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Food intake is essential for survival, but maladaptive patterns of intake, possibly encoded by a preexisting vulnerability coupled
with the influence of environmental variables, can modify the reward value of food. Impulsivity, a predisposition toward rapid
unplanned reactions to stimuli, is one of the multifaceted determinants underlying the etiology of dysregulated eating and its
evolving pathogenesis. The medial prefrontal cortex (mPFC) is a major neural director of reward-driven behavior and impulsivity.
Compromised signaling between the mPFC and nucleus accumbens shell (NAcSh) is thought to underlie the cognitive inability to
withhold prepotent responses (motor impulsivity) and binge intake of high-fat food (HFF) seen in binge eating disorder. To explore
the relationship between motor impulsivity and binge-like eating in rodents, we identified high (HI) and low impulsive (LI) rats in
the 1-choice serial reaction time task and employed a rat model of binge-like eating behavior. HFF binge rats consumed
significantly greater calories relative to control rats maintained on continual access to standard food or HFF. HI rats repeatedly
exhibited significantly higher bingeing on HFF vs. LI rats. Next, we employed dual viral vector chemogenetic technology which
allows for the targeted and isolated modulation of ventral mPFC (vmPFC) neurons that project to the NAcSh. Chemogenetic
activation of the vmPFC to NAcSh pathway significantly suppressed motor impulsivity and binge-like intake for high-fat food. Thus,

inherent motor impulsivity and binge-like eating are linked and the vmPFC to NAcSh pathway serves as a ‘brake’ over both

behaviors.
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INTRODUCTION
Eating is essential for life, but repeated consumption of
inappropriately large amounts of food in a brief period (i.e., binge
eating) can alter the reward value of food and food-related cues
and fuel binge eating cycles. Binge eating disorder (BED) is the
most prevalent eating disorder in the U.S. and is linked to severe
obesity, psychological disorders (e.g., anxiety, depression), and
medical morbidity [1] and was recognized as a formal eating
disorder in the 5th edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5) [2]. BED is marked by recurrent, brief
(e.g., 2 hours) episodes of overeating [esp., palatable high fat/sugar
foods] and accompanied by a feeling of loss of control during the
binge [2]. While binge eating is seen in anorexia nervosa and
bulimia nervosa, BED occurs in the absence of compensatory
behaviors (e.g., vomiting, laxative use, exercise) and is associated
with significant psychological morbidity [2]. The results of the
population-based National Comorbidity Survey Replication indi-
cate that BED is a "major public health burden" because of its
relationship to severe obesity and serious medical problems;
however, BED represents its own phenotypic entity among eating
disorders with specific neurobiological substrates [3, 4].

Both impulsivity and behavioral disinhibition factor into the
multifaceted determinants that underlie the etiology of BED and
its progressive pathogenesis (for review ref. [4]). Impulsivity is

defined clinically as a predisposition toward rapid unplanned
reactions to stimuli without regard to the negative consequences
[5]. Greater impulsivity in BED individuals is observed on the
clinical instrument known as the Barratt Impulsiveness Scale-11
(BIS-11) [6, 7], which assesses attentional, motor, and nonplanning
factors of impulsivity. Impulsivity is associated with heightened
food intake in general [8, 9] and greater severity of bingeing [10].
Further, treatment of BED with lisdexamfetamine suppresses both
binge eating and BIS-11 scores, particularly on the motor and
nonplanning impulsivity subscales [11]. Preclinical studies have
also established a relationship between impulsive choice (delayed
reward measures) and binge-like eating behavior [12, 13], while
high trait motor impulsivity (difficulty withholding a prepotent
response; motor impulsivity) predicts feeding behaviors in rats
[14]. Yet, our understanding of the relationship linking motor
impulsivity and binge-like eating, and their shared neurobiological
mechanism, is limited.

The medial PFC (mPFC) is a major neural director of impulse
control and integration of internal states with environmental cues
[15]. Hypoactivity within the mPFC associates with heightened
impulsivity in BED individuals during a response inhibition task
[16] while active transcranial direct current stimulation targeting
the PFC suppresses food craving, especially for sweet foods and
carbohydrates, to a greater extent than sham conditions [17, 18].
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The involvement of mPFC subcircuits in motor impulsivity is also
implicated [19-21], but understudied. Chemogenetic activation
of the mPFC suppresses motor impulsivity in highly impulsive
mice and enhances food-seeking behaviors, but does not alter
unconditioned feeding behaviors, supporting a key role for the
mPFC in motor impulsivity and goal-directed behaviors [21]. A
sub-region of the mPFC, the rodent ventral mPFC (vmPFC),
densely innervates the NAc shell (NAcSh) [22], and reduced
functional activity between the vmPFC and basal ganglia [e.g.,
NAcSh] is thought to underlie the cognitive inability to withhold
motor impulsivity [20, 23]. Taken together, we propose that the
connectivity from the vmPFC to the NAcSh pathway is positioned
as a putative suppression pathway such that its activation
attenuates impulsivity and binge-like eating. We tested the
hypotheses that inherent levels of motor impulsivity determine
the magnitude of binge-like eating on high-fat food and that
synthetic chemogenetic activation of the vmPFC to NAcSh
monosynaptic pathway attenuates both high motor impulsivity
and binge-like eating on high-fat food in rodents.

