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Incubation of Methamphetamine and Palatable Food Craving
after Punishment-Induced Abstinence
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In a rat model of drug craving and relapse, cue-induced drug seeking progressively increases after withdrawal from methamphetamine
and other drugs, a phenomenon termed ‘incubation of drug craving. However, current experimental procedures used to study
incubation of drug craving do not incorporate negative consequences of drug use, which is a common factor promoting abstinence in
humans. Here, we studied whether incubation of methamphetamine craving is observed after suppression of drug seeking by adverse
consequences (punishment). We trained rats to self-administer methamphetamine or palatable food for 9 h per day for 14 days; reward
delivery was paired with a tone-light cue. Subsequently, for one group within each reward type, 50% of the lever-presses were punished
by mild footshock for 9—10 days, whereas for the other group lever-presses were not punished. Shock intensity was gradually increased
over time. Next, we assessed cue-induced reward seeking in |-h extinction sessions on withdrawal days 2 and 2. Response-contingent
punishment suppressed extended-access methamphetamine or food self-administration; surprisingly, food-trained rats showed greater
resistance to punishment than methamphetamine-trained rats. During the relapse tests, both punished and unpunished
methamphetamine- and food-trained rats showed significantly higher cue-induced reward seeking on withdrawal day 21 than on
day 2. These results demonstrate that incubation of both methamphetamine and food craving occur after punishment-induced
suppression of methamphetamine or palatable food self-administration. Our procedure can be used to investigate mechanisms of relapse

INTRODUCTION

In drug addicts, relapse can occur after prolonged
abstinence (Hunt et al, 1971) and is often precipitated by
exposure to drug-associated cues that provoke drug craving
(O’Brien et al, 1992). On the basis of clinical observations,
Gawin and Kleber (1986) had hypothesized that cue-
induced cocaine craving progressively increases over the
first weeks of abstinence and remains high over extended
periods. An analogous phenomenon, termed ‘incubation of
drug craving’, was subsequently identified in rats, based on
observations that time-dependent increases in cue-induced
cocaine or heroin seeking occurred after withdrawal from
these drugs (Grimm et al, 2001; Neisewander et al, 2000;
Shalev et al, 2001). Subsequent studies have demonstrated
that incubation of drug craving also occurs in rats with
a history of nicotine, alcohol, or methamphetamine
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to drug and palatable food seeking under conditions that more closely approximate the human condition.
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self-administration (Abdolahi et al, 2010; Bienkowski
et al, 2004; Shepard et al, 2004).

In these and other studies, time-dependent increases in
cue-induced drug seeking after withdrawal were examined
in several established procedures to assess cue-induced
relapse (Lu et al, 2004b; Marchant et al, 2013b; See, 2005).
These include extinction tests in the presence of the drug-
associated cues (Conrad et al, 2008; Lee et al, 2006; Lu et al,
2004a), discrete cue-induced reinstatement after extinction
(Grimm et al, 2001; Mead et al, 2007), and acquisition of a
new conditioned response (Di Ciano and Everitt, 2004). A
common feature of these studies and related studies
(Pacchioni et al, 2011; Van den Oever et al, 2008; Van den
Oever et al, 2010) is that abstinence is forced either by
removing the rats from the drug self-administration envir-
onment or by conducting extinction training. However, in
humans, abstinence is typically self-imposed, despite drug
availability, because the drug’s rewarding effects are
outweighed by the aversive consequences of seeking or
using them (Burman, 1997; Epstein and Preston, 2003;
Klingemann, 1991; Marlatt, 1996).

This form of abstinence can be modeled in laboratory
animals by punishment of the drug self-administration
response, typically in the form of response-contingent
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presentation of mild intermittent footshock (Marchant et al,
2013a; Panlilio et al, 2003). Over the years, several studies
have shown that punishment significantly decreases and
even eliminates opiate and psychostimulant self-adminis-
tration (Johanson, 1975; Panlilio et al, 2003; Pelloux et al,
2007; Smith and Davis, 1974). More recently, we and others
have begun to use punishment-based procedures to study
relapse to drug seeking induced by drug-priming injections
(Panlilio et al, 2003; Panlilio et al, 2005) or drug cues and
contexts (Cooper et al, 2007; Economidou et al, 2009;
Marchant et al, 2013a; Peck et al, 2013).

