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The relative intermittency or continuity of drug delivery is a major determinant of addictive liability, and also influences the impact of drug

exposure on brain function and behavior. Events that occur during the offset of drug action (ie, acute withdrawal) may have an important

role in the consequences of intermittent drug exposure. We assessed whether recurrent episodes of acute withdrawal contribute to the

development of psychomotor sensitization in rodents during daily morphine exposure. The acoustic startle reflexFa measure of anxiety

induced by opiate withdrawalFwas used to resolve and quantify discrete withdrawal episodes, and pharmacological interventions were

used to manipulate withdrawal severity. Startle potentiation was observed during spontaneous withdrawal from a single morphine

exposure, and individual differences in initial withdrawal severity positively predicted the subsequent development of sensitization.

Manipulations that reduce or exacerbate withdrawal severity also produced parallel changes in the degree of sensitization. These results

demonstrate that the episodic experience of withdrawal during daily drug exposure has a novel role in promoting the development of

psychomotor sensitizationFa prominent model of drug-induced neurobehavioral plasticity. Episodic withdrawal may have a pervasive

role in many effects of intermittent drug exposure and contribute to the development of addiction.
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INTRODUCTION

The development of drug addiction involves adaptations in
brain function caused by chronic drug use (Hyman et al,
2006; Kalivas and O’Brien, 2008; Koob and Kreek, 2007;
Koob and Volkow, 2010; Robinson and Berridge, 2003).
A large body of preclinical evidence suggests that the impact
of drug exposure on brain function and behavior depends
critically on the pattern of administration, specifically
whether drug exposure is continuous or intermittent
(Breese et al, 2005a; Fitzgerald et al, 1996; Gao et al, 1998;
Houshyar et al, 2003, 2004; Ibuki et al, 1997; Lichtblau and
Sparber, 1981; Post, 1980; Skjei and Markou, 2003; Tjon
et al, 1997). Human drug abuse is a fundamentally
intermittent activity, routinely interrupted by periods of
sleep or limited drug supply (Baker et al, 2004; Dole et al,
1966; Koob and Kreek, 2007), and rapid drug delivery
promotes the development of addiction (Samaha and
Robinson, 2005). In contrast, continuous modes of drug
delivery, such as the nicotine patch or methadone main-
tenance, have low addictive liability and are used as

therapeutic treatments to reduce withdrawal and craving
(Dole et al, 1966; Henningfield and Keenan, 1993).

During intermittent drug administration, drug levels rise and
fall dynamically over time. Although the onset of drug action is
associated with rewarding effects, the offset of drug action
generates a negative emotional state of withdrawal that
includes symptoms of anxiety, irritability, and dysphoria
(Koob and Volkow, 2010). Withdrawal is often associated with
the termination of chronic drug exposure, but spontaneous
signs of withdrawal can be detected after a single drug
exposure in humans (Breiter et al, 1997; Kirby and Stitzer,
1993; Van Dyke and Byck, 1982) and rodents (Laulin et al,
1998; Rothwell et al, 2009). These episodes of ‘acute with-
drawal’ represent an intrinsic feature of intermittent drug
abuse (Baker et al, 2004; Dole et al, 1966) that contribute to
some unique effects of intermittent drug exposure (Breese et al,
2005a, b; Houshyar et al, 2003, 2004). In human populations,
individual differences in withdrawal severity are an important
risk factor for the development of addiction (Piasecki et al,
2005), and intense withdrawal symptoms predict a greater
response to subsequent drug exposure (Newton et al, 2003;
Uslaner et al, 1999). In the present study, we have examined
whether recurrent episodes of acute withdrawal contribute to a
specific effect of intermittent morphine exposure: the develop-
ment of psychomotor sensitization.

In rodents, the psychomotor-activating effects of most
addictive drugs are progressively and persistently enhanced
by repeated administration, a phenomenon known asReceived 27 May 2010; revised 26 July 2010; accepted 28 July 2010
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psychomotor sensitization (Robinson and Becker, 1986;
Stewart and Badiani, 1993). This change is accompanied
by sensitization to the rewarding properties of drugs
(Robinson and Berridge, 2003; Vezina, 2004) and increased
mesolimbic dompaine release (Spanagel et al, 1993), as well
as other adaptations in the mesolimbic dopamine system
(Vanderschuren and Kalivas, 2000). This evidence suggests
that the development of sensitization may model the
intensification of drug craving in human addicts (Robinson
and Berridge, 1993). Sensitization is induced by exposure
to most abused drugs, as well as by stressful experience
(Kalivas and Stewart, 1991), and is one of the most
prominent and thoroughly studied models of long-lasting
drug-induced neurobehavioral plasticity. Although toler-
ance is commonly observed after continuous exposure,
sensitization to both the psychomotor-activating and
rewarding properties of drugs is most robust following
intermittent exposure (Hammer et al, 1997; Hope et al,
2005; King et al, 1992; Nelson and Ellison, 1978; Post, 1980;
Reith et al, 1987; Russo et al, 2007; Shippenberg et al, 1988,
1996; Shippenberg and Heidbreder, 1995). Despite this
extensive evidence, it remains unclear why intermittent
drug exposure is so critical for generating sensitization.

