been trained to self-administer cocaine.

2. Methods
2.1. Subjects

The subjects were 42 naive, male Sprague-Dawley rats (Charles
River Laboratories, Raleigh, NC), approximately three months of age at
the beginning of the experiment. Except where otherwise noted, the
rats were housed individually in standard wire mesh cages, in a
colony room with temperature, humidity, and ventilation controlled
automatically. The rats were maintained on a 12-h light-dark cycle,
with lights on at 0700 h. They were allowed ad lib access to food
(Harlan Teklad, Madison, WI) and water, except where otherwise
noted.

2.2. Catheter construction and implantation

2.2.1. Self-administration catheter
Intra-jugular catheters were custom-made in our laboratory as
described by Grigson and Twining (2002).

2.2.2. Catheter implantation

Rats were anesthetized and catheters were implanted into the
jugular vein as described by Grigson and Twining (2002) and Liu and
Grigson (2005). Following surgery, rats were allowed at least two days
to recover. General maintenance of catheter patency involved daily
examination and flushing of catheters with heparinized saline (0.2 ml
of 30 IU/ml heparin). Catheter patency was verified, as needed, using
0.2 ml of propofol (Diprivan 1%) administered intravenously.

2.3. Apparatus
Each rat was trained in one of twelve identical operant chambers

(MED Associates, St. Albans, VT) described by Grigson and Twining
(2002). Each chamber measured 30.5 cm in lengthx24.0 cm in

widthx29.0 cm in height, and was individually housed in a light-
and sound-attenuated cubicle. The chambers consisted of a clear
Plexiglas top, front, and back wall. The side walls were made of alu-
minum. Grid floors consisted of nineteen 4.8-mm stainless steel rods,
spaced 1.6 cm apart (center to center). Each chamber was equipped
with two retractable sipper spouts that entered through 1.3-cm
diameter holes, spaced 16.4 cm apart (center to center). A stimulus
light was located 6.0 cm above each tube. Each chamber was also
equipped with a houselight (25 W), a tone generator (Sonalert Time
Generator, 2900 Hz, Mallory, Indianapolis, IN), and a speaker for white
noise (75dB). Cocaine reinforcement was controlled by a lickometer
circuit that monitored empty spout licking to operate a syringe pump
(Model A, Razel Scientific Instruments, Stamford, CT). A coupling
assembly attached the syringe pump to the catheter assembly on the
back of each rat and entered through a 5.0-cm diameter hole in the top
of the chamber. This assembly consisted of a metal spring attached to a
metal spacer with Tygon tubing inserted down the center, protecting
passage of the tubing from rat interference. The tubing was attached to
a counterbalanced swivel assembly (Instech, Plymouth Meeting, PA)
that, in turn, was attached to the syringe pump. Events in the chamber
and collection of data were controlled on-line with a Pentium com-
puter that used programs written in the Medstate notation language
(MED Associates).

2.4. Drug preparation

Individual 20-ml syringes were prepared for each self-adminis-
tration chamber prior to each daily session by diluting 4.0 ml of
cocaine HCI stock solution (1.24 g cocaine HCl 4 150 ml saline) with
16.0 ml of heparinized saline (0.1 ml 1000 IU heparin/60.0 ml saline)
for a dose of 0.33 mg/infusion. This dose of cocaine supports marked
and orderly cocaine self-administration behavior (Grigson and
Twining, 2002; Liu and Grigson, 2005; Wheeler et al., 2008).

2.5. Data collection

In an effort to be consistent with other self-administration data
collected in our laboratory (e.g., Grigson and Twining, 2002; Liu and
Grigson, 2005), habituation, self-administration training, extinction
training, and all experimental testing were conducted during the light
phase of the light/dark cycle. As such, it could be argued that all
animals experienced some degree of sleep deprivation. However,
daily training during the light cycle is a standard practice for the
development of self-administration behaviors. Training sessions were
only 60-90min in duration. In addition, sleep deprivation was not
forced during the sessions. The animals were free to sleep in the
chambers if they so chose (in fact, most did). Thus, these training
sessions imposed little, if any, sleep deprivation.

2.6. Habituation procedure

Rats were habituated to the operant chambers for 1 h/day for three
days prior to the beginning of self-administration training. During this
time, each rat was maintained on a water-deprivation regimen in
which they received 1-h daily access to water in the operant chamber
from the right spout during the habituation session and 25.0 ml of
water in the home cage overnight. Thereafter, rats were returned to ad
lib access to water for the duration of the study. See Fig. 1 for a
summary of behavioral training and experimental testing.

