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Abstract

Rationale and Objectives The prefrontal cortex is critical for execution and inhibition of reward seeking. Neural manipulation
of rodent medial prefrontal cortex (mPFC) subregions differentially impacts execution and inhibition of cocaine seeking.
Dorsal, or prelimbic (PL), and ventral, or infralimbic (IL) mPFC are implicated in cocaine seeking or extinction of cocaine
seeking, respectively. This differentiation is not seen across all studies, indicating that further research is needed to understand
specific mPFC contributions to drug seeking.

Methods We recorded neuronal activity in mPFC subregions during cocaine self-administration, extinction, and cue- and
cocaine-induced reinstatement of cocaine seeking.

Results Both PL and IL neurons were phasically responsive around lever presses during cocaine self-administration, and
activity in both areas was reduced during extinction. During both cue- and, to a greater extent, cocaine-induced reinstate-
ment, PL neurons exhibited significantly elevated responses, in line with previous studies demonstrating a role for the region
in relapse. The enhanced PL signaling in cocaine-induced reinstatement was driven by strong excitation and inhibition in
different groups of neurons. Both of these response types were stronger in PL vs. IL neurons. Finally, we observed tonic
changes in activity in all tasks phases, reflecting both session-long contextual modulation as well as minute-to-minute activity
changes that were highly correlated with brain cocaine levels and motivation associated with cocaine seeking.

Conclusions Although some differences were observed between PL and IL neuron activity across sessions, we found no
evidence of a go/stop dichotomy in PL/IL function. Instead, our results demonstrate temporally heterogeneous prefrontal
signaling during cocaine seeking and extinction in both PL and IL, revealing novel and complex functions for both regions
during these behaviors. This combination of findings argues that mPFC neurons, in both PL and IL, provide multifaceted
contributions to the regulation of drug seeking and addiction.
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Introduction

The prefrontal cortex plays a complex role in regulating
executive function (Balleine and O'Doherty 2010; Dalley
et al. 2004; Euston et al. 2012; Miller and Cohen 2001). In
the rodent, different frontal cortical subregions have been
This article belongs to a Special Issue on Conditioned Determinants associated with different aspects of motivated behavior
of Reward Seeking (Howland et al. 2022; Kaminska et al. 2021). In particular,
the dorsal medial prefrontal cortex (mPFC), or prelimbic
cortex (PL), is hypothesized to regulate active behavioral
processes, whereas the ventral mPFC, or infralimbic cor-
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of conditioned fear responses, and activation or inhibition
of PL drives or blocks fear-related freezing, respectively.
Conversely, IL neurons fire for extinguished cues that once
predicted footshock, most notably when animals no longer
freeze to the cues, and activation or inhibition of IL facili-
tates or inhibits extinction of fear conditioning, respectively
(Giustino and Maren 2015; Maren and Quirk 2004; Morgan
and LeDoux 1995; Rozeske and Herry 2018).

A PL/IL “go/stop” dichotomy has also been described for
appetitively directed behaviors (Gourley and Taylor 2016;
Mendoza et al. 2015; Peters et al. 2009). Inactivation of dor-
sal mPFC (including PL) during a discriminative stimulus
(DS)-driven operant reward seeking task reduced cue-driven
responses, whereas inactivation of ventral mPFC (IL) dur-
ing performance of a DS-task increased responses gener-
ally, including those triggered by the non-rewarded stimulus
(Ghazizadeh et al. 2012; Ishikawa et al. 2008); and increased
spontaneous recovery and reinstatement in an appetitive Pav-
lovian task (Rhodes and Killcross 2007, 2004). D-cycloser-
ine administration directly into IL enhanced extinction of
sucrose seeking (Peters and De Vries 2013). In a discrimina-
tive-stimulus-driven reward seeking task, PL neurons were
more excited, and IL neurons were more inhibited during
sucrose seeking (Moorman and Aston-Jones 2015). Optoge-
netic manipulation of the projection from IL to the nucleus
accumbens (NAc) shell suppressed expression of appetitive
Pavlovian conditioning (Villaruel et al. 2018, 2022). Thus,
across Pavlovian and instrumental tasks, there appear to be
differences in PL and IL influences on appetitive behavior.

Other models for contrasting PL and IL contributions to
behavior have been characterized, particularly in the con-
text of appetitive motivated behaviors (Green and Bouton
2021; Nett and LaLLumiere 2021). For example, inhibition
or inactivation of neural activity in PL and IL appears to dis-
rupt either goal-directed or habitual behavior, respectively
(Coutureau and Killcross 2003; Killcross and Coutureau
2003; Smith et al. 2012), and neural activity recorded from
these brain regions indicate selectively stronger responses
in each context (Smith and Graybiel 2013). Other lines of
research have emphasized differential roles in minimally
vs. extensively trained behaviors (Green and Bouton 2021;
Shipman et al. 2018). These different framings of divergent
PL and IL function differ somewhat from the go/stop model,
but emphasize categorically different contributions of these
brain areas, in line with that observed in fear conditioning
and reward seeking.

The differences in PL and IL function has been well-
characterized in the context of drug seeking, particularly
cocaine. Prelimbic projections to the nucleus accumbens
(NAc), particularly to the core, play an important role in
modulating drug seeking (Kalivas and Volkow 2011; Peters
et al. 2009; Stefanik et al. 2013). The contributions of this
projection have been frequently described in the context
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of reinstatement or relapse (Hearing et al. 2008; James
et al. 2018; McFarland et al. 2004, 2003; McGlinchey et al.
2016; McLaughlin and See 2003). In contrast, the IL, and
in particular its projections to the NAc shell, is important
for regulating extinction and inhibition of cocaine seeking
(Augur et al. 2016; Marchant et al. 2010; Muller Ewald and
LaLumiere 2017; Peters et al. 2009, 2008). These studies
are well-aligned with fear conditioning literature and, to
some degree, natural reward seeking literature. Thus, a wide
range of research supports the hypothesis that PL regulates
activation of both reward seeking and fear-related behaviors
and that IL inhibits such behaviors (Peters et al. 2009).

Other studies, however, argue that a strict PL/IL dichotomy
may have limitations both with respect to natural reward and
drug seeking behavior (Caballero et al. 2019; Capuzzo and
Floresco 2020; Howland et al. 2022; Moorman and Aston-
Jones 2015; Moorman et al. 2015; Riaz et al. 2019). PL inac-
tivation can enhance operant responding for drugs and natural
rewards (Caballero et al. 2019; Ishikawa et al. 2008; Jonkman
et al. 2009; Willcocks and McNally 2013). Neurons in both PL
and IL are modulated during both seeking and extinction of
sucrose seeking (Moorman and Aston-Jones 2015). PL and IL
neurons also exhibit strong modulation during ethanol seeking
(Halladay et al. 2020), though IL neurons were more strongly
activated during punishment-associated response withholding.
Activation of ensembles in IL is implicated in driving seek-
ing of cocaine, heroin, and methamphetamine (Bossert et al.
2011; Kane et al. 2021; Koya et al. 2009; Madangopal et al.
2021; Peters et al. 2013; Rocha and Kalivas 2010; Warren
et al. 2019). In addition, PL appears to be essential for inhibi-
tion of cocaine seeking in certain contexts (Chen et al. 2013;
Gutman et al. 2017; Martin-Garcia et al. 2014; Mihindou et al.
2013), and IL regulates DS-driven cocaine seeking in some
circumstances (Madangopal et al. 2021). Thus, there is reason
to question an absolute PL/IL “go/stop” dichotomy, even in
the context of cocaine seeking.