While monitoring the development of psychomotor
sensitization during daily morphine exposure in rats, we
concurrently measured the severity of individual withdrawal
episodes using the acoustic startle reflex, a validated index of
anxiety in humans and animals (Davis et al, 2010) that is
reliably elevated during withdrawal from acute opiate
exposure (Cabral et al, 2009; Harris and Gewirtz, 2004;
Kalinichev and Holtzman, 2003; Rothwell et al, 2009). Not
only did the initial severity of withdrawal predict the eventual
degree of psychomotor sensitization, but pharmacological
manipulations that reduce or exacerbate withdrawal also
caused parallel changes in the degree of sensitization. These
results suggest a novel mechanism for the development of
psychomotor sensitization and have important implications
for understanding the differential impact of intermittent and
continuous drug exposure on the development of addiction.

MATERIALS AND METHODS

Subjects

Male Sprague–Dawley rats (Harlan, Indianapolis, IN) were
housed in groups of 4–5, in metal cages with a 12-h light/
dark cycle (light on 0800–2000 h) and free access to food
and water except during testing. Rats were allowed to
acclimate to housing conditions for 2 weeks after arrival,
were gently handled for two consecutive days before any
testing or drug treatment, and weighed 250–350 g at the
beginning of each experiment. All procedures conformed to
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the University
of Minnesota Institutional Animal Care and Use Committee.

Drugs

Morphine sulfate was provided by the National Institute on
Drug Abuse (Rockville, MD). Naloxone hydrochloride was
obtained from Sigma (St Louis, MO). All drugs were
dissolved in 0.9% saline and injected subcutaneously in a

volume of 1 mL per kg body weight, except in Experiment 1,
in which morphine was given intraperitonially. All drug
doses are expressed as the weight of the salt.

Acoustic Startle

The apparatus for testing acoustic startle has been described
previously (Engelmann et al, 2009; Rothwell et al, 2009). To
acclimate animals to the testing procedure, acoustic startle
was tested on each of two days before drug exposure. For
each session, rats were placed in the startle chambers for a
5-min acclimation period, and then presented with 40
startle stimuli (20 each at 95 or 105 dB in semi-random
order) with a 30-second inter-stimulus interval.

Locomotor Activity

As previously described (Ferguson et al, 2004), locomotor
activity was monitored in clear plastic cages (8.500 � 17.500

� 900) with a central insert (2.500 � 900 � 900) and pine
shavings or ground corncob bedding on the floor. Each
cage was placed in a metal frame containing five sets of
infrared photobeams, which traversed the short axis of the
cage 200 above the ground. A computer running custom
software (Applied Concepts, Ann Arbor, MI) monitored the
number of ‘crossovers’, defined by the successive interrup-
tion of beams on opposite ends of the cage. Crossovers were
analyzed in 10-min bins and also summed across the entire
experimental session. In Experiment 1, the day before the
first drug exposure, rats were placed in activity monitors
immediately after startle testing. After a 30-min habituation
(which was used to measure the locomotor response to
noveltyFsee Table 1), rats were injected with saline and
remained in the activity monitors for 2 h. In all experiments,
this habituation procedure was also conducted the day
before Morphine Challenge (see below).

Experiment 1: Concurrent Measurement of Withdrawal
Severity and Psychomotor Sensitization

Using data from the habituation sessions for acoustic startle
and locomotor activity, animals were matched into experi-
mental groups with similar mean startle amplitudes and
similar activity levels following saline injection. Daily
morphine injections were given over the course of 6 days
(Figure 1a), with a dosing regimen used in previous studies
of morphine sensitization in rats (Kalivas and Duffy, 1987).
The first day (‘Initial Test’) and last day (‘Final Test’) began
with a baseline startle session, after which rats were
transferred to the activity monitors. Around 30 min later,
they were injected with either saline or morphine (3.2 mg/
kg); this moderate dose was used to avoid locomotor
suppression produced by higher morphine doses (Babbini
and Davis, 1972). Activity was monitored for 110 min before
returning animals to the startle chambers for a test session
2 h after morphine injection, the time of peak startle
potentiation following 3.2 mg/kg morphine (Harris and
Gewirtz, 2004). The 4 days between the Initial and Final Test
(‘Intervening Days’) began with baseline startle and 30 min
habituation in the activity monitors. Rats were then injected
with saline or a higher dose of morphine (10 mg/kg) that
acutely suppresses locomotor activity (Babbini and Davis,
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1972), but facilitates the development of sensitization
(Ferguson et al, 2004; Kalivas and Duffy, 1987). They
remained in the activity monitors for 2 h before being
returned to the colony for two additional hours. Startle was
then tested 4 h after morphine injection, the time of peak
startle potentiation following 10 mg/kg morphine (Harris
and Gewirtz, 2004; Rothwell et al, 2009). In an additional
study (Supplementary Figure 1), we used a similar protocol,

but did not test startle on the Intervening Days. To
determine the persistence of changes in locomotor activity
following repeated morphine exposure, we conducted a
‘Morphine Challenge’ 7 days after the Final Test. Following
a 30 min habituation period, all rats were injected with
3.2 mg/kg morphine and monitored for 2 h, to compare the
response to morphine following previous saline or mor-
phine treatment.