2.7. Self-administration and extinction procedures

2.7.1. Self-administration training

Self-administration training began immediately following the
3-day habituation phase. Each rat was trained during daily 90-min
sessions for 16 days. Specifically, rats were placed in the operant
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Fig. 1. Timeline of behavioral training and experimental testing.

chambers in darkness. Immediately upon initiation of the 90-min
session, the white noise was turned on, both spouts advanced into the
chamber, and the cue light above the active spout was illuminated.
The right spout was termed the “active” spout, while the left spout
was termed the “inactive” spout. A fixed ratio (FR) 10 schedule of
reinforcement was implemented initially (Days 1-12). During this time,
completion of 10 licks on the “active” spout was followed by a single
intravenous (i.v.) infusion of 0.33 mg cocaine over 6 s. Drug delivery
was signaled by offset of the stimulus light, spout retraction, and onset of
the tone and houselight. The tone and houselight remained on for a 20-s
timeout period. Responding on the “inactive” spout was without conse-
quence throughout each session. During the final four days of training
(Days 13-16), the reinforcement schedule was increased to an FR20 to
fully distinguish between active and inactive responding. Following
each self-administration training session, the rats were returned to their
home cages.

2.7.2. Extinction training

Extinction training began immediately following self-administra-
tion training, as previously described (Liu and Grigson, 2005), and
continued for 14 days. Conditions matched those employed during
self-administration training, except that completion of the required
number of licks on the FR20 schedule of reinforcement was no longer
followed by an i.v. infusion of cocaine. Behavior was considered to be
extinguished when the number of responses made on the previously
active and inactive spouts did not differ significantly for at least three
consecutive extinction trials.

2.8. Acute sleep deprivation procedure and experimental
testing procedures

2.8.1. Acute sleep deprivation

Acute sleep deprivation was conducted using the novel object
method described by Cirelli and colleagues (Cirelli et al., 1995; Cirelli
and Tononi, 2000; Vyazovskiy et al., 2007). The standard wire mesh
cages that served as home cages were not conducive to this method.
Therefore, following the fifth day of extinction training, all rats were
housed in Plexiglas home cages (46.0 cm in lengthx25.0 cm in
widthx21.5cm in height) with corncob bedding (Harlan Teklad,
Madison, WI). They remained in these Plexiglas home cages for the
duration of the study, thereby providing ample time for the animals to
become habituated to these new home cages prior to the imposition
of acute sleep deprivation. During acute sleep deprivation, novel
objects were introduced into the Plexiglas home cages of the rats. All
rats explored and interacted with these objects, even at the expense of
sleep. All animals were under constant investigator supervision for
the entire duration of acute sleep deprivation, such that objects could
be replaced if their novelty was lost (i.e., if rats stopped attending to
those objects). Investigators also introduced folded paper towels into
the cages, which prompted interaction by the rats. This approach
provides stimulation to the animal, but with less stress than that
incurred by other sleep deprivation methods. These methods have

been employed reliably for periods of time ranging from 1 to 24 h
(Tononi et al., 1994; Cirelli et al., 1999; Cirelli and Tononi, 2000). Rats
were divided into three groups: the SDy group (n=14) did not
receive any sleep deprivation; the SD4 group (n= 14) received 4 h of
total sleep deprivation; and the SDg group (n=14) received 8 h of
total sleep deprivation.

2.8.2. Cocaine-induced reinstatement testing

Twenty-four hours following the final day of extinction training, the
rats were acutely sleep-deprived, as described, and immediately tested
for cocaine-induced reinstatement. Testing occurred during the light
phase. During the cocaine-induced reinstatement test, rats were placed
in the operant chambers for a single 90-min session, with conditions
identical to those employed during extinction training. However,
45 min into the 90-min extinction session, a 0.33 mg infusion of cocaine
was passively administered i.v. Responding on the active and inactive
spout was measured both before and after the passive infusion.

2.8.3. Progressive ratio testing

An additional method that can be used to assess the impact of acute
sleep deprivation on responding for drug is the introduction of a PR
schedule of reinforcement to test how hard sleep-deprived rats are
willing to work for the drug. Thus, following cocaine-induced reinstate-
ment testing, rats were allowed one day to recover from sleep depriva-
tion. Rats in the same sleep deprivation groups were then subjected to a
second bout of acute sleep deprivation. Progressive ratio testing took
place immediately thereafter. During PR testing, rats were placed in the
operant chambers with conditions identical to those of self-adminis-
tration training, except that the number of active responses required to
receive each infusion progressively increased by a multiple of five for up
to ten infusions (1, 14+5=6,6+10=16, 164+ 15=31, 31 +20=51,
51+425=76, 76 +30=106, 106 +35=141, 141+40=181, 181+
45=226) . Thereafter, the number of required responses increased by
50 for each successive infusion (226 +50=276, 276 4+ 50 = 326,326 +
50=1376, etc.). During this PR session, rats were allowed to self-
administer cocaine (0.33 mg/infusion) until a period of 30 min elapsed
without receipt of an infusion. Rate of drug self-administration (inter-
infusion interval and load-up latency), as well as goal-directed
responding was measured (see Results for a more detailed description).