Given the complex set of findings related to prefrontal
control of cocaine seeking, understanding neural dynam-
ics during cocaine seeking and extinction can add valuable
information to our evolving conceptualization of this pro-
cess. Early studies demonstrated that mPFC neurons are
activated during cocaine self-administration, though no
association was noted between anatomical localization and
response properties or behavior (Chang et al. 1998; 2000;
Chang et al. 1997; Sun and Rebec 2006).

More recent studies have focused on mPFC subregion
activity during cocaine seeking. Using a discrete trials task,
Muller Ewald and colleagues reported increases in LFP and
single-unit activity in IL during extinction of cocaine seek-
ing (Muller Ewald et al. 2022), although some activity was
observed during self-administration, in line with observa-
tions during sucrose seeking and extinction (Moorman and
Aston-Jones 2015). Again using a discrete trials behavioral
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framework, Cameron and colleagues found greater inhibition
than excitation around the time of the lever press in NAc-
projecting IL neurons during cocaine self-administration,
though some heterogeneity was observed, particularly after
15 days of abstinence (Cameron et al. 2019). Notably, these
studies focused on IL, leaving open the question of whether
PL and IL exhibit different levels of activity during cocaine
self-administration, extinction, and reinstatement.

Only one previous study has directly compared neuronal
activity in PL and IL during cocaine seeking and found that
both PL and IL neurons responded to cocaine-related cues
and lever presses (West et al. 2014). Neural activity incu-
bated, particularly in PL, following 30 days of abstinence,
again providing support for some differences in PL and IL
function related to cocaine seeking and extinction, but no
clearly opposing roles.

To our knowledge, no study has compared PL and IL
activity during self-administration, prolonged extinction,
and reinstatement in the same animals, and no study has
reported prefrontal activity during cue-induced reinstate-
ment of cocaine seeking. Understanding the functions of
PL and IL neurons in these contexts is particularly important
given the prominence of this behavioral model in addiction
research, the relevance of the reinstatement model to the
human clinical relapse condition (Bossert et al. 2013), and
the fact that the go/stop roles for PL/IL are most frequently
observed using this behavioral framework. To address this
absence, we recorded the activity of neurons in PL and IL,
while rats (i) self-administered IV cocaine, (ii) underwent
multiple days of extinction, (iii) underwent cue-induced
reinstatement, and (iv) underwent cocaine prime-induced
reinstatement. The results of our study support some previ-
ous findings, particularly related to the role of PL in rein-
statement. However, our data also reveal new aspects of pre-
frontal coding of cocaine seeking that have not previously
been shown and argue against a simple PL/IL dichotomy
with respect to cocaine seeking and extinction.

Materials and methods
Subjects

Male Sprague—Dawley rats (approximately 300-400 g upon
arrival; Charles River, Wilmington, MA; n=12) were used
in these experiments. Rats were single-housed under tem-
perature- and humidity-controlled conditions on a reversed
light cycle (6 a.m. off to 6 p.m. on) and allowed free access
to commercial chow and tap water. All protocols and proce-
dures followed the National Institute of Health guidelines for
the care and use of laboratory animals and were approved by
the Medical University of South Carolina Institutional Ani-
mal Care and Use Committee, where data were collected.

Surgery

Animals were anesthetized with ketamine/xylazine
(56.5/8.7 mg/kg) and received meloxicam (1 mg/kg). A cath-
eter was implanted in the jugular vein and exited through
a port between the scapulae (Smith et al. 2009). Animals
were then placed in a stereotaxic frame and maintained
with 1.5-2.5% isoflurane in air delivered through a nose
cone. Body temperature was maintained at approximately
37 °C using a thermistor-controlled electric heating pad.
All incision points were infiltrated with a long-lasting anes-
thetic (2% lidocaine). The skull was exposed, and bilateral
holes were drilled above the mPFC (~2.2-3.2 mm rostral
and ~0.2-1.0 mm lateral to bregma). Three or four addi-
tional holes were drilled, and screws were implanted to
secure array implants. Arrays of 16 stainless-steel microw-
ires (50 ym) arranged in a 4 X4 pattern (~200 ym spac-
ing) were lowered into the medial prefrontal cortex in each
hemisphere (two arrays per animal). Wires were cut before
surgery such that 8 wires targeted PL (DV: 3.8) and 8 wires
targeted IL (DV: 5.2). Craniotomies were filled with gel
foam, secured with cyanoacrylate, and arrays were secured
to the skull screws using dental cement. Animals were given
antibiotic (cefazolin, 0.1 ml of 100 mg/ml I'V) and analgesic
(meloxicam, 1 mg/kg, SC) and heparin (0.1 ml of 100 U/ml
IV) and were allowed to recover at least 1 week following
surgery, during which time weight, activity, and other meas-
ures of general health were monitored. During recovery and
self-administration, the animals received daily infusions of
cefazolin and heparin.

Behavioral training and task

Following recovery, rats were trained to self-administer
IV cocaine using a fixed ratio (FR1) paradigm in sound-
attenuated operant chambers (Med-Associates, St. Albans,
VT). Stimulus presentations, cocaine infusions, and data
recording were controlled via MED-PC IV software (Med-
Associates, St. Albans, Vermont). During 2-h daily sessions,
presses on an active lever resulted in a cocaine infusion
(fixed ratio— 1; 0.2 mg in 50 pL via motorized pump) paired
with tone and light cues (78 dB, 2900 Hz; white stimulus
light above the active lever), followed by a 20-s timeout.
Presses on an inactive lever had no consequence.

Rats were given at least 10 self-administration sessions
in which they earned at least 10 infusions per session. Rats
then received two “extinction/self-administration” ses-
sions, during which the first hour was an extinction session
(lever presses had no consequences) followed by cocaine
self-administration during the second hour. These sessions
were separated by at least 1 day with a 2-h cocaine self-
administration session and were followed by at least 1 day
of cocaine self-administration. Due to issues with analysis,
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data from these sessions are not presented in the current
report, but are noted here as part of the behavioral regimen.
Rats were then given daily extinction sessions, during which
lever presses had no consequence (no drug or cues). Before
reinstatement testing, rats were required to meet an extinc-
tion criterion of <25 active lever presses for 2 consecutive
days. Rats underwent at least 7 extinction sessions before
the first reinstatement session. Rats performed 1-2 cue-
induced reinstatement and 1-2 cocaine prime-induced rein-
statement sessions. For cue-induced reinstatement, active
lever presses resulted in presentation of tone and light cues
in the same manner as during self-administration, but no

Fig. 1 a Timeline of record-
ing sessions producing the a
data used in the current report.

Recordings were obtained dur- Self-Administration
ing self-administration, early

and late extinction, and cue- and 2 sessions

cocaine-induced reinstate-
ment sessions. An intervening

session consisting of a single

day of extinction and self-
administration was conducted
between the self-administration,
and extinction session is shown

analysis issues. b Behavior in
each stage of the study. Animals
reliably pressed the active lever

for completeness, but data
are not included here due to +

Early Extinction

and received infusions during Days 1&2
self-administration. Pressing

decreased during extinction

training, and animals reliably

reinstated in both cue- and
prime-induced reinstatement

Late Extinction

sessions. Inactive levers were Day 7+
rarely pressed. Numbers of

presses in cocaine-induced

reinstatement are from 90-min

session post-cocaine injection
(see Methods). ¢ Recording
sites were plotted based on

Reinstatement
histological processing of tissue

following electrolytic lesions 1-2 sessions
generated by recording wires.

