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study was to examine the impact of drug-paired cues on methamphetamine
reinstatement. Three groups of rats were trained to self-administer 0.1 mg/kg/infusion methamphetamine.
Each methamphetamine infusion was accompanied by a 6 s flashing light+tone stimulus (cues). After
training, the groups were then given 12, daily extinction sessions either with or without response-contingent
drug-paired cues and then tested for 1 mg/kg i.p. methamphetamine priming-induced reinstatement either
with or without cues. Methamphetamine priming significantly reinstated drug-appropriate responding
regardless of whether response-contingent cues were omitted during both extinction and testing, presented
during both extinction and testing, or omitted during extinction but presented during reinstatement testing.
The group in which cues were omitted during extinction and presented during reinstatement exhibited
significantly greater reinstatement than did the other two groups. A separate group of rats was also tested
demonstrating that response-contingent presentation of previously methamphetamine-paired cues alone,
without methamphetamine priming, significantly reinstated drug-appropriate responding. These data show
that methamphetamine priming produces a robust reinstatement effect which can be influenced by drug-
paired cues.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
A high percentage of detoxified drug abusers will relapse to drug
use one or more times before maintaining sustained abstinence
(Haynes, 1998; Hunt et al., 1971). There could be any number of
retrospective reasons given by individual drug abusers for relapse but
the experimental literature, both human and animal, has focused on
three main factors. These include exposure to a single dose of the
previously self-administered drug or a related drug (priming),
exposure to environmental stimuli which have been paired with
drug use (cues) and stressors (for review see Epstein and Preston,
2003; Epstein et al., 2006; Shaham et al., 2002). It is probable in
relapsing humans that stressful events or stimuli which have
previously been paired with drug could be encountered without
exposure to the drug itself. However, except in a carefully controlled
laboratory environment, it is unlikely that exposure to the previously
self-administered drug could occur in the absence of co-exposure to
drug cues. For this reason pre-clinical studies, which attempt to
understand the mechanisms responsible for relapse and to develop
effective treatments would likely benefit from a more complete
tment of Pharmacology and
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understanding of the interaction between drug-induced and cue-
induced relapse.

The most widely used pre-clinical model of relapse in humans is
the drug reinstatement procedure (de Wit and Stewart, 1981, 1983;
Stewart, 1983). In drug reinstatement studies animals are trained to
self-administer a drug and then are subjected to a period of extinction
during which drug is withheld and responding diminishes over time.
After responding has decreased, renewed responding can be evoked
or reinstated by presentation of non-contingent administration of the
previously self-administered drug, presentation of exteroceptive cues
which have previously been paired with drug infusions or experi-
mental stressors (Shaham et al., 2002). While there is considerable
disagreement in the field if the reinstatement procedure accurately
reflects the same processes as drug craving and relapse in humans (for
review see Epstein et al., 2006) there is evidence that the procedure
may mimic at least some aspects of these phenomena (Koob, 2000;
Meil and See, 1996; Shaham et al., 2002).

With a few notable exceptions (Feltenstein and See, 2006; Liu and
Weiss, 2002; Shelton and Beardsley, 2005; Shelton et al., 2004),
reinstatement studies in animals have focused on drug-, cue- or
stress-induced reinstatement in isolation. This tactic is without doubt
valid and important, but it would also seem relevant to examine these
events in combinations which are likely to occur in the natural
environment. Those studies which have been published have shown
that reinstatement resulting from combining different classes of rein-
stating stimuli is often more robust than that produced by any one
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reinstating event. For instance, cocaine-paired stimuli which predict
drug availability under second-order schedules of cocaine self-
administration will augment priming-induced and cue-induced-
reinstatement (Di Pietro et al., 2006; Kantak et al., 2002a,b). However,
explicit training of these drug-paired cues as predictors of drug
availability are not necessary for them to enhance both drug-induced
reinstatement and experimental stressor-induced reinstatement (Di
Ciano et al., 2001; Feltenstein and See, 2006; Shelton et al., 2004;
Spealman et al., 1999).