Experiment 2: Reducing Withdrawal by Decreasing
the Interval Between Morphine Injections

The purpose of this experiment was to attenuate acute
withdrawal by giving morphine injections in rapid succes-
sion (Rothwell et al, 2009), and examine the impact on
sensitization. Rats received cycles of four morphine
injections (10 mg/kg each), administered in the colony.
Within each cycle, morphine injections were given B24 h
apart, or every 3 h on a single day (Figure 3a). A separate
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Figure 1 Concurrent measurement of withdrawal-potentiated startle and
psychomotor sensitization. (a) Experimental timelineFlocomotor activity and
acoustic startle were tested after daily administration of morphine. The
experimental procedures within each day and across days are laid out vertically
and horizontally, respectively. Note that startle was tested at different time
points after different doses of morphine (2 h after 3.2 vs 4 h after 10 mg/kg). (b)
Percent change in startle following injection of saline (open symbols, n¼ 24) or
morphine (filled symbols, n¼ 23), vertically aligned with the timeline in panel (a).
(c) Locomotor activity in the same group of animals. (d) Time course showing
the locomotor response of both groups to Morphine Challenge (left) and
cumulative response (right). *Significant difference between saline and
morphine. #Significant difference between Final Test and Initial Test. $Significant
Group�Day interaction.

Table 1 Correlations Between Behavioral Parameters in
Experiment 1

Variables Group Statistics

Withdrawal-potentiated startle on intervening days

ID1 vs ID2 Morphine r¼0.47, p¼ 0.029*

ID1 vs ID3 Morphine r¼0.52, p¼ 0.011*

ID1 vs ID4 Morphine r¼0.47, p¼ 0.024*

ID2 vs ID3 Morphine r¼0.47, p¼ 0.027*

ID2 vs ID4 Morphine r¼0.57, p¼ 0.005*

ID3 vs ID4 Morphine r¼ 0.40, p¼ 0.061

Withdrawal severity and sensitization

ID1 withdrawal vs composite
sensitization

Morphine r¼0.50, p¼ 0.016*

ID1 withdrawal vs Final test
sensitization

Morphine r¼0.44, p¼ 0.035*

ID1 withdrawal vs Challenge
sensitization

Morphine r¼0.42, p¼ 0.045*

ID1 withdrawal vs Challenge
locomotion

Saline r¼�0.062, p¼ 0.77

Other factors

Escalation of withdrawal severity vs
sensitization

Morphine r¼ 0.21, p¼ 0.33

ID1 baseline startle vs sensitization Morphine r¼ 0.21, p¼ 0.33

Response to novelty vs sensitization Morphine r¼ 0.01, p¼ 0.97

Response to novelty vs Initial
Test locomotion

Morphine r¼0.71, p¼ 0.001*

Abbreviation: ID, Intervening Day.
Pearson’s correlation coefficient is presented for each pair of variables in the
indicated group; significant correlations are shown in bold. Sensitization in the
morphine group was computed by subtracting the Initial Test locomotor
response from the Final Test, Morphine Challenge, or their composite average.
In the saline group, the locomotor response to Morphine Challenge was
analyzed. Escalation of withdrawal severity represents the difference in
withdrawal-potentiated startle on the Final Test versus the Initial Test. The
response to novelty was measured during the first 30 min of the initial exposure
to the activity monitor context.

Withdrawal promotes sensitization
PE Rothwell et al

2581

Neuropsychopharmacology



control group received only saline injections, and an
additional control group received a single morphine
injection at the end of each cycle. All rats were given the
same total number of injections, receiving saline when they
were not scheduled to receive morphine. To control for
circadian effects when giving morphine every 3 h (eg, 0900,
1200, 1500, and 1800 h), daily injections were matched to
these same times of day over the course of each cycle.

To verify the effectiveness of this manipulation, a
preliminary study was conducted in which startle was
measured on each of 2 days before the first injection, as well
as 4 h after each injection across a single cycle. Because we
were concerned that the mild stress associated with
repeated startle testing (Roy et al, 2007) might obscure
subtle differences between groups in the degree of
sensitization, a separate group of rats received two cycles
of morphine injections (separated by 3–4 days) with no
startle testing. Sensitization was assessed in this latter
group by Morphine Challenge 7 days after the end of the
second injection cycle. After a 30 min habituation period,
all rats were injected with 3.2 mg/kg morphine and
monitored for 3 h.

Experiment 3: Enhancing Withdrawal Through
Naloxone Treatment

The purpose of this experiment was to use naloxone as
a pharmacological tool to exacerbate the severity of
withdrawal, and examine the impact on sensitization. A
number of studies have shown naloxone can precipitate
signs of withdrawal when administered 24 h after acute
morphine exposure (Araki et al, 2004; Eisenberg, 1982;
Gellert and Sparber, 1977; Jin et al, 2004; Parker and Joshi,
1998). We selected a dose (2.5 mg/kg) that produces startle
potentiation and conditioned place aversion 24 h after a
single morphine exposure (Rothwell et al, 2009). Rats
received four daily injections of morphine (10 mg/kg) or
saline in the colony. Each of these injections was followed
B20 h later by exposure to naloxone (2.5 mg/kg) or saline
(Figure 4a), an interval that allows spontaneous withdrawal
to unfold normally following each morphine exposure,
without interfering with the subsequent injection of
morphine B4 h later (Berkowitz et al, 1975). Sensitization
was assessed by administering a Morphine Challenge (1 or
3.2 mg/kg) to all rats in the activity monitors, 7 days after
the last morphine injection, using the same procedure as
Experiment 2.