MATERIALS AND METHODS

Animals

Male, outbred Sprague-Dawley rats (n = 145; Envigo, Indianapolis,
IN) weighing 225-275g at arrival were housed two per cage
(except where noted below) under a 12-h light-dark cycle (lights
on between 0600 and 1800h) with controlled temperature
(21-23°C) and humidity (40-50%). Animals were acclimated for
7 days to the colony room prior to the start of handling and
experimental procedures. Standard food (SF) and water were
available to rats ad libitum except during daily operant sessions
and where noted below. Sample sizes were determined based on
pilot data collected from previous cohorts and power analyses
(G*Power, Germany). Group assignments were blinded to
investigators who performed surgeries, ligand administration,
gene manipulation, and endpoint analyses. All experiments were
conducted in accordance with the NIH Guide for the Care and Use
of Laboratory Animals (2011) and with the University of Texas
Medical Branch Institutional Animal Care and Use Committee
approval.

Foods

All food intake studies were assessed by monitoring 2-hour intake
at the beginning of the dark cycle (1800-2000 h) in home cages.
Standard food (SF; LM-485 Mouse/Rat Sterilizable Diet; Teklad
Diets, Madison, WI) consisted of 25% protein, 58% carbohydrate,
and 17% fat (by kcal). High-fat food (HFF; D12451, Research Diets,
New Brunswick, NJ) contained 20% protein, 35% carbohydrate,
and 45% fat (by kcal). Low-fat food (LFF; D12450B, Research Diets)
consisted of 20% protein, 70% carbohydrate, and 10% fat (by kcal).
BED is characterized by uncontrollable, recurrent episodes of
excessive intake of food that is often driven by hedonic rather
than homeostatic mechanisms (i.e., food intake driven by wanting
and liking factors but not necessary for energy balance) [24-26].
Thus, the energy-dense high-fat (HFF; 45% fat by kcal) and high-
carbohydrate (LFF; 10% fat by kcal) diets employed herein are
proposed to override homeostatic feeding signals [27-32].

Drugs

Clozapine N-oxide (CNO; BML-NS105, Enzo Life Sciences, Farm-
ingdale, NY) was dissolved in 0.9% NaCl at a concentration of
2 mg/mL. Clozapine (BML-D107, Enzo Life Sciences) was dissolved
in 1% DMSO at a concentration of 2 mg/mL.

Viral vectors

Cre-dependent viral vectors were packaged into adeno-associated
(AAV) serotype 2 [hSyn-DIO-mCherry AAV or hSyn-DIO-hM3D(Gq)-
mCherry AAV] at the University of North Carolina Vector Core
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(Chapel Hill, NC) with a titer of 3-6.1x10'? viral genomes/uL.
Canine adenovirus expressing Cre (CAV2-Cre) was packaged as
previously described [33-35].

GENERAL METHODS

Binge-like eating paradigm

A binge-like eating model modified from the Corwin limited
access palatable food protocol [36, 37] and validated by our
groups [29-32] was employed for the current studies. Single-
housed rats (n = 131) received exclusive access to HFF or LFF for
1 week to reduce neophobia which was then replaced by
exclusive access to SF for 1 week. At the beginning of the dark
cycle (1800 h) 1 week after the last exposure to HFF or LFF, SF was
replaced with 40 g of HFF or LFF. At the end of 2 hours, the HFF or
LFF was removed and weighed to determine intake, and rats were
given ad libitum access to SF. Non-binge SF intake was also
measured in single-housed rats (n=24) as previously described
[29-32]. At 1800 h, all but 40 g of SF was removed from the home
cage. At the end of 2 hours (2000h), SF was removed and
weighed to determine non-binge-like intake, and rats were
allowed ad libitum access to SF. Binge intake was defined as rats
which consumed =5g HFF in 2 hours according to previous
publications [29-32].