The majority of the reinstatement literature to date has focused on
cocaine, opioids and ethanol. Considerably less attention has been
devoted to methamphetamine, despite data suggesting that lifetime
use rates are greater than those for a number of other abused drugs
including heroin and crack cocaine (SAMHSA, 2006). The metham-
phetamine reinstatement studies which have been published have
produced results consistent with those generated using other drugs of
abuse. For instance, non-contingent priming injections of metham-
phetamine will reinstate methamphetamine-appropriate responding
following extinction (Anggadiredja et al., 2004a; Hiranita et al., 2004;
Kruzich and Xi, 2006; Yan et al., 2006a). Presentation of cues
previously associated with methamphetamine self-administration
results in renewed drug-appropriate responding (Anggadiredja et
al., 2004b; Moffett and Goeders, 2007; Yan et al., 2006a). Likewise
experimental stressors, such as the administration of the anxiogenic
drug yohimbine, will also reinstate extinguished methamphetamine
lever-pressing behavior (Shepard et al., 2004). As of yet, no studies
have yet explored the interaction between different classes of
reinstating stimuli involved in methamphetamine reinstatement.

The major goal of the present study was to extend to metham-
phetamine reinstatement our prior findings with cocaine which
showed that extinguish drug-paired cues facilitated priming-induced
reinstatement. We also wished to determine to what extent
presentation of unextinguished response-contingent methampheta-
mine-paired cues would enhance methamphetamine priming-
induced reinstatement. To achieve these goals four different reinstate-
ment conditions were examined. One group of rats was tested for the
ability of methamphetamine priming alone to produce reinstatement
in the absence of drug-paired cues. A second group examined
reinstatement produced by response-contingent cues which had
previously been paired with methamphetamine infusions during self-
administration. A third group examined reinstatement resulting from
a combination of methamphetamine priming and drug-paired cues. A
fourth and final condition examined if methamphetamine-paired cues
which had been explicitly extinguished had any effect on subsequent
methamphetamine-priming reinstatement.

2. Methods

2.1. Subjects

Subjects were 58 adult, male, experimentally naïve Long–Evans
rats (Harlan Sprague–Dawley, USA) rats. The rats had continuous
access to water except during the experimental sessions and were
maintained at a body weight of 320 g for the duration of the study.
The animals were individually housed in standard plastic rodent
cages in a temperature-controlled (22 °C) 12-h reversed light/dark
cycle (lights off 7:00 AM) colony room. All training and testing was
conducted during the dark portion of the cycle. Studies were
approved by the Institutional Animal Care and Use Committee of
VCU and conformed with NIH Guidelines for Care and Use of
Laboratory Animals (1996).

2.2. Surgical procedure

Rats were anesthetized with a combination of 50 mg/kg s.c.
ketamine and 8.7 mg/kg i.p. xylazine. A tapered catheter constructed
from 3.5 French polyurethane tubing (Access Technologies, USA) was
then implanted into each rat's right jugular vein. The distal end of the
catheter was passed subcutaneously to a cannula connector pedestal
(Plastics One, USA) implanted subcutaneously in the mid-scapular
region. The catheters were flushed with 0.2 ml heparinized normal
saline before each experimental session. Following each self-admin-
istration session catheters were filledwith 0.1ml of a 50% glycerol/50%
sterile saline solution to which was added 500 U/ml heparin, 250 mg/
ml ticarcillin and 9 mg/ml clavulanic acid (Timentin, SmthKline
Beacham, USA) to help maintain patency. Rats were permitted a
minimum of five days of post-operative recovery before beginning
self-administration training. If a catheter failed during methamphe-
tamine self-administration training, it was removed, the left jugular
veinwas catheterized and the animal was returned to the study after a
minimum of 5 days of surgical recovery.

2.3. Drugs

Methamphetamine HCl (Sigma-Aldrich, USA) was diluted in
heparinized (5 U/ml) sterile saline for the intravenous self-adminis-
tration solution. Methamphetamine for i.p. priming was diluted in
sterile saline to a volume of 1 ml/kg of body weight.

2.4. Apparatus

Experiments were conducted in operant conditioning chambers
housed inside individually-isolated and ventilated enclosures (Med
Associates, USA). The front wall of each chamber was equipped with
two retractable response levers with a white LED stimulus light
above each lever. A 5-watt house light was located in the rear wall
of the chamber and an adjustable Sonalert (Model ENV-223AM,
Med Associates, USA) in the upper left wall of the chamber. The
output of the sonalerts were equalized at 60 dB using a Realistic
model 33-2050 analog sound level meter placed in the bottom of
the cage with the microphone equidistant between the two levers.
During each session, infusion tubing, protected by a stainless steel
spring tether (Plastics One, USA), connected the back-mounted
pedestal implanted in each rat to a balanced liquid swivel
suspended above each chamber (Lomir Biomedical, Canada).
Infusions were delivered by a syringe pump located outside each
chamber (Med Associates, USA). Schedule parameters were con-
trolled by MED-PC IV software (Med Associates, USA) running on
IBM PC compatible computers.