In the present study, we used a punishment-based relapse
procedure to determine whether cue-induced methamphe-
tamine seeking (as assessed in extinction tests after 2 and 21
withdrawal days) progressively increases or incubates after
punishment-induced suppression of extended-access drug
self-administration. For comparison purposes, we also
assessed incubation of methamphetamine craving under
forced abstinence conditions like those typically used in
incubation of drug craving studies (Lu et al, 2004b; Pickens
et al, 2011). In addition, as incubation of craving has been
demonstrated in rats trained to self-administer non-drug
rewards (eg, sucrose) (Grimm et al, 2005; Grimm et al, 2002;
Lu et al, 2004b), we also tested incubation of reward craving
after both forced abstinence and punishment-induced
suppression of extended-access palatable food self-admin-
istration.

MATERIALS AND METHODS
Subjects

We used male Sprague-Dawley rats (Charles River, Raleigh,
NC, USA), weighing 350-400 g before surgery. We group-
housed (two per cage) the rats for 1 week before surgery and
housed them individually after surgery. We maintained the
rats in the animal facility under a reversed 12:12h light/
dark cycle with regular (home-cage) food and water freely
available, except during the first 1-2 days of food-pellet
training, when regular home-cage food was limited to about
20 g/day. Our procedures followed the guidelines outlined
in the Guide for the Care and Use of Laboratory Animals
(eighth edition; http://grants.nih.gov/grants/olaw/Guide-
for-the-Care-and-Use-of-Laboratory-Animals.pdf). Of the
97 rats we used in the study, we excluded three rats because
of catheter problems and two rats because of failure to
acquire stable methamphetamine self-administration.

Intravenous Surgery

We anesthetized rats with ketamine and xylazine (50 and
5mg/kg, i.p., respectively) and inserted silastic catheters
into the jugular vein, as described previously (Bossert et al,
2009; Theberge et al, 2013). We attached the catheters to a
modified 22-gauge cannula that was mounted to the rats’
skulls with dental cement. We injected buprenorphine
(0.1 mg/kg, s.c.) after surgery to relieve pain and allowed the
rats to recover for 5 days before methamphetamine or food
self-administration training. During the recovery, training
and punishment phases, we flushed the catheters every
24-48 h with gentamicin (Butler Schein; 5 mg/ml) and sterile
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saline. We also performed the intravenous catheter surgery
in the food-trained rats.

Apparatus

We trained rats in self-administration chambers located
inside sound-attenuating cabinets and controlled by a Med
Associates system. We equipped each chamber with two
levers located 8.5 cm above the grid floor and connected the
grid floors to electric shock generators; we also equipped
the chambers of the food-trained rats with a pellet dispenser
and receptacle located near the active lever. Presses on the
retractable active lever activated the infusion pump or the
pellet dispenser for the methamphetamine- and food-
trained groups, respectively. Presses on the other inactive
(stationary) lever had no reinforced consequences. We
connected the catheters of rats in the methamphetamine
self-administration group to a modified cannula (Plastics
One) attached to a liquid swivel (Instech) via polyethylene-
50 tubing that was protected by a metal spring. For rats in
the food self-administration group, we covered the con-
necting 5-UP Plastics One cannula with dust caps and did
not connect them to the intravenous line.