2.9. Data analysis

All data were analyzed with Statistica (StatSoft, Tulsa, OK) using
mixed factorial and one-way analysis of variance (ANOVA) tests, as
well as Student's t-tests. Newman-Keuls post hoc tests were con-
ducted on significant ANOVAs, when appropriate, with « set at 0.05.

3. Results
When examining the acquisition data, it became evident that there

were likely two separate groups of rats. Thus, prior to data analysis,
the number of infusions received during the final two days of self-
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administration training was averaged, and the rats were separated
into two groups using the median split of those means. Consistent
with previous findings (Grigson and Twining, 2002), this allowed for
the identification of two distinct sub-populations within our sample
population: low drug-takers (n=20) and high drug-takers (n=22).
These two sub-populations can be seen in Fig. 2, which illustrates the
bimodal distribution of cocaine self-administration.

Thus, during the terminal acquisition period, most rats in the low
drug-taking group took between 4 and 9 (median=>5.5, mean==6)
infusions of cocaine/90-min session, while most rats in the high drug-
taking group took between 18 and 24 (median=19, mean=21)
infusions/90-min session.

3.1. Acquisition and extinction

3.1.1. Acquisition: number of responses

Acquisition of cocaine self-administration was analyzed using a
2x2x16 mixed factorial ANOVA varying group (low drug-takers or
high drug-takers), spout (active or inactive), and trials (1-16). Signifi-
cant main effects of group, spout, and trial were obtained (see Fig. 3).

Overall, high drug-takers responded more than low drug-takers,
F(1, 78)=23.53, p<0.01, more active responses were made than
inactive responses, F(1, 78)=36.55, p<0.01, and responding in-
creased as self-administration trials progressed, F(15, 1170)=5.11,
p<0.01. In addition, significant two-way interactions were seen
between group and spout, as well as between spout and trial. Post
hoc tests of the significant group x spout interaction, F(1, 78) =7.26,
p<0.01, indicated that high drug-takers exhibited more active
responses than low drug-takers, overall, p <0.05. Post hoc analysis of
the significant spout x trials interaction, F(15, 1170) =10.90, p <0.01,
revealed that active responding was greater than inactive responding
across the 16 trials of acquisition overall, ps <0.05. Finally, the group x
spout x trial interaction also was significant, F(15, 1170)=5.60,
p<0.01. Post hoc Newman-Keuls tests of this three-way interaction
revealed that high drug-takers responded more on the active than the
inactive spout on Day 1 and on Days 11-16, ps<0.01 (see Fig. 3).
However, low drug-takers never displayed this behavior. That is, the
differences between active and inactive responding displayed by low
drug-takers were not statistically significant throughout the 16 days of
self-administration training.

3.1.2. Acquisition: response latency

Acquisition data also were evaluated by examining the effect of
group on the latency to self-administer the first infusion of cocaine
using a Student's t-test. In accordance with the infusion data, the high
drug-takers also were faster to take the first infusion (i.e., exhibited a
shorter latency) than the low drug-takers (p <0.01; see Fig. 4).
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Fig. 2. Bimodal distribution of mean number of SA infusions (low curve: yo=0; A=6;
u=17; 0=0.184; y*=21.42; high curve: yo=-0.0126; A= 2.62; u=15.479; 0= 0.3678;
x*>=27.037; median: 13).
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tion training. Closed symbols represent active responses, while open symbols represent
inactive responses. High drug-takers (n = 22) are represented by triangles, while circles
represent low drug-takers (n=20). *Denotes statistical significance (p <0.05).