2.5. Training, extinction and testing

Methamphetamine self-administration training sessions were
conducted five days per week (M–F) for 2 h daily. Each response
(fixed ratio 1) on the active-lever resulted in delivery of a 0.1 mg/kg
methamphetamine infusion (0.2 ml/6 s). At the onset of each infusion
the houselight was extinguished, a 2900 Hz, 60 dB tone sounded and
the stimulus lights above both levers flashed at 3 Hz (T+L cues) for 6 s
which was then followed by a 14 s time out during which the
chambers were darkened. Active-lever responses during this 20 s
period as well as all inactive-lever responses were recorded, but had
no scheduled consequences. Rats were eligible for extinction and
reinstatement testing only after they had received at least 12 self-
administration training sessions, 125 total lifetimemethamphetamine
infusions and had received 15 or more drug infusions during each of
the last four self-administration sessions.

Two hour extinction sessions were then conduced daily, 7 days/
week, for 12 consecutive days. Thirty minutes prior to each of the last
4 extinction sessions each rat received a 1 ml/kg i.p. saline injection to
habituate them to the injection process. The animals were then placed
into the self-administration chambers as during methamphetamine
self-administration training, but no infusions were given following



Table 1
Extinction and reinstatement conditions in each test group

Group Light+tone during
extinction

Light+tone during
reinstatement

Methamphetamine
prime

Ext Cues+/Test Cues+ yes yes yes
Ext Cues−/Test Cues+ no yes yes
Ext Cues−/Test Cues− no no yes
Cues+ Reinstatement no yes no
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each FR1 completion. One group of 22 rats (Ext Cues+/Test Cues+)
received the 6 s tone+light stimulus and 14 s time out (Cues+) after
each completed FR1 during extinction. Responding had no scheduled
consequences for rats in the, Ext Cues−/Test Cues+ (n=11), Ext Cues−/
Test Cues− (n=13) and Cues+ Reinstatement (n=12) groups.

After 12 extinction sessions, each group of rats was exposed to a
different test procedure to examine the reinstating efficacy of non-
contingent methamphetamine priming, previously methampheta-
mine-paired exteroceptive cues and a combination of both prime
Fig. 1. Self-administration and extinction responding: Left panels show responses (+/−SEM) o
show inactive-lever responding for each of the four groups. Symbols above SA show groupm
Connected points show mean responses per 2 h session on all twelve extinction days for
responding compared to the final day of self-administration (SA).
and cues. Groups Ext Cues+/Test Cues+, Ext Cues−/Test Cues+ and
Ext Cues−/Test Cues− received a priming injection of 1 mg/kg i.p.
methamphetamine, 30 min prior to the start of a 2-h reinstatement
test session. The Cues+ Reinstatement group received only a 1 ml/kg
injection of saline, 30 min prior to the start of the reinstatement test
session. Groups Ext Cues+/Test Cues+, Ext Cues−/Test Cues+ and
Cues+ Reinstatement were presented with a 6-s tone+light stimuli
followed by a 14 s time out following each response on the lever
which had been active during self-administration training. Respond-
ing had no scheduled consequences for group Ext Cues−/Test Cues−.
A summary of extinction and testing conditions for each group is
shown in Table 1.

2.6. Data analysis

Active-lever (right lever) and inactive-lever (left lever) presses and
drug infusions were recorded for each subject daily. Separate one-way
analyses of variance tests (ANOVA) were used to compare responding
on the final day of methamphetamine self-administration across
n the methamphetamine-appropriate lever for each of the four test groups. Right panels
ean responses per 2 h session on the final day of methamphetamine self-administration.
each of the four test groups. ⁎ Denote significant differences (pb0.05) in extinction