Recording sites reliably formed

two clusters located in dorsal
and ventral mPFC (primarily
PL and IL), respectively. Four
rats had a small number (1-4)
of wire placements slightly pos-
terior to those shown here (~ AP
2.0). Red, PL recording sites.
Blue, IL recording sites

Cue-Induced

Cocaine-Induced
Reinstatement
1-2 sessions
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drug was delivered. For cocaine-induced reinstatement, the
following design was used to control for injection effects.
Rats were first injected with 0.9% saline (1 ml/kg IP). Two
minutes later, levers were extended, and rats were allowed to
press for 30 min at which point levers were withdrawn. Rats
were then injected with a priming dose of cocaine (10 mg/
kg, 1 ml/kg IP). Two minutes later, levers were extended,
and rats were allowed to press for 90 min. Rats almost never
pressed the active lever after saline injections (mean active
lever presses =4.3 +/—1.2), so neural analysis focused on
behavior after the cocaine priming dose, during which we
observed significant elevations in lever pressing (Fig. 1,

b

100- M Active Lever Presses ]
M Infusions/Bouts
sol [ Inactive Lever Presses

Self- Late
Admin. Ext. Ext.

Cue Coc.
Reinst. Reinst.
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Results). For all sessions (self-administration, extinction,
reinstatement), rats were placed in the chambers 5 min
before session onset and remained in the chambers 15 min
after session offset to provide baseline measurements for
unit activity.

Electrophysiological recording

Neurons were recorded multiple times per rat during per-
formance of all stages of the task. As frequently as possible,
we performed 2 days of recording per session, one for each
implanted array. Results here focus on mPFC activity in late
self-administration (> 10-day post-acquisition), early (first
2 days) and late (> 7 days extinction, within 1 —2 days prior
to reinstatement) extinction, and cue-induced and cocaine-
induced reinstatement. Not all rats completed the complete
suite of behaviors. We recorded neural activity from 12 rats
during cocaine self-administration, 12 during early extinc-
tion, 10 during late extinction, 10 during cue-induced rein-
statement, and 8 during cocaine-primed reinstatement.

During recording sessions, arrays were connected to a
headstage (20 x gain, Plexon, Dallas, TX). Signals were
passed through a cable (Omnetics Connector Corporation,
Minneapolis, MN) to an electrical commutator (Keyo Elec-
tric Co., Ltd., Wenzhou, Zhejiang, CN) to allow free move-
ment. Commutator output was delivered to a Plexon record-
ing system (MAP/16, Plexon), where signals were amplified
(50%), filtered (100 Hz-8 kHz), and sampled at 40 kHz.
Action potentials were recorded using RASPUTIN software
(Plexon) where gain and thresholds were set to isolate single
neuron activity. Recorded spikes were further sorted offline
using Offline Sorter (Plexon) using a combination of tem-
plate-matching and principal components analyses. Well-
isolated single units that fired consistently throughout the
recording session were included for analysis. Timestamps
for behavioral events were sent from the Med-Associates
behavioral control system to the Plexon recording system for
use in aligning neural activity to behavior. All experimental
sessions were recorded onto digital video (Cineplex, Plexon)
for additional behavioral analyses as necessary.

Histology

Following experimental testing and recording, rats were
anesthetized with 1.5-2.5% isoflurane, and constant current
(25 puA) was delivered to each recording wire for 15 s to pro-
duce lesions and iron deposits to mark the tips of recording
electrodes. Rats recovered from anesthesia and were sac-
rificed and perfused 1 day later to allow development of
lesion-induced gliosis. Animals were perfused with~50 ml
of 0.9% NaCl solution followed by 400-500 ml of 4% para-
formaldehyde followed by 50-100 ml of a 5% potassium
ferricyanide/5% HCI solution to stain iron deposits with

the Prussian blue method. Brains were post-fixed overnight
in 4% paraformaldehyde and transferred to a 20% solution
of sucrose/0.1% sodium azide in phosphate buffer at 4 °C
for at least 3 days. Coronal, 40-um-thick sections of brains
were cut on a cryostat. Prefrontal sections were transferred
to slides, counterstained with neutral red (Fisher, Fairlawn,
NJ), dehydrated with graded alcohol solutions, cleared with
xylene, and coverslipped with Permount (Fisher). Prussian
blue-stained iron deposits were used to confirm accurate
electrode placements (Fig. 1c).

Data analysis

Timestamps of sorted spikes and behavioral events were
imported into Matlab (MathWorks, Natick, MA), where cus-
tom analyses were used to assess the relationship of neuronal
activity to behavior. All well-isolated neurons were included
in analyses, although subsets were selected for additional
analysis based on response criteria (e.g., significant increase
or decrease of firing rate above or below baseline in relation
to task events). Three main measures of neuron activity were
analyzed. First, we measured phasic responses related to
lever pressing. Neuronal activity aligned on pressing was
grouped in 100-ms bins, and spike density functions (SDFs)
were generated by Gaussian smoothing of the resulting
event-related histogram. For population measures, neuronal
activity was z-score normalized against a 200-ms baseline
epoch 8-s preceding lever presses for comparisons across
neurons by subtracting mean and dividing by standard devia-
tion of baseline. Neurons were characterized as significantly
modulated based on paired Wilcoxon signed rank tests com-
paring (non-normalized) firing rate in a— 10 to — 8-s pre-
press baseline epoch to 2-s epochs either immediately pre-
(—2to 0's) or post-press (0 to 2 s) across trials. Comparisons
of press-related activity (e.g., between PL and IL) were
made using normalized data during an epoch+/—1 s peri-
press. We also analyzed neural responses to the first press in
a bout, which consisted of any press not preceded by another
press within 5 s (to avoid counting multiple presses in a
single burst of pressing), particularly during extinction and
reinstatement, when lever presses were less regular than dur-
ing self-administration. Second, we measured slow changes
in activity (30-s bins) associated with either calculated brain
cocaine levels during self-administration or general motiva-
tion levels. Neural activity during cocaine self-administra-
tion was also compared to brain cocaine levels using the
equation from (Bentzley et al. 2013; Pan et al. 1991; Peoples

and Cavanaugh 2003; Zimmer et al. 2011):
c=- (:f = (e7P" — e=*") where c is the brain cocaine concen-

tration, d is the dose (in mg/kg), k is the rate constant for
transfer from blood to brain (0.233), v is the volume of the
brain (0.15 L/kg), « is the constant related to flow of cocaine
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between blood and brain (0.642), and f is a constant that is
related to the elimination of cocaine (0.097). We also exam-
ined the relationship of activity to motivation, measured as
the summed number of active and inactive lever presses in
30-s bins throughout the session. Binned presses were
Gaussian smoothed and correlated with 30-bin spike density
functions used for comparisons above. Third, we investi-
gated “tonic” activity during the sessions using 30-s bins to
detect significant changes in activity that started at the onset
of the session and persisted throughout (Fabbricatore et al.
2009; Guillem et al. 2010; Kravitz et al. 2006; Kravitz and
Peoples 2008; Peoples et al. 1999, 1998; Root et al. 2012).

Additional parametric or nonparametric analyses, as
appropriate, were applied to firing rate data as described in
“Results” section. Main effects were calculated using ANO-
VAs, Kruskal-Wallis, and Friedman tests based on whether
the data were parametric and whether data were paired.
Within-neuron comparisons were made using paired ¢-tests/
Wilcoxon signed rank tests when trials were equivalent.
Analyses of numbers of significant neurons were made using
Fisher’s exact test. Non-equivalent or cross-neuron analyses
were performed using unpaired ¢-tests or Mann—Whitney
U tests.