1-Choice serial reaction time (1-CSRT) task

For motor impulsivity assessments, procedures occurred in
standard five-hole nose-poke operant chambers equipped with
a houselight, food tray, and an external pellet dispenser capable of
delivering 45 mg dustless precision pellets [21.3% protein, 54.0%
carbohydrate, and 3.8% fat (by kcal); Bio-Serv, Frenchtown, NJ]
housed within ventilated and sound-attenuated chambers
(MedAssociates, St Albans, VT). The 1-CSRT task methodology
has been described in detail previously [38-44]. Briefly, rats (n =
110) were habituated to the test chamber; a nose-poke into the
singly-illuminated center hole resulted in the delivery of one food
pellet into the magazine on the opposite wall of the chamber and
simultaneous illumination of the magazine light. The training
stages were each comprised of daily sessions of 100 trials to be
completed in a maximum of 30 min; each training stage (10 total)
involved incrementally lowering the stimulus duration with a 5-s
limited hold and an intertrial interval (ITl) of 55 (ITI5). A maximum
of 100 correct responses in a session resulted in a maximum of
100 reinforcers earned; incorrect “non-target” responses, prema-
ture responses, or omissions resulted in a time-out period (5 s) that
reduced the potential number of reinforcers delivered. Advance-
ment to the next training stage required rats to meet acquisition
criteria: 250 correct responses, >80% accuracy [correct responses/
(correct +incorrect) x 100], and <20% omissions (omitted
responses/trials completed x 100) [38-44].

The number of premature responses, omissions, and reinforcers
earned, percent accuracy, latency to first response, and time to
finish the 1-CSRT task were recorded. Premature responses, the
primary output measure to assess motor impulsivity, were
categorized into three types: target, non-target, and total
(target+non-target). The number of reinforcers earned provides
a measure of task competency and a secondary assessment of
motor impulsivity, while percent accuracy was a general indication
of attentional capacity. Percent omissions indicated failures of
detection of the visual stimuli in the center hole as well as
motivation to perform the task. Throughout the acquisition and
maintenance of this task, rats were food restricted to 90% free-
feeding weight.

Intracranial viral-mediated gene transfer

Rats (n=72) were anesthetized intramuscularly with a cocktail
containing xylazine (8.6 mg/kg), acepromazine (1.5 mg/kg), and
ketamine (43 mg/kg) in bacteriostatic saline and placed in a
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stereotaxic apparatus with the upper incisor bar at —3.8 mm
below the interaural line. AAV-hSyn-DIO-hM3D-mCherry or AAV-
hSyn-DIO-mCherry was bilaterally infused into the vmPFC; [45]
the coordinates targeted were AP+3.0 mm, ML+1.8 mm, and DV
—5.1 mm from skull at a 15° angle. CAV2-Cre-eGFP was bilaterally
infused into the NAcSh; [45] the coordinates targeted were
AP+1.4 mm, ML+3.0, and DV —7.8 mm from skull at a 15° angle.
Viral vectors were infused using 28 gauge Hamilton microsyringes
(Hamilton Company, Reno, NV) at 0.1 uL/min over 10 min for a
total of 1 L per infusion. The microsyringes remained in place for
an additional 10 min to allow for adequate diffusion prior to
removal. Rats were allowed 3 weeks to recover and to allow for
stable transgene expression prior to initiation of behavioral assays;
AAV infection demonstrates stability for at least 12-18 months
post-infection [46]. All rats which received intracranial viral
microinfusion were assessed for viral placement confirmation via
visualization of mCherry in the vmPFC using immunohistochem-
istry (n = 22) or rapid-visualization flashlight photography (n = 50)
(see below for details). Thirty-six animals were excluded from the
final data analyses due to misplacement.

Immunohistochemistry

Viral vector placement confirmation via visualization of mCherry
immunohistochemistry was assessed (n=22 rats) at the
conclusion of behavioral experiments. Rats were anesthetized
(100 mg/kg sodium pentobarbital, i.p.) and transcardially perfused
with phosphate buffered saline (PBS) followed by 3% paraformal-
dehyde. Brains were removed, post-fixed in 3% paraformaldehyde
for 4 h at 4 °C, cryoprotected in 30% sucrose for 72 h at 4 °C until
brains sank, and stored at —80 °C until further use. Free-floating
coronal sections at the level of the vmPFC (30 um) were mounted,
and slides were coverslipped with Vectashield fluorescent
mounting media with DAPI (Vector Laboratories, Burlingame,
CA) according to previous publications [40, 41, 47, 48]. Images
were acquired using a Leica DFC3000 wide field camera and Leica
Application Suite (Leica Mircosystems, Wetzlar, Germany).
mCherry expression throughout the vmPFC had to be detected
in at least 25 cell bodies for inclusion of an animal in the
analyses [34].

Immunoblotting

The ability of CNO to elicit cellular activation of the vmPFC was
assessed at the conclusion of behavioral experiments. Rats (n =
50) were anesthetized (400 mg/kg chloral hydrate, i.p.) and
decapitated within four minutes of onset of the anesthetic plane.
Brains were extracted and sliced into 1-mm-thick coronal sections
to determine viral vector placement via visualization of mCherry. A
DFP-1 Dual Fluorescent Protein Flashlight and VG2 barrier filter
glasses (Nightsea, Bedford, MA) [40, 41] were used to visualize red
fluorescence. Photographs were taken with a Nikon D7100 digital
single lens reflex camera equipped with a macro lens and red
filter. Microdissections of the vmPFC containing red fluorescence
throughout (i.e, mCherry+) and NAcSh were completed over ice
[45]. Tissue was flash frozen in liquid nitrogen and stored at
—80 °C for subsequent protein extraction.