Fig. 2. Reinstatement responding: Theupper panel shows active-lever responses (+/−SEM)
on the final day of extinction and the reinstatement test session for each of the four test
groups. The bottom panel shows inactive-lever responses for the same period. ⁎ Denote
significant increases in (pb0.05) in reinstatement responding for each group compared to
their final day of extinction. # Denote significant differences (pb0.05) in the magnitude of
reinstatement between the groups linked by brackets.
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groups to determine if the groups differed in their baseline self-
administration rates and on the first day of extinction to determine if
the groups differed in their initial response to extinction conditions.
One-way ANOVA's and Dunnett's post-hoc tests were also conducted
on active-lever and inactive-lever responses on the final day of self-
administration and the twelve days of extinction in each group to
assess whether significant changes in responding occurred as a result
of cessation of methamphetamine infusions during extinction. A two
way ANOVA with extinction versus reinstatement test and group as
factors was used to determine if the reinstatement procedures
produced significant reinstatement and to compare the magnitude of
reinstatement produced by each test condition. Tukey post-hoc tests
were used to follow up on significant main effects and interactions.

3. Results

3.1. Methamphetamine self-administration and extinction

Mean number of self-administration days until the beginning of
extinction were 18 (±1) for the Cues alone reinstatement group, 19
(±2) for the Ext Cues−/Test Cues− group, 19 (±2) for the Ext Cues+/Test
Cues+ group and 21 (±2) for the Ext Cues−/Test Cues+ group. Total
mean number of lifetime methamphetamine infusions prior to
extinction were 395 (±57) for the Cues alone reinstatement group,
361 (±42) for the Ext Cues−/Test Cues− group, 479 (±53) for the Ext
Cues+/Test Cues+ group and 468 (±63) for the Ext Cues−/Test Cues+
group. Fig. 1 (left panels) shows active-lever responding on the last
day of self-administration and all twelve days of extinction in each of
the four test groups. The right panels of Fig. 1 show inactive-lever
responding during the same period for all four test groups. Mean
active-lever responses on the last day of self-administration ranged
from a high of 51 responses/session in the Ext Cues+ Test Cues+ group
to a low of 30 responses/session in the Ext Cues−/Test Cues− group.
There were no significant differences between groups in active-lever
responding on the last day of self-administration. Mean inactive-lever
responding was low on the final day of self-administration in all
four groups with a maximum of 6 inactive-lever responses in the Ext
Cues+/Test Cues+ group.

There was a significant main effect of extinction condition on both
first extinction day active-lever [F(3,57)=3.686, p=0.017] and inac-
tive-lever [F(3,57)=3.6, p=0.019] responding. Post hoc analysis
showed that active-lever responding was significantly higher on
the first day of extinction in Ext Cues+/Test Cues+ group than the Ext
Cues−/Test Cues+ group. In contrast, inactive-lever responding was
significantly higher on the first day of extinction in the Cues+ group
compared to the Ext Cues−/Test Cues− group.

There was a significant main effect of extinction days in all four
groups: Ext Cues−/Test Cues− [F(12,144)=13.31, pb0.001], Ext Cues−/
Test Cues+ [F(12,120)=14.51, pb0.001], Ext Cues+/Test Cues+ [F
(12,252)=7.54, pb0.001] and Cues+ Reinstatement [F(12,132)=6.80,
pb0.001]. Subsequent post-hoc analysis indicated that there was a
significant increase in active-lever responding in groups Cues+
Reinstatement, Ext Cues−/Test Cues− and Ext Cues+/Test Cues+ on
the first day of extinction (Fig. 1, top three left side panels). In all
groups, mean levels of lever pressing were lower on the last day of
extinction than on the last day of self-administration but only
significantly so for group Ext Cues−/Test Cues+. For this group, levels
of responding on extinction days 2–12 were all significantly lower
than on the last day of self-administration (Fig. 1, bottom left panel).
There was also a significant main effect of extinction days on
inactive-lever responding in all four groups: Ext Cues−/Test Cues− [F
(12,144)=16.61, p=0.003], Ext Cues−/Test Cues+ [F(12,120)=7.99,
pb0.001], Ext Cues+/Test Cues+ [F(12,252)=13.90, pb0.001] and
Cues+ Reinstatement [F(12,132)=4.69, pb0.001]. Post hoc analysis
indicated that for all four groups, inactive-lever responding
significantly increased for one or more days at the onset of
extinction testing (Fig. 1, right panels) but was not significantly
different from inactive-lever responding on the final day of self-
administration for the majority of the extinction test sessions.

