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Chemogenetic activation of the perirhinal cortex
reverses methamphetamine-induced memory deficits
and reduces relapse
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Prolonged use of methamphetamine (meth) has been associated with episodic memory deficits in humans, and preclinical

rat models of meth self-administration indicate the memory deficits are a consequence of meth use. Others have suggested

that the meth-induced memory deficits may promote a cyclical pattern of drug use, abstinence, and relapse, although pre-

clinical evidence for this relationship is somewhat lacking. The memory deficits in preclinical models manifest as a loss of

novel object recognition (NOR) memory. These deficits occur one to two weeks after cessation of meth use and involve the

perirhinal cortex, a parahippocampal region essential to NOR memory. We hypothesized that a loss of perirhinal cortex

function contributes to both the NOR memory deficits and increased vulnerability to relapse in a novel-cue reinstatement

model. To test this, we attempted to restore NOR memory in meth rats using an excitatory Gq-DREADD in perirhinal

neurons. Activation of these neurons not only reversed the meth-induced deficit in NOR memory, but also restored

novelty salience in a novel-cue reinstatement model. Thus, perirhinal cortex functionality contributes to both memory def-

icits in relapse in a long-access model of meth self-administration in rats, and chemogenetic restoration of perirhinal func-

tion restores memory and reduces relapse.

[Supplemental material is available for this article.]

Methamphetamine (meth) abusers have episodic memory deficits
that correlate with the extent of meth use (Simon et al. 2004; Scott
et al. 2007; Dean et al. 2013), but to determine whether these
memory deficits are a cause or consequence ofmeth abuse, it is nec-
essary to use preclinical animal models. Long-access meth self-
administration in rats induces recognition memory deficits mea-
sured in a novel object recognition (NOR) task (Reichel et al.
2011a,b; Scofield et al. 2015; Peters et al. 2016), in which rats
must remember a familiar object to express a natural preference
for a novel object. These memory deficits have been observed
one to two weeks after abstinence frommeth, and numerous find-
ings point to perirhinal cortex dysfunction as a neurobiological
substrate for these deficits. For instance, there is a loss of long-term
depression (LTD) in perirhinal cortex slices after long-access meth
(Scofield et al. 2015). This impaired LTD results, at least in part,
from a loss of glutamate receptor expression (Reichel et al.
2011b; Scofield et al. 2015) and function (Peters et al. 2016) in peri-
rhinal cortex. Collectively, these findings point to a meth-induced
reduction in perirhinal cortex glutamatergic transmission.

There is a great deal of evidence indicating a critical role
for the perirhinal cortex in NOR memory at the basal state, in
drug-naive animals (Griffiths et al. 2008; Malkova et al. 2015).
Pharmacological inactivation of the perirhinal cortex, or its discon-
nection from the prefrontal cortex (PFC), impairs NORmemory in
drug-naive animals (Parker and Gaffan 1998; Winters et al. 2010).
The perirhinal cortex also sends projections to the nucleus accum-
bens (NAc) (Christie et al. 1987; McIntyre et al. 1996), a target that
is known to be an integral component of the meth relapse circuit
(Rocha and Kalivas 2010). However, functional evidence support-

ing the relationship between the meth-induced memory deficits
and relapse is lacking. Moreover, the neural circuitry underlying
this relationship is also unknown. We recently demonstrated the
importance of perirhinal cortex in a relapse setting involving novel
cues, e.g., a novel-cue reinstatement paradigm (Peters et al. 2016).
Restoring perirhinal glutamatergic transmission reduced the re-
lapse index in this paradigm, a measure of the relative reinforcing
potential of meth cues versus novel cues. Long-access, but not
short-access, meth rats exhibit a NOR recognition memory deficit,
and long-access rats exhibit a greater relapse index in the novel-cue
reinstatement paradigm than short-access rats (Peters et al. 2016).
This suggests a common neurobiological substrate may underlie
both the recognitionmemory deficits and propensity to relapse af-
ter long-access meth.