Protein from rats with accurate placement and expression (n =
16) was extracted by homogenizing samples in 10times w/v
extraction buffer (20 mM HEPES, 200 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and TmM DTT) plus protease inhibitor cocktail and
phosphatase inhibitor 2 and 3 cocktails (10 uL/mL). The total
homogenate was centrifuged at 1000 X g for 10 min at 4 °C. The
postnuclear supernatant was removed and probed for specific
protein expression using the Wes™ automated western blotting
system (ProteinSimple, San Jose, CA), which utilizes capillary
electrophoresis-based immunodetection [40, 43, 49]. Wes™
reagents (biotinylated molecular weight marker, streptavidin-
HRP fluorescent standards, luminol-S, hydrogen peroxide, sample
buffer, DTT, stacking matrix, separation matrix, running buffer,
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wash buffer, matrix removal buffer, secondary antibodies, anti-
body diluent, and capillaries) were obtained from the manufac-
turer (ProteinSimple) and used according to the manufacturer’s
recommendations. Equal amounts of protein (4 ug) were com-
bined with 0.1X sample buffer and 5X master mix (200 mM DTT,
5X sample buffer, 5X fluorescent standards), gently mixed, and
then denatured at 90 °C for 10 min. Levels of cFOS were assessed
using a monoclonal mouse antibody (sc-253; Santa Cruz
Biotechnology, Dallas, TX) at a concentration of 1:1000. Separation
electrophoresis (375 V, 31 min, 25 °C) and immunodetection in the
capillaries were fully automated using the following settings:
separation matrix load for 200-s, stacking matrix load for 20-s,
sample load for 12-s, antibody diluent for 30 min, primary
antibody incubation for 60 min, secondary antibody incubation
for 30 min, and chemiluminescent signal exposure for 30-s, 60-s,
120-s, 240-s, and 480-s. Data analyses were performed using the
Compass Software (ProteinSimple). The Western blot analysis
signal is defined as the area under the curve for the cFOS peak
normalized to total protein per capillary and representative
“virtual blot” electrophoretic images for cFOS were automatically
generated by the Compass Software (ProteinSimple).

RESEARCH DESIGN

Limited access to HFF induces binge-like eating behavior

To demonstrate that limited access to HFF induces binge-like
eating behavior, rats (n = 24) were single-housed and divided into
three groups. Group 1 received exclusive continual access to SF
for 14 days. Group 2 received exclusive continual access to HFF
for 14 days. Group 3 received exclusive continual access to
HFF for 7 days, then exclusive continual access to SF for 7 days.
Immediately following the 14-day feeding regimen, 2-hour SF
(Group 1) or HFF (Groups 2 and 3) intake was measured in the
home cage.

Inherent impulsivity predicts HFF binge-like eating

After meeting stability criteria for the final training stage in the 1-
CSRT task over three consecutive ITI5 sessions (with <20%
variability, approximately days 25-30), an ITI8 challenge session
was conducted in which the ITI was 8-s for the session
[40, 41, 43, 50]. High impulsive (HI) and low impulsive (LI) rats
(n=12/phenotype) were defined with a median split [51-53] of
premature responses assessed on the ITI8 challenge. Upon
completion of phenotyping, rats were single-housed and received
unlimited access to SF for 14 days. On day 14, 2-hour SF intake
was recorded. Rats were then given exclusive continual access to
HFF for 7 days followed by exclusive continual access to SF for
7 days. Immediately following the 14-day feeding regimen, 2-hour
HFF intake was recorded. Rats were then given exclusive continual
access to LFF for 7 days followed by exclusive continual access to
SF for 7 days. Immediately following the 14-day feeding regimen,
2-hour LFF intake was recorded. All intake was recorded over the
first 2 hours of the dark cycle (1800-2000 h).

The vmPFC to NAcSh pathway regulates motor impulsivity and
HFF binge-like eating

To study the role of vmPFC connectivity in these behaviors, we
employed a dual viral vector strategy [35, 54] to express an
excitatory hM3D DREADD (Designer Receptor Exclusively Acti-
vated by Designer Drug, “M3D") selectively in vimmPFC neurons that
project to the NAcSh in male rats trained to stability on the 1-CSRT
task. Three weeks after surgery, rats were trained to stability on
the 1-CSRT task. Upon task acquisition and maintenance, rats were
tested on ITI5 sessions 20 min after treatment of either vehicle
(1 mL/kg saline, i.p.) or CNO (2 mg/kg, i.p.); all treatments were
administered in a randomized, counterbalanced manner. Operant
training was then terminated and rats were single-housed. Rats
were given exclusive continual access to SF for 14 days followed
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by exclusive continual access to HFF for 7 days then exclusive
continual access to SF for 7 days (as described above).
Immediately following this feeding regimen, rats were
assessed in the HFF binge-like paradigm. Rats received either
vehicle (1 mL/kg saline, i.p.) or CNO (2 mg/kg, i.p.) at 1740 h on
each of 2 days spaced 7 days apart. At 1800 h, SF was replaced
with 40 g HFF. The remaining HFF was weighed at 2000 h, and
2-hour HFF binge-like intake was recorded. To assess CNO
specificity to the M3D system on 1-CSRT task performance and
HFF binge-like intake, two separate groups of surgically naive rats
(i.e,, M3D-lacking) were treated with CNO (2 mg/kg), clozapine
(2 mg/kg) or the appropriate vehicle 20 min prior to the start of an
ITI5 session (for 1-CSRT task-trained rats; n = 6) or 2 h HFF binge-
like session (n=10-11). All treatments were administered in a
randomized, counterbalanced within or between subject design.