3.2. Methamphetamine reinstatement

Fig. 2 (upper panel) shows previously active-lever responding on
the final day of extinction and the reinstatement test session for all
four groups. A two way ANOVA indicated a significant main effect of
reinstatement test [F(1,54)=27.79, pb0.001] as well as significant
group by reinstatement test interaction [F(3,54)=5.60, p=0.015] but
no main effect of group [F(3,54)=4.32, p=0.110]. Individual Tukey's
tests comparing extinction to reinstatement showed that all four
groups emitted significantly greater responding (pb0.05) on the
reinstatement test compared to the final day of extinction. Tukey's
tests comparing reinstatement conditions indicated that the Ext
Cues−/Test Cues+ group had significantly greater reinstatement
responding (pb0.05) than all of the other three other groups,
which did not significantly differ from each other.

Fig. 2 (bottom panel) shows previously inactive-lever responding
on the final day of extinction and the reinstatement test session for all
four groups. A two way ANOVA indicated a significant main effect of
reinstatement test [F(1,54)=8.41, pb0.001] but no main effect of
group [F(3,54)=0.73, p=0.892] or group by reinstatement test
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interaction [F(3,54)=0.91, p=0.597]. Individual Tukey's tests compar-
ing extinction to reinstatement showed that only the Ext Cues−/Test
Cues+ group had a significant (pb0.05) increase in inactive lever
responding during the reinstatement test session compared to the
final day of extinction.

4. Discussion

Dozens of studies have shown that following a period of drug self-
administration and subsequent extinction, non-contingent adminis-
tration of that drug can produce renewed lever-pressing behavior
characteristic of the reinstatement phenomena. This response has
been hypothesized to be a measure of drug-seeking and may have
some common characteristic with relapse in humans (Kalivas et al.,
2006; Koob, 2000; Meil and See, 1996; Shaham et al., 2002). Likewise
many studies have also demonstrated that presentation of exterocep-
tive stimuli, typically lights and/or tones, previously paired with self-
administered drug will also reinstate responding that has been
reduced by extinction (Alleweireldt et al., 2002; Davis and Smith,
1976; Highfield et al., 2001; McFarland and Ettenberg, 1997; Meil and
See, 1996, 1997). Fairly few have focused on drug- or cue-induced
reinstatement of responding following methamphetamine self-
administration (Anggadiredja et al., 2004a,b; Hiranita et al., 2004,
2006; Kruzich and Xi, 2006; Lu et al., 2003; Moffett and Goeders,
2007; Yan et al., 2006a,b). Those experiments which have been
conducted indicate that both drug- and cue-induced methampheta-
mine reinstatement is comparable to reinstatement produced by
other drugs of abuse such as cocaine, heroin and ethanol (Shaham et
al., 2002; Shalev et al., 2002). The present results replicate and extend
those experiments. Both non-contingent methamphetamine primes
as well as response-contingent cues which had been paired with
methamphetamine self-administration produced robust reinstate-
ment. Indeed, it is interesting to note that significant reinstatement
was generated in each of the test conditions, despite the fact that
12 days of extinction sessions did not suppress rates of responding
significantly below prior rates of self-administration responding in
three of the four groups of rats.

The ability of the light+tone stimulus compound to elevate rates of
lever pressing relative to levels occurring at the end of the 12-day
extinction period is likely attributable to their previous association
with methamphetamine delivery, as well as their contingent relation-
ship with lever pressing during training and testing. A limitation of
the present studies which prohibits an unequivocal inference that
associative processes were responsible for empowering the cues to
reinstate responding was the absence of a control group for which
cues were not presented concurrently with methamphetamine
infusions during training, but were presented contingently upon
lever pressing during testing. Few other reports have included such a
control group, and when they had they were found ineffectual in
reinstating responding (e.g., Smith and Davis, 1973). Another factor at
least potentially influential in empowering the cues to reinstate
responding was their response-contingent presentation during train-
ing. When stimuli are presented independently of behavior but
concurrently with drug delivery during training they can come,
through associative conditioning, to elicit effects opposite to the direct
effects of the drug they are presented with (e.g., see Siegel, 1978a,b;
Siegel et al., 1987). This type of associative conditioning was unlikely
occurring in the present study given the response-contingent nature
of the cues and given that co-presentation of the cues with
methamphetamine primes increased levels of responding relative to
either presented alone. If the cues had elicited effects opposite to
those directly elicited by methamphetamine these opposing effects
would have reduced, and not have increased the reinstatement effect.
The response-contingent nature of the cues during testing was also a
likely factor influencing their ability to increase response levels. When
drug-associated stimuli have been presented independently of
behavior in other studies response rates are poorly, if at all elevated
(de Wit and Stewart, 1981; Grimm et al., 2000; Tran-Nguyen et al.,
1998). Also, if the response-contingency was not important for the
cues to elevate responding on the previously-reinforced lever, their
presentation during testing would have elevated responding on the
inactive-lever as well which did not occur.