Data Analysis

Startle data were collapsed across both intensities (95/
105 dB) before statistical analysis (Harris and Gewirtz, 2004;
Rothwell et al, 2009). In Experiments 1 and 2, we first
conducted an analysis of variance to verify similar baseline
startle amplitude between experimental groups; there were
no differences in baseline startle between groups (Table 2
and data not shown). In Experiment 1, changes in startle
following morphine administration were calculated as
percent change from baseline on the same day (Walker
and Davis, 2002). In Experiment 2, mean startle amplitude
from the 2 days of testing before drug exposure was used to
calculate percent change on each subsequent day. One rat

from Experiment 1 and two rats from Experiment 2 were
excluded from analysis because of unusually low baseline
startle (ie, o10 units) (Harris et al, 2008; Lee and Davis,
1997). A composite index of sensitization was calculated in
Experiment 1 by averaging the total number of crossovers
on the Final Test and Morphine Challenge, and then
subtracting the total number of crossovers on the Initial
Test.

All data were analyzed using factorial analysis of variance,
with repeated measures on within-subject factors. For main
effects or interactions involving repeated measures, the
Huynh–Feldt correction was applied to control potential
violations of the sphericity assumption. Student–Newman–
Keuls (SNK) post-hoc tests were conducted after significant
main effects, whereas significant interactions were decom-
posed with tests for simple effects (Keppel, 1991). All
statistical analyses were conducted using SPSS (version
13.0) with a type I error rate of a¼ 0.05 (two-tailed). Group
sizes for each experiment are indicated in figure legends.

RESULTS

Experiment 1: Concurrent Measurement of Withdrawal
Severity and Psychomotor Sensitization

The schematic in Figure 1a shows the experimental
procedure within each day (laid out vertically), as well as
across days (laid out horizontally). Significant withdrawal-
potentiated startle was observed on the Initial Test after
the very first exposure to a modest dose of morphine
(3.2 mg/kg; Figure 1b, left) (F1,45¼ 11.70, p¼ 0.001). Over
the next four Intervening Days, consistent increases in
startle were observed following each injection of 10 mg/kg
morphine (main effect of Group: F1,43¼ 36.71, po0.001;
Group�Day interaction: F3,129 o1). There were also reli-
able individual differences between animals in the severity
of this acute withdrawal state across the Intervening Days
(Table 1). Comparing the degree of startle potentiation
on the Final Test with the Initial Test, there were
main effects of Group (F1,45¼ 28.7, po0.001) and Day
(F1,45¼ 19.9, po0.001), but only a borderline interaction
(F1,45¼ 2.20, p¼ 0.14). The magnitude of startle potentia-
tion in the morphine group was significantly increased on
the Final Test relative to the Initial Test (F1,22¼ 12.32,
p¼ 0.002), suggesting an escalation of withdrawal severity
after repeated morphine exposure. However, there was also
a small, but significant increase in startle potentiation in the
saline group (F1,23¼ 7.45, p¼ 0.012), contributing to the
lack of a robust interaction. This latter finding may be
related to a decrease in baseline startle levels that developed
over the course of repeated daily testing (Table 2).

To confirm that the apparent escalation of withdrawal
severity was not an indirect consequence of repeated startle
testing, a separate group of animals was given the same
drug treatment, but startle was not tested on the Intervening
Days. Under these conditions we observed a significant
Treatment�Day interaction (F1,14¼ 18.23, p¼ 0.001) (Sup-
plementary Figure 1). The saline group showed no change
in startle on the Initial or Final Test (F1,7o1), whereas
the morphine group still showed greater withdrawal-
potentiated startle on the Final Test relative to the Initial
Test (F1,7¼ 24.30, p¼ 0.002). In this experiment, we also
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found that escalation of withdrawal severity was
no longer observed 7 days after the Final Test (Supple-
mentary Figure 1).

There was a tendency for increased locomotor activity
in the morphine group on the Initial Test (Figure 1c, left)
(F1,45¼ 3.13, p¼ 0.083). Over the next four Intervening
Days there was a significant Group�Day interaction
(F3,123¼ 3.34, p¼ 0.044), indicating no change in activity
in the saline group (linear trend: F1,21o1), but a tendency
towards an increase in the morphine group (linear trend:
F1,20¼ 3.88, p¼ 0.063). The difference between groups was
more pronounced on the Final Test, with the morphine
group responding significantly more than the saline group
(F1,45¼ 23.33, po0.001) and also significantly more than on
the Initial Test (F1,22¼ 19.10, po0.001). This overall pattern
was confirmed by a Group�Test interaction (F1,45¼ 19.72,
po0.001). To examine the persistence of sensitization, both
groups were challenged with morphine (3.2 mg/kg) 1 week
after the Final Test. The locomotor response to Morphine
Challenge had a biphasic temporal pattern (Figure 1d), with
the morphine group responding significantly more than the
saline group (Figure 1d, right) (F1,45¼ 12.39, p¼ 0.001).