Designer receptors exclusively activated by designer drugs
(DREADDs) have been used to selectively activate (or deactivate)
neurons in specific brain regions, cell types, and circuits to control
numerous types of behaviors ranging from locomotion to relapse
(Augur et al. 2016; Gomez et al. 2017). The inhibitory Gi-
DREADD, for example, when expressed in insular cortex neurons,
can restore meth-induced deficits in risky decision-making
(Mizoguchi et al. 2015), and when specifically expressed in the an-
terior insular to central amygdala pathway can reduce relapse after
voluntary abstinence (Venniro et al. 2017). In the voluntary absti-
nence model, animals choose to seek an alternate reward (e.g.,
sucrose) over the drug reward in a choice setting, an example of
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contingency management (Venniro et al. 2017). In our novel-cue
reinstatement paradigm, short-access meth animals choose novel
cues as frequently as they choose meth cues, but after long-access
meth, they prefer meth cues (Peters et al. 2016). We view this as
a failure in contingency management and hypothesize that it
can be attributed to a deficit in perirhinal cortex function.

To test this hypothesis, we expressed an excitatory Gq-
DREADD in perirhinal cortex neurons and examined the ability
of its ligand, clozapine-N-oxide (CNO), to restore memory and re-
duce relapse in our novel-cue reinstatement paradigm after long-
access meth. This allows us to test the role of perirhinal cortex in
both behavioral paradigms in a within-subject manner, and thus
examine the interdependency of thesemeasures.We hypothesized
that the meth-induced recognition memory deficits contribute to
relapse in the novel-cue reinstatement paradigm, and that chemo-
genetic restoration of perirhinal functionwould both restoremem-
ory and reduce relapse. As novelty detection andnovelty reward are
critical to performance in both tasks, perirhinal cortex neurons
may encode one or both of these processes. By artificially enhanc-
ing perirhinal functionality, it may be possible to restore novelty
salience and its ability to act as an alternative reward in contingen-
cy management therapy.

Results

Meth self-administration
The experimental time line is depicted in Figure 1. Consistent with
previous work from our laboratory and others, during the 21 d of
meth self-administration (Fig. 1A), rats escalated the number of in-
fusions they received over the course of the long access period

(main effect of day: F(13,338) = 37.72, P < 0.001). Specifically, re-
sponding was greater on days 2 to 14 relative to day one of the
long access protocol (Holm–Sidak’s, P < 0.05). Consistently, active
lever presses increased over time (main effect of day: F(13,338) = 1.9,
P < 0.028) with days 7, 8, and 9 significantly above day one of long
access. Total cumulative meth intake did not differ between rats
that were assigned to vehicle or CNO groups (Fig. 1B).

Object recognition
The amount of time spent with and approaches to objects during
the 3 min habituation session are presented in Table 1 along
with locomotor activity counts. There were no group differences
on any of these measures. On the test for recognition memory
the two-way ANOVA revealed a significant interaction between ob-
ject (novel versus familiar) and treatment (CNO versus vehicle)
(Fig. 2A, F(1,24) = 9.55, P < 0.005). Follow up comparisons show
that CNO increased the amount of time spent with the novel ob-
ject whereas vehicle rats explored objects equally (Holm–Sidak’s
P < 0.05). There were no differences on the number of approaches
to objects between groups (see Table 1). Direct comparisons be-
tween groups using the recognition index (time spent with novel
object/time spent with both objects) showed thatmeth rats treated
with CNO had significantly higher preference ratios than vehicle
treated rats (Fig. 2B, t(24) = 3.27, P < 0.05). Importantly, no effects
of CNO were observed in the absence of DREADD expression on
this behavior (Supplemental Fig. 1). Similarly, a low dose of cloza-
pine did not alter NOR memory in meth rats without DREADDs
(Supplemental Fig. 1), which isworthnoting given recent concerns
that CNO back-conversion to clozapine accounts for DREADD ac-
tivity (Michaelides et al. 2013).