The present study explores several additional factors whichmay be
important for the expression of reinstatement. Firstly we examined
whether contingent presentation of extinguished drug-paired exter-
oceptive cues enhances reinstatement produced by methampheta-
mine priming. In reinstatement studies drug-paired stimuli are often
presented during acquisition, extinction and reinstatement. These
stimuli have been shown to facilitate acquisition and enhance
maintenance levels of self-administration (Caggiula et al., 2002;
Deroche-Gamonet et al., 2002; Panlilio et al., 2000). In a series of two
cocaine reinstatement papers from our laboratory, one using non-
contingent cocaine primes and a second using footshock stress, we
found that statistically significant reinstatement behavior did not
occur when cues, which had been present during self-administration,
were omitted during extinction and reinstatement testing (Shelton
and Beardsley, 2005; Shelton et al., 2004). In contrast, in the present
study there was no significant difference in reinstatement responding
between groups in which extinguished, response-contingent, drug-
paired cues were present during reinstatement testing or omitted
during both extinction and reinstatement testing. These data are in
general agreement with that from two recent methamphetamine
reinstatement experiments in mice. In those studies there was no
examination of whether presentation of extinguished methampheta-
mine-paired cues enhanced reinstatement, but it was demonstrate
that cues were not necessary to elicit significant priming-induced
reinstatement (Yan et al., 2006a,b).

It is surprising that extinguished drug-paired cues did not have a
greater effect on methamphetamine-primed reinstatement in the
present study given the results of both our cocaine reinstatement
experiments in which they seemed more critical to the expression of
drug-seeking (Shelton and Beardsley, 2005; Shelton et al., 2004). The
present methamphetamine reinstatement study and our prior cocaine
priming and footshock reinstatement experiments were methodolo-
gically similar in many respects such as length of self-administration
training, strain of rat, duration of extinction, type and number of
stimulus presentations and session duration. These studies did,
however, differ in a number of other aspects. In our prior cocaine
priming reinstatement study each test group was treated with a
different reinstating dose of cocaine (3, 10 and 17 mg/kg i.p.) but
received sequential tests with different stimulus (cue) conditions
(Shelton et al., 2004). In contrast, in the present study we examined a
single reinstating dose of methamphetamine and each group was only
examined in one stimulus condition. Given that reinstatement is a
transient effect it could be that the order of test conditions could have
been responsible for the differing results (Shaham et al., 2002).
However, in our footshock-induced cocaine reinstatement study we
only examined a single reinstatement test condition, therefore, it
seems somewhat unlikely that treatment order alone could be
responsible for the results.

It is also possible that the 1 mg/kg methamphetamine dose was
simply a more efficacious reinstating dose in the present study
compared to any of the three cocaine doses in the prior study. If such
were the case, the methamphetamine prime may not have required
the augmentation produced by presentation of extinguished drug-
paired cues in order to produce significant reinstatement. This
hypothesis is a possibility but might be unlikely, given that the
17 mg/kg i.p. dose used in our previous study was close to the 20 mg/
kg i.p. dose which produced maximal reinstatement in an experiment
which specifically measured the reinstatement dose–effect curve for
cocaine (Schenk and Partridge, 1999). Also, while reinstatement dose
could potentially be responsible for the differences in the priming
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reinstatement results, it does not provide a unified explanation for
why extinguished cues were essential for both priming- and stress-
induced cocaine reinstatement but not necessary for priming-induced
methamphetamine reinstatement.