We next investigated the relationship between withdrawal
severity and the development of psychomotor sensitization.
The locomotor response of individual animals in the
morphine group was similar on the Final Test and
Morphine Challenge (r¼ 0.59, p¼ 0.003), so both values
were averaged together for each individual rat. The
locomotor response on the Initial Test was subtracted from
this average to provide a composite index of sensitization.
We compared this value to the magnitude of withdrawal-
potentiated startle on the first Intervening Day, as a
measure of initial withdrawal severity following the first
exposure to a high dose of morphine. There was a signifi-
cant positive correlation between these two parameters in
the morphine group (Figure 2) (r¼ 0.50, p¼ 0.016), with
more severe withdrawal predicting a higher degree of
sensitization following repeated morphine injections. A
similar relationship was observed when initial withdrawal
severity was compared with the degree of sensitization on

either the Final Test or Morphine Challenge alone (Table 1).
There was no relationship between startle potentiation on
first Intervening Day and the locomotor response to
Morphine Challenge in the saline group (Figure 2),
demonstrating that the positive correlation in the morphine
group is not an artifact of our testing procedure or analysis.
There was also no predictive relationship between the
degree of sensitization and the locomotor response to
novelty, baseline startle on the first Intervening Day, or
escalation of withdrawal severity across days (Table 1).
These negative results demonstrate that initial withdrawal
severity is an independent predictor of the development of
sensitization. The locomotor response to novelty did
correlate with the acute locomotor response to morphine
on the Initial Test (Table 1), consistent with a previous
report (Deroche et al, 1993).

Experiment 2: Reducing Withdrawal by Decreasing
the Interval between Morphine Injections

We have previously shown that spontaneous withdrawal-
potentiated startle, normally observed 4 h after 10 mg/kg
morphine, is attenuated by a second injection of morphine
given 3 h after the initial morphine exposure (Rothwell et al,
2009). We extended this manipulation to reduce cumulative
withdrawal severity by administering cyles of morphine
injections at intervals of 24 or 3 h (Figure 3a). We first
verified the effect of this manipulation on withdrawal
severity by testing startle 4 h after each injection across a
single cycle (Figure 3b). There was a significant Group-
Session interaction (F18,348¼ 6.21, po0.001), indicating
robust startle potentiation following morphine injections
at 24 h intervals, compared with the saline control group on
the same day (po0.05, SNK post-hoc). However, when
morphine was administered at 3 h intervals, there were no
differences from the saline control group (p40.38),

Figure 2 Correlation between initial withdrawal severity (ie, withdrawal-
potentiated startle on first Intervening Day) and a composite index of
sensitization (ie, average response across Final Test and Morphine
Challenge minus Initial Test) in the morphine group, or the locomotor
response to Morphine Challenge in the saline group.

Table 2 Baseline Startle Values for Experiment 1

Session Saline Morphine

Initial test 32.5±2.7 30.6±3.0

ID1 32.0±2.8 26.9±3.1

ID2 31.5±3.0 26.3±3.0

ID3 29.7±3.0 24.5±2.9

ID4 28.4±3.0 24.4±3.1

Final test 24.8±2.5 22.9±2.7

Abbreviation: ID, Intervening Day.
Values shown are mean±SE for baseline startle (arbitrary units), measured
before morphine or saline injection on each day. During the period of daily
startle testing, there was a significant main effect of Day (F5,215¼ 10.0,
po0.001), indicating habituation of baseline startle amplitude across repeated
daily testing (linear trend: F1,43¼ 34.5, po0.001). However, there was no main
effect of Group (F1,43o1), and no Group�Day interaction (F5,215o1),
indicating both groups had similar baseline startle levels and exhibited a
comparable degree of habituation across days.
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confirming that this manipulation effectively decreases
overall withdrawal severity. The only exception was the
‘terminal’ withdrawal following the final 3-h injection,
where there was a tendency towards increased startle in
the 3 h group (p¼ 0.098, SNK post-hoc). To control for this
terminal withdrawal episode, an additional group of
animals were given a single morphine injection at the same
time the 3-h group received their final injection of the day.

A separate group of animals given two cycles of this
injection protocol were tested for sensitization 7 days after
the end of the second cycle. The time course of the response
to Morphine Challenge (3.2 mg/kg) is shown in Figure 3c
(left), and analysis of the total number of crossovers
(Figure 3c, right) indicated a significant effect of Group
(F3,43¼ 9.93, po0.001). Daily injection of morphine
(ie, every 24 h) produced robust sensitization compared
with repeated saline injection (po0.05, SNK post-hoc).
Animals receiving morphine injections every 3 h exhibited
significantly less sensitization than the 24-h group (po0.05,
SNK post-hoc). However, the 3-h group still exhibited
significant sensitization compared with the saline control

group (po0.05, SNK post-hoc). The terminal withdrawal
episode likely contributes to the sensitization observed in
the 3-h group, as the degree of sensitization was similar to
the control group receiving a single morphine injection.