Statistical analyses

Outcome measures from the 1-CSRT task and feeding studies were
assessed by Student’s t-test or analysis of variance (ANOVA) as
appropriate to research design. A two-way repeated measures
ANOVA was used to assess outcome measures from 1-CSRT task
and feeding studies in virally transduced rats. Based upon
preliminary data and published literature, a priori comparisons
were specifically defined prior to the start of the experiment and
were assessed with the Sidak test (for multiple pairwise
comparisons of means). A Student’s t-test was employed to
compare cFOS expression 60 min after vehicle or CNO adminis-
tration. The specificity of CNO or clozapine for the M3D system on
1-CSRT task measures and HFF binge-like intake was analyzed
using a Student’s t-test. All statistical analyses were performed in
GraphPad Prism (Version 7) with an experiment-wise error rate of
a=0.05.

RESULTS

HFF binge-like eating is observed in rats

Binge-like intake of HFF was assessed in a validated HFF
intermittent access model [29-32]. A main effect of diet on
binge-like intake was detected (F,5;=7.04; p<0.05); a priori
comparisons demonstrated greater intake of HFF after limited
access compared to continual access of HFF (Fig. 1a; p < 0.05) or SF
after continuous access (Fig. 1a; p < 0.05). There was no difference
in intake of continual access SF vs. continual access HFF (Fig. 1a;
n.s.). No main effect of diet on body weight was detected (Fig. 1b;
Fy21=1.1; ns). These results are in agreement with previously
published studies which report rats with continual access to HFF
consume <4 g of HFF in 2 hours whereas rats subjected to limited
access to HFF consume =5g of HFF in 2 hours (i.e., binge-like
intake) [29-32].

High inherent motor impulsivity predicts HFF binge-like eating

Rats were ranked as high (HI; n =12) or low impulsive (L; n=12;
median split) based upon total (target+non-target) premature
responses on an ITI8 1-CSRT task challenge session; the
ITI8 session augments impulsive responding and more readily
allows for the identification of phenotypic differences in an
outbred rat population [40, 41, 43, 44, 55-58]. HI rats made more
total premature responses vs. Ll rats (Fig. 2a; p < 0.05) and earned
fewer reinforcers (Fig. 2b; p < 0.05). Further, Hl rats demonstrated
lower percent omissions (Fig. 2¢; p < 0.05) vs. LI rats, suggesting
that the motivation to perform the task is heightened in HI vs. LI
rats. HI rats made more target premature responses (p < 0.05) and
completed the ITI8 session faster (p <0.05) vs. LI rats (Supple-
mentary Table 1). Non-target premature responses (n.s.), accuracy
(n.s.), and the latency to the first pellet (n.s.) on the ITI8 session
were not significantly different between LI and HI rats (Supple-
mentary Table 1), suggesting that all rats effectively detected the
task stimuli and performed as trained. Together, these data
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support the utility of the 1-CSRT task to reliably and consistently
identify inherent variance in motor impulsivity levels in an outbred
rat population.

Following phenotype identification on the 1-CSRT task, Hl and LI
were subjected to SF continual access, HFF binge-like intake, and
LFF binge-like intake feeding paradigms under freely fed
conditions. SF continual access intake did not differ between
HI and LI rats (Fig. 2d; t;o = 0.64; n.s.). HI rats exhibited higher
HFF intake (Fig. 2e; t;9 = 2.12; p < 0.05), but not LFF intake (Fig. 2f;
ti9=0.52; ns.) vs. Ll rats. A two-way repeated measures ANOVA
revealed no main effect of phenotype (F;9=0.00063; ns.), a
main effect of feeding paradigm (F,35 =8.98; p <0.05), but no
phenotypexfeeding paradigm interaction (F,3g=0.86; n.s.) on
body weight (Fig. 2g). Body weights following SF continual access
intake (n.s.), HFF intake (n.s.) or LFF intake (n.s.) did not differ
between HI and LI rats.