3.1.3. Extinction

Extinction of self-administration training was analyzed similarly
using a 2x2x 14 mixed factorial ANOVA varying group (low drug-
takers or high drug-takers), spout (active or inactive), and trials
(17-30). Significant main effects of spout and trial were seen (see
Fig. 3). Overall, active responses remained greater than inactive
responses, F(1, 80)=28.30, p<0.01, and responding decreased as
extinction trials progressed, F(13, 1040)=35.14, p<0.01. However,
neither the main effect of group, nor the group x spout interaction was
significant, Fs < 1. A significant two-way interaction was seen between
spout and trial, F(13, 1040)=10.65, p<0.01, and post hoc tests
showed that all rats responded more on the active than the inactive
spout during trials 17-21, ps<0.01. In accordance, the group x spout x
trials interaction did not attain statistical significance, F< 1. This finding
confirmed that the high and the low drug-takers responded similarly on
the active and the inactive spouts throughout extinction. Thus, while the
low drug-takers failed to make significantly more responses on the
active than the inactive spout during acquisition, they exhibited a
marked increase in responding on the active spout early in extinction
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Fig. 4. Mean latency to first SA infusion. *Denotes statistical significance (p<0.01).
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training when the drug was removed. These data suggest that even the
low drug-takers were self-administering drug, but simply at a lower
level than the high drug-takers.

3.2. Cocaine-induced reinstatement

Cocaine-induced reinstatement was analyzed using a 2x2x3
mixed factorial ANOVA varying group (low drug-takers or high drug-
takers), test period (pre-drug or post-drug), and SD condition (SDy,
SD,, or SDg; see Fig. 5).

Significant main effects of group and test period were obtained,
showing that the high drug-takers responded more than the low
drug-takers, overall, F(1,36) =8.19, p<0.01, and post-drug respond-
ing (i.e., cocaine-induced reinstatement) was greater than pre-drug
responding, overall, F(1, 36) = 34.21, p <0.01. The main effect of sleep
deprivation condition was not statistically significant, F<1. Signifi-
cant two-way interactions, however, were found between test period
and sleep deprivation condition, F(2, 36) =3.34, p<0.05, as well as
between test period and group, F(1, 36)=4.51, p<0.05. Post hoc
tests of the test period x group interaction showed that while pre-
drug responding did not differ between the high and low drug-takers
( p>0.05), post-drug responding (i.e., cocaine-induced reinstate-
ment) was greater in the rats with a history of high drug taking
compared to those with a history of low drug taking, p <0.05.

These observations warranted closer inspection of the high and low
drug-taker groups, individually. Thus, the low and high drug-takers
were analyzed separately using a 2 x 3 mixed factorial ANOVA varying
test period (pre-drug or post-drug) and sleep deprivation condition
(SDg, SD4, or SDg). When the low drug-taker group was analyzed alone,
a significant two-way interaction was obtained between test period
and sleep deprivation condition, F(2, 17) =4.06, p<0.05. Post hoc
Newman-Keuls tests revealed that pre-drug responding did not differ
across sleep deprivation condition for the low drug-takers, ps>0.05
(see open bars in left panel of Fig. 5). However, post-drug responding
was significantly greater in the SDg group compared to the SD,and SDg
groups, ps <0.03, which did not differ from one another, ps>0.05 (see
hatched bars in left panel of Fig. 5). In addition, pre- versus post-drug
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Fig. 5. Mean number of infusion attempts made by rats in all three SD conditions (SDo,
SDg4, and SDg) during the 45 min extinction period before (open bars) and after (closed
bars) the passive infusion of cocaine. Rats with a history of low drug-taking (SDg: n=7,
SD4: n=6, and SDg: n=7) can be viewed in the left panel, while rats with a history of
high drug-taking (SDo: n=7, SD4: n=28, and SDg: n=7) can be viewed in the right
panel. *Denotes statistical significance (p <0.05).

responding did not differ in either the SD4 or SDg groups, ps> 0.05,
while it did differ for rats in the SDy group, p<.05. This finding
confirms that, unlike the non-sleep-deprived low drug-taking con-
trols, sleep-deprived low drug-takers failed to exhibit cocaine-induced
reinstatement (see left panel of Fig. 5).

A different pattern of behavior emerged for the high drug-takers.
Specifically, a similar analysis of the data from the high drug-taker group
revealed that the test period xSD condition interaction was not sig-
nificant, F<1 (see right panel of Fig. 5). The main effect of test period,
however, was statistically significant, F(1,19) =40.70,p <0.01, showing
higher post-drug responding than pre-drug responding, regardless of
SD condition. Student's t-tests confirmed that post-drug responding
was significantly greater than pre-drug responding for rats in all three
SD conditions (SDg, SD4, or SDg), ps<0.05. Acute sleep deprivation,
then, prevented cocaine-induced reinstatement in the low drug-takers.
High drug-takers, on the other hand, were motivated to seek drug
following the cocaine challenge whether they were, or were not, acutely
sleep-deprived.