Experiment 3: Exacerbating Withdrawal Through
Naloxone Treatment

Previous studies have shown that naloxone causes an array
of behavioral, neural, and endocrine signs of withdrawal
when administered 24 h after a single morphine exposure
(Araki et al, 2004; Eisenberg, 1982; Gellert and Sparber,
1977; Jin et al, 2004; Parker and Joshi, 1998; Rothwell et al,
2009). Therefore, we administered naloxone B20 h after
each morphine injection (Figure 4a) to precipitate an
additional bout of withdrawal, thereby increasing overall
withdrawal severity beyond the level of spontaneous
withdrawal alone. Following challenge with 1 mg/kg
morphine, analysis of variance indicated a significant Mor-
phine�Naloxone interaction (F1,44¼ 7.89, p¼ 0.007).
Naloxone administered after each daily morphine injection
enhanced the response to subsequent Morphine Challenge
(Figure 4b) (F1,22¼ 7.56, p¼ 0.012), whereas naloxone
administered after daily saline injection had no effect
(Figure 4c) (F1,22o1). Following challenge with a higher

a

b

c

Figure 4 Exacerbating withdrawal severity enhances the degree of
sensitization. (a) Experimental timelineFfour daily injections of morphine
(Mor, 10 mg/kg) or saline (Sal) were followed 20 h later by injections of
naloxone (Nx, 2.5 mg/kg) or Sal. (b) Time course of locomotor activity
following Morphine Challenge (1 mg/kg, left) and cumulative response to
challenge with multiple doses (right) after Mor + Sal (n¼ 12) or Mor + Nx
(n¼ 12). (c) Time course of locomotor activity following Morphine
Challenge (1 mg/kg, left) and cumulative response to challenge with
multiple doses (right) after Sal + Sal (n¼ 12) or Sal + Nx (n¼ 12).
*Significant difference between Mor-Nx and Mor-Sal. #Significant main
effect of Morphine.

Figure 3 Reducing withdrawal decreases the degree of sensitization.
(a) Experiment timelineFcycles of four morphine injections (10 mg/kg)
were delivered daily (24 h) or every 3 h. Separate controls groups received
one morphine injection at the end of each 3-h series (‘Single’) or were only
injected with saline (‘Saline’). (b) Startle tests conducted 4 h after each
morphine injection across one injection cycle (n¼ 17–18 per group). In this
panel only, symbol shading indicates a morphine injection was administered
at the indicated time point. (c) Time course of locomotor activity (left) and
cumulative response (right) to Morphine Challenge (3.2 mg/kg) 1 week
following the end of two injection cycles (n¼ 7–14 per group). *Significant
increase from saline. #Significant increase from all other groups. @Tendency
towards a difference between Saline and 3 h groups.
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dose of morphine (3.2 mg/kg), there was a significant main
effect of Morphine (F1,74¼ 38.59, po0.001), but no Mor-
phine�Naloxone interaction (F1,74o1). No significant
group differences were observed following saline challenge
(0 mg/kg) (p40.28). Combined morphine and naloxone
treatment, therefore, increased sensitivity to a threshold
dose of morphine, shifting the dose–response curve to the
leftFa defining feature of sensitization.

DISCUSSION

This study represents the first attempt to resolve individual
episodes of withdrawal during daily morphine exposure
and examine their contribution to the development of
psychomotor sensitization. We document a correlation
between the initial severity of acute withdrawal, indexed
by potentiation of the acoustic startle reflex, and the
development of psychomotor sensitization following repea-
ted morphine exposure. Pharmacological manipulations
that reduce or exacerbate withdrawal severity also caused
parallel changes in the development of sensitization. These
results identify a novel mechanism promoting the develop-
ment of sensitization that may have a more general role in
determining the behavioral and neurobiological impact of
intermittent drug exposure.

Withdrawal states are classically associated with termina-
tion of chronic drug exposure, but in the present study, we
found reliable and robust withdrawal-potentiated startle in
the hours following individual exposures to morphine.
Increases in the magnitude of the acoustic startle reflex are
routinely observed during states of anxiety in rodents, as
well as humans (Davis et al, 2010), and anxiety represents
one hallmark symptom of drug withdrawal (Koob and
Volkow, 2010). There were consistent individual differences
between animals in the degree of startle potentiation,
and this effect appeared to escalate in severity following
repeated drug exposure, consistent with a broader literature
showing the severity of withdrawal increases with
repeated opiate exposure (Celerier et al, 2001; Harris and
Gewirtz, 2005). Increases in the magnitude of withdrawal-
potentiated startle were apparent on the Final Test in
Experiment 1 following exposure to a moderate dose of
morphine (3.2 mg/kg), but were not observed during
repeated treatment with 10 mg/kg morphine, which likely
reflects an upper limit on the degree of startle potentiation
that can be detected during morphine withdrawal. However,
the escalation of withdrawal severity across repeated
morphine exposure did not correlate with the development
of sensitization, and did not persist over a 7-day period
following the last daily morphine injection. The relative
transience of this effect does not preclude a more lasting
contribution of conditioned withdrawal states to the
persistence of addiction (Stinus et al, 2000).