Another potential difference in the present methamphetamine
experiment and prior cocaine reinstatement studies may have been
the relative unit self-administration dose. While there is no direct
evidence that unit self-administration dose has any effect on
subsequent reinstatement, it has been demonstrated that other
factors related to self-administration can alter subsequent reinstate-
ment. For instance, rats allowed long daily access to self-administered
drugs exhibit more robust prime- and stress-induced reinstatement
then do animals allowed shorter, daily access to drug (Ahmed et al.,
2000; Mantsch et al., 2004). Several experiments from the drug
discrimination literature suggest that methamphetamine is approxi-
mately 10 fold more potent than cocaine as a discriminative stimulus
(Munzar et al., 2000; Schechter, 1997; Suzuki et al., 2004). There was,
however, only a 5 fold difference in methamphetamine (0.1 mg/kg/
infusion) and cocaine self-administration doses (0.5 mg/kg/infusion)
between our reinstatement studies. In the present experiment we
chose a methamphetamine self-administration dose of 0.1 mg/kg/
infusion based on literature reports of it serving as an effective
reinforcer (Jun and Schindler, 2000; Moffett and Goeders, 2005;
Ranaldi and Poeggel, 2002; Shepard et al., 2006) but it appears based
on the literature available that 0.1 mg/kg/infusion falls on the
descending limb of the methamphetamine self-administration
dose–effect curve (Jun and Schindler, 2000; Moffett and Goeders,
2005) andmay therefore be a somewhat high unit self-administration
dose relative to 0.5 mg/kg/infusion cocaine. This conjecture is
strengthened by results from two progressive ratio studies of
methamphetamine-self-administration in rats. In those experiments
peak numbers of methamphetamine responses were generated by
0.08 and 0.1 mg/kg/infusion methamphetamine doses, respectively
(Clemens et al., 2006; Roth and Carroll, 2004) indicating that a 0.1 mg/
kg/infusion methamphetamine dose is a very high efficacy reinforcer.
In contrast, progressive ratio schedules of cocaine self-administration
indicate that unit doses of cocaine considerably greater than our
0.5 mg/kg/infusion dose are required to produce maximal responding
on a progressive ratio schedule. This suggests that 0.5 mg/kg/infusion
cocaine has a more moderate reinforcing efficacy, at least when
compared to other cocaine doses (Roberts et al., 1989; Ward et al.,
2005).

The mechanism by which unit self-administration dose might
effect the ability of drug-paired cues to influence reinstatement is
unclear. One possibility could be that the dose of the self-
administered drug might effect the salience of the drug-paired
cues. While there is some disagreement whether the reinstatement
produced by drug priming is due to the ability of the prime to
produce discriminative stimulus effects like the self-administered
drug (Feltenstein and See, 2006; Odum and Shahan, 2004; Speal-
man et al., 1999) experiments have shown that the relative strength
of components of a compound discriminative stimulus are depen-
dent upon the salience of the individual constituents during training
(Duncan, 1986; Jarbe et al., 1989). It may also be the case that the
strength of individual components of a compound reinstating sti-
mulus, even if they are mediated by separate neurochemical mecha-
nisms, may also be dependent upon their salience during training. If
in the present study the methamphetamine self-administration dose
was relatively high, as seems likely, one might predict that the
salience of the methamphetamine component of the compound
reinstating stimulus might also take on a more prominent role and
could, thereby, alone have been sufficient to produce significant
reinstatement in the absence of extinguished methamphetamine-
paired cues. Additional studies with lower self-administered unit
doses of methamphetamine will be required in order to definitively
test this hypothesis.
A few studies in the literature with other drugs of abuse have
shown that combining drug+exteroceptive cues, which have been
paired with drug but not extinguished, can result in a dramatic
enhancement of reinstatement responding compared to either drug or
cues alone (Di Ciano et al., 2001; Di Pietro et al., 2006; Shelton et al.,
2004; Spealman et al., 1999). The present study largely confirms and
extends those findings to methamphetamine reinstatement. The
reinstatement produced by prime+non-extinguished cues was
greater than drug prime alone, cues alone or prime+extinguished
cues. In regards to absolute values, reinstatement on the first day in
the prime+non-extinguished cue condition was almost twice as large
as that in the cue alone condition and over twice as great as the drug
prime alone condition.

In conclusion, the present study demonstrates that reinstatement
of methamphetamine-seeking behavior in rats can be produced by
methamphetamine priming as well as by contingent presentation of
methamphetamine-paired exteroceptive cues. The data also show
that combining methamphetamine prime+cues produces a more
robust reinstatement effect than when either of these same reinstat-
ing stimuli are presented alone. These data, together with those
involving the reinstatement of cocaine-seeking behavior (e.g. Felten-
stein and See, 2006; Shelton and Beardsley, 2005; Shelton et al., 2004)
continue to document the importance of the interaction between
drug-associated cues with other reinstating events for precipitating
renewed drug-seeking, and suggest conditions environmentally and
pharmacologically likely more similar to relapse in the drug abuser
which should be considered during the evaluation of potential
pharmacotherapies.
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