3.3. Progressive ratio testing

Total number of infusions and inter-infusion intervals (i.e., the
amount of time between infusions) were analyzed for the PR data using
a 2x3 mixed factorial ANOVA varying group (low drug-takers or
high drug-takers) and SD condition (SDg, SD4, or SDg). Goal-directed
behavior, measured by comparing the number of active and inactive
responses as a percentage of total PR responding, also was analyzed
using a 2 x 2 x 3 mixed factorial ANOVA varying group (low drug-takers
or high drug-takers), spout (active or inactive), and sleep deprivation
condition (SDg, SDg4, or SDg). Student's t-tests were employed where
necessary.

3.3.1. Total infusion number

During PR testing, the high drug-takers exhibited higher break
points, overall, than did the low drug-takers. Consequently, the high
drug-takers took more infusions than did the low drug-takers during
the PR session (see Fig. 6).

This observation was confirmed by a significant main effect of
group, F(1,36) =20.50, p <0.01. Sleep deprivation condition, however,
had no significant effect on PR responding as indicated by a non-
significant main effect of SD condition, F<1, and a non-significant
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Fig. 6. Mean number of infusions self-administered by low and high drug-taking rats
across the three SD conditions during PR testing. Low drug-takers (SDo: n=7, SD4:
n=6, and SDg: n="7) can be viewed in the left panel and high drug-takers (SDo: n=7,
SD4: n=38, and SDg: n=7) in the right panel.
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group x SD condition interaction, F< 1. Simply put, all high drug-takers
worked for drug, while all low drug-takers did not, and acute sleep
deprivation was without effect on this measure. Indeed, even Student's
t-tests failed to reveal significant differences in PR responding between
the SDg group and the SD4 group, p>0.05, or between the SDgy group
and the SDg group, p>0.05, for the high drug-takers. Acute sleep
deprivation, then, did not significantly increase or significantly decrease,
a drug-experienced rat's willingness to work for drug across a
protracted PR session.

3.3.2. Inter-infusion interval

As indicated, we also were interested in the rate at which the rats
took drug when given the opportunity. When evaluating inter-infusion
intervals across the entire session, acute sleep deprivation had a clear
and marked facilitative effect (see Fig. 7).

The results of a 2x 3 mixed factorial ANOVA varying group (low
drug-takers or high drug-takers) and SD condition (SDg, SDg4, or SDg)
showed that the main effect of SD condition was significant, F(2,36) =
8.74, p<0.01, indicating that, overall, inter-infusion intervals were
shorter for sleep-deprived versus non-sleep-deprived rats. Post hoc
Newman-Keuls tests revealed that inter-infusion intervals for the SD,
group were significantly longer than inter-infusion intervals for the
SD,4 and SDg groups, ps <0.05, overall, which did not differ from one
another, p>0.05. Thus, acute sleep deprivation increased the rate
at which the rats self-administered the drug when tested on a PR
schedule of reinforcement. The groupxSD condition interaction,
however, was not significant, F<1, indicating that the facilitative
effect of sleep deprivation on the rate of drug infusion was the same for
the low and the high drug-takers.

3.3.3. Goal-directed behavior

Goal-directed behavior was analyzed by comparing active and
inactive responding during PR testing, both represented as percen-
tages of the total number of responses made during the testing period.
A significant main effect of spout was seen, F(1,36) =118.61, p<0.01,
indicating that, overall, more responses were made on the active spout
than on the inactive spout (see Fig. 8).

This high level of active responding was neither affected by group
(group x spout interaction, F<1) nor by SD condition (SD condition x
spout interaction, F<1). Even so, Student's t-tests revealed something
interesting. That is, for the low drug-takers in the SDg group, there was
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Fig. 7. Mean inter-infusion intervals for low and high drug-taking rats across all SD
conditions during PR testing. Low drug-takers (SDo: n=7, SD4: n=6, and SDg: n=7)
are shown in the left panel and high drug-takers (SDo: n=7, SD4: n=28, and SDg:
n=7) are shown in the right panel. *Denotes statistical significance (p <0.05).
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Fig. 8. Goal-directed behavior of low (left panel: SDy: n=7, SD4: n=6, and SDg: n=7)
and high (right panel: SDy: n=7, SD4: n =28, and SDg: n = 7) drug-taking rats across all
SD conditions presented as the comparison of active and inactive responses (both
represented as percentages of the total number of responses made) during PR testing.
*Denotes statistical significance (p <0.05).

no difference between active and inactive responding, p>0.05 (see
Fig. 8, left panel). This was not the case, however, for the low drug-
takers following acute sleep deprivation. Thus, while the non-sleep-
deprived low drug-takers failed to exhibit significant goal-directed
behavior, just 4-8 h of acute sleep deprivation led low drug-takers to
make significantly more responses on the active versus the inactive
spout, ps <0.05. Similar goal-directed behavior was seen for the high
drug-takers, but this effect was significant across all SD conditions,
ps<0.05, (see Fig. 8, right panel). These results demonstrate that
acute sleep deprivation focuses the behavior of low drug-taking rats
on the active (i.e., drug-associated) spout. A full overview of the
results of the current study can be viewed in Table 1.