Activation of the vmPFC to NAcSh pathway suppresses motor
impulsivity and HFF binge-like eating

We employed a Cre-dependent viral vector based “double-floxed”
inverted open reading frame (DIO) switch system to express an
engineered Go, (M3D) DREADD [35, 54] selectively in vmPFC
neurons that project to the NAcSh (Fig. 3a). In the presence of Cre,
the loxP sites are excised and the transgene is inverted into the
sense direction and expressed from the hSyn (synapsin, neuronal
specific) promoter (Fig. 3a) [35, 54, 59]. The DIO-mCherry AAV or
DIO-M3D-mCherry AAV were infused into the vmPFC site while a
canine adenovirus-2 (CAV)-Cre axonal retrograde viral vector was
infused into the aligned NAcSh region of the same rat. Accurate
localization of M3D within the vmPFC was determined via
visualization of mCherry using either a DFP-1 dual fluorescent
protein flashlight (Fig. 3a, inset) or fluorescent microscopy (Fig. 3b,
¢). Stable transgene expression of the DIO-mCherry AAV (Fig. 3b)
or DIO-M3D-mCherry AAV (Fig. 3c) was restricted to vmPFC
neurons that project to the NAcSh. Figure 3d demonstrates
bilateral mCherry expression in the vmPFC for either the DIO-
mCherry AAV or M3D-mCherry AAV rats and the extent of the
viral spread on a rostrocaudal gradient.

We found that CNO administration to M3D-transduced rats
significantly enhanced cFOS protein levels in the vmPFC and
NAcSh vs. vehicle administration (Fig. 3e). A two-way ANOVA
revealed no main effect of viral vector (F; 1, =3.79; n.s.), a main
effect of CNO treatment (F;,,=9.24; p<0.05), and a viral
vectorxCNO treatment interaction (F; 1, = 5.65; p < 0.05) for cFOS
levels in the vmPFC. vmPFC cFOS levels in the DIO-mCherry rats
were not different between vehicle and CNO treatments (Fig. 3e;
n.s.); CNO administration induced an ~3-fold increase in vmPFC
cFOS levels vs. vehicle in M3D-mCherry rats (Fig. 3e; p < 0.05). A
two-way ANOVA revealed no main effect of viral vector (F; 5=
1.88; n.s.), no main effect of CNO treatment (F; 1, =3.43; n.s), buta
viral vectorxCNO treatment interaction (F;:, =5.37; p <0.05) for
cFOS levels in the NAcSh. NAcSh cFOS levels in the DIO-mCherry
rats were not different between vehicle and CNO treatments
(Fig. 3e; n.s.); CNO administration induced an approximate 2.5-fold
increase in NAcSh cFOS levels vs. vehicle in M3D-mCherry rats
(Fig. 3e; p<0.05). Taken together, these data indicate cellular
activation of the vmPFC and NAcSh following CNO administration
as well as the specificity of CNO for the M3D system.

Stimulation of the vmPFC to NAcSh circuit with systemic CNO
significantly reduced impulsive behavior on the 1-CSRT task
(Fig. 4). No main effect of viral vector (F; 3 =0.017; n.s.) or CNO
treatment (F; .5 =2.08; n.s.), but a viral vectorxtreatment interac-
tion (Fi,3=4.52; p<0.05) for total premature responses was
detected (Fig. 4a). A priori comparisons demonstrated no
difference between CNO and vehicle on total premature
responses in the DIO-mCherry rats (Fig. 4a; n.s.); CNO administra-
tion attenuated total premature responses vs. vehicle in the M3D-
transduced rats (Fig. 4a; p < 0.05). No main effect of viral vector
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(F1.26 =0.67; n.s.), a main effect of CNO treatment (F; .5 = 6.76; p <
0.05), and a trend towards a viral vectorxtreatment interaction
(F128=3.50; p=0.07) for reinforcers earned were detected
(Fig. 4b). A priori comparisons demonstrated no difference
between CNO and vehicle on reinforcers earned in the DIO-
mCherry rats (Fig. 4b; n.s.); CNO administration augmented
reinforcers earned vs. vehicle in the M3D-transduced rats (Fig. 4b;
p <0.05). No main effect of viral vector (F; 3= 1.7; n.s.), a main
effect of CNO treatment (F;,3=4.39; p<0.05), and no viral
vectorxtreatment interaction (F;,s=0.0099; n.s.) for percent
omissions were detected (Fig. 4c). A priori comparisons demon-
strated no difference between CNO and vehicle on percent

SPRINGERNATURE

omissions in the DIO-mCherry rats (Fig. 4c; n.s.) or M3D-mCherry
rats (Fig. 4¢; n.s.).