Training Phase

Methamphetamine. The training procedure for metham-
phetamine self-administration was similar to that used in
our studies on incubation of cocaine, methamphetamine,
and heroin craving (Koya et al, 2009; Shepard et al, 2004;
Theberge et al, 2013). On the first day of training, we
brought the rats to the self-administration room where we
chronically housed them in the chambers. We trained rats
to self-administer dl-methamphetamine HCl (NIDA) during
three 3-h sessions/day (the sessions were separated by
30 min) over 14 days under a fixed-ratio-1 with 20-s timeout
reinforcement schedule; lever presses were accompanied by
a 5-s compound tone-light cue. These drug access and
reinforcement schedule conditions are based on our
previous incubation studies with heroin and methamphe-
tamine (Theberge et al, 2012; Theberge et al, 2013). We
trained the rats in seven cycles of 2 days of methamphe-
tamine self-administration and one off day in order to
prevent loss of body weight during the training phase
(under our training conditions of 6 or 9h daily sessions,
rats lose weight after each training day and regain the lost
weight during the off days (Shepard et al, 2004; Theberge
et al, 2013)). Weight loss is a common side effect of
methamphetamine use by humans (Mooney et al, 2009;
Neale et al, 2009) or laboratory animals (Krasnova et al,
2010) because of the drug’s anorexic effects (Saito et al,
1995). We dissolved methamphetamine HCl in sterile
saline and the rats self-administered the drug at a dose of
0.1 mg/kg/infusion over 3.5s (0.10 ml/infusion) (Shepard
et al, 2004; Theberge et al, 2013). To prevent overdose, we
limited the number of infusions per 3-h session to 35. We
started the self-administration sessions at the onset of the
dark cycle and sessions began with the insertion of the
active lever and the illumination of a red house-light that
remained on for the duration of the session. At the end of
each 3-h session, the house light was turned off, and the
active lever was retracted.
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Food pellets. Our food training procedure was similar to
that used for methamphetamine, with the exception that
lever-presses led to the delivery of five 45-mg ‘preferred’
food pellets (TestDiet, Catalog # 1811155, 12.7% fat, 66.7%
carbohydrate, and 20.6% protein). In addition, before the
formal training sessions, we gave the rats two to three 1-h
magazine training sessions during which five pellets were
delivered non-contingently every 5min, accompanied by
the 5-s tone-light cue. We have been using the ‘preferred’
TestDiet pellet type in our recent food reinstatement studies
(Calu et al, 2013; Cifani et al, 2012; Pickens et al, 2012),
because in food-preference tests we found that rats prefer it
over other pellet types with different compositions of fat
and carbohydrate, and different flavors (Calu et al, 2014).
On the basis of pilot studies, we chose five pellets per
reward delivery in order to roughly equate the number of
rewards earned per day and the number of CS (tone-light
cue)—UCS (methamphetamine, food) pairings during
training for the two reward types. Because of an experi-
menter error, we gave 10 food-trained rats four pellets per
reward delivery on the first two training days (the data for
these rats for training days 1-2 are excluded from Figure 1,
and for the repeated measures statistical analyses we used
the group’s mean of the other food-trained rats to estimate
the values of these rats).

Punishment Phase

During this phase, the rats continued methamphetamine or
food self-administration every day (9-h sessions) under the
FR-1 20-s timeout reinforcement schedule that was used
during training. For methamphetamine and food-trained
rats in the punished groups, 50% of the reinforced lever-
presses also resulted in the concurrent delivery of a 0.5-s
footshock through the grid floor (Marchant et al, 2013a).
We set the initial footshock at 0.12mA and increased the
shock intensity by 0.06 mA every day to a final value of 0.6
or 0.66 mA (a total of 9-10 punishment sessions). Punished
responses continued to produce the tone-light cue and
0.1 mg/kg/infusion of methamphetamine or five food
pellets. For rats in the unpunished groups, the conditions
were identical to the previous training sessions. We gave the
rats in the unpunished groups 9-10 methamphetamine or
food self-administration sessions to match the duration of
drug/food exposure to that of the punished groups. The n’s
for each group were ‘METH Punished’ =26 (9 rats were
given 9 punishment sessions and 17 rats were given 10
punishment sessions); ‘METH Unpunished’=20; ‘Food
Punished’ =24 (all rats were given 10 punishment sessions);
‘Food Unpunished’ =22.

Withdrawal Phase

At the end of the punishment phase, we brought the rats
back to the animal colony room and handled them three
times per week. We then brought them to the self-
administration chambers on the morning of the extinction
tests, which were conducted on withdrawal days 2 and 21
after the last punishment session or training session (for the
unpunished groups).