A principal finding of the present study is that the initial
severity of acute withdrawal, measured after the first
exposure to a high dose of morphine, correlated with the
development of psychomotor sensitization following
repeated morphine exposure. This correlation suggests a
predictive relationship in which intense withdrawal pre-
cedes the subsequent development of sensitization, con-
sistent with clinical reports that withdrawal severity is an

important risk factor for the development of addiction
(Piasecki et al, 2005), and that intense withdrawal
symptoms predict a greater response to subsequent drug
exposure (Newton et al, 2003; Uslaner et al, 1999). It is
possible that the correlation between withdrawal and
sensitization indicates a general vulnerability to the
behavioral effects of morphine mediated by a common
underlying factor. For example, the rate of morphine
metabolism may affect both the timing of the withdrawal
response and the degree of sensitization. Rats that
metabolize morphine relatively quickly or relatively slowly
may show less robust startle potentiation 4 h after morphine
injection, because morphine clearance occurs either sooner
or later than this time point. Conversely, slower morphine
metabolism (and thus higher morphine levels in the brain)
would tend to promote more robust sensitization in a
simple linear fashion. This would lead to a quadratic
relationship between startle potentiation and sensitizationF
ie, an ‘inverted U’Fwith large startle potentiation corre-
sponding to moderate sensitization (and an average rate of
morphine metabolism), whereas the greatest degree of
sensitization would be associated with less startle potentia-
tion (due to slow metabolism). However, the observed
relationship between startle potentiation and sensitization is
linear rather than quadratic, and thus cannot be explained
by this mechanism. Although individual differences in the
pharmacokinetics of morphine metabolism may not explain
our results, the notion that a common underlying factor
mediates both withdrawal severity and sensitization is
intriguing, as these facets of addiction are often considered
independently and thought to be mediated by distinct
neural circuitry.

The alternative scenario, for which greater support can be
derived from our remaining experiments, is that recurrent
episodes of acute withdrawal promote the development of
sensitization. This conclusion is based upon pharmaco-
logical manipulations of withdrawal severity that also
impact the development of sensitization. To reduce overall
withdrawal severity, we administered a series of morphine
injections in close temporal proximity, to produce ‘quasi-
continuous’ delivery of morphine and attenuate sponta-
neous withdrawal (Rothwell et al, 2009). In addition to
decreasing total withdrawal severity, this manipulation also
produced less sensitization than morphine injections
delivered every 24 h, a result consistent with previous
reports (Contet et al, 2008; Eitan et al, 2003; Vanderschuren
et al, 1997). The fact that sensitization is reduced but still
significant after quasi-continuous morphine delivery may
be related to the ‘terminal withdrawal’ that occurs following
the last morphine injection in each series, as a single
morphine injection led to a comparable degree of sensitiza-
tion as quasi-continuous delivery. The contribution of
terminal withdrawal may explain why sensitization is not
observed shortly after the termination of chronic drug
exposure (Hammer et al, 1997; Russo et al, 2007), but then
emerges following a period of abstinence (Aston-Jones and
Harris, 2004; Trujillo et al, 2004).

An important consideration for the interpretation of our
results is that the rate of drug delivery also impacts the
development of psychomotor sensitization (Samaha and
Robinson, 2005). Manipulations of the relative continuity of
drug administration, such as that employed in Experiment 2,
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affect both the onset and offset of drug action, making it
difficult to parse the relative contributions of these two
events. To specifically manipulate drug offset, we took
advantage of the fact that naloxone can precipitate signs of
withdrawal when administered 24 h after acute morphine
exposure (Araki et al, 2004; Eisenberg, 1982; Gellert and
Sparber, 1977; Jin et al, 2004; Parker and Joshi, 1998;
Rothwell et al, 2009). Daily administration of naloxone
B20 h after each morphine exposure enhanced the degree of
sensitization, increasing sensitivity to a threshold dose of
morphine and shifting the dose–response curve to the left.
The low dose of morphine used for challenge (1 mg/kg) does
not acutely suppress locomotor activity (Babbini and Davis,
1972), ruling out the possibility that naloxone treatment
impacts sensitization by affecting tolerance to locomotor
suppression. To our knowledge, this is the first demonstra-
tion that a direct manipulation of withdrawal influences the
development of sensitization, and supports the notion that
events occurring during drug offset make important
contributions to the impact of addictive drug exposure. This
may help explain differences in addictive liability between
cocaine and methylphenidate, which show similar rates of
uptake in the human brain, but differ in their rate of
clearance (Volkow et al, 2004).

Although our experiments focused on morphine, psycho-
motor sensitization is a common consequence of inter-
mittent exposure to most abused drugs (Robinson and
Berridge, 1993), and episodic withdrawal may also promote
sensitization to other drug classes. Although withdrawal
from some drugs (such as psychostimulants) is not
associated with prominent physical signs, a negative
emotional state develops during withdrawal from nearly
all types of abused drugs, and relief from emotional distress
provides powerful motivation for ongoing drug use (Baker
et al, 2004; Koob and Volkow, 2010). The emotional
components of withdrawal include dissociable signs of
anxiety and dysphoria (Rothwell et al, 2009). Anxiety-like
increases in startle magnitude are seen after acute exposure
to morphine (Harris and Gewirtz, 2004), as well as nicotine
(Engelmann et al, 2009), whereas dysphoria may be
indicated by conditioned place aversions that develop with
a delay following acute exposure to opiates (Bechara et al,
1995; Pain et al, 2008), cocaine (Ettenberg and Bernardi,
2007; Pliakas et al, 2001), and ethanol (Morse et al, 2000).
Increased thresholds for intracranial self-stimulation are
also a common feature of withdrawal from most abused
drugs (Koob et al, 2004). As intermittent exposure
facilitates psychomotor sensitization to many different
drugs, future studies should examine whether episodic
withdrawal promotes sensitization to drugs other than
morphine, and whether sensitization is tied specifically to
the anxiety-like component of withdrawal.