Novel cue responding
The number of lever presses on the
drug-associated, novel, and inactive levers
are depicted in Figure 3. Planned compar-
isons (Fig. 3A) between active and novel
lever responding show that meth rats giv-
en vehicle responded more on the active/
drug associated lever relative to the novel
lever (t(48) = 2.84, P < 0.006). In contrast,
CNO-treated rats responded equally on
both levers (t(48) = 0.2, P > 0.05). Two-way
ANOVA revealed a significant main effect
of lever (F(2,48) = 15.94, P < 0.0001) and
the interaction approached significance
(F(2,48) = 2.5,P < 0.09).Direct comparisons
between groups using the relapse index
(novel lever responses/both lever res-
ponses) showed that meth rats treated
with vehicle had significantly higher
preference ratios than CNO-treated rats
(Fig. 3B, t(24) = 1.9, P < 0.05). Histological
verification of the Gq-DREADD ex-
pression was verified at the end of the
experiment by immunohistochemical
detection of the mCherry tag. The areas
where expression was observed were
marked for each animal and overlaid for
graphical purposes (Fig. 4A). DREADD
expression was centered around areas 35
and36 of the perirhinal cortex, but neuro-
pil staining extended into neighboring
areas including the dorsally situated
auditory association cortex (Te3), and
the ventrally situated entorhinal cortex.

A B

Figure 1. Long-access meth leads to escalation of meth intake. The experimental timeline is shown in
the top panel. After recovering from surgical implantation of i.v. catheters and perirhinal delivery of the
hSyn-hM3Dq, rats underwent long-access meth self-administration, followed by 1 wk of home cage ab-
stinence. The order of object recognition memory and novel cue relapse tests was counterbalanced
across subjects and separated by an additional week of home cage abstinence. Following these tests,
brain tissue was histologically examined to verify HA-hM3Dq expression in perirhinal cortex. (A) The
number of total active lever presses, those leading to a meth infusion, and inactive lever presses are
shown over the course of daily meth self-administration sessions. (**) P < 0.01 comparing total active
lever presses to those on the first 6-h meth session (indicative of escalation). (B) Total meth intake
was equivalent between vehicle and CNO groups in this study.
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A representative section depicting the immunohistochemical label
is shown in Figure 4B.

Discussion

The present study validates the therapeutic efficacy of using target-
ed chemogenetics to reverse meth-induced deficits in recognition
memory and reduce relapse. Chemogenetic activation of the peri-
rhinal cortex was effective on both these measures, lending sup-
port to the notion that meth-induced recognition memory
deficits may predispose to relapse, thus perpetuating the cycle of
meth use and abuse. Notably, these memory deficits are only ob-
served after long-access (not short-access) meth (Rogers et al.
2008; Reichel et al. 2011b), and thus may reflect a stage of sub-
stance abuse, beyond recreational use. For this past study, we
used a relapsemodel that incorporated a choice between novel ver-
sus meth cues and found notable differences between long- and
short-accessmeth, with long-access rats exhibiting a higher relapse
index, indicative of a preference to respond for meth cues versus
novel ones (Peters et al. 2016). The common role of perirhinal cor-
tex across recognition memory and relapse in this model may re-
flect the role of this region in novelty discrimination and/or
salience. Since the basolateral amygdala (BLA) is noted for its regu-
latory role in relapse for drug conditioned cues (See 2002), it may
provide a critical input to perirhinal cortex to permit discrimina-
tion between conditioned versus novel cues.

Deficits in object recognition memory, as measured using a
simple two-object task like the one used herein, are generally
thought to reflect an impairment in novelty discrimination. The
perirhinal cortex plays an essential role in this process, as early as
the time of initial object exploration (e.g., familiarization phase).
At this time, sensory information about the objects is relayed to
perirhinal cortex through higher-order association cortices, and
LTD occurs at perirhinal synapses (Griffiths et al. 2008; Massey
et al. 2008). This LTD is thought to be the neural substrate encod-
ing the familiarity of encountered objects (Banks et al. 2014). Thus,
upon subsequent encounter of a novel object versus familiar object
(e.g., test phase), novelty discrimination occurs within perirhinal
synapses, with those encoding the novel object presumably now
undergoing LTD for the first time, whereas those encoding the fa-
miliar object already existing in a depressed state (Griffiths et al.
2008). The memory for the familiar object is therefore encoded
and retrieved by this perirhinal plasticity. Similarly, the perirhinal
cortex in humans exhibits multivoxel pattern similarity using
fMRI across encoding and retrieval phases of episodic memory
(Tompary et al. 2016).

The perirhinal cortex is heavily interconnected with numer-
ous brain regions known to play a critical role in NOR memory
and/or relapse (Kealy and Commins 2011). While neither the

PFC, nor the hippocampus, are required for NOR memory in the
simple two-object task used here, they undoubtedly communicate
with the perirhinal cortex during encoding and retrieval of NOR
memoryundernormal conditions. Further, the PFC is critical for re-
instatement in preclinical self-administrationmodels of relapse for
most drugs of abuse including meth (Rocha and Kalivas 2010).
Chemogenetic activation of the perirhinal cortex would be expect-
ed to enhance glutamatergic output to the PFC, thereby enhancing
relapse if the primary targets are principal pyramidal neurons.
Currently it is unknown whether the perirhinal cortex favors prin-
cipal neurons over cortical interneurons, which are preferentially
targeted by the ventral hippocampus (Sotres-Bayon et al. 2012).
Thus, enhancing output through this pathway could either pro-
mote or reduce relapse, but the specific neuroanatomy is unknown,
nor is the specific role of this projection in reinstatement behavior.

Activity in NAc neurons is necessary for both cued andmeth-
primed reinstatement of meth seeking (Rocha and Kalivas 2010),
and both the perirhinal cortex and PFC provide a glutamatergic in-
put to theNAc (Christie et al. 1987; Brog et al. 1993). The PFC input
to the core drives the reinstatement of cocaine seeking (McFarland
et al. 2003), and PFC activity is necessary for the reinstatement of
both cocaine and meth seeking (McFarland and Kalivas 2001;
Rocha and Kalivas 2010). Cocaine induces opposing adaptations
in ventral hippocampal versus PFC inputs to the NAc, suggesting
these pathways may exert opposing influences on NAc output to
regulate relapse (Pascoli et al. 2014). Little is known about the
role of perirhinal inputs to the NAc in the reinstatement of drug
seeking; although it is possible this pathway, like the ventral hip-
pocampal inputs, may oppose the PFC’s relapse-promoting input
to NAc neurons. This would be consistent with our results that ac-
tivating perirhinal cortex (including its accumbens projections) re-
duced relapse in our model. The NAc also plays a role in novelty
choice behavior and is critical for novelty-induced place preference
(Pierce et al. 1990). However, it is unknown whether this behavio-
ral response to novelty is processed by the same NAc neurons in-
volved in the reinstatement of drug-seeking behavior.

The BLA, like the PFC, provides a glutamatergic input to the
NAc that has been shown to drive relapse, particularly reinstate-
ment elicited by conditioned cues (See et al. 2003; Di Ciano
and Everitt 2004). The perirhinal cortex has heavy reciprocal con-
nections with the BLA and has been proposed to act as a gateway
between the amygdala and the hippocampal-parahippocampal
network (Koganezawa et al. 2008). BLA input generally facilitates
information propagation from perirhinal to entorhinal cortex,
and into the hippocampus, supporting the notion that the

Table 1. Time, approach, and locomotor activity during object
recognition

Familiarization Vehicle CNO

Time
Object A left 10.6 ± 1.6 12.9 ± 1.7
Object A right 13.4 ± 2.1 10.7 ± 2.3

Approach
Object A left 3.8 ± 0.6 3.0 ± 0.6
Object A right 4.5 ± 0.8 2.6 ± 0.7
Locomotor activity 2456.3 ± 327.4 2464.9 ± 279.7

Test
Approach

Novel object 5.0 ± 0.6 5.4 ± 0.6
Familiar object 5.0 ± 0.7 4.7 ± 0.7
Locomotor activity 2770 ± 257.2 2967 ± 161.3

A B

Figure 2. Chemogenetic activation of perirhinal cortex reverses
meth-induced deficits in novel object recognition (NOR) memory.
(A) Total time spent interacting with novel versus familiar objects on the
NOR test is shown for vehicle versus CNO groups. (*) P < 0.01 comparing
novel versus familiar. (B) A recognition index greater than 0.5 (dotted line)
reflects the discrimination between novel and familiar objects on the NOR
test (see main text for details). (*) P < 0.05 compared to a hypothetical
mean of 0.5.
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perirhinal cortex may integrate emotional and sensory informa-
tion before it is conveyed to the hippocampus (Kajiwara et al.
2003). Interestingly, novel cueswere found to be as effective at trig-
gering reinstatement as cocaine conditioned cues, and both types
of cues activated a commonneural circuit, measured by Fos expres-
sion (Bastle et al. 2012). Given that our relapse model incorporates
competition between novel cues and conditioned meth cues, the
BLA could provide a critical input to the perirhinal cortex convey-
ing the emotional significance of themeth cues, allowing the com-
petition betweenmeth and novel cues within the perirhinal cortex
to be computed at a synaptic level before the outcome is relayed to
the hippocampus.

In sum, the perirhinal cortex is in a key anatomical position
to regulate both NOR memory and relapse, and chemogenetic ac-
tivation of perirhinal neurons reversed meth-induced deficits in
NOR memory and reduced relapse in a reinstatement model in-
volving choice between novel versus meth cues. Future studies
should determine whether the perirhinal cortex regulates relapse
to meth cues independent of novelty competition. Current evi-
dence suggests that perirhinal cortex neurons may be in a de-
pressed state after long-access meth and restoring their activity

via numerous mechanisms restores NOR memory and reduces re-
lapse (Scofield et al. 2015; Peters et al. 2016). Thus, interventions
aimed at reversing meth-induced neuroadaptations in perirhinal
cortex may break the cyclical pattern of meth abuse, cognitive def-
icits, and relapse. Additional studies are needed to decipher the
specific neural circuitry by which perirhinal cortex exerts its thera-
peutic influence on cognition and relapse, whichwill undoubtedly
facilitate novel treatment strategies for meth addiction.

Materials and Methods

Subjects
Male Sprague-Dawley rats (Harlan) weighing 250–275 g on arrival
were used for these experiments andwere individually housed on a
reversed 12:12 light–dark cycle (6 a.m. light on). All experiments
were conducted during the rats’ dark cycle. Food (standard rat
chow) and water were available ad libitum, except during self-
administration, when rats were food-restricted to 20–30 g of
chow per day. Procedures were conducted in accordance with the
“Guide for the Care and Use of Laboratory Rats” (Institute of
Laboratory Animal Resources on Life Sciences, National Research
Council) and approved by the IACUC of the Medical University
of South Carolina.

Intravenous catheter surgery
Rats were anesthetized with ketamine (57 mg/kg, i.p.), xylazine
(8.7 mg/kg, i.p.), and equithesin (0.7 mL/kg, i.p.). Ketorolac (2.0
mg/kg, i.p.) and cefazolin (200 mg/kg, s.c.) were administered pre-
operatively for analgesia and to protect against post-surgical pain
and infection, respectively. A silastic catheter was inserted into
the right jugular vein and was passed subcutaneously over the
shoulder, exiting between the scapula via a small incision. This
end of the catheter was attached to a cannula with an external
port for i.v. drug delivery. During self-administration, rats received
an infusion (0.1 mL) of saline before each session to verify catheter
patency. After each session, catheters were flushed with cefazolin
(10mg/0.1mL), followed by 0.05mLof taurolidine-citrate catheter
locking solution to maintain catheter patency.

Virus microinjection and immunohistochemical detection
Under the same plane of anesthesia the Gq-DREADD (AAV2-
hSyn-HA-hM3D(Gq)-IRES mCitrine, Bryan Roth, University of

A B

Figure 3. Chemogenetic activation of perirhinal cortex reverses
meth-induced preference for meth cues in a reinstatement model involv-
ing novelty choice. (A) Total number of active lever presses (delivering
meth cues) versus novel lever presses (delivering novel cues), as well as in-
active lever presses, are shown for vehicle versus CNO groups on the novel
cue relapse test. (*) P < 0.05 comparing active versus novel. (B) A relapse
index greater than 0.5 (dotted line) reflects a preference to respond for
meth cues in this model (see main text for details). (*) P < 0.05 comparing
vehicle versus CNO groups.

BA

Figure 4. Histological verification of the Gq-DREADD expression in perirhinal cortex. (A) The extent of all detectable neuropil and cell body immuno-
histochemical detection of the mCherry tag on the DREADD is shown for vehicle versus CNO groups separately, across the anteroposterior extent of
the perirhinal cortex. (B) A representative photomicrograph of the mCherry expression in the perirhinal cortex is shown.
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North Carolina, Chapel Hill, NC) was microinjected into the peri-
rhinal cortex (coordinates measured from bregma at the skull sur-
face, angled 10° laterally, as follows: anterior–posterior (AP) −4.8
mm, medial-lateral (ML) −5 mm, DV −7.5mm). Gq-DREADDs
were allowed 3 wk to reach maximal expression levels before
CNO testing began. AAV was microinjected in a volume of 0.75
µL/side (1012 IU/mL) at a rate of 0.1 µL/min, allowing 10 min for
diffusion.

Following the last test session, rats were transcardially per-
fusedwith 10%buffered formalin, and brainswere removed for im-
munohistochemistry on free-floating (40 µm) sections. Tissue was
treated with peroxidase, then blocked with 2% normal donkey se-
rum in PBS. Sections were incubated overnight at 4°C in primary
antibody: mouse anti-hemagglutinin (HA) (1:1000; Covance
#MMS101-P, RRID: AB_2314672). The secondary antibody was
biotin-SP conjugated donkey anti-mouse IgG (1:500; Jackson
ImmunoResearch Laboratories). The signal was amplified with an
avidin-biotin complex (1:500), then reacted with diaminobenzi-
dine (in 5% nickel). Tissue was mounted onto slides, dehydrated,
cover-slipped, and examined under a microscope to visualize the
Gq-DREADD.

Meth self-administration
Behavioral chambers (30 × 20 × 20 cm3, Med Associates) were
housed inside sound-attenuating cubicles containing a houselight,
a fan, two retractable levers, a drug-delivery arm attached to a swiv-
el, and a spring leash that enclosed the tubing for drug delivery.
Tygon tubing was connected to a 10 mL meth syringe fitted to
an infusion pump. Fans provided white noise and ventilation. At
the beginning of each session, the house light turned on and levers
extended, signaling meth availability. Responding on the active
lever delivered a 2 sec infusion of methamphetamine hydrochlo-
ride (Sigma; dissolved in sterile saline; 20 mg/50 mL/infusion) fol-
lowed by an unsignaled 20 sec timeout period where responding
was without consequence. A white stimulus light positioned
above the active lever was used to signal each meth infusion.
Responding on the inactive lever was without consequence. At
the end of the program, the house light turned off and levers re-
tracted. Self-administration started 5 d after surgery. Rats were
placed in the chambers for daily 1 h sessions on an FR1 schedule
of reinforcement. After 7 d, session length was increased to 6 h
(long access) over the last 2 wk of self-administration. Rats were
then placed into abstinence for 7 d. Half the rats were tested for
novel object recognition on day 7 of abstinence and half the rats
tested for novel cue reinstatement. One week later the tests were
switched. Treatment groups (CNO versus vehicle) did not change
between tests.

Novel cue relapse test
Novel cue responding was conducted as previously described
(Peters et al. 2016). In brief, a novel lever and white stimulus light
were positioned on the opposite wall from the active lever. The
light was covered with pieces of Velcro on the top and bottom,
leaving only a small slit for the light to disperse. Responding
on the novel lever resulted in illumination of the novel cue light
(15 sec duration; FR1; 20 sec timeout). To minimize associations
between the visual cues during the test, placement of the novel
cue + lever was on the opposite wall relative to the active and inac-
tive levers. In total, the novel and active cues differed in intensity,
visual and tactile features, and spatial location in the chamber.
Vehicle (DMSO) or CNO (10mg/kg, ip) was administered 30 before
the test session and responding on all levers was recorded over the
2 h session.

Novel object recognition
Novel object recognition memory testing was performed as previ-
ously described (Reichel et al. 2011b; Peters et al., 2016; Scofield
et al. 2015). In brief, rats were habituated to the test apparatus
twice for 5 min without objects. On abstinence day 7 or 14 (see
Experimental Procedures), rats explored two identical objects for

3 min. Immediately after this familiarization session, vehicle
(DMSO) or CNO (10 mg/kg, ip) was administered. 90 min later
rats were placed back on the apparatus with an object from the fa-
miliarization phase and a novel object for 3min. Datawas recorded
and scored using Ethovision XT 8.0 (Noldus). Objects consisted of
combinations of a PVC pipe (6.4 × 3.8 cm2), a light bulb (8.9 cm),
and a plastic bottle (Reichel et al. 2011b; Scofield et al. 2015;
Peters et al. 2016).

Statistical analyses
Meth intake (mg/kg) and active lever responding were the primary
dependent measures for self-administration and were analyzed
with a one-way repeated measures analysis of variance (ANOVA)
over the 14 d of long access. Time spent, approaches, andmotor ac-
tivity were the dependent variables during object recognition fa-
miliarization and testing. Time spent and approaches were
analyzed with two-way mixed factors ANOVA with object (novel
versus familiar) as within subjects variable and treatment group
(CNO versus veh) as a between subjects variable. Additionally,
data were converted to a recognition index (novel object explora-
tion/novel object + familiar object exploration) to demonstrate
that object recognition occurred for each group by comparisons
of the recognition index to a hypothetical mean of 0.5 using inde-
pendent t-tests. A recognition index of 0.5 indicates equal time
spent exploring both objects, greater than 0.5 indicates more ex-
ploration of the novel object, and less than 0.5 indicates more ex-
ploration of the familiar object. Based on our previous work with
the novel cue task we specifically hypothesized that active lever re-
sponding would differ from the novel lever only in vehicle-treated
animals but that CNOwould normalize responding to both levers.
To test this hypothesis, we conducted planned comparisons be-
tween active and novel lever responding for the vehicle and
CNO groups with independent t-tests. We also converted data to
a Relapse Index to reflect the within-subject choice for the meth
cue + lever versus the novel cue + novel lever. The formula parallels
that used to calculate the recognition index for novel object recog-
nition: (Active Lever Presses/Active + Novel Lever presses). Thus, a
relapse index above 0.50 indicates relatively higher responding for
the meth-conditioned cue versus the novel cue, and an index of
0.50 indicates indifference for these cues. Statistical analysis was
conducted with the alpha set at 0.05, family wise error was con-
trolled for withHolm–Sidak’s corrections and all data are expressed
as the mean ± SEM.
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