Neuropsychopharmacology

a Timeline
Training Punishment / no punishment Incubation
(14 days) (10 days) test
| | | |
| | IT T |
2 21
b Methamphetamine (0.1 mg/kg/infusion)
Rewards Lever presses
120 200
= =
@ 90 AAAMAM @ 150
12} 123
5 ) g
g 60 = g 100
-_E g @ Active lever
5 307 3 50 OlInactive lever
> -
0 T T T T T T T O_M
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Training day Training day
c Food (5 pellets/reward delivery)
120 200
= =
2 901 paMAAMAAAAAA 2 1507
8 3
T 7]
= 60 8 100
< a
= =
S 30+ 2 50
o 3
0 T T T T T T 0 '%@W
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Training day Training day
Figure | Methamphetamine and food self-administration during the

training phase. (a) Timeline of the experiment (see Materials and Methods
for details). (b) Methamphetamine (n =46) and (c) food self-administration
(n=46) training. Data are mean £ SEM of number of methamphetamine
infusions (0.1 mg/kg/infusion) or food rewards (five pellets/reward delivery)
and of active and inactive lever-presses during the fourteen 9-h daily self-
administration sessions. During training, active lever-presses were re-
inforced on an FR-1 20-s timeout reinforcement schedule; reward delivery
was paired with a 5-s tone-light cue.

Extinction Tests

The extinction tests in the presence of the methamphetamine
or food-associated cues consisted of a single 1-h session on
withdrawal days 2 and 21. Active lever-presses during testing
resulted in contingent presentations of the tone-light cue that
was previously paired with methamphetamine infusions or
food rewards, but not methamphetamine or food pellets. We
assessed cue-induced reward seeking in the extinction tests
using both within-subject design and between-subject design
(see Results), in which all rats tested on day 2 were also tested
on day 21 and some rats were only tested on day 21
(Airavaara et al, 2011). We previously found that incubation
of heroin, cocaine, and methamphetamine craving is
observed using both within- and between-subject design
(Marchant et al, 2013b; Pickens et al, 2011).

Statistical Analyses

We analyzed the data with the statistical program SPSS and
followed significant effects (p<0.05) with SPSS post hoc



contrasts within the repeated measures ANOVA module.
For the training and punishment phases, the dependent
variables were the number of methamphetamine infusions
or food rewards during 14 training days and the first 9
punishment sessions. The dependent variables for the
extinction tests were total (non-reinforced) active lever-
presses and inactive lever-presses. We matched the
punished and unpunished groups for their methampheta-
mine intake or food rewards during training, and used these
values as a covariate in the analysis of the punishment data.
Below, we only report interaction or main effects from the
factorial ANOVAs that are critical for data interpretation.

RESULTS
Training Phase

The methamphetamine-trained (total n=46) and food-
trained (n=46) rats increased their number of rewards
per session earned during training (Figure 1). The repeated
measures mixed ANOVA for rewards earned included the
between-subject factor reward type (food, methampheta-
mine) and the within-subject factor of session (sessions
1-14). Analysis showed a significant effect of session x
reward type (F(i31170)=55.6, p<0. 01). The significant
interaction reflects that for methamphetamine-trained rats
reward intake continued to increase (escalate) for the first
10 training days, while for food-trained rats intake
stabilized after 4 days.

Punishment Phase

As the intensity of footshock increased over days, both
methamphetamine- and food-reinforced responding de-
creased. Surprisingly, the non-deprived food-trained rats
were more resistant to punishment than the methamphe-
tamine-trained rats (Figure 2). The statistical analysis of
rewards earned included the between-subject factors of
reward type and punishment condition (unpunished,
punished), the within-subject factor of session (sessions
1-9), and the covariate of mean number of rewards earned
per day during training. Analysis showed a significant effect
of punishment condition x session (Fg 04y = 104.5, p<0.01),
indicating that the suppressing effect of increasing shock
intensity becomes stronger over days, independent of the
reward type. Surprisingly, this analysis also showed a
significant interaction of punishment condition x reward
type x session (Fg 704y =9.0, p<0.01), because the punished
food-trained rats self-administered more rewards than the
punished methamphetamine-trained rats, an effect that was
most pronounced at moderate and high shock intensities
(Figure 2).