3.4. General discussion

The existence of distinct low and high drug-taking sub-popula-
tions of outbred Sprague-Dawley rats has been well documented.
Piazza et al. (1989) were the first to characterize individual differ-
ences in the vulnerability to self-administer substances of abuse on
the basis of locomotor response following placement into a novel
environment. Two groups were identified: low responders (who
exhibited low levels of locomotor activity) and high responders (who

Table 1
Behavioral effects of acute sleep deprivation.

GROUP GROUP
Low High

Cocaine-induced reinstatement aF — — e 4e +
PR Infusion # ! ! ! il 1 1
Inter-infusion interval 1 ! m 1 1 !
Goal-directed behavior - + s uE + +

Plus (+) and minus (-) signs indicate the presence or absence of behavior, respectively.
Arrows indicate an increase or decrease in the variable in question, as well as the
magnitude of that change (e.g., 11 indicates an increase of greater magnitude than 1).
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exhibited high levels of locomotor activity). When tested with drug
self-administration (i.e., amphetamine or cocaine), the high respon-
ders self-administered more drug than did the low responders (Piazza
etal., 1989; Piazza et al., 2000) and they exhibited a greater dopamine
response in the nucleus accumbens following the administration of
cocaine (Hooks et al., 1991). Thus, the high responders were thought
to be more sensitive to the rewarding properties of drug compared to
the low responders. In accordance, the high responders were initially
faster at acquiring drug self-administration than the low responders
(i.e., high responders exhibited statistically higher active than inactive
responding sooner than low responders). However, that group
difference was attenuated as self-administration training progressed
and active responding made by the low responders increased (Piazza
et al,, 1989).

In general, these findings are consistent with our data. Grigson and
Twining (2002) reported that outbred male Sprague-Dawley rats
given daily saccharin-cocaine (FR10 0.33 mg/infusion 1 h) pairings
also could be divided into two separate groups: large suppressors and
small suppressors. Large suppressors greatly reduced intake of the
saccharin cue following saccharin-cocaine pairings, while small
suppressors did not. Importantly, when given the opportunity to
self-administer cocaine, the rats that most greatly avoided the
saccharin cue (i.e., the large suppressors), self-administered three to
four times as much cocaine as did the small suppressors. Greater
avoidance of the drug-associated taste cue, then, was correlated with
greater drug-taking behavior, and some rats were more sensitive than
others. Of course, this behavior develops across training trials and, by
definition, cannot be used, a priori, to predict who will and will not
take drug. Even so, these group differences emerge relatively early
and are sustained throughout training. As such, the paradigm is useful
for addressing questions related to the acquisition of drug-taking
behavior, maintenance of drug-taking behavior, and relapse as well.
Finally, it should be noted that, although it is tempting to conclude
that the high and low drug-takers in the saccharin-cocaine paradigm
(Grigson and Twining, 2002) are the same as those revealed in the
present paradigm (cocaine self-administration only), we cannot know
this. Thus, we draw conclusions across the two paradigms with some
caution.

Once divided on the basis of terminal cocaine intake, the high
drug-takers in the present study took more drug, by definition, than
did the low drug-takers (~20 versus 6 infusions/90 min session,
respectively). The high drug-takers also initiated the first infusion
more quickly and they made significantly more responses on the
active than the inactive spout. The low drug-takers, on the other hand,
failed to make significantly more responses on the active than the
inactive spout during acquisition. This, however, should not be taken
as evidence that the low drug-takers were unmotivated to take drug,
because, when shifted to extinction, responses on the previously
active spout increased considerably for these low drug-takers. Indeed,
during the first five days of extinction, the number of responses made
on the previously active spout by the low drug-takers was signifi-
cantly higher than the number made on the previously inactive spout,
and these numbers did not differ from those made by the high drug-
takers during the same time period. Thus, during acquisition, high
drug-takers are motivated to take a high number of infusions and low
drug-takers are motivated to take a low number of infusions.