Additional task parameters were not altered following CNO
administration to either DIO-mCherry or M3D-transduced rats
(Supplementary Table 2). No main effect of viral vector (F; 3=
0.02; n.s.), CNO treatment (F; .5 = 1.53; n.s.), and a trend towards
a viral vectorxtreatment interaction (F;,3=3.19; p=0.08) for
target premature responses was detected (Supplementary
Table 2). No main effect of viral vector (F;,s=1.46; n.s.), CNO
treatment (F; .3 =0.94; n.s.), or a viral vectorxtreatment interac-
tion (Fi,8=2.59; n.s.) for non-target premature responses was
detected (Supplementary Table 2). No main effect of viral vector
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Fig. 4 Activation of vmPFC to NAcSh pathway suppresses motor impulsivity. Systemic administration of CNO to M3D-transduced rats
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(F126=0.09; ns.), CNO treatment (F;,3=1.38; n.s.), or a viral
vectorxtreatment interaction (F; g =0.35; n.s.) for accuracy was
detected (Supplementary Table 2). A trend towards a main effect
of viral vector (F;,s=3.22; p=0.08), no main effect of CNO
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treatment (F;3=0.67; ns), and a trend towards a viral
vectorxtreatment interaction (F;,s=3.53; p=10.08) for latency
to the first pellet was detected (Supplementary Table 2). No main
effect of viral vector (F; 23 = 0.17; n.s.), CNO treatment (F; .3 = 0.37;
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n.s.), or a viral vectorxtreatment interaction (F; 53 = 0.55; n.s.) for
time to finish the task was detected (Supplementary Table 2).

To assess the behavioral specificity of CNO and control for the
potential impact of back-metabolism of CNO to clozapine [60], a
subset of rats devoid of the M3D were trained in the 1-CSRT task
to stability. Pretreatment with CNO did not alter total premature
responses (vehicle 23+2.9; CNO=17.8+1.4; ns.), reinforcers
earned (vehicle =66.8 +2.2; CNO =72.8 + 1.4; n.s.), percent omis-
sions (vehicle = 7.6 + 1.8%; CNO = 7.8 + 1.6%; n.s.), accuracy (vehi-
cle=96.2+1.1%; CNO=97.8+0.4%; n.s.), latency to the first
response (vehicle=1.54+04s; CNO=1.02+0.3s; ns.), or the
time to finish the task (vehicle=916.4+26.2s; CNO =904.6 +
27.95; n.s.). Clozapine administration did not alter total premature
responses (vehicle =21.6 +£2.3; clozapine =15.6+6.5; n.s.), rein-
forcers earned (vehicle=69+23; clozapine=744+5.1; ns.),
percent omissions (vehicle =7.6+1.9%; clozapine =8.2+2.9%;
n.s.), accuracy (vehicle = 97.4 £ 0.9%; clozapine = 97.7 £ 0.9%; n.s.),
latency to the first response (vehicle=1.6 +£0.2s; clozapine =
1.95+0.6s; n.s.) or the time to finish the task (vehicle = 966.4 +
42.5s; clozapine =956 +45.5s; n.s.). These control experiments
indicate that CNO is an effective actuator of the M3D. Thus,
cumulative data indicate that selective chemogenetic activation of
the vmPFC to NAcSh pathway evokes a stable, modest suppres-
sion of motor impulsivity.

Given the association between high motor impulsivity and
binge-like intake of HFF, but not LFF, we assessed the role of the
vmPFC to NAcSh pathway in the regulation of HFF binge-like
eating. Activation of this circuit attenuated HFF binge-like intake
without altering body weight (Fig. 5). No main effect of viral vector
(F124=0.75; ns.), a main effect of treatment (F;,4=10.13; p<
0.05), but no viral vectorxtreatment interaction (F; .4 =0.24; n.s.)
for HFF intake was detected (Fig. 5a). A priori comparisons
demonstrated no difference between CNO and vehicle on HFF
intake in the DIO-mCherry rats (Fig. 5a; n.s.); CNO administration
attenuated HFF intake vs. vehicle in the M3D-transduced rats
(Fig. 5a; p < 0.05). No main effect of viral vector (F; 24 =1.01; n.s.),
treatment (Fy 4 =0.14; n.s.), or viral vectorxtreatment interaction
(F1.24=1.59; n.s.) for body weight was detected (Fig. 5b). A subset
of rats devoid of the M3D were administered CNO or clozapine
prior to the HFF binge-like intake paradigm [32]. CNO adminis-
tration did not alter HFF intake vs. vehicle as we have reported
previously [32]. Clozapine administration did not alter HFF
intake (7.8+£0.59) vs. vehicle (8.3+1.0g; n.s.). Thus, stimulation
of the vmPFC to NAcSh acts as a brake to regulate HFF binge-like
eating in rodents.

DISCUSSION

This study shows that motor impulsivity and binge-like eating
behavior in rodents may share overlapping biological mechan-
isms, in particular, engagement of the vmPFC to NAcSh pathway.
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We employed a rat model of binge-like eating behavior in which
“binge” rats allowed 2-h access to high-fat food at the start of the
dark cycle consume significantly greater calories relative to control
rats maintained on continual access to standard diet or high-fat
food. Individual differences in inherent motor impulsivity were
identified as previously reported [40, 41, 43, 44]. High inherent
motor impulsivity predicted the magnitude of binge-like eating on
high-fat food, but not intake of standard food or low-fat food in
rats. Thus, high-fat food may be more rewarding to HI rats, and
prepotent responding and binge-like intake would be more
difficult to withhold in HI rats. Given that the M3D depolarizes
neurons through Gag signaling and release of calcium from
intracellular stores [61], we demonstrate for the first time that
enhancing excitatory drive on vmPFC efferents to the NAcSh
suppresses prepotent responding and HFF binge-like intake. Thus,
these data indicate that motor impulsivity and binge-like eating
are affected at the level of an imbalance in signaling within the
corticoaccumbens pathway.