Extinction Tests (Incubation of Reward Craving Tests)

In the methamphetamine-trained rats, we found time-
dependent increases in cue-induced reward seeking in the
extinction tests (the operantional measure of incubation of
reward craving) in both the punished and unpunished
conditions, using both the within-subject and between-
subject assessment (Figure 3). In the food-trained rats, we
found time-dependent increases in cue-induced reward
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Figure 2 Suppression of methamphetamine and food self-administration
by punishment. Reward delivery (a) and percent suppression from the last
training day (b) in the punished (left panel, n=24-26 per group) and
unpunished (right panel, n=20-22 per group) methamphetamine and
food self-administration groups. Data are mean = SEM of infusions/rewards
or percent suppression. During the punishment phase, shock intensity was
gradually increased from 0.12 mA to 0.66 mA over 9-10 days, and 50% of
rewarded lever presses in the punished groups were accompanied by
concurrent footshock. *Different from the methamphetamine punished
group, p<0.05.

seeking in punished and unpunished food-trained rats,
using the between-subject but not within-subject assess-
ment (Figure 3).

Within-subject incubation of reward craving. The sta-
tistical analyses of active lever-presses included the
between-subject factors of reward type and punishment
condition, the within-subject factor of withdrawal day, and
the covariate of inactive lever-presses. This analysis showed
significant effects of reward type (F(s50)= 9.8, p<0.01),
punishment condition (F(; s0)=13.7, p<0.01), and reward
type x withdrawal day (F(;s50)=5.9, p<0.05). The reward
type effect reflects that across punishment conditions and
withdrawal days, active lever-pressing during testing was
overall higher in the food-trained rats. The punishment
condition effect reflects that across reward types and
withdrawal days, active lever-pressing was higher in the
unpunished rats. The reward type x withdrawal day inter-
action effect reflects that, independent of the punishment
conditions, time-dependent increases in cue-induced
reward seeking in the extinction tests were only observed
in the methamphetamine-trained rats.

Between-subject analysis. The statistical analyses of active
lever-presses included the between-subject factors of reward
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type, punishment condition, and withdrawal day, and the
covariate of inactive lever-presses. This analysis showed
significant effects of reward type (F( g3 = 35.0, p<0.01)
and punishment condition (F(; g3)=10.5, p<0.01), but not
reward type x withdrawal day (p>0.05). The significant
effect of reward type reflects that across punishment
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conditions and withdrawal days, active lever-pressing
during testing was overall higher in the food-trained rats.
The significant effect of punishment condition reflects that,
across reward types and withdrawal days, active lever-
pressing was higher in the unpunished rats than in the
punished rats.

DISCUSSION

We studied the time course of cue-induced methamphetamine
or palatable-food seeking after self-administration of these
rewards was suppressed by response-contingent punishment.
In rats with a history of methamphetamine self-adminis-
tration, we observed incubation of methamphetamine
craving using both the within-subject and between-subject
assessment. In rats with a history of palatable food self-
administration, we observed incubation of food craving
after punishment using the between-subject but not within-
subject assessment. We also observed time-dependent
increases in cue-induced methamphetamine and food
seeking after withdrawal, confirming previous reports
(Lu et al, 2004b; Pickens et al, 2011). Unexpectedly, we
also found that food-trained rats were more resistant to
punishment than methamphetamine-trained rats.

Incubation of Methamphetamine and Food Craving
after Punishment

Our finding of incubation of methamphetamine craving
after punishment extend previous reports in which investi-
gators used response-contingent shock- or shock-barrier-
based conflict procedures to study drug relapse induced by
exposure to drug priming (Panlilio et al, 2005), drug-
associated cues (Cooper et al, 2007; Economidou et al, 2009;
Peck et al, 2013), or drug-associated contexts (Marchant
et al, 2013a).

An unexpected finding was that incubation of food
craving after punishment was procedure-dependent and
was only observed in the between-subject assessment. The
reasons for these experimental-design-specific differences
in the food-trained rats are unknown. The negative data
from the within-subject design are in agreement with the
early punishment literature (Azrin and Holz, 1966). For
example, Estes (1944) reported that, when food-reinforced
responding in rats had been suppressed by punishment,
there was no increase in responding during extinction tests

<

Figure 3 Time-dependent increases in cue-induced reward seeking in
the extinction tests (incubation of reward craving) in the punished and
unpunished methamphetamine-trained and food-trained rats after with-
drawal. Data are mean + SEM responses on the previously active and on
the inactive lever in the unpunished and punished methamphetamine-
trained rats (a, within-subjects, b, between-subjects) and food-trained rats
(c, within-subjects, d, between-subjects) during the |-h extinction tests on
withdrawal days 2 and 2| (n=9-17 per time point). During the extinction
tests, lever-presses led to contingent presentations of the tone-light cue
previously paired with methamphetamine infusions or food reward during
training and punishment. *Different from Day 2, p <0.05. (Note: the data
for day 2 in (a, within-subject) and (b, between-subject) are identical,
because all rats tested on day 2 were also tested on day 21 (within-subject
assessment), while other rats were only tested on day 2| and their data
were compared with those tested on day 2 (between-subject
assessment)).




performed 1, 8, 9, and 29 days after the last punishment
session. We speculate that extinction learning that had
occurred on day 2 test may have resulted in decreased
responding to the food cues on day 21 test. However, this
explanation cannot account for the within-subject incuba-
tion after punishment in methamphetamine-trained rats. In
this case, however, methamphetamine-induced memory
impairments (Marshall and O’Dell, 2012) may have inter-
fered with extinction learning on day 2, resulting in a lesser
impact of day 2 test on day 21 test.

A consistent finding in our study was lower extinction
responding in the punished vs unpunished methampheta-
mine- and food-trained rats (Figure 3). One reason for this
is that the pairing of shock with the self-administration
chamber may have made the chamber a conditioned
inhibitor of operant responding during the extinction tests.
Another reason is that pairing of contingent shock with
lever-pressing for methamphetamine or food should have
led to devaluation of not only the rewards but also of the
discrete cue associated with their delivery. Thus, cue-
induced reward seeking in the punished groups could have
been suppressed because the original reward cue became a
reliable predictor of shock.

Barnea-Ygael et al (2012) used a conflict-based relapse
model (Cooper et al, 2007) to assess the time course of
cue-induced cocaine seeking after suppression of cocaine
self-administration by an electric barrier (Warden, 1931).
During tests for cue-induced relapse 1 or 14 days after the
last electric barrier session, rats were tested in the presence
of the barrier. They found that cue-induced cocaine seeking
was higher after 1 day than after 14 days, a pattern of results
opposite to our results. A likely reason for the discrepant
results is that we tested our rats shock-free, whereas Barnea-
Ygael et al (2012) tested their rats with the electric barrier.
Under these conditions, an incubation of reward craving
process could be masked by time-dependent stress sensi-
tization processes (Antelman et al, 2000), resulting in
increased reactivity to the electric barrier after 14 shock-free
days.

Incubation of Methamphetamine and Food Craving in
Unpunished Rats

In agreement with previous studies (Shepard et al, 2004;
Theberge et al, 2013), we observed incubation of metham-
phetamine craving after withdrawal in unpunished rats. The
mechanisms underlying this incubation are unknown, but
we believe there are at least two possible reasons. The first is
development of drug-induced neuroadaptations that
progressively increase after withdrawal, leading to higher
cue-induced drug seeking during late withdrawal (Loweth
et al, 2014; Pickens et al, 2011). Alternatively, incubation of
drug craving involves certain drug-induced neuroadapta-
tions that suppress cue-induced drug seeking during early
withdrawal; these suppressor mechanisms dissipate over
time, leading to higher cue-induced drug seeking during
late withdrawal (Pickens et al, 2011).

We suspect that the latter mechanism accounts for
incubation of methamphetamine craving. This is because
extinction responding on day 2 in unpunished metham-
phetamine-trained rats was almost as low as that of punished
rats in which drug-taking behavior was suppressed by shock
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(Figure 3). One possible reason for the low responding in
methamphetamine-trained unpunished rats on day 2 is the
induction of early withdrawal depressive-like states by
extended access methamphetamine (Jang et al, 2013;
McGregor et al, 2005), resulting in decreased responding
to the drug-associated cues. Additional support for the idea
that incubation of drug craving involves early withdrawal
neuroadaptations that decrease cue-induced drug seeking
comes from cocaine studies in which the duration of the
training session and number of training days were mani-
pulated (Pacchioni et al, 2011; Sorge et al, 2005). These
studies indicate that extended cocaine exposure, which
presumably leads to more profound neuroadaptations
(Ahmed et al, 2005; Ben-Shahar et al, 2009), does not
increase cue-induced drug seeking during late withdrawal
but instead decreases cocaine seeking during early with-
drawal. This idea is also supported by recent molecular
studies that have documented differential transcriptional
and translational adaptations at early and late withdrawal
times after methamphetamine self-administration in rats
(Krasnova et al, 2013).