Results
Behavior

Figure 1A shows the time course of behavioral tests used in
this study (self-administration, extinction, cue-induced rein-
statement, cocaine-induced reinstatement). Figure 1b shows
the mean number of active and inactive lever presses at each
stage and numbers of infusions received (cocaine + cues in
self-administration, cues only in cue-induced reinstatement).
During extinction and cocaine prime-induced reinstatement,
animals would frequently press in bouts, as opposed to regu-
lated pressing observed during maintenance of self-admin-
istration. We considered the leading press of each bout to
represent initial seeking of an infusion. We measured such
‘infusion seeking’ as any press not preceded by another
press within 5 s (to avoid counting multiple presses in a
single burst of pressing). Animals consistently pressed the
active lever, earning cocaine infusions during self-admin-
istration, and rarely pressed the inactive lever. Animals
exhibited cocaine loading, i.e., high-frequency pressing
during the first~ 1-5 min, followed by stable maintenance
pressing. During extinction, active lever presses declined,
reaching a nadir during late extinction. Finally, during both
cue-induced reinstatement and cocaine-prime-induced rein-
statement, animals reliably pressed the active lever at a level
approximately equal to (cue-reinstatement) or almost double
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(cocaine prime-reinstatement) that seen during self-admin-
istration. There was a significant effect of session on active
lever presses (x2(4,82)=19.65, p <0.001; Kruskal-Wallis),
infusions/bouts (x2(4,82)=27.52, p<0.001), and inactive
lever presses (x2(4,82)=15.60, p <0.005). Significant
changes in inactive presses were largely driven by cocaine
prime-induced lever activity during reinstatement testing
(Fig. 1b).

Overview of neural activity

Recording sites were localized to PL or IL based on post-
recording lesions (Fig. 1c). Neurons in both areas were
active during all phases of the study. In the following sec-
tions, we describe analyses of neural activity during each
phase: self-administration (Figs. 2, 3, and 4), early and late
extinction (Fig. 5), and cue- and cocaine prime-induced
reinstatement (Fig. 6). Details related to lever press-asso-
ciated phasic responses are provided in Tables 1 (PL) and 2
(IL). Figure 7 summarizes the findings across sessions for
comparison.

PL and IL neural activity during cocaine
self-administration

During self-administration, a significant proportion of both
PL and IL neurons exhibited changes in firing rate, consist-
ent with previous studies (West et al. 2014). Due to large,
variable fluctuations in activity during cocaine loading in the
first 5 min, we focused on analysis of press-related activity
during the maintenance phase of cocaine self-administra-
tion, > 5 min after session onset (Root et al. 2012). Activity
of single neurons in PL and IL during cocaine self-adminis-
tration is shown in Fig. 2. Among 259 PL and 307 IL neu-
rons analyzed from recordings during self-administration,
42.6% and 36.9%, respectively, were phasically modulated
in relation to the cocaine lever press (Fig. 3a and b). There
were no significant differences in either the proportion of
significantly modulated neurons (p > 0.05, Fisher’s exact
test) or in the strength of signaling in PL vs. IL neurons
during cocaine self-administration (all neurons: Z=1.21,
p>0.05; significantly modulated neurons: Z=1.77, p>0.05,
Mann—Whitney U). Importantly, neuronal signaling was het-
erogeneous in both PL and IL, with neurons in both regions
exhibiting phasic excitation and inhibition preceding, fol-
lowing, or surrounding the lever press (Fig. 2; Tables 1 and
2). The absolute value of press-related activity, which meas-
ures overall signaling strength irrespective of direction, was
not significantly different between PL and IL (Fig. 3a; all
neurons: Z=1.48, p>0.05; significantly modulated neurons:
Z=0.24, p>0.05). The proportions of neurons in PL and IL
that were excited vs. inhibited were very similar (Fig. 3b;
Tables 1 and 2). Thus, both PL and IL exhibited significant
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Prelimbic

Neuron number

Time (sec)

Fig.2 Lever press-aligned activity in all recorded PL (n=259) and
IL (n=307) neurons during cocaine self-administration. Neurons
are sorted along the y-axis based on mean activity at the time of the
lever press. Both PL and IL neurons exhibited prominent and signifi-
cant lever press-related excitation and inhibition. Temporal profiles of
responses were somewhat heterogeneous. Although significant modu-
lation occurred leading up to and following the lever press, many neu-

seeking-related changes in activity during cocaine self-
administration, and there were no significant differences
between the two regions.

In addition to activity changes time locked to the lever
press, we also observed a relationship between calculated
brain cocaine levels and both PL and IL activity over the
course of the session (see Methods). Activity and drug
levels were binned in 30-s intervals and focused on the
maintenance epoch. Out of 266 PL neurons analyzed, 72
(27.1%) and 90 (33.8%) exhibited positive and negative sig-
nificant correlations with calculated brain cocaine levels,
respectively. Among 313 IL neurons analyzed, 80 (25.6%)
and 121 (38.7%) were positively and negatively correlated
with brain cocaine levels, respectively. Figure 3¢ shows two
examples of neurons exhibiting a strong correlation between
neural activity and cocaine levels. Session recordings for a

10

Z-Score

-3 -2 -1 0
Time (s

-5 -4

1
ec)

rons exhibited only pre- or only post-press excitation or inhibition,
and many neurons exhibited delayed responses that correspond to the
onset of cue-presentation or cocaine delivery. Thus PL and IL neu-
rons both exhibit robust, but highly diverse response properties dur-
ing cocaine self-administration. See Tables 1 and 2 for quantification
of this heterogeneity

single IL (top) and PL neuron (bottom) are shown on the
left, and 30-s data points used to calculate correlations for
each of these two neurons are shown on the right. Figure 3d,
left, shows the overall distribution of positive and negative
drug vs. firing rate correlation coefficients across neurons.
Despite a hint that slightly more IL neurons were inversely
correlated with calculated cocaine levels, the differences
between proportions across PL and IL were not significant
(p>0.05, Fisher’s exact test).

We further examined the relationship between neural activ-
ity and lever pressing binned in 30-s intervals for two rea-
sons—first to determine if neural activity was more closely
related to seeking behavior as compared to drug levels and
second to compare activity to later sessions in which lever
pressing was present, but no drug was delivered. During self-
administration sessions,we found an overall greater positive
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Fig.3 Activity of PL and IL
neurons during cocaine self-
administration sessions. a Activity
of all recorded PL and IL neurons
aligned on cocaine-reinforced lever
press. Activity is Z-score normal-
ized and absolute value trans-
formed to assess the magnitude of
signaling across the heterogene-
ous responses seen in PL and IL
(see Methods and Fig. 2). Shaded
regions represent standard error
across neurons. Both PL and IL
exhibited responses of similar
magnitude related to the lever
press. b Z-scores (not absolute
value transformed) of neurons
exhibiting significant activation
around the time of the lever press.
More neurons were significantly
excited than inhibited, particularly
in IL, but both types of signaling
were prominently observed. ¢ (Top)
session-long activity of a single

IL neuron (thick blue line) in 30-s
bins across the whole self-admin-
istration session. Vertical lines
represent times of lever presses.
Both neural activity and calculated
cocaine levels were normalized to
themselves to facilitate comparison.
Two details are notable in the activ-
ity of this neuron. First, the neuron
exhibits strong session-related
activation that decreases over the
course of the self-administration
session. Second, this neuron exhib-
its a highly significantly positive
correlation with calculated brain
cocaine levels. This is reflected in
the overlap between the two curves
in (c top left) and in the scatter
plot in (¢ top right) in which mean
values of normalized activity and
cocaine levels are plotted against
one another in 30-s bins. ¢ (Bot-
tom) session-long activity of a sin-
gle PL neuron exhibiting a highly
significant inverse correlation
between firing rate and calculated
brain cocaine levels. Both PL and
IL neurons exhibited both positive
and negative correlations with cal-
culated brain cocaine levels. Other
examples of session-related excita-
tion and inhibition in PL and IL are
shown in Fig. 4. d Histograms of
correlation coefficients for neurons
recorded from PL (top) and IL
(bottom) with respect to calculated
cocaine levels (left) and counts of
active lever presses in 30-s bins
(middle). Shaded bars represent
statistically significant (p <0.05)
positive or negative correlation
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Fig.4 Examples of four neurons (2 PL, top and 2 IL, bottom) that
exhibit robust session-long changes in tonic firing rate during cocaine
self-administration. Thick colored lines represent Gaussian-smoothed
spike density functions generated from average firing rate in 30-s
bins. Vertical lines show times of lever presses. Of note, both PL and
IL neurons exhibited instances of strong session-long tonic excitation

than negative relationship for both PL and IL between neural
activity and presses in 30-s bins over the course of the ses-
sion (Fig. 3d (right); PL: 99 (37.2%) significantly positive, 27
(10.2%) significantly negative; IL: 102 (32.6%) significantly
positive, 35 (11.2%) significantly negative).

Based on previous findings of session-long tonic changes
in activity during cocaine self-administration in NAc, ventral
pallidum (VP), and orbitofrontal cortex (OFC) (Fabbricatore
et al. 2009; Guillem et al. 2010; Kravitz et al. 2006; Kravitz
and Peoples 2008; Peoples et al. 1999, 1998; Root et al. 2012),
we investigated whether PL and IL exhibited tonic changes in
activity across the session. We compared 5 min of activity dur-
ing the baseline (in 30-s bins) to 5 min of activity 50- and 100-
min post-session-start. To be considered tonically modulated,

17000 2000 3000 4000 5000 6000 7000
Time (sec)

(left) or inhibition (right). See Fig. 7 for proportions of neurons in
each region exhibiting significant modulation in each direction. As in
example neurons shown in Fig. 3, press- or cocaine-related fluctua-
tions in activity can also be observed in some cases, indicating that
information is multiplexed across multiple timescales at the level of
single neurons

neurons had to demonstrate significant changes from baseline
in both session epochs in the same direction (i.e., both signifi-
cantly inhibited and excited relative to baseline). We found
that 30.5% of 266 PL neurons (11.7% significantly excited and
18.8% significantly inhibited) and 28.4% of 313 IL (11.5% sig-
nificantly excited and 16.9% significantly inhibited) neurons
were tonically modulated over the course of the self-adminis-
tration session. Examples of tonic excitation and inhibition in
both PL and IL neurons are shown in Fig. 4.

PL and IL neural activity during extinction

We next measured PL and IL activity during early and late
extinction. Early extinction was the first 2 days of extinction
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Fig.5 Activity of PL and IL
neurons during early (a—d) and
late (e—g) extinction, aligned

on the lever press (a, b, e, )

or correlated with counts of
lever presses (¢, d, g). Both the
absolute value magnitude of
signaling (a, e) and the magni-
tude of excitation/inhibition in
significantly modulated neurons
(b, f) were strongly reduced
compared to that observed dur-
ing self-administration (Fig. 3)
or reinstatement (Fig. 6).

The decreased proportions of
significantly modulated neurons

are shown in (b, f) and in Fig. 7.

Interestingly, neurons contin-
ued to exhibit tonic (~30 s)
fluctuations that were positively
correlated with lever pressing
(c, d, and g). An example of a
single IL neuron with activity
strongly positively correlated
with lever pressing is shown in
c. Vertical lines represent times
of lever presses. Neural activ-
ity was normalized to itself to
facilitate comparison. Although
the intensity of activity phasi-
cally related to lever presses
was diminished in extinction,
tonic activity tracked bouts of
initiation of responding on a
slower timeframe
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Fig.6 Activity of PL and IL
neurons during cue-induced
(a—d) and cocaine prime-

induced (e—g) reinstatement,
aligned on lever press (a, b, e,
f) or correlated with counts of
lever presses (c, d, g). Absolute
value signaling is shown in a
and e, and mean Z-scores for
significantly modulated neurons
are shown in b and f. Activity
in both PL and IL was enhanced
in cue-induced reinstatement to
approximately the same level as
seen during cocaine self-admin-
istration. During cocaine prime-
induced reinstatement, PL
excitation and inhibition were
both dramatically enhanced,
whereas IL activity was not.

As in self-administration and
extinction, tonic activity was
strongly correlated, largely

positively, with lever pressing
(c, d, g). An example of a single
PL neuron with activity strongly
positively correlated with lever
pressing during cued reinstate-
ment behavior is shown in c.
Vertical lines represent times

of lever presses. Neural activ-
ity was normalized to itself to
facilitate comparison
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Table 1 Phasic responses of

N Self-Admin Significant: 110/259 (42.6%)
prelimbic neurons separated
into classes based on epoch Pre Post Pre Post Pre Post Pre Post
(pre- vs. post-lever press)
and direction of response ) 1 ) ! 1 - - 1
(excitation (1), inhibition (|), 16 (6.2%) 2 (0.8%) 14 (5.4%) 28 (10.8%)
not significant (-)) ! ! ! 1 ! R i} !
15 (5.8%) 3(1.2%) 14 (5.4%) 18 (7.0%)
Early Ext Significant: 65/283 (23.0%)
1 1 1 ! 1 . 1
15 (5.3%) 0 (0%) 12 (4.2%) 13 (4.6%)
! ’ i 1 l - - l
7 (2.5%) 0 (0%) 9 (3.2%) 9 (3.2%)
Late Ext Significant: 24/162 (14.9%)
1 1 1 ! 1 . - 1
7 (4.3%) 0 (0%) 2 (1.2%) 2(1.2%)
l l l T ! - - 1
2 (1.2%) 0 (0%) 6 (3.7%) 53.1%)
Cue Reinst Significant: 98/255 (38.5%)
1 i 1 ! 1 - - i
17 (6.7%) 2 (0.8%) 14 (5.5%) 24 (9.4%)
l I l 1 l - - l
15 (5.9%) 1(0.4%) 12 (4.7%) 13 (5.1%)
Coc Reinstat Significant: 82/195 (42.2%)
1 1 1 ! t - - 1
14 (7.2%) 2 (1.0%) 15 (7.7%) 10 (5.1%)
l l l 1 ! - - l
11 (5.6%) 1(0.5%) 16 (8.2%) 13 (6.7%)

For each stage of the study (self-administration, early and late extinction, and cue-induced and cocaine-
induced reinstatement), neurons are separated into 8 categories based on whether or not they were signifi-
cantly excited or inhibited in the 2-s epoch pre and/or post lever press

(one per recording array) and late extinction was the last
1-3 days of extinction preceding reinstatement (after at least
7 days of extinction). Lever press-related activity was dimin-
ished in both PL and IL during early extinction (Fig. 5a, b; PL:
23.0%, IL: 26.0% significantly modulated) and late extinction
(Fig. Se, f; PL: 14.8%, IL: 17.2% significantly modulated).
During extinction, when cues/infusions were not delivered
and timeouts were not enforced, animals would frequently
press in bouts. When considering the leading press of these
bouts as a measure of “infusion seeking” during extinction
(see Methods), we found even fewer neurons modulated in
both early (PL: 13.7%, IL: 18.8% significantly modulated) and
late (PL: 14.8%, IL: 8.9%) extinction. We found no significant
differences in either frequency or strength of press-related
activity between PL and IL cells, whether considering all neu-
rons, significantly modulated neurons, or absolute value of
signaling (all z< 1.8, all p>0.05).

The overall strength of press-related activity was also
decreased in both PL and IL during extinction relative to self-
administration. Using a rank-ordered two-factor ANOVA,
we found a main effect of session (self-administration, early
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extinction, late extinction: F(2,1455)=3.85; p <0.05) but
no effect of PL vs. IL (F(1,1455)=0.08; p>0.05) and no
interaction (F(2,1455)=1.62; p > 0.05). The absolute value
of press-related activity across all neurons was substantially
smaller during both early and late extinction compared
to self-administration (Fig. 5a and e; F(2,1455)="7.22,
p <0.001; rank-ordered two-factor ANOVA), and again,
there were no effects of PL vs. IL (£(1,1455)=1.66,
p>0.05) or interaction (F(2,1455)=0.07, p>0.05). The
magnitude of press-related activity was not significantly dif-
ferent in neurons significantly modulated during extinction
as compared to neurons that were significantly modulated
during self-administration (PL or IL, excited or inhibited, all
p>0.05; rank-ordered two-factor ANOVA), even though the
number of significantly modulated press-related neurons was
decreased during extinction, demonstrating that diminished
signaling during extinction was primarily due to decreased
numbers of significant responses.

To determine whether neural activity during extinction
was associated with overall motivation or seeking behavior,
we correlated smoothed neural activity in 30-s bins with
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Fig.7 Summary of proportions of neurons modulated across time- »

frames in PL and IL during self-administration, early and late extinc-
tion, and cue- and cocaine prime-induced reinstatement (see Methods
for analysis epochs). a Proportions of neurons significantly excited
(positive bars) and inhibited (negative bars) in each area at each stage.
Of note, many neurons in both PL and IL exhibit activity significantly
related to the lever press during self-administration, and this declines
(in an equivalent fashion) over the course of extinction. In both cue-
and prime-induced reinstatement, both PL and IL neurons are sig-
nificantly responsive although, as shown in Fig. 6, the magnitude of
response is significantly greater in PL vs. IL during cocaine-primed
and, to a lesser degree, during cue-primed reinstatement. b Propor-
tions of neurons significantly excited (positive bars) or inhibited (neg-
ative bars) across the entire session relative to pre-session baseline.
Note the large proportion of neurons with significant session-long
inhibition during cocaine-seeking epochs (self-administration and
reinstatement sessions), and the overall diminution of modulation
during extinction. ¢ Proportions of neurons with tonic activity that
was significantly positively (positive bars) or negatively (negative
bars) correlated with patterns lever press at each stage of recording.
Note that during extinction and reinstatement cocaine was not deliv-
ered (except for a priming injection in cocaine-induced reinstate-
ment). Thus, significantly correlated activity in these stages likely
reflects motivation- or response execution-related mPFC activity

smoothed press counts in 30-s bins in both early and late
extinction. Consistent with the proposal that both PL and IL
neuronal activity reflects motivational components of drug
seeking even in the absence of drug, we found that large pro-
portions of neurons in both PL and IL exhibited activity that
was primarily positively correlated with pressing (Fig. 5c,
d, and g). An example of a single IL neuron whose activ-
ity was highly correlated with mean lever presses is shown
in Fig. 5c. Interestingly, correlation between activity and
pressing persisted into late extinction (Fig. 5g) despite low
numbers of presses overall (Fig. 1). These results indicate
that, on moderate timescales (30 s), both PL and IL activity
are associated with drug seeking behavior, even in extinc-
tion sessions.

PL and IL neural activity during reinstatement

We next measured mPFC activity during cue- and cocaine
prime-induced reinstatement. All reinstatement sessions
were separated by extinction sessions, and reinstatement
sessions produced elevations in active lever pressing rela-
tive to extinction (Fig. 1). During both cue- and cocaine-
induced reinstatement, the number of neurons significantly
modulated at the time of lever press increased relative to
activity during extinction (Fig. 6b, Tables 1 and 2). During
cue-induced reinstatement, a similar proportion of PL and IL
neurons responded around the time of lever press, and there
were no significant differences in the strength of signaling
between the two regions (all neurons, significantly modu-
lated neurons, and absolute value of signaling: all p > 0.05).

During cocaine prime-induced reinstatement, the num-
bers of significantly modulated neurons in both PL and IL

a
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Table 2 Phasic responses of Self-Admin Significant: 113/307 (36.9%)
infralimbic neurons separated
the using the same categories as Pre Post Pre Post Pre Post Pre Post
Table 1
1 1 1 ! 1 . - 1
13 (4.2%) 2 (0.7%) 29 (9.5%) 32 (10.4%)
l ! ! 1 ! - - !
6 (2.0%) 1(0.3%) 13 (4.2%) 17 (5.5%)
Early Ext Significant: 67/258 (26.0%)
1 1 1 ! 1 . - 1
8(3.1%) 0 (0.0%) 14 (5.4%) 14 (5.4%)
l ! l 1 ! - - l
11 (4.3%) 0 (0.0%) 12 (4.7%) 8(3.1%)
Late Ext Significant: 33/192 (17.2%)
1 1 1 ! 1 . - 1
0 (0.0%) 0 (0.0%) 5 (2.6%) 7 (3.7%)
l l ! 1 ! - - !
5(2.6%) 0 (0.0%) 6 (3.1%) 10 (5.2%)
Cue Reinst Significant: 92/254 (36.3%)
1 1 1 ! 1 : - 1
6 (2.4%) 0 (0.0%) 16 (6.3%) 22 (8.7%)
l l I 1 l - - !
16 (6.3%) 0 (0.0%) 17 (6.7%) 15 (5.9%)
Coc Reinst Significant: 54/170 (31.9%)
1 1 1 ! 1 : - t
2(1.2%) 2 (1.2%) 12 (7.1%) 9(5.3%)
l l I 1 l - - I
6 (3.5%) 1 (0.6%) 5(2.9%) 17 (10.0%)

were elevated compared to extinction, but a greater num-
ber of significantly modulated neurons were observed in
PL than IL (Fig. 6f, Tables 1 and 2). The overall strength
of signaling (measured as absolute value) was also sig-
nificantly greater in PL than in IL during primed rein-
statement (Fig. 6e; z=347, p <0.001). Interestingly, this
difference was driven by neurons both phasically excited
and inhibited at the time of lever press (Fig. 6f). When
analyzing neurons that were significantly excited or
inhibited around the press during primed reinstatement,
we found that the magnitude of excitation of PL neurons
was greater than that of IL neurons (z=3.22, p <0.001).
There also was greater inhibition in PL neurons than in
IL neurons, although this was not statistically significant
(z=1.92. p=0.055). Thus, during cocaine prime-induced
reinstatement, PL signaling was stronger than IL, and the
strength of this signaling was driven by both excitatory
and inhibitory responses around the time of lever press.
We characterized the relationship between slow changes
(30 s) in activity and motivation based on binned lever
presses in both types of reinstatement. An example of a sin-
gle PL neuron whose activity was highly correlated with
mean lever presses during cue-induced reinstatement is
shown in Fig. 6¢. Activity of neurons in both PL and IL
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was strongly correlated with pressing during both cue- and
cocaine-induced reinstatement (Fig. 6d and g). As during
self-administration and extinction, these correlations in
activity were primarily positive, further supporting the direct
relationship between neural activity and drug seeking inde-
pendent of pharmacological effects of cocaine.

Comparison of significant effects across sessions

Figure 7 summarizes the percentages of PL and IL neurons
exhibiting significant changes in phasic lever responses
(Fig. 7a), significant session-long changes in activity
(Fig. 7b), and significant correlations with mean pressing
rates across the session (Fig. 7¢). In addition to summarizing
the findings of Figs. 3, 4, 5, and 6, inspection of these data
shows a few additional points of interest. First, Fig. 7a makes
clear that the proportion of significantly press-modulated
(excited and inhibited) neurons in both PL and IL decreases
over the course of extinction and rebounds during reinstate-
ment. Interestingly, the proportion of neurons modulated is
similar during cue- and cocaine prime-induced reinstatement
even though the magnitude of responses is greater during
prime reinstatement (compare Fig. 6a and b to Fig. 6e and f).
Similar changes between extinction and self-administration/
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reinstatement are seen in proportions of neurons exhibiting
session-long modulation (Fig. 7b). Intriguingly, a slightly
different pattern is seen when assessing the correlation
of activity with mean pressing (Fig. 7c). In this case, the
predominant pattern across neurons, positive correlation
with pressing behavior, is amplified during extinction and
reinstatement, potentially due to the decrease in pressing
regularity in extinction/reinstatement vs. self-administration.
Further interpretations are considered below.