The mPFC is particularly important in decision-making, and
heightened impulsivity signals a failure of “top-down” executive
control by the mPFC over connectivity with basal ganglia control
of reward responsivity [62]. Our results further support a steering
role for the mPFC in both motor impulsivity and binge-like eating
of high-fat food. Disruptions in both excitatory glutamate and
inhibitory GABA neurotransmission within cortical regions are
thought to dictate some of the behavioral consequences observed
during behavioral disinhibition. Evidence from rodent studies
suggests that disrupted GABAergic activity in cortical regions may
contribute to dysregulated inhibitory control and increased
impulsivity (for review [62]). A significant proportion of glutama-
tergic efferents originating in the mPFC targets areas that are
highly implicated in drug- and food-reward related behaviors,
such as the NAc and dorsal striatum, with the target of the
efferents responsible for differentially regulating behavior [62-64].

Hedonic value of food, or feelings of “liking” and “wanting” is
governed by neuronal signaling within the NAcSh [65] (for review
[66]). Ingestion of highly palatable foods/energy-dense diets,
which contain high levels of refined carbohydrates and dietary fat,
activates neurons within the mesolimbic reward circuit, including
the NAc [27, 28]. Interestingly, enkephalin signaling in the NAc is
specific for dietary fat, not carbohydrates; [67] the HFF diet is
composed of 45% fat and 35% carbohydrate (by kcal and the LFF
diet is composed of 10% fat and 70% carbohydrate (by kcal).
Further, hypoactivation in the ventral striatum/NAc in individuals
with BED occurs during anticipation of reward and continued
binge eating behavior even after treatment [68]. Deep brain
stimulation of the NAcSh reduces binge-like eating in mice [69]
while optogenetic stimulation of the NAcSh inhibits feeding
behavior in mice and drives reward-driven behaviors, i.e.,
“wanting”, via distinct components of a hedonic network, e.g.,
mPFC, NAcSh [70]. Thus, the NAc plays a role in the integration of
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Fig. 5 Activation of vmPFC to NAcSh pathway suppresses binge-like eating of high-fat food. Systemic administration of CNO to M3D-
transduced rats a reduced binge intake of high-fat food (HFF) (*p < 0.05 vs vehicle). No differences between CNO administration and vehicle
were observed in mCherry alone-transduced rats (n.s.). b No differences in body weight between CNO administration and vehicle were
detected in mCherry alone-transduced (n.s.) or M3D-transduced rats (n.s.)
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feeding, and its dichotomous afferents (i.e., direct vs. indirect
pathway) may govern diet-dependent feeding behaviors. None-
theless, we acknowledge that the drive to consume food is
regulated by both homeostatic nutritional requirements to
maintain energy balance and hedonic/reward mechanisms [71]
and that mechanisms involving reward and motivated behavior in
regulating food consumption are not only critical for energy
balance [71, 72], but may also be conveyed by the macronutrient
profile of the food. The causal relationship between inherent
levels of motor impulsivity, binge-like eating, and the behavioral
response to activation of the mPFC to NAcSh pathway is not
known, but future studies are warranted. Nonetheless, these
clinical and preclinical studies, taken together with our present
findings, suggest that activation of neurons from the vmPFC to
NAcSh can modulate disorders characterized by a loss of impulse
control [e.g., BED, substance use disorders (SUDs)].

Natural variation in impulsive behavior may increase group
survival during fluctuations in food resources that require
alternating strategies of rapid, quick movements or patient,
watchful waiting [73], and examination of this variance as in our
studies provides the opportunity to uncover the specific cognitive
and neurobiological facets that underlie extreme, maladaptive
impulsivity [74]. For example, impulsivity, as scored using the BIS-
11, correlates with larger test meal intake in individuals with BED
[7], is elevated in individuals with BED compared to those without
BED [6], and predicts early engagement of binge eating in
adolescents [75]. Interestingly, we discovered that high impulsive,
but not low impulsive, animals binged to a greater extent on high-
fat food vs. low-fat food, indicating the profile of fat:carbohydrate
content in the diet together with specific brain circuits and/or
neurobiological substrates may be engaged depending on the
macronutrient profile [76] to contribute to the association
between motor impulsivity and binge-like eating behaviors.
Future studies in which the hedonic and/or motivating response
as well as the neurobiological substrates recruited to specific
macronutrients relative to inherