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Individual variance in vulnerability to develop addictions is influenced by social

factors. Specifically, drug-taking in a sexual context appears to enhance further

drug-seeking behavior in human users, as these users identify the effects of

drugs to enhance sexual pleasure as a primary reason for continued drug use.

Methamphetamine (Meth) is commonly used in this context. Similarly, male rats that

self-administered Meth immediately followed by sexual behavior display enhanced

drug-seeking behavior, including attenuation of extinction and increased reinstatement

to seeking of Meth-associated cues. Hence, drug-taking in a sexual context enhances

vulnerability for addiction. However, the neural mechanisms by which this occurs are

unknown. Here the hypothesis was tested that medial prefrontal cortex is essential

for this effect of Meth and sex when experienced concurrently. First it was shown

that CaMKII neurons in the anterior cingulate area (ACA) were co-activated by

both Meth and sex. Next, chemogenetic inactivation of ACA CaMKII cells using

AAV5-CaMKIIa-hM4Di-mCherry was shown not to affect Meth-induced locomotor

activity or sexual behavior. Subsequently, chemogenetic inactivation of ACA CaMKII

neurons during Meth self-administration followed by sexual behavior was shown to

prevent the effects of Meth and sex on enhanced reinstatement of Meth-seeking but

did not affect enhanced drug-seeking during extinction tests. These results indicate that

ACA CaMKII cell activation during exposure to Meth in a sexual context plays an essential

role in the subsequent enhancement of drug-seeking during reinstatement tests.

Keywords: reinstatement, chemogenetics, anterior cingulate (ACC), sexual behavior, methamphetamine, relapse,

addiction, prefrontal cortex

INTRODUCTION

Substance use disorders are a severe threat to public health and influenced by social experiences
(Heilig et al., 2016; Lacy et al., 2016; Robinson et al., 2016, 2017; de Wit and Sayette, 2018; Venniro
et al., 2018, 2019). Drugs are often used in a social or sexual context, with commonly abused drugs
including psychostimulants known to robustly increase sexual arousal and pleasure, whereas sexual
enjoyment is diminished during drug abstinence (Lorvick et al., 2012; Safi et al., 2016; Kuiper
and Coolen, 2018). Users identify increased sexual pleasure as a reason for drug use and relapse
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(Saw et al., 2018). Moreover, drug addiction is highly comorbid
with compulsive sexual behavior, suggesting a shared neural basis
for drug and non-drug addictions (Frohmader et al., 2010b; Tull
et al., 2011; Ahmadi et al., 2017; Berry and Johnson, 2018; Kuiper
and Coolen, 2018; Kuiper et al., 2019).

Previous studies utilized rat models to investigate increased
vulnerability for drug addiction and hypersexuality in rats
that were administered methamphetamine (Meth) immediately
followed by sexual behavior. This has been termed concurrent
Meth and sex in our previous publications (Frohmader et al.,
2010c, 2011; Kuiper and Coolen, 2018; Kuiper et al., 2019),
as sexual behavior is experienced while brain Meth levels are
high (Riviere et al., 2000). It was demonstrated that concurrent
Meth and sexual behavior leads to maladaptive sexual behavior
persisiting for weeks (Frohmader et al., 2010a, 2011). Likewise,
exposure to Meth in the sexual context increased drug-seeking
behaviors in male rats measured by conditioned place preference
(CPP) (Frohmader et al., 2011). Subsequent studies utilized
operant drug self-administration paradigms in which male
rats were restricted to a relatively low dose of Meth during
limited numbers of daily sessions (Kuiper et al., 2019) in order
to model the initial recreational use of human users (Cho
et al., 2001). Following this limited Meth self-administration,
animals were subsequently tested for drug-seeking behaviors
in extinction sessions during which animals were placed back
into the original Meth-taking environment but received no drug
infusions or received no drug-associated cues nor infusions,
and in reinstatement sessions, where drug-seeking was triggered
by Meth-associated discrete cues, Meth administration, or by
mating in the absence of Meth. Increased drug-seeking behaviors
during extinction and reinstatement sessions are thought to
parallel aspects of relapse to drug-taking in human drug users,
which is a risk even after prolonged periods of drug abstinence
(Bossert et al., 2013; Beloate and Coolen, 2017). As expected,
male rats exposed to the restricted Meth self administration
showed limited or no drug seeking behaviors during extinction
sessions and during reinstatement testing. In contrast, male rats
that experienced restricted Meth self-administration but each
time followed immediately by sexual behavior (concurrent Meth
and sex) showed enhanced drug-seeking behavior. Specifically,
concurrentMeth and sex-treated animals responded significantly
more on the drug-paired lever during extinction sessions and
during reinstatement tests where drug-seeking was triggered
by Meth-associated discrete cues, Meth administration, or
by mating in the absence of Meth, compared to male rats
exposed to non-concurrent Meth self-administration and sex
(Kuiper et al., 2019).

The goal of the present set of studies is to examine the
neural substrates mediating enhanced drug seeking behavior
using this paradigm where Meth is taken in the sexual context.
We hypothesize that the medial prefrontal cortex (mPFC)
plays a critical role for this association between Meth and
sexual behavior, as it plays a key role in learning and memory
(Morici et al., 2015; Katzman and Alberini, 2018), including for
drug-related cues (Peters et al., 2013; Riga et al., 2014; Stern
et al., 2014). The homologous region in the human brain is
implicated in compulsive disorders, including drug addiction

and hypersexuality (Voon et al., 2014; Schmidt et al., 2017;
Kuiper and Coolen, 2018) and male rats with mPFC lesions
exhibit maladaptive sexual behavior (Davis et al., 2010). In
addition, concurrent Meth and sex experience causes a long-
lasting increase in basal neural activation, which was observed
specifically in mPFC CaMKII- positive neurons, which putatively
comprise the output projections from mPFC, and not in
GABAergic neurons (Kuiper et al., 2017). Finally, mating and
Meth co-activate neurons in the anterior cingulate area (ACA),
but not in other subregions of the mPFC (Frohmader et al.,
2010c). Therefore, the purpose of the current study was to test
the hypothesis that activation of ACA CaMKII neurons during
Meth taking while engaging in sexual behavior contributes
to the subsequent enhancement of drug-seeking behavior.
A commonly used cell-specific chemogenetic inactivation
approach (DREADD; Urban and Roth, 2015; Campbell and
Marchant, 2018) was used involving viral vector delivery of the
inhibitory human muscarinic receptor hM4Di and activation
of this designer receptor by Clozapine-N-oxide during operant
drug self-administration approaches to examine drug-seeking
behaviors during extinction and reinstatement sessions.

MATERIALS AND METHODS

Animals
Male Sprague Dawley rats (226–250 g; Charles River
Laboratories, Wilmington, MA) were pair-housed under a
12–12 h reversed light/dark cycle in a climate-controlled
facility. Food and water were freely available. Females (Sprague
Dawley, Charles River, 201–225 g) for mating partners were
deeply anesthetized (isoflurane gas; Piramal, Bethlehem, PA),
ovariectomized and implanted with subcutaneous silastic capsule
(Dow Corning Corp., Midland, MI) containing 5% estradiol
benzoate (Sigma-Aldrich, St. Louis, MO) and 95% cholesterol
(Sigma-Aldrich). To induce sexual receptivity, females received
progesterone (500 µg in 0.1mL sesame oil, Sigma-Aldrich) 4 h
prior to testing. All behavioral testing was conducted under dim
red lights in the animals’ dark phase. All animal procedures
were approved by University of Mississippi Medical Center
Institutional Animal Care and Use Committee and followed
the guidelines outlined by the United States National Institutes
of Health.

Surgeries
Catheterization Surgery
Rats in self-administration experiments received chronic
indwelling catheters (Instech; Plymouth Meeting, PA) into
the right jugular vein under isoflurane gas anesthesia (2–
3%) as described in detail in Kuiper et al. (2019). Animals
were administered carprofen (5 mg/kg; s.c.) for analgesia
prior to surgery and daily for 48 h post-operatively. Catheters
were flushed with 0.1mL gentamicin (5 mg/mL) and 0.1mL
heparinized saline (70 U/mL) daily for 1 week post-operatively.
Thereafter, catheters were flushed with 0.1mL heparinized saline
before and after each self-administration session to confirm
catheter patency.
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Stereotaxic Surgery for DREADD Delivery
Rats received injections of AAV5-CaMKIIa-hM4Di-mCherry
(University of North Carolina Vector Core, Chapel Hill, NC)
3 weeks before behavioral testing. Under deep anesthesia (2–3%
isoflurane gas) in a stereotaxic frame (David Kopf Instruments,
Tujunga, CA), microinjections (0.8–1 µL; 2× 1012 vg/mL) using
a 10 µL Hamilton syringe and 26-gauge microinjection needle
(Hamilton Company; Reno, NV) were delivered bilaterally into
the anterior cingulate area (ACA) at coordinates +2.9 AP, ±
0.6ML from Bregma;−2.6 DV from top of skull in the DREADD
validation experiment. The same coordinates were used in ACA
DREADD self-administration experiment, but two injections
were delivered to increase rostral-caudal spread throughout the
ACA: +2.5 and +2.0 AP; ± 0.5ML from Bregma; −3.0 DV
from top of skull. For both ventral mPFC experiments, virus was
injected at coordinates +3.0 A/P, ± 0.6 M/L from Bregma, −4.8
D/V from top of skull. Animals were given carprofen (5 mg/kg;
s.c.) prior to surgery and once daily for the first 48 h after surgery.

Drug Delivery
Methamphetamine
Methamphetamine hydrochloride (Sigma-Aldrich) was delivered
either systemically (1 mg/ml/kg, in saline, s.c. or i.p.) or
intravenously (via jugular vein catheters; 0.04 mg/kg per infusion
in 0.166mL). The dosages were selected to match our previous
studies (Frohmader et al., 2010a,c, 2011; Kuiper et al., 2017,
2019).

Clozapine-N-Oxide Administration
Clozapine-N-oxide (CNO, Tocris Bioscience cat. # 4936,
Avonmouth, Bristol, UK, 0.5, 1, or 3 mg/mL dissolved in
0.9% saline) was administered to activate hM4Di receptors, or
vehicle (saline) was administered as control, s.c. 30min prior to
behavioral testing.

Behavioral Testing
All analyses were conducted by experimenters blinded to
experimental treatments.

Sexual Behavior
Mating behavior was tested in a separate mating arena (60× 45×
50 cm plexiglass cage containing clean bedding) with a receptive
female until display of ejaculation and the first subsequent
intromission. Sexual behavior parameters were recorded: mount
latency (ML; time from introduction of female to the firstmount),
intromission latency (IL; time from introduction of female to
first mount with vaginal penetration), ejaculation latency (EL;
time from first intromission until ejaculation), post-ejaculation
interval (PEI; time from ejaculation to next intromission), total
mounts (M), total intromissions (IM), and total number of
intromissions divided by total of mounts plus intromissions
(copulation efficiency).

Meth Self-Administration and Operant Behavior
Self-administration and subsequent operant tests for behavior
(extinction, reinstatement) were conducted based on our
previously published publication (Kuiper et al., 2019). A standard
two-lever operant chambers (30.5× 24× 21 cm;Med Associates,

St. Albans, VT) with retractable levers and cue lights above each
lever was used. Operant sessions started 2–3 h after onset of
the dark phase, and each operant session lasted a maximum 3h
or until animals earned maximum (25) drug infusions. Meth-
self-administration sessions were conducted using a fixed-ratio
1 (FR1) schedule of reinforcement such that each response on
the active (left) lever resulted in an infusion of 0.04 mg/kg
methamphetamine hydrochloride dissolved in sterile saline
and a white light above the active lever was illuminated for
6 s; both levers retracted for 10 s after each active response.
Responses on the inactive (right) lever were without programmed
consequences. All lever responses (active and inactive) and
numbers of infusions were recorded (Med Associates, MED-
PC IV software, RRID:SCR_012156). During extinction and
reinstatement, saline was used to fill the infusion lines to prevent
negative pressure on the indwelling catheter; a saline syringe
remained attached to the line but was not connected to the
infusion pump.

Operant Extinction
Animals were subjected to 10 daily hour-long sessions during
which lever responses had no programmed consequences.

Cue Extinction/Cue Reinstatement
Males were subjected to 1-h sessions during which each active
lever response resulted in drug-paired cue presentation (cue
light and pump sound). Responses on active and inactive levers
were recorded.

Meth-Primed Reinstatement (Meth Reinstatement)
Males were injected with Meth (1 mg/kg, i.p.) 15min prior to
being subjected to a 1-h session during which responses on the
active lever resulted in presentation of drug-paired cues (cue
light and pump sound). Responses on active and inactive levers
were recorded. Saline habituation injections (1 mL/kg, i.p.) were
given 15min. before the final extinction session preceding Meth
Reinstatement and two daily cue extinction tests were conducted
prior to this test.

Locomotor Activity
Animals were placed in Plexiglas open field activity chambers
(Med Associates) equipped with 16 × 16 photobeam arrays.
Horizontal ambulatory distance traveled in cm was analyzed
using Med Associates Activity Monitor software and expressed
as total distance (cm) per 15 min.

Experimental Designs and Groups
Meth/Sex Induced Neural Activity Experiment

(Experiments 1; Figure 1)
The goal of this study was to utilize the distinct temporal
expression profiles of neuronal activity markers cFos (expression
30–90min after stimulus) and pERK (expression 5–15min after
stimulus) to demonstrate co-activation by Meth and mating as
described in our previous publication (Frohmader et al., 2010c).
Males were placed in mating arena and were administered Meth
(1 mg/kg; s.c.) or saline. Forty-five minutes later, males either
mated with a receptive female or were left undisturbed. Thus,
four groups were included in this study: Meth/Sex (n = 4),
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FIGURE 1 | Meth-induced cFos and sex-induced pERK are co-expressed in

CaMKII neurons. (A) Experimental design (Experiment 1). (B) Representative

images of Meth-induced cFos, (C) sex-induced pERK, (D) CaMKII, and (E)

merge in the ACA of a Meth/sex-treated animal. (F) cFos cell counts and (G)

pERK cell counts for each group: Meth/Sex (n = 4), Meth/No Sex (n = 5),

Saline/Sex (n = 5), and Saline/No Sex (n = 5). (H) Numbers of cells

dual-labeled with cFos and pERK. * indicates significant increase vs. control, #

indicates significant increase in double labeling vs. control or single treatments.

All data are expressed as Mean ± SEM.

Meth/No Sex (n = 5), Saline/Sex (n = 5), and Saline/No Sex
(n = 5). Ten minutes after introduction of female, and 55min
after injection of Meth, males were perfused to visualize Meth-
induced cFos and sex-induced phosphorylation of MAP kinase
(pERK). Experimental timeline shown in Figure 1A.

DREADD Validation Experiments (Experiments

2 and 4)
The main objective of these experiments was to confirm
CAMKII cell-specific expression of hM4Di-mCherry
and lack of effects of CNO on baseline locomotor and
mating activity. Animals received stereotaxic injections of
AAV5-CaMKIIa-hM4Di-mCherry into the anterior cingulate
area (ACA; Experiment 2; Experimental timeline shown in
Figure 2A) or vmPFC (Experiment 4; Experimental timeline
shown in Figure 4A) and received sexual experience (4×) during
the 3 weeks after viral transduction. In addition, animals were
injected with saline (1 mL/kg s.c.) and measured for baseline
locomotor activity in the 3 days prior to the final test for
habituation to testing conditions. During the final test, animals
received either vehicle (saline) or one of three doses of CNO (the
commonly used dose of 1 ml/kg, and lower or higher dosages
of 0.5 or 3 mg/kg, s.c.) 30min prior to an injection with Meth
(1 mg/kg; s.c., i.e., passive administration) or saline. Locomotor
activity was measured for 45min. Next, animals that received
Meth mated with a receptive female, while males that received
vehicle were left undisturbed. Ten min after introduction of

female or equivalent time, rats were perfused for analysis of
Meth-induced cFos and sex-induced pERK. The following
groups were included for behavioral analysis in the ACA
DREADD experiment (Figure 2): CNO (1 mg/kg)/Meth/Sex
(n = 4), CNO (1 mg/kg)/Sal/No Sex (n = 4), CNO (0.5
mg/kg)/Meth/Sex (n = 3), CNO (0.5 mg/kg)/Sal/No Sex (n =

3), CNO (3 mg/kg)/Meth/Sex (n = 3), CNO (3 mg/kg)/Sal/No
Sex (n = 3), Veh/Meth/Sex (n = 4), and Veh/Sal/No Sex
(n = 4). The following groups were included for behavioral
analysis in the vmPFC DREADD experiment (Figure 4): CNO
(1 mg/kg)/Meth/sex (n = 3), CNO (1 mg/kg)/Sal/No Sex (n =

3), Veh/Meth/Sex (n = 3), and Veh/Sal/No Sex (n = 3). For
cFos/pERK analysis, only the 1 mg/kg CNO and corresponding
control groups were included. DREADD verification was
conducted on all animals.

DREADD Meth/Sex Self-Administration Experiments

(Experiments 3 and 5)
The goal of these experiments was to test effects of CAMKII cell
inhibition during Meth self-administration and sexual behavior
on subsequent drug seeking behaviors. Animals received
injections of AAV5-CaMKIIa-hM4Di-mCherry into the ACA
(Experiment 3; Experimental timeline shown in Figure 3A) or
ventral mPFC (Experiment 5; Figure 4H). In Experiment 3 (ACA
DREADD), non-concurrent animals received sexual experience
during 5 daily sessions prior to Meth self-administration, while
concurrent animals’ sexual experience took place immediately
after each Meth self-administration session. Animals first
received two sessions of Meth self-administration prior to
the start of the study (in an attempt to minimize overall
session duration during CNO treatments; these prior sessions
did not result in differences in Meth intake between groups,
see Table S4). Animals were then either treated with CNO
(1 mg/kg, s.c.) or vehicle (saline), 30min prior to each Meth
self-administration session. Thus, groups were: vehicle non-
concurrent (n = 9), vehicle concurrent (n = 14), and CNO
concurrent (n = 14). The average duration of the 5 Meth self-
administration sessions did not differ between groups: 103 ±

6min vehicle concurrent group, 114 ± 7min CNO concurrent
group, and 104 ± 9 vehicle non-concurrent group. Groups did
not differ in any mating parameter. The average durations of
the mating sessions after Meth self-administration were 8.3 ±

0.4min vehicle group and 11.1 ± 0.9min CNO group. The 5
Meth self-administration sessions were followed by 10 days of
operant extinction and a cue reinstatement test, two additional
cue extinction sessions and a Meth-primed reinstatement test.
No mating took place during the extinction and reinstatement
phases. One week after the last session, males were perfused
for verification of DREADD expression. Prior to perfusion,
all groups received CNO (1 mg/kg; s.c.), followed 30min
later by Meth (1 mg/kg; s.c.) and sexual behavior at 50min
after Meth (for 10min), immediately followed by perfusion to
visualize effects of CNO on Meth-induced cFos and mating-
induced pERK.

Experiment 5 (vmPFC DREADD) was conducted using
the same methods as the ACA DREADD self-administration
experiment (Experimental timeline shown in Figure 4H) and
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FIGURE 2 | Chemogenetic inactivation of CaMKII neurons in the ACA does not affect Meth-induced locomotor activity or sexual behavior, but attenuates Meth-cFos

and sex-pERK. (A) Experimental design(Experiment 2). (B) Representative scan of a section containing ACA endogenous mCherry and (C) immunofluorescence for

mCherry. (D) Representative images of CaMKII immunofluorescence and coexpression of (E) mCherry. (F) Locomotor activity per 15min for all CNO dosages. (G)

Mounting latency for all CNO dosage groups. (H) cFos cell counts in the ACA, PL, and IL mFPC subregions. (I) cFos cell counts in the core and shell subregions of

NAc. (J) pERK cell counts in the ACA, PL, and IL subregions of mPFC. (K) pERK cell counts in NAc core and shell. Experimental groups: CNO (1 mg/kg)/Meth/Sex

(n = 4), CNO (1 mg/kg)/Sal/No Sex (n = 4), CNO (0.5 mg/kg)/Meth/Sex (n = 3), CNO (0.5 mg/kg)/Sal/No Sex (n = 3), CNO (3 mg/kg)/Meth/Sex (n = 3), CNO (3

mg/kg)/Sal/No Sex (n = 3), Veh/Meth/Sex (n = 4), and Veh/Sal/No Sex (n = 4). ACA, anterior cingulate area; PL, prelimbic cortex; IL, infralimbic cortex; mPFC, medial

prefrontal cortex; NAc, nucleus accumbens. * indicates effects of Meth on locomotor activity, cFos- and pERK- immunoreactivity; # indicates significant reduction of

cFos- or pERK-immunoreactivity by CNO. All data are expressed as Mean ± SEM.

including the following groups: vehicle non-concurrent (n =

6), vehicle concurrent (n = 6), and CNO concurrent (n = 4).
The average duration of the 5 Meth self-administration sessions
did not differ between groups (132 ± 11min vehicle concurrent
group, 119 ± 11min CNO concurrent group, and 131 ± 9min
vehicle non-concurrent group). The average duration of the
mating sessions after Meth self-administration: 10.9+ 1.1 vehicle
group and 10.1+ 2.0 CNO group.

Criteria for Behavioral Experiments
Criteria for Self-Administration and Exclusion
Criteria for stable drug administration was set to at least
3 consecutive days/sessions earning 23–25 infusions/session
and significant differences between active and inactive lever
responding. In addition, if animals in the concurrent groups in
the initial self-administration sessions received two or fewer drug

infusions, they did not receive subsequent concurrent mating
sessions. This occurred in only one or two sessions and in
only a small subset of animals (4 out of 38 animals, or 10.5%,
distributed equally among groups). Animals that lost catheter
patency (verified by ease of flushing and preference for the active
lever) during the self-administration sessions were excluded from
all data analysis.

Criteria for Mating and Exclusion
Mating criteria were not pre-determined for non-concurrent
or concurrent males. All animals displayed mating behavior
(except for 1 animal) and behavioral parameters are shown for
all experiments in Table S5. Numbers of mounts, intromissions,
and ejaculations were recorded, as well as latencies to first mount,
intromission, ejaculation and post-ejaculatory interval (defined
as time from ejaculation to subsequent intromission). Data for
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FIGURE 3 | Chemogenetic inactivation of CaMKII neurons in the ACA attenuates drug-seeking induced by concurrent Meth self-administration and sex. (A) Diagrams

of virus spread through the ACA (Experiment 3). 97.3% mCherry-positive cells co-localized CaMKII; 87.5% CaMKII-positive cells co-localized mCherry (red shading:

area of mCherry expression in all animals; gray shading: 5 out of 37 animals with mCherry expression slightly outside of ACA). (B) Experimental design for (C–F)

(Experiment 3). (C) Active (closed markers) inactive (open markers) lever responses for vehicle non-concurrent (n = 9, blue circles), vehicle concurrent (n = 14, red

squares), and CNO concurrent (n = 14, green diamonds) Meth self-administration. (D) Active and inactive lever responses during 10 operant extinction sessions

(*indicates significant difference from vehicle non-concurrent). (E) Active (solid white and solid color) and inactive (solid light and dark gray) lever responses during Cue

Reinstatement (vs. the previous 3 extinction sessions) and during (F) Meth Reinstatement (vs. previous 2 extinction sessions). C, concurrent; NC, non-concurrent;

CNO, clozapine-N-oxide. # indicates significantly increased lever responding in concurrent animals vs. non-concurrent and * indicates significant reinstatement vs.

extinction in panels e and f. All data are expressed as Mean ± SEM.

each parameter was included in analysis only for animals that
displayed the parameter.

Criteria for Operant or Cue Extinction and Exclusion
Since concurrent and non-concurrent groups differed in active
lever pressing on the first day, criteria for extinction were not
set as a percent change from the first day of extinction. Instead,
extinction training was conducted until group differences in
active lever presses were not detected for two ormore consecutive
sessions. Animals were excluded for high inactive lever pressing
that was >2 standard deviations from the group average (2 veh
non-concurrent animals).

Brain Collection and Sectioning
Rats were deeply anesthetized using sodium pentobarbital (270
mg/kg, i.p.) and transcardially perfused using 10mL of 0.9%
saline followed by 500mL of 4% paraformaldehyde in 0.1M
phosphate buffer (PB). Brains were removed, post-fixed in
paraformaldehyde for 1 h at room temperature, and stored in
20% sucrose dissolved in PB containing 0.01% sodium azide at
4◦C. Coronal sections (35µm) were sectioned into 4 parallel
series on a freezing microtome (Leica Biosystems SM2000R,

Wetzlar, Germany) and stored at 20◦C in 30% sucrose with 30%
ethylene glycol, and 1% polyvinylpyrrolidone in PB.

Immunohistochemistry
All incubations were performed with gentle agitation at room
temperature. Free-floating sections were washed thoroughly with
phosphate-buffered saline (PBS) before and between incubations.
Sections were incubated in 1% H2O2 for 10min, washed in
PBS, and then blocked in incubation solution containing 0.1%
bovine serum albumin and 0.4% Triton X-100 in PBS for
1 h prior to 17-h incubations with each primary antibody
(diluted in the incubation solution). After staining, sections were
mounted on SuperFrost Plus glass slides and coverslipped with
an aqueous mounting medium (Gelvatol) containing the anti-
fading agent 1,4-diazabicyclo(2,2)octane (DABCO; 50 mg/mL,
Sigma-Aldrich) and stored in the dark at 4◦C (fluorescence) or
were dehydrated and coverslipped with dibutyl phthalate xylene
mounting medium (Electron Microscopy Sciences, Hatfield, PA)
(chromogen-DAB). Sections of all experimental groups within
experiments were immunoprocessed simultaneously.
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FIGURE 4 | VMPFC activity is not essential for the effects of concurrent Meth self-administration and sex on drug seeking behavior. (A) Experiment timeline for B-G

(Experiment 4). (B) Diagrams of DREADD virus spread through the vmPFC. (C) Representative scan of a section containing vmPFC immunofluorescence for mCherry.

(D) High magnification of mCherry-positive immunolabeling in IL. (E) High magnification of lack of mCherry-positive immunolabeling in ACA. (F) Locomotor activity in

15min time blocks for animals treated with 1 mg/kg CNO or vehicle (n = 3 per group; closed squares, Meth treated; open squares, saline control). CNO did not affect

Meth-induced locomotor activity [Meth vs. sal, F (3,21) = 8.79, p < 0.001] (*indicates significant difference from saline). (G) Latency to initiate mating behavior for all

CNO dosage groups. CNO did not affect mating behavior. (H) Experimental timeline for I-K (Experiment 5). Groups: vehicle non-concurrent (n = 6), vehicle concurrent

(n = 6) and CNO concurrent (n = 4). (I) Operant behavior during acquisition of self-administration active (closed markers) inactive (open markers) lever responses for

vehicle non-concurrent (blue circles), vehicle concurrent (red squares), and CNO concurrent (green diamonds). Levers were retracted upon infusion of drug for 10 s. (J)

Active and inactive lever responses during 10 operant extinction sessions (*indicates significant difference from vehicle non-concurrent). (K) Active lever responses

during Cue Reinstatement, compared with the average of the previous 3 extinction sessions. Scale bars = 50µm. All data are expressed as Mean ± SEM (*indicates

significant difference from responding during extinction (Ext). # indicates difference from vehicle non-concurrent).

Immunohistochemistry Reagents
Extensive details regarding all antibodies and reagents used for
immunohistochemistry are summarized in Table 1.

cFos/pERK/CaMKII Triple Fluorescence
Sections containing frontal cortex from males receiving Meth
or saline and sex or control and from animals receiving

DREADD and passive Meth and sex were processed to visualize
Meth-induced cFos and sex-induced pERK. Sections were
incubated with rabbit antibody specific for p44/42 mitogen
activated protein kinase (pERK, 1:4,000; overnight; Cell Signaling
cat. # 9101, Danvers, MA; RRID:AB_331646), biotinylated
goat anti-rabbit antibody (1:500; 1 h; Vector Laboratories
cat. # BA-1000, Burlingame, CA; RRID:AB_2313606), avidin
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TABLE 1 | Detailed information for all antibodies and reagents used for immunohistochemistry.

Target/Host Concentration Company RRID

PRIMARY ANTIBODIES

pERK (p44/42 mitogen activated

protein kinase)/rabbit

1:4,000 Cell Signaling cat. # 9101 AB_331646

cFos/rabbit 1:100 immunofluorescence,

1:4,000 immunoperoxidase

Santa Cruz prod. # sc-52 AB_2106783

CaMKII/mouse 1:1,000 Thermo Fisher Scientific cat.

#MA1-048

AB_325403

mCherry 1:4,000 Abcam prod. # ab167453 AB_2571870

SECONDARY ANTIBODIES

Name

Biotinylated goat anti-rabbit 1:500 Vector Laboratories cat. # BA-1000 AB_2313606

Alexa-Fluor 555-conjugated goat

anti-rabbit

1:100 Molecular Probes cat. # A21428 AB_141784

Cy5 conjugated donkey anti-mouse 1:100 Jackson Immunoresearch

Laboratories cat. # 715-175-150

AB_2340819

Dylight 488 goat anti-rabbit 1:100 Thermo Fisher Scientific prod.

# 35553

AB_1965947

OTHER REAGENTS

Name

ABC-elite 1:1,000 in PBS Vecor Laboratories cat. #PK-6100 AB_2336819

Biotinylated tyramine tissue sample

amplification (TSA)

1:250 (in PBS containing µL/mL of

3% H2O2)

PerkinElmer Life Sciences prod.

# NEL700/700A

–

Dylight 488 conjugated streptavidin 1:100 in PBS Thermo Fisher Scientific prod.

# 21832

–

DAB (0.02% 3-3′ Diaminobenzidine

tetrahydrochloride)

10mg per 50mL PB with 0.015%

H2O2; enhanced with 0.02 nickel

sulfate

Sigma-Aldrich prod. # D5905 –

horseradish peroxidase complex (ABC-elite, 1:1,000; 1 hr; Vector
Laboratories cat. # PK-6100; RRID:AB_2336819), biotinylated
tyramine tissue sample amplification (TSA, 1:250 in PBS
containing 1 µL/mL of 3% H2O2; 10min; PerkinElmer Life
Sciences prod. # NEL700/700A, Boston, MA), and Dylight 488
conjugated streptavidin (1:100 in PBS; 30min; Thermo Fisher
Scientific prod. # 21832; Waltham, MA). Next, sections were
incubated overnight in rabbit c-Fos antibody (1:100; Santa Cruz
Biotechnology prod. # sc-52, Dallas, TX; RRID:AB_2106783)
and mouse CaMKII antibody (1:1,000; Thermo Fisher Scientific
cat. #MA1-048; RRID:AB_325403), Alexa-Fluor 555-conjugated
goat anti-rabbit (1:100; 30min; Molecular Probes cat. # A21428,
Eugene, OR; RRID:AB_141784), and Cy5 conjugated donkey
anti-mouse (1:00; 30min; Jackson Immunoresearch Laboratories
cat. # 715-175-150; West Grove, PA, USA; RRID:AB_2340819).
All antibodies and the triple label protocol have been extensively
validated in rat tissue (Frohmader et al., 2010c; Fanous
et al., 2013; Gholizadeh et al., 2013) and omission of either
primary antibody resulted in complete lack of staining in the
corresponding wavelength.

mCherry/CaMKII Dual Fluorescence
To verify that DREADD expression was limited to ACA
CaMKII-expressing neurons, sections containing frontal
cortex and striatum from all animals receiving DREADD
were immunostained for mCherry and CaMKII and sections
throughout the brain stained for mCherry. Sections were

incubated overnight with a rabbit antibody specific for
mCherry (1:4,000; Abcam prod. # ab167453, Cambridge,
MA; RRID:AB_2571870) and mouse CaMKII antibody (1:1,000;
Thermo Fisher Scientific), followed by incubation with
Dylight 488 goat anti-rabbit antibody (1:100; 30min; Thermo
Fisher Scientific prod. # 35553; RRID:AB_1965947) and Cy5-
conjugated donkey anti-mouse antibody (1:100; 30min; Jackson
Immunoresearch Laboratories). mCherry immunostaining
in cells was exclusively co-localized with endogenous red
fluorescence indicating mCherry, as previously shown (Beloate
et al., 2016) and further validating the antibody. CaMKII
antibody has previously been validated (Fanous et al., 2013;
Kuiper et al., 2017).

c-Fos Peroxidase Immunostaining
To analyze c-Fos induced by Meth, sections of mPFC, striatum
and hypothalamus from all animals receiving DREADD and
passive Meth and sex were stained for c-Fos and pERK
using peroxidase-based chromogen staining. Sections were
incubated overnight in c-Fos antibody (1:4,000; Santa Cruz)
and then in biotinylated goat anti-rabbit antibody (1:500;
1 h; Vector Laboratories), ABC-elite (1:1,000; 1 h; Vector
Laboratories), and a chromogen solution containing 0.02%
3-3′ Diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich
prod. # D5905; Lennette, 1978) enhanced with 0.02% nickel
sulfate, with 0.015% H2O2 in PB (10 min).
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pERK Peroxidase Immunostaining
To analyze pERK induced by sex, sections containing mPFC and
striatum from all animals receiving DREADD and passive Meth
and sex were incubated overnight in pERK antibody (1:4,000;
Cell Signaling) and then in biotinylated goat anti-rabbit antibody
(1:500; 1 h; Vector Laboratories), ABC-elite (1:1,000, 1 h; Vector
Laboratories), and 0.02% DAB (Sigma-Aldrich) with 0.015%
H2O2 in PB (10 min).

Quantitative Analysis of
Immunohistochemistry
Cell Counts
Images for analysis of fluorescently-labeled cells in the
cFos/pERK experiment were captured at 20× magnification
using a CCD camera (Leica FX340) attached to a Leica
microscope (Leica DM500) using the Leica Application Suite
software (RRID: SCR_013673) and at 2 different focus planes
on the z-axis. Single-labeled cFos-positive and pERK-positive
cells and double-labeled cells were counted on these images. In
all DREADD experiments, sections throughout the entire brain
were examined for the presence of mCherry immunolabeling.
In the DREADD experiments, images were captured using a
cooled CCD camera (Microfire, Optronics, Goleta, CA, USA)
attached to a Leica microscope (Leica DM500B) and Neurolucida
software (MicroBrightField Bioscience, Williston, VT; RRID:
SCR_001775). Cells were also counted using Neurolucida
software. Single and double-labeled cells for mCherry and
CaMKII for the DREADD Meth/sex passive administration and
DREADD self-administration experiments were counted at the
injection site (ACA 500 × 500µm) on images taken at 40×
magnification. Single-labeled cells for cFos and pERK for this
experiment were counted in the ACA, PL, and IL of the mPFC
and in the core and shell subregions of the nucleus accumbens
with a standard area of analysis using a light microscope
and a drawing tube attachment at 10× magnification (Leica
DMR). Fluorescent single, dual, and triple-labeled cells for
cFos, pERK, and CaMKII were counted in the ACA for both
the Meth/sex passive administration experiment and in the
DREADD self-administration experiment on virtual scans taken
at 10× magnification Standard areas of analysis in the mPFC
were 1,200 × 800µm for the ACA, 1,000 × 800µm for the PL
and IL, and 400 × 600µm in the NAc shell and core for light
microscopy, and 600 × 800µm in the ACA for fluorescence
microscopy. All analyses were conducted by experimenters
blinded to experimental treatments.

Statistical Analyses
Statistical analyses were performed using SigmaPlot software
(Systat Software, Inc., San Jose, CA; RRID:SCR_003210).
Detailed information for all statistical analyses can be found in
Tables S1, S2, S6, S8. Normality and equal distribution were
confirmed for all data.

Meth Self-Administration
Active lever responses, inactive lever responses, infusions
earned, and mating parameters during repeated mating sessions
were compared between and within groups using two-way

repeated measures ANOVA with Holm-Sidak post-hoc pairwise
comparisons. Active and inactive lever responses during
reinstatement were compared using two-way ANOVA with the
Holm-Sidak method for post-hoc pairwise comparisons. The self-
administration experiment was conducted in 2 cohorts. Each
cohort included all experimental groups and all experimental
effects (of concurrent Meth/sex or DREADD) were replicated
within each cohort. No statistical differences were detected
between cohorts within groups, and data from the separate
cohorts were therefore combined for the final numbers
of animals.

Sexual Behavior
Parameters for sexual behavior were compared using Student’s
t-tests or one-way ANOVA.

Cell Counts
Numbers of cFos and pERK cells in the Meth/sex passive
administration and the DREADD Meth/sex passive
administration experiment were compared using two-
way ANOVA with the Holm-Sidak method for post-hoc
pairwise comparisons.

RESULTS

Identification of Anterior Cingulate Cortex
CaMKII Neurons Involved in Concurrent
Meth and Sex Association
We previously demonstrated that Meth and mating co-activate
neurons in the ACA ultilizing the distinct temporal expression
profiles of neuronal activity markers cFos (expression 30–
90min after stimulus) and pERK (expression 5–15min after
stimulus) (Frohmader et al., 2010c). The goal of the first study
(Experiment 1) was to provide the neurochemical identification
of this co-activated ACA neuronal population (experimental
timeline shown in Figure 1A; see Table S1 for details of statistical
analyses). Male rats received either Meth or saline administration
(passive administration) and half of the groups mated with a
receptive female. No statistically significant differences in sexual
behavior were detected betweenMeth- and saline- treated groups
confirming previous reports (Frohmader et al., 2010c). Meth
significantly increased numbers of cFos-ir neurons compared to
saline [F(1,15) = 12.1, p = 0.003; Figure 1F], and sexual behavior
significantly increased numbers of pERK-ir cells compared to
control [F(1,15) = 20.5, p < 0.001; Figure 1G]. Moreover, Meth
and sex co-activated significantly more neurons than groups
treated with saline/sex [F(1,15) = 11.9, p = 0.004; Figure 1H]
or Meth/no sex [F(1,15) = 16.6, p = 0.001; Figure 1H], and a
significant interaction of factors Meth and sex [F(1,15) = 4.9,
p = 0.043] was detected. Replicating our previous findings
(Frohmader et al., 2010c), 54.9% of mating-induced pERK
neurons co-expressed Meth-induced cFos. Moreover, CaMKII
was detected in 91.4% of co-activated neurons, 88.2% of single
Meth-cFos neurons, and 95.5% of single sex-pERK neurons in
animals co-treated with Meth and sex (Figures 1D,E). Hence,
we hypothesize that ACA CaMKII neurons are positioned
to contribute to the effects of concurrent Meth and sex on
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subsequent drug-seeking behavior. This hypothesis was tested
using chemogenetic inactivation of ACA CAMKII neurons.

Effects of Chemogenetic Inactivation of
ACA on Mating and Meth-Induced
Behavior and Neuronal Activation
First, a small validation experiment (Experiment 2; experimental
timeline shown in Figure 2A) was conducted to confirm
the specificity of the DREADD transduction and effects
of CAMKII neuron inhibition on neuronal activation after
Meth administration (passive) and mating behavior. mCherry-
immunoreactivity was observed to be confined to CaMKII-
expressing neurons in the ACA (91.9% of CaMKII-positive
neurons expressed mCherry; 91.6% of mCherry-positive neurons
expressed CaMKII; Figures 2B–E). mCherry immunoreactive
cells were not present in the ventral mPFC, except for a
limited spread to the dorsal prelimbic area (PL) in only a small
portion of animals (2 out of 16 or 12.5%). Moreover, mCherry-
immunoreactivity was absent from non-CaMKII cells in ACA
and there was no immunolabeling of mCherry in other brain
areas, demonstrating lack of retrograde transport of the virus.
The presence of mCherry-immunoreactive axons was noted in
areas known to receive inputs from the ACA (Balfour et al.,
2006; Riga et al., 2014), including the caudate putamen, and
nucleus accumbens (NAc) core and shell (Figures 2B,C), with
axon projections gradually appearing less dense from dorsal to
ventromedial consistent with previous reports (Gabbott et al.,
2005; Balfour et al., 2006). CNO had no effect on baseline
locomotor activity following saline injections at any dose tested,
including the commonly used dose of 1 ml/kg, and lower or
higher dosages (0.5 or 3 mg/kg) (Figure 2F; see Table S2 for
all statistical analyses). CNO also did not disrupt Meth-induced
hyperlocomotion [F(7,40) = 17.7, p< 0.001;Meth vs. saline within
all doses of CNO p= 0.002 – <0.001; Figure 2F] or the ability to
initiate mating behavior (Figure 2G). However, CNO (1 mg/kg
dose) did prevent activation of ACA neurons as CNO attenuated
Meth-induced cFos [F(1,10) = 8.6, p = 0.015] and sex-induced
pERK [F(1,9) = 9.1, p = 0.015] in ACA (Figures 2H,J), whereas
CNO treatment did not affect baseline cFos and pERK levels
in non-mating saline-treated control animals (Figures 2H,J). In
addition, Meth-cFos and sex-pERK were attenuated in NAc core
[cFos: F(1,10) = 6.4, p = 0.030; pERK: F(1,9) = 31.9, p < 0.001]
and shell [cFos: F(1,10) = 11.2, p = 0.007; pERK: F(1,9) = 16.7,
p = 0.003] of CNO-treated animals (Figures 2I,K), suggesting
that activation of NAc is partially dependent upon ACA inputs
and consistent with a previous report that mating-induced cFos
is expressed in NAc neurons that primarily receive axon inputs
from ACA (Balfour et al., 2006). Despite a complete lack of
DREADD expression (i.e., mCherry-immunolabeling) in cell
bodies in the ventral regions of the mPFC, CNO also attenuated
neural activation in prelimbic [PL; cFos: F(1,10) = 5.9, p = 0.036;
pERK: F(1,9) = 33.2, p < 0.001] and infralimbic [IL; cFos: F(1,10)
= 51.9, p < 0.001; pERK: F(1,9) = 60.6, p < 0.001] subregions
of the mPFC (Figures 2H,J). These findings suggest that ACA
inputs to these areas contribute to neural activation, consistent
with previous reports of anatomical connections between the

ACA and other mPFC subregions (Balfour et al., 2006; Hoover
and Vertes, 2007). Indeed, some mCherry immunoreactive axon
terminals were noted in these mPFC subregions (not visible in
the low magnification used for images in in Figure 2). Finally,
CNO did not affect Meth-induced cFos in the ventral pallidum,
or sex-induced pERK in the medial preoptic area, areas known to
be activated by Meth or sex behavior, respectively. These areas do
not receive major ACA inputs (Table S3), indicating that effects
of CNO were restricted to ACA CaMKII cells and their direct
efferent targets. Together, these findings confirmed the use of
inhibitory DREADDs in ACA CaMKII neurons to inhibit neural
activity in CaMKII cells in ACA and their neural targets during
Meth and sex experience without affecting initiation of mating-
or Meth-induced behavioral responses. This study formed the
basis for subsequently testing whether ACACaMKII neurons and
their targets contribute to the effects of concurrent Meth and sex
on subsequent Meth seeking behavior.

Chemogenetic Inactivation of ACA
Prevents Effects of Concurrent Meth/Sex
Treatment on Drug-Seeking During
Reinstatement
Next, we tested whether preventing the activation of ACA
CaMKII neurons during concurrent Meth and sex experience
in the operant self administration paradigm would prevent
subsequent effects on Meth-seeking behavior (Experiment 3;
experimental timeline shown in Figure 3B). Chemogenetic
inhibition of ACA CaMKII cells did not affect Meth taking
behavior and groups did not differ in numbers of active
responses, infusions earned, inactive responses, and total drug
intake (Figure 3C, Table S4). There were also no differences
between groups in sexual behavior (Table S5). CNO was
not administered during the remainder of the experiment
(Figure 3B), hence any differences between the CNO and
vehicle concurrent groups were the result of inhibition of ACA
CaMKII cells during the concurrent Meth and sex exposure
and were not caused by differences in prior Meth taking or
sex experience.

Replicating previous findings (Kuiper et al., 2019), the vehicle-
treated concurrent group responded more on the active lever
than the vehicle non-concurrent group during session 1 of
extinction training [t(14) = 1.7, p = 0.045] and both concurrent
groups responded more on the active lever than vehicle non-
concurrent males during session 2 of extinction training [t(14)
= 1.7, p = 0.020–0.025]. However, prior CNO treatment had
no effect on this enhanced drug-seeking behavior as vehicle and
CNO-pretreated concurrent males did not differ (Figure 3D; see
Table S6 for all statistical analyses).

During reinstatement tests, all groups significantly increased
responding during cue reinstatement compared to the last
day of extinction [F(1,46) = 64.1, p < 0.001; Figure 3E].
The vehicle concurrent group responded significantly more on
the active lever than the vehicle non-concurrent group during the
reinstatement test [F(2,46) = 7.3, p = 0.002, two-way ANOVA,
pairwise comparison veh concurrent vs. veh non-concurrent
within Cue Reinstatement p < 0.001; Figure 3E], replicating
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our findings that concurrent Meth/sex enhanced reinstatement
(Kuiper et al., 2019). However, the enhancement of reinstatement
of Meth-seeking after concurrent Meth/sex was prevented by
prior inhibition of CaMKII ACA cells (Figure 3E). The CNO-
pretreated concurrent animals responded significantly less on
the active lever compared to the concurrent vehicle-treated
group [F(2,46) = 7.3, p = 0.002; veh C vs. CNO C within
Cue Reinstatement p < 0.001; Figure 3E] and did not differ
from the non-concurrent vehicle control group (Figure 3E).
Analysis revealed a group by session interaction during Cue
Reinstatement [F(2,46) = 6.1, p = 0.004]. Similar effects of
CNO pretreatment were noted for Meth-primed reinstatement
(Figure 3F). Meth-induced reinstatement of active responding
was observed in all groups [F(1,44) = 29.1, p < 0.001; Figure 3F].
As before, vehicle concurrentmales respondedmore on the active
lever compared to non-concurrent males, and although the main
factor comparison failed to reach significance in the ANOVA
[F(2,44) = 2.6, p = 0.086], single pairwise comparison revealed
significant effects [t(12) = 2.4, p = 0.011; Figure 3F]. In contrast,
the CNO-pretreated concurrent group responded significantly
less than vehicle concurrent males [t(12) = 2.8, p = 0.004;
Figure 3F] and did not differ from non-concurrent controls.

One week after the final reinstatement test, CNO-induced
reduction of neural activity induced by Meth (1 ml/kg,
passive administration) and mating behavior, and specificity
of DREADD (mCherry) expression was confirmed. 88% of
ACA CaMKII cells co-localized mCherry immunoreactivity
and mCherry expression was confined to CaMKII neurons
in the ACA, with a lack of expression of mCherry in other
areas throughout the brain. In a small portion of animals
(5 out of 37 animals or 13.5%), limited uptake in dorsal
portions of PL was noted in sparsely scattered cells (Figure 3A).
CNO reduced neuronal activation in ACA, evidenced by
significantly reduced mating-induced pERK expression in CNO-
treated males compared with both vehicle-treated groups
(Table S7). Surprisingly, CNO failed to reduce the numbers
of Meth-induced cFos-expressing neurons and instead it was
increased in CNO-treated males (Table S7). Finally, CNO
treatments had no effect on numbers of CaMKII-expressing
neurons (Table S7).

Chemogenetic Inactivation of Ventral
mPFC Did Not Affect Enhanced
Drug-Seeking Behaviors After Concurrent
Meth/Sex Experience
Since the validation study (Experiment 2) observed that ACA
inactivation also reduced neuronal activation in PL and IL
subregions of the mPFC (vmPFC), it was next tested whether
this reduced vmPFC activity may have contributed to the
effects of ACA CaMKII cell inactivation on attenuation of
drug-seeking behavior during reinstatement. To accomplish this,
vmPFC CaMKII neurons were chemogenetically inactivated
during concurrent Meth/sex experience and subsequent drug
seeking behavior was examined.

First, a small validation study (Experiment 4; experimental
timeline shown in Figure 4A) was conducted to verify that

CNO did not affect passive Meth-induced locomotor activity
[F(3,21) = 8.8, p < 0.001; Meth vs. saline within all CNO
doses p= 0.0045–0.005; Figure 4F; see Table S8 for statistical
analyses] nor initiation of mating behavior (Figure 4G). The
localization and spread of DREADD expression is shown
in Figures 4B–E. Next, in a separate cohort of animals
and using a similar self-administration approach as for the
ACA DREADD study (Experiment 5; experimental timeline
shown in Figure 4H), it was demonstrated that inactivation
of vmPFC CaMKII neurons with CNO did not affect active
lever responding or Meth infusions earned (Figure 4I), total
Meth intake (Table S10), or parameters of sexual behavior.
In addition, inactivation of vmPFC neurons during the
Meth/sex experience did not prevent concurrent Meth/sex-
induced resistance to extinction [F(1,126) = 5.2, p = 0.038;
pairwise comparisons combined concurrent groups vs. non-
concurrent: active responses Session 1 p = 0.001, Session 2
p = 0.011; Figure 4J]. Finally, inactivation of vmPFC during
Meth/sex experience did not prevent or attenuate the effect of
concurrent Meth/sex on increased relapse vulnerability in a cue-
induced reinstatement test [F(1,26) = 11.9, p= 0.002; Figure 4K].
Both vehicle- and CNO-pretreated concurrent groups, but
not the vehicle non-concurrent group, significantly increased
active responding during Cue Reinstatement (extinction vs.
Cue Reinstatement within vehicle concurrent: p = 0.006,
within CNO concurrent: p = 0.019; Figure 4K) compared to
the average of active responses during the last 3 extinction
sessions. However, in contrast to the ACA DREADD study
the vehicle and CNO concurrent groups did not differ in
reinstatement active responding during Cue Reinstatement
(Figure 4K).

A week after the last reinstatement test, animals
received CNO or vehicle and Meth-induced cFos (1
mg/kg, passive administration) and mating-induced pERK
expression were analyzed. mCherry labeling was as in
Figures 4B–E. CNO-treated males had significantly lower
numbers of mating-induced pERK-expressing neurons
in vmPFC compared with both vehicle-treated groups
(Table S9). However, consistent with the finding in the ACA
experiment above, numbers of Meth-induced cFos-expressing
neurons were not significantly affected by CNO treatment
(Table S9).

DISCUSSION

The current studies demonstrate that activity of ACA CaMKII
neurons and their targets contributes to enhanced drug-seeking
behavior in male rats following Meth exposures in a sexual
context. Results fit with the overall framework that mPFC is
involved in formation and consolidation of context-response
associations, including a role for ACA in working memory for
response-outcome associations (Kesner and Churchwell, 2011).
Here, findings support a role for ACA in forming associations
between an intrinsic context of Meth exposure while engaging
in emotional reward behavior, which in this study consisted of
sexual reward behavior (see Kuiper et al. (2019) for additional
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detailed discussion). Studies have also shown that inactivation
of mPFC immediately after a learning task causes memory
impairments (Carballo-Marquez et al., 2007). However, in the
current study where the designer receptor was likely still
activated after the task was completed (Vardy et al., 2015), there
was no evidence of an overall memory deficit: acquisition of
self-administration behavior and drug-seeking behavior during
extinction were unaffected, suggesting that learning of Meth-
cue associations remained intact. Importantly, ACA inactivation
did not completely eliminate drug-seeking, but rather prevented
the enhancement of drug-seeking during reinstatement observed
after concurrent Meth and sex experience. Thus, findings here
support a selective disruption of an associative learning between
Meth and sexual behavior, without disruption of associative
learning betweenMeth and associated cues. Notably, inactivation
of ACA neurons during acquisition of concurrent Meth and
sex experience prevented enhancement of drug-seeking during
reinstatement, but not during extinction tests, which may
instead be driven by other brain areas, such as ventral mPFC
(Augur et al., 2016). Alternatively, ACA manipulations may
have only affected expression of remote memories (Frankland
et al., 2004; Teixeira et al., 2006; Restivo et al., 2009; Euston
et al., 2012; Wartman and Holahan, 2014; Jin and Maren,
2015; Abate et al., 2018; Mashhoori et al., 2018) during
reinstatement testing which occurred many days after CNO
treatments, without affecting recent memory during the first
extinction trials, which occurred within hours-to-days after last
CNO treatment.

Several technical considerations were noted and validations
provided for the chemogenetic approach utilized. First, a lack
of off-target effects (MacLaren et al., 2016; Gomez et al.,
2017; Manvich et al., 2018) was confirmed as there were
no effects of DREADD-expressing virus or multiple dosages
of CNO on locomotor or sexual behavior and no effects of
DREADD-expressing virus alone on neural activity markers
pERK and cFos. Many previous studies have demonstrated
that the dosages of CNO used in the current studies have no
effect on motivated behaviors, including drug self administration
and reinstatement in animals with either control virus or
missed injections (Augur et al., 2016; Padovan-Hernandez and
Knackstedt, 2018; Mahler et al., 2019; O’Neal et al., 2019). A
reduction of neural activation by CNO was confirmed for both
Meth-induced cFos and mating-induced pERK in animals with
no prior drug experience and using passive administration of
Meth. However, confirmation of effects of CNO after completion
of the operant self administration experiments, hence after
repeated sex- and Meth-exposures (∼3 weeks after last CNO and
Meth injection), was less conclusive: CNO prevented mating-
induced pERK, but Meth-induced cFos was not reduced. One
possible explanation for the latter is that prior to these final
tests, animals had been exposed to repeated Meth infusions and
numerous behavioral tasks. Hence it is unclear if Meth-induced
cFos was in the same neuronal ensemble of CaMKII cells as
during the initial Meth exposures. Moreover, during this final
test, vehicle-treated groups were not included, complicating a
conclusive interpretation. Differences between neuron ensembles
that are activated during Meth passive administration as in

the first DREADD validation study vs. self administration in
the subsequent studies are also a possibility. For example,
additional neurons may be activated during self administration
reflecting anticipation and arousal. However, such additional
activation would have likely also been targeted by CNO in
the current studies and thus did not appear to be a major
caveat., Reduced activity of vmPFC neurons was observed
as a result of inhibition of ACA CaMKII cells. This is
unlikely a result of CNO action directly on ventral mPFC
neurons, as mCherry-labeled cell bodies were not observed
in these areas, but instead a result of connectivity between
dorsal and ventral mPFC neuronal populations (Balfour et al.,
2006; Hoover and Vertes, 2007). In agreement, a study using
chemogenetic inhibition of ventral mPFC was conducted using
methods similar to the ACA DREADD experiment, showing
that inactivation of ventral mPFC CaMKII neurons during
concurrent Meth and sex didn’t prevent the enhancement of
drug seeking behaviors during reinstatement tests or during
extinction testing.

The main goal of the current studies was to test if activity of
ACA CaMKII neurons contributes to the effects of concurrent
Meth and sex on subsequent drug seeking behavior, but it was
not tested if this contribution was specific only to the effects
of Meth taking in a sexual context. In fact, we hypothesize and
propose to examine in future studies that ACA CaMKII cell
activity may play a role also in other factors that contribute
to enhancement of drug seeking behavior, including extended
Meth exposure. Hence, a separate experimental group receiving
CNO while taking Meth without engaging in sexual behavior
(non-concurrent) wasn’t included in the current set of studies.
The main reason for exclusion of this group was based on our
previous findings that the limited Meth self administration failed
to induce significantMeth seeking behavior during reinstatement
testing (Kuiper et al., 2019). This was again observed in the
vmPFC study. However, in the ACA DREADD study, a small,
but significant increase in drug seeking was noted in the non-
concurrent Meth group, in contrast to our previous studies.
This slight enhancement is likely due to differences in the
experimental design consisting of two additional Meth self-
administration sessions prior to the fiveMeth and sex concurrent
sessions that included CNO or vehicle treatments. Thus, current
findings do not provide evidence that ACA CaMKII activity is
exclusively critical to effects of Meth taking while engaging in
sexual behavior on later drug seeking behavior. Furthermore,
further experiments may determine whether concurrent social
behavior or other natural rewards (including palatable food
and wheel running), may be sufficient for the enhancement
of drug-seeking behavior when presented following Meth
administration and if so, whether ACA CaMKII cells mediate
such effects.

An important future question is to determine the specific
afferent projections by which the ACA regulates the effects of
Meth and sex experience. ACA has dense projections to dorsal
striatum (Gabbott et al., 2005), but also projects to NAc (albeit to
a lesser extent; see Figure 2), and other mesocorticolimbic areas
(Balfour et al., 2006). Current findings showed that inhibition
of ACA CaMKII cells attenuated activity of NAc suggesting that
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ACA may regulate enhanced drug-seeking through the NAc,
which regulates craving and relapse vulnerability (James et al.,
2018), and exhibits plasticity in connection with increased drug-
seeking (Scofield et al., 2016). Moreover, NAc neurons are co-
activated by Meth and sex, as are basolateral amygdala neurons
(Frohmader et al., 2010c). In addition, cue-driven drug-seeking
is hypothesized to be modulated by dopamine signaling to the
mPFC and BLA, which in turn influence the activity of NAc
core (McFarland et al., 2003; Kalivas et al., 2005; Bossert et al.,
2007, 2012; Lintas et al., 2012; Cruz et al., 2014; Keistler et al.,
2017). Taken together, these findings highlight the important
role of both the mPFC and BLA in fine-tuning the behavioral
output elicited by cue-induced NAc dopamine efflux, such that
dysfunction in these areas would lead to maladaptive behavior
(Pelloux et al., 2013; Keistler et al., 2017; McGarry and Carter,
2017).

Another outstanding question is the exact mechanisms by
which ACA CaMKII neurons drive the long-term effect of
enhanced drug-seeking induced by concurrent Meth and sex,
during which we hypothesize key molecular events occur to
induce long-term plasticity associated with habitual, dysregulated
drug-seeking (Nestler, 2008, 2014; Perrotti et al., 2008; Li
et al., 2011; Muschamp et al., 2012; Godino et al., 2015;
Zhang et al., 2018). Previously, we showed that concurrent
Meth and sex experience induced long term increases in
expression of phosphorylation of MAP kinase (pERK) in ACA
CaMKII neurons (Kuiper et al., 2017), consistent with long
term plasticity. The increased pERK expression was a synergistic
effect of concurrent Meth and sex and not observed when
Meth and sex were experienced non-concurrently (Kuiper et al.,
2017). This plasticity may be a reflection of alterations in
afferent signaling to the CaMKII cells, including local inhibitory
interneurons (Morshedi and Meredith, 2007; Wearne et al.,
2017). Cellular and epigenetic alterations have been observed
in mPFC following chronic Meth (Howell and Kimmel, 2008;
Shibasaki et al., 2011; Li et al., 2014) or other psychostimulants
(Mychasiuk et al., 2013; Zhang et al., 2018). Since sexual
behavior and drug exposure lead to similar molecular and
plasticity mechanisms within NAc and VTA (Beloate and Coolen,
2017, 2018), it is interesting to test if concurrent Meth and

sex may cause either additive or synergistic effects on such
cellular alterations.

In conclusion, the current findings support the hypothesis
that CaMKII neurons in the ACA play a critical role in
establishing a conditioned association between Meth-taking and
sexual behavior and subsequent enhancement of drug seeking
behavior during reinstatement tests. Targeting the processes that
mediate acquisition and subsequent stabilization of memory
for concurrent Meth and sex experience is thus critical
for understanding the robust drug-sex association and may
potentially contribute to treatment targeted at unlearning these
memories (Torregrossa and Taylor, 2013; Mohamed et al., 2017).
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