Discussion

The prefrontal cortex has been repeatedly implicated regu-
lation of cocaine seeking, but specific functions of mPFC
subregions have been hard to isolate. We recorded neu-
ronal activity in PL and IL, while rats self-administered
cocaine, during extinction of cocaine seeking, and finally
during cue- and cocaine-primed reinstatement condi-
tions. Neural activity in both areas was strongly associ-
ated with cocaine seeking. PL and IL neuronal activity
was significantly modulated during cocaine self-adminis-
tration, activity in both areas was equivalently decreased
during extinction, and activity was strongly enhanced
during reinstatement, particularly in PL during cocaine
prime-induced reinstatement. Although our results sup-
port previous findings for different roles of PL and IL in
drug seeking (Gourley and Taylor 2016; Kalivas 2009;
Kalivas et al. 2005; Peters et al. 2009), our findings also
indicate that generalized hypotheses of PL/IL dichotomies
in execution vs. inhibition of behavior do not reflect the
full extent of the complex relationships between mPFC
neurons and behavior (Caballero et al. 2019; Moorman
and Aston-Jones 2015; Moorman et al. 2015; Riaz et al.
2019). Furthermore, we demonstrated two new signaling
mechanisms by which PL and IL neurons encode infor-
mation during self-administration, extinction, and rein-
statement. First, we showed correlations between neural
activity and calculated brain cocaine levels (during self-
administration) or bouts of lever pressing, presumed to
measure overall levels of motivation (during extinction
and reinstatement). Second, we showed that mPFC activity
shows tonic, session-related changes in activity that start
at the onset of the session and persist until the end. Neural
activity on these timescales has been reported in NAc, VP,
and OFC (Fabbricatore et al. 2009; Guillem et al. 2010;
Kravitz et al. 2006; Kravitz and Peoples 2008; Peoples
et al. 1999, 1998; Root et al. 2012), but to our knowledge,
never in mPFC. Our results indicate that mPFC neurons
multiplex information related to lever presses, drug levels,
motivation, and the overall task context—all within a sin-
gle behavioral session, in line with the role of the mPFC
as a highly integrative structure.

PL and IL neurons are significantly modulated
during cocaine self-administration

We found that both PL and IL exhibit significant changes
in activity during cocaine seeking. We found no significant
differences between activity in PL and IL during cocaine
self-administration. This observation was true for lever
press-related activity, session-long tonic activity, and activ-
ity aligned to calculated cocaine levels. Neural responses
were heterogeneous, exhibiting both excitation and inhibi-
tion at all timescales measured (Fig. 7, Tables 1 and 2). More
neurons in both PL and IL were excited than inhibited dur-
ing cocaine self-administration around the time of the lever
press, though this excitation bias was more substantial for
IL than PL neurons. These results support previous findings
that PL is important during drug seeking behaviors, but they
demonstrate that modulation of IL activity is prevalent dur-
ing drug seeking as well. This finding is well-aligned with
previous recording studies showing activation of both PL
and IL neurons during cocaine self-administration (Muller
Ewald et al. 2022; West et al. 2014), and does not support
the perspective that PL neurons are selectively involved in
execution of behaviors (e.g., cocaine seeking), or that IL
neurons are selectively involved in inhibition of behav-
iors (e.g., extinction of cocaine seeking) (Moorman et al.
2015). That both PL and IL neurons exhibited heterogeneous
response properties indicates that there is not a single func-
tional role for either PL or IL and argues that networks of
neurons within each region play different roles with respect
to drug seeking (Warren et al. 2019).

In addition to phasic responses associated with lever
pressing, we also observed two slower forms of firing rate
changes. First, both PL and IL neurons exhibited strong
session-related changes in activity that started immediately
at the onset of the session and persisted throughout the dura-
tion of self-administration. Second, neurons also exhibited
changes in activity that were highly correlated with fluctua-
tions in brain cocaine levels during self-administration and
with bouts of active lever presses during self-administration,
extinction, and reinstatement. Importantly, there were very
few neurons demonstrating correlated activity with inac-
tive lever pressing behavior, arguing against a nonspecific
motoric component of this signaling. These results are strik-
ingly similar to findings from previous studies demonstrating
slow modulation of neural activity in related brain areas such
as NAc, VP, and OFC during cocaine seeking (Fabbricatore
et al. 2009; Guillem et al. 2010; Peoples and Cavanaugh
2003; Peoples et al. 1999, 1998; Root et al. 2012), although
this is the first time that these dynamics have been charac-
terized in the mPFC. The potential role of tonic inhibition/
excitation during task is unclear but intriguing, particularly
given the observed bias towards tonic inhibition (Fig. 7b).
It is clearly not exclusively driven by cocaine since the
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relative proportions are similar in extinction and reinstate-
ment (though reduced in extinction overall). Cocaine his-
tory, as experienced by the rats here, could result in mPFC
hypofunction (Chen et al. 2013). However, tonic inhibition
has been seen in OFC and NAc during sucrose self-admin-
istration sessions (Kravitz et al. 2006; Kravitz and Peoples
2008), indicating that multiple factors, motivational, cogni-
tive, pharmacological, or otherwise, are driving this tonic
change in firing.

Neuronal activity, in both PL and IL, that was inversely
correlated with calculated cocaine levels during self-admin-
istration may be related to a direct inhibitory influence of
cocaine on mPFC neurons (Qiao et al. 1990) and/or com-
plex excitatory and inhibitory effects of dopamine itself on
mPFC neurons (Seamans and Yang 2004). Inverse correla-
tions may also represent indirect modulation resulting from
drug acquisition, subjective “high,” or satiety (Risinger
et al. 2005). The relationship between activity positively
correlated with response execution and negatively (and
in some cases positively) correlated with drug levels may
reflect an inherent heterogeneity in prefrontal neural net-
works whereby some neurons participate in representation
of drug reward, whereas others are more directly involved
in driving drug seeking behavior. The interaction among
these networks of neurons is an important issue for future
study. Importantly, correlation with pressing persisted and
was even increased during extinction and reinstatement vs.
during self-administration (Fig. 7c), indicating that a major
feature of this temporal signaling framework is associated
with motivation or action, even in the absence of primary
drug reinforcement.

Together, these results indicate that interrelated networks
may encode drug seeking information and behaviors across
multiple timeframes. Given the complexity of mPFC rep-
resentations, neural activity at different timescales allows
networks of mPFC neurons to multiplex information related
to specific behaviors (e.g., phasic activity), drug levels or
motivation (cocaine-level and press-correlated activity), and
context (session-long activity). Future research will be criti-
cal in understanding how different networks are delineated
and in understanding which ones are disrupted in cocaine
addiction.