When tested in a non-sleep-deprived state, both the low and the
high drug-takers exhibited marked drug-induced reinstatement,
which did not differ between the two groups. Acute sleep deprivation
(4 or 8 h) had no significant effect on this behavior in the high drug-
takers. All high drug-takers exhibited marked drug-induced reinstate-
ment, regardless of sleep deprivation condition. In the low drug-
takers, however, acute sleep deprivation (4 or 8 h) fully prevented
drug-seeking behavior following the cocaine challenge. When observ-
ing the behavior of the rats, the explanation for these data was obvious.
Rather than seek a drug that was not available (the rats received

only a single, passive infusion during cocaine-induced reinstatement
testing), sleep-deprived low drug-takers chose to sleep. Competing
biological motivations, then, lie at the crux of these effects. High drug-
takers are highly motivated to seek and take drug. In the case of our
high drug-taking rats, the motivation to seek drug overrode the
motivation to sleep, even when tested after 4 or 8 h of acute sleep
deprivation. Low drug-takers, on the other hand, do not possess the
same high level of motivation for drug. Thus, in the absence of drug, the
motivation to sleep overpowered the motivation to seek drug. This
general pattern of behavior is interesting when considering the
behavior of low drug-takers in the saccharin-cocaine paradigm
(Grigson and Twining, 2002). In that case, when saccharin predicted
the opportunity to self-administer drug, thirsty low drug-takers
continued to consume a great deal of the saccharin cue while thirsty
high drug-takers did not. Low drug-takers, then, may be less respon-
sive to drug and more responsive to alternative natural rewards (like
fluid or sweets when thirsty or hungry, or sleep when sleep-deprived).
Perhaps similar individual differences in the motivation for drug also
affect choice when involving other competing motivations, such as
caring for one’'s offspring (Seip and Morrell, 2007).

Although the cocaine-induced reinstatement paradigm was
informative, it does not mimic relapse situations encountered by
human addicts. That is, when human addicts relapse, the drug is either
readily available or it can be acquired. Thus, we re-evaluated the
impact of acute sleep deprivation on responding when drug was
present using a PR schedule of reinforcement. As was evident with FR
testing during acquisition, the high drug-takers worked harder on the
PR schedule for drug than did the low drug-takers. In general, despite
the increased workload, both the high and the low drug-takers main-
tained the same number of infusions that they were accustomed to
self-administering when working on the FR schedules of reinforce-
ment (i.e., ~20 versus 6 infusions/session, respectively). Interestingly,
the low drug-takers maintained this infusion number on the PR
schedule even when sleep-deprived. This finding suggests that acute
sleep deprivation did not increase break point (i.e., did not increase
the apparent perceived incentive value of the drug) for the low drug-
takers, and the ratio requirement was, presumably, not a strain for
these rats. The high drug-takers, on the other hand, tended to exhibit
lower break points when sleep-deprived. This trend toward a
decrease in break point could indicate that acute sleep deprivation
decreased the perceived value of the cocaine reward for the high
drug-takers or, alternatively, that the drive for sleep simply interfered
with completing the higher ratio requirements.

We suspect the latter because, on the whole, the evidence suggests
that acute sleep deprivation increases, rather than decreases, the
drive to self-administer cocaine. First, all sleep-deprived rats (low and
high drug-takers) self-administered cocaine at a faster rate than did
their non-sleep-deprived counterparts, as indicated by a significant
decrease in inter-infusion interval. Of course, by definition, inter-
infusion intervals increase as a function of the number of infusions
self-administered across the PR test (i.e., as the number of infusions
being self-administered increases, more licks are required/infusion
and, thus, more time is required to reach the next infusion). Even so,
the facilitative effect of sleep deprivation on inter-infusion interval
cannot be fully accounted for by mere differences in the number of
infusions administered, because inter-infusion intervals were shorter
for sleep-deprived low and high drug-takers even though the total
number of infusions obtained was not significantly reduced relative to
non-sleep-deprived controls. Second, acute sleep deprivation also
served to focus drug-seeking behavior when responding for drug on
the PR schedule. Of particular interest is the finding that 4 or 8 h of
acute sleep deprivation led to marked goal-directed behavior in
the low drug-taking population of rats. In accordance, other data
have linked an increase in goal-directed behavior to an increase in
motivation (Kuntz et al., 2008). Therefore, the increases in the moti-
vation to self-administer drug, resulting from acute sleep deprivation,
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evident in both low and high drug-taking rats in the present study,
appear to reflect an increase in drive (i.e., as evidenced by an increase
in rate of infusion among low and high drug-takers, and an increase in
the goal-directed nature of the drug-seeking behavior exhibited by
the low drug-takers) rather than an increase in the perceived incen-
tive value of the drug (i.e., as evidenced by a failure to significantly
alter PR responding for drug). Again, competing biological motiva-
tions appear to elucidate these effects. When drug is available, the
motivation to sleep appears to drive the motivation to take drug at a
faster rate and to seek drug more efficiently (i.e., the motivation to
sleep and the motivation to seek and take drug coexist, and the
animals strive to satisfy the need to take drug so that the need to sleep
can then also be satisfied).