A variety of adaptations in the mesolimbic dopamine
system are thought to underlie the development of
psychomotor sensitization (Vanderschuren and Kalivas,
2000). For example, cellular adaptations in the ventral
tegmental area may serve as a trigger for the development of
sensitization (Carlezon and Nestler, 2002). It is intriguing to
note that these adaptations are only observed after
intermittent morphine exposure, and not following con-
tinuous exposure (Fitzgerald et al, 1996). The offset of
opiate action has recently been shown to be a potent

stimulus for synaptic plasticity in the spinal cord (Drdla
et al, 2009). The development of psychomotor sensitization
is associated with multiple forms of synaptic plasticity in
the mesolimbic dopamine system (Kauer and Malenka,
2007), raising the possibility that the offset of drug action
drives some of these forms of plasticity. Indeed, delayed
administration of NMDA receptor antagonists attenuates
both psychomotor sensitization and analgesic tolerance
following daily morphine exposure (Kosten and Bombace,
2000; Marek et al, 1991), suggesting NMDA receptor
activation during the offset of drug action (Schilstrom
et al, 2006) may be involved in generating these forms of
behavioral plasticity.

Intermittent opiate exposure produces a pattern of
physiological changes that mirror the effects of chronic
stress (Houshyar et al, 2003; Houshyar et al, 2004)F
changes not observed following continuous opiate exposure.
Brain stress systems are activated during drug withdrawal
(Koob and Volkow, 2010), and the recurrent engagement of
these systems during episodic withdrawal may explain why
intermittent drug exposure and stressful experience both
cause sensitization (Kalivas and Stewart, 1991), as well as
other common changes in brain function and behavior
(Breese et al, 2005a; Fitzgerald et al, 1996; Houshyar et al,
2003, 2004; Kauer and Malenka, 2007). Although the brain
circuits mediating withdrawal and sensitization are often
considered independently, a number of established anato-
mical and physiological mechanisms could underlie inter-
actions between them. For example, corticotropin-releasing
factor (CRF) systems in the extended amygdala are
prominently activated during withdrawal (Koob and
Volkow, 2010), and these same CRF systems project to the
ventral tegmental area (Rodaros et al, 2007), where CRF is
released during stress (Wang et al, 2005). Release of CRF in
the ventral tegmental area during acute withdrawal could
facilitate NMDA receptor-dependent forms of plasticity that
promote the development of sensitization (Borgland et al,
2009; Covington et al, 2008).

Although this study focused on the contribution of
episodic withdrawal to the establishment of psychomotor
sensitization, our results also have implications for under-
standing vulnerability to relapse. The expression of
sensitized psychomotor activation has been associated with
increased drug-seeking behavior in several studies (De
Vries et al, 1998, 2002; Vezina, 2004), suggesting episodic
withdrawal during intermittent drug exposure may also
promote relapse vulnerability. In contrast, continuous drug
delivery during a period of withdrawal has been shown to
reduce drug-seeking behavior in animal models (Leri et al,
2007, 2004), consistent with the effectiveness of main-
tenance therapy for human drug addicts (Dole et al, 1966;
Henningfield and Keenan, 1993). A role for episodic
withdrawal in establishing vulnerability to relapse would
complement evidence that spontaneous withdrawal may
itself reinstate extinguished drug-seeking behavior (Shaham
et al, 1996). Although the physical manifestations of
withdrawal usually subside soon after the termination of
chronic opiate exposure, emotional manifestations of with-
drawal (such as increased anxiety and enhanced sensitivity
to stress) can persist for weeks (Aston-Jones and Harris,
2004). This state of ‘protracted withdrawal’ may contribute
to the persistent capacity of stress to reinstate drug-seeking
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following withdrawal from heroin self-administration
(Shalev et al, 2001).

The expression of acute withdrawal has been implicated
in the specific consequences of intermittent exposure to
opiates and other drugs (Breese et al, 2005a, b; Houshyar
et al, 2003, 2004), and the recurrent nature of withdrawal
during intermittent drug use likely promotes the develop-
ment of addiction (Baker et al, 2004; Dole et al, 1966). Our
results add to this literature by demonstrating that episodic
withdrawal also promotes the development of psychomotor
sensitization, a prominent form of drug-induced neurobe-
havioral plasticity that may model the transition to
compulsive drug abuse in human addicts (Robinson and
Berridge, 2003). One important clinical implication of these
results is that continuous opiate delivery for therapeutic
purposesFsuch as maintenance therapy for addiction or
the treatment of chronic painFshould not be interrupted,
as this may facilitate the development and persistence of
addiction. The specific role of episodic withdrawal in the
development of psychomotor sensitization may thus have
more widespread implications for understanding the impact
of exposure to addictive drugs and the progression of
addiction.
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