PL and IL neuronal activity diminished
across extinction sessions

During extinction, we observed an overall diminution of
task-related activity in both PL and IL neurons that became
more prevalent over days of extinction learning. Phasic exci-
tation and inhibition as well as tonic excitation and inhibition
were decreased in both PL and IL during extinction. This
was true when activity was measured either as a propor-
tion of neurons exhibiting significant responses or as the
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magnitudes of responses. The finding that neither PL nor IL
neurons selectively represented extinction of cocaine seek-
ing, either early or late in extinction learning, was surprising.
Based on the role of IL in extinction of cocaine seeking and
conditioning (Muller Ewald and LaLumiere 2017; Peters
et al. 2008) and in extinction of fear conditioning (Milad
and Quirk 2002), we expected to see enhanced IL activity
during extinction. It is possible that the small population of
neurons we found to be responsive during extinction sessions
was responsible for extinction learning and suppression of
behavior. Another possibility is that different tasks engage
mPFC neurons differently, even when the overall phenom-
enon (e.g., extinction learning) is the same. However, recent
studies demonstrated that PL may participate in inhibiting
cocaine seeking (Chen et al. 2013; Martin-Garcia et al. 2014;
Mihindou et al. 2013), and IL may help drive seeking of
cocaine and other drugs of abuse (Bossert et al. 2011; Koya
et al. 2009; Peters et al. 2013; Rocha and Kalivas 2010);
these results support our findings for a complex relationship
between PL/IL and drug self-administration and extinction.

Importantly, two previous studies measured PL and IL
neuronal activity during extinction. West and colleagues
measured activity in both areas during lever pressing under
extinction and found press-related excitation and inhibition
in both areas, with a slight bias towards a higher propor-
tion of responsive neurons in IL (West et al. 2014). Of note,
however, is that neural activity was not recorded after mul-
tiple extinction sessions, so these results do not speak to
the impact of extended extinction learning on mPFC activ-
ity. Muller Ewald and colleagues recorded from IL during
extinction sessions in a trial-based task in which animals
could press or withhold pressing a cocaine-associated lever
on each trial (Muller Ewald et al. 2022). These authors found
reported changes in IL neuronal activity and theta local field
potentials during extinction, although PL neural activity
was not recorded. Intriguingly, activity was strong on trials
where rats withheld pressing a lever during extinction, con-
firming a similar observation seen in both PL and IL neurons
during withholding of lever presses in extinction of sucrose
seeking (Moorman and Aston-Jones 2015). The authors also
reported changes in activity for non-lever related events, in
line with the tonic changes in activity reported here.

In our study, neurons continued to exhibit activity corre-
lated with bouts of active lever pressing during extinction or
reinstatement despite the absence of cocaine delivery. These
results indicate that, at slower timescales (e.g.,~30 s), activ-
ity in both PL and IL may reflect behavioral functions such
as goal-directed response execution or motivation, independ-
ent of drug availability. Interestingly, whereas correlations
between activity and calculated drug levels were frequently
negative during self-administration, correlations with
pressing were typically positive. These results indicate that
neurons whose activity is positively correlated with lever
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pressing may be related to cocaine seeking behaviors such
as the initiation of a seeking response, even after prolonged
extinction. An alternate explanation is that activity in these
neurons signals expectation of cocaine reward, even in the
absence of cocaine.

PL and, to a lesser extent, IL activity
was significantly elevated during reinstatement,
particularly during cocaine-primed reinstatement

During reinstatement, mPFC neural signaling increased
to or above levels observed during cocaine self-adminis-
tration. The strongest reinstatement-related enhancement
was primarily observed in PL rather than IL neurons,
particularly during cocaine prime-induced reinstatement.
This indicates that important differences exist between PL
and IL, particularly during reinstatement or relapse con-
ditions. These results support previously observed roles
for PL neurons in reinstatement of cocaine seeking (James
et al. 2018; McFarland et al. 2004, 2003; McGlinchey et al.
2016; McLaughlin and See 2003; Stefanik et al. 2013).
Our observation of increased activity during reinstatement,
particularly in PL neurons, is in line with the finding of
West and colleagues who reported increased PL (and not
IL) activity during cocaine seeking after 30 days of absti-
nence (West et al. 2014), as well as with that of Muller
Ewald and colleagues who reported limited IL activity
during cocaine-primed reinstatement (Muller Ewald et al.
2022). An important novel aspect our results can be seen
in Figs. 6 and 7. Although the overall proportion of neu-
rons responding during cocaine-primed reinstatement is
similar to that seen during self-administration and cue-
induced reinstatement (Fig. 7a), the magnitude of respond-
ing is significantly greater (Fig. 6e and f). This suggests
that, rather than recruiting additional neurons to produce a
population effect to drive reinstatement, PL neuron activity
is augmented. Exactly what this enhanced PL activation
corresponds to (e.g., craving, increased behavioral acti-
vation, etc.) remains to be determined and would benefit
from direct comparisons of the same neuron in different
conditions. To our knowledge, a comparison of PL and
IL neuronal activity, specifically during reinstatement of
cocaine seeking, has not been previously reported, thus
extending findings reported in previous studies.
Although a sizeable proportion of PL neurons was
excited during reinstatement, some PL (and some IL)
neurons were significantly inhibited. This prominent
inhibition in PL during relapse corresponds with findings
that PL activation inhibits, and PL inactivation enhances,
cocaine seeking in certain circumstances (Chen et al.
2013; Martin-Garcia et al. 2014; Mihindou et al. 2013).
Thus, suppressed activity in PL neurons may correspond

to the loss of behavioral inhibitory control associated
with relapse seen in these previous papers.

Differences in behavioral context may also account for
differences observed across studies. In studies in which
behavioral response inhibition is critical to, e.g., avoid an
aversive outcome (Chen et al. 2013), PL neurons appear
to play a major role. In our previous work, both PL and
IL neurons exhibited context-dependent modulation—fir-
ing more strongly for sucrose-rewarded lever presses and
for withheld presses during extinction (Moorman and
Aston-Jones 2015) although, as observed here, there were
differences in firing properties across regions in different
phases of the task. Additionally, context may be signaled by
session-long tonic modulations—for example, indicating
whether the rat is either in or out of the behavioral session.
Given the role of mPFC in representation and use of con-
textual information (Euston et al. 2012; Hyman et al. 2012;
Thomas et al. 2020), understanding how this cognitive
property of mPFC interacts with models of drug seeking
will be highly valuable in developing sophisticated mod-
els of addiction. In addition, aligning behavioral assays to
test drug seeking in different contexts (e.g., reinstatement,
abstinence, discrete trials) will be essential in understand-
ing specific neuronal contributions to these behaviors.

Taken together, our findings demonstrate a complex
heterogeneity of PL and IL neural activity during cocaine
self-administration, extinction, and reinstatement. This
heterogeneity is not surprising given the diverse range of
connectivity of these cortical regions (Gabbott et al. 2005;
Heidbreder and Groenewegen 2003; Sesack et al. 1989),
and previous observations that different ensembles in these
areas are activated by execution or inhibition of drug seek-
ing (Warren et al. 2019). It is very likely the case that the
observed differences in neuronal activity between PL and IL
activity, in both our study and in others, are at least a product
of different connectivity profiles. In the light of the divergent
connectivity of PL and IL, it is almost more striking that
we observed so many similar responses between the areas.
An important future direction will be to characterize similar
vs. different response profiles of specific mPFC ensembles
based, for example, on anatomical connectivity.

A major goal of this study was to test for a strictly dichot-
omous contribution of PL and IL to drug seeking and inhi-
bition of seeking during extinction, something that was not
apparent from our results. However, beyond this lack of go/
stop dichotomy, we revealed multifaceted signaling pat-
terns of mPFC neurons in which drug level, behavior, and
context were integrated in the activity of single neurons in
both areas. Drug use and addiction are made up of a com-
plex suite of action, emotion, and cognition, incorporating
learning and memory, context, attention, goal-directed and
habitual behaviors, and motivation and stress, among many
other features. The mPFC has been broadly implicated in all
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of these functions, indicating an important but complex con-
tribution of mPFC circuits in the regulation of drug seeking.
By increasing the sophistication of our studies via cell-type
and circuit-specific analysis across multiple behaviors, the
field is well-positioned for major advances in understanding
precise roles of mPFC neurons in drug use and dependence.
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