The facilitative effect of sleep deprivation on drug-seeking and
drug-taking behavior, in the presence of the drug, is consistent with
other data showing a sleep-deprivation-induced increase in respond-
ing for a reward. Specifically, sleep deprivation also increased the rate
of responding for rewarding electrical brain stimulation and lowered
the threshold for intracranial self-stimulation (Steiner and Ellman,
1972). In the present case, however, it appeared that the increase in
the rate of responding for drug related not only to the drive for the
drug, but also to the drive to sleep. An interesting study of night eating
syndrome in humans conducted by O'Reardon et al. (2006) may shed
some light on these results. Night eating syndrome is an eating
disorder characterized by nocturnal awakenings, during which the
individual engages in ingestive behaviors. This syndrome may relate
to the drug-seeking behaviors we observed in sleep-deprived rats,
since it too involves competing biological motivations between
the drive to eat and the drive to sleep. Thus, in the case of night
eating syndrome, the motivation or desire to eat is so powerful that
individuals awaken during the night in order to satisfy their hunger.
When individuals suffering from this disorder were asked to keep a
diary of the times they woke during the night to eat, and their
associated feelings, many subjects failed to report nighttime eating
episodes or to record how they were feeling because they began
eating almost immediately after awakening and, thereafter, quickly
returned to sleep. In essence, the patients did not have time to record
their data because they were racing to eat and then rapidly returned
to sleep. Similar pressures may have dictated the behavior of our
sleep-deprived rats that very rapidly took the “requisite” amount of
drug and then promptly fell asleep.

Finally, while acute sleep deprivation may be responsible for the
effects discussed here, the possibility must be considered that these
effects may not be specific to sleep deprivation, per se. Thus, it may be
the case that they are a more general consequence of the creation of a
biological state of deprivation. In fact, it has been shown that acute
food deprivation induces reinstatement of heroin and cocaine seeking
inrats (Shalev et al., 2000a; Shalev et al., 2000b) and, also, that chronic
food restriction augments the central rewarding effects of cocaine in
rats (Carr et al., 2000). Thus, rats in need of food, water, or salt, for
example, also may rapidly take drug before turning to satisfy the
alternative need state. This more general hypothesis remains to be
tested.

As previously stated, 17% of Americans meet the diagnostic
criteria for some form of substance dependence (Anthony and Helzer,
1991) and 90% of these individuals will relapse even after prolonged
periods of abstinence (DeJong, 1994). Like substance abuse and ad-
diction, sleep deprivation also is ubiquitous in our society. Sixty-five
percent of Americans report experiencing symptoms of a sleep
problem several nights per week (National Sleep Foundation, http://
www.sleepfoundation.org). Finally, the problems associated with
each of these conditions are greatly exacerbated when these two
diagnoses intersect. For example, in the rat population, high re-
sponders in the locomotor task (i.e., those likely to be high drug-
takers) exhibited greater amounts of wakefulness and less slow wave
sleep compared to low responders (Bouyer et al., 1998). Similarly,

abstinence and withdrawal in humans are associated with difficulty
sleeping and frank insomnia (Malcolm et al., 2007) and it is now clear
that sleep deprivation causes relapse in humans (Brower, 2001; Clark
et al., 1998; Foster and Peters, 1999; Gillin et al., 1994). Along with
these reports, the present data show that even acute sleep depri-
vation markedly increases the rate of drug-taking in low and high
drug-takers and the sharpening of goal-directed behavior in the rats
that, otherwise, would not exhibit goal-directed behavior (i.e., in rats
with a history of low drug-taking). Given that humans suffer pri-
marily from chronic, rather than acute, sleep deprivation, future
studies must examine the effect of both acute and chronic sleep
deprivation on acquisition, maintenance, and reinstatement of drug-
seeking and drug-taking behavior, and must begin to examine the
underlying neural correlates. In addition, it will be important to
assess the impact of both acute and chronic sleep deprivation using a
CNS depressant, such as an opiate (e.g., heroin or morphine). Finally,
given the prevalence of chronic sleep deprivation in the adolescent
population (Carskadon, 1990) and the adolescent's propensity for
drug-taking behavior, future studies also must examine the impact of
chronic sleep deprivation on both acquisition and reinstatement of
drug-taking behavior in the adolescent rat.
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