Consistent with previous studies on incubation of non-
drug sucrose craving (Grimm et al, 2005; Li and Frantz,
2010; Uejima et al, 2007), we observed incubation of
palatable food craving after withdrawal using between-
subject assessment. An unexpected finding was a lack of
incubation of food craving using the within-subject assess-
ment. The negative findings with the within-subject assess-
ment may be due to extinction learning that had occurred
during day 2 test, resulting in decreased lever-presses on
day 21 test (see above).

Resistance to Punishment after Methamphetamine and
Food Self-Administration

An wunexpected finding was the higher resistance to
punishment in food-trained rats than in methampheta-
mine-trained rats (Figure 2). Early (Johanson, 1975; Smith
and Davis, 1974) and more recent (Negus, 2005; Panlilio
et al, 2003; Pelloux et al, 2007) studies reported similar
punishment sensitivity for drugs and non-drug rewards.
The reasons for the differences between these studies and
our study are unknown, and are particularly unexpected
because our rats were not food-restricted. One potential
reason is the drug type (cocaine vs methamphetamine).
Another potential reason is the different food types: oral
sucrose vs our 45mg pellets that rats strongly prefer over
sucrose pellets (Calu et al, 2014). Higher resistance to
punishment in our food-trained rats may be due to the
higher rewarding efficacy of the food pellets. Indeed, we
recently found that most rats trained to self-administer both
food and methamphetamine prefer the food pellets (Caprioli
and Shaham, unpublished data). These data confirm
previous results of Ahmed and Lenoir that the majority of
rats trained for cocaine self-administration strongly prefer
an alternative non-drug food reward (saccharin solution)
(Ahmed et al, 2013; Cantin et al, 2010; Lenoir et al, 2007).
A question for future research is whether both resistance to
punishment and preference for food over methampheta-
mine would be reversed in rats classified as ‘addicts’
following months of drug self-administration in the
DSM-based addiction model developed in Bordeaux
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(Deroche-Gamonet and Piazza, 2014; Piazza and Deroche-
Gamonet, 2013).

Two other issues should be considered in interpreting our
resistance to punishment data. The first is that investigators
divided rats into punishment-sensitive vs punishment-resistant
in some previous studies (Pelloux et al, 2007; Vanderschuren
and Everitt, 2004), while all rats were eventually punishment-
sensitive in our study. The main reason for this difference is
that other investigators had used a single pre-set low to
mid-range shock intensity to determine punishment resis-
tance in these previous studies, whereas we employed a
psychometric approach of gradually increasing shock
sensitivity to determine punishment resistance (Panlilio
et al, 2003; Panlilio et al, 2005). Another issue is that shock
intensity increases over days in our procedure. Thus, it is
unknown whether shock suppression is due to increased
shock intensities or days of shock exposure. However, it is
most likely that shock intensity is the critical parameter,
because we have not observed additional decreases in
operant responding when shock intensity remains constant
over days (Marchant et al, 2013a).

Concluding Remarks

We demonstrated that ‘incubation of methamphetamine
craving’ occurs after punishment-induced abstinence. This
experimental condition mimics the self-imposed abstinence
that occurs in some humans, despite the continued availa-
bility of drugs, when the aversive consequences of drug
seeking and taking outweigh the drug rewarding effects.
However, a note of caution is that the punishment-based
procedure does not fully capture abstinence in humans
(Marchant et al, 2013a). This is because human abstinence
also involves addicts considering delayed long-term nega-
tive consequences of drug use (eg, loss of employment,
marital problems, loss of social status), psychological
processes that cannot be modeled in laboratory rodents
(Catania, 1992). Nonetheless, we propose that our punish-
ment-based procedure can be used to investigate mechan-
isms of relapse to drug and food seeking under conditions
that more closely approximate the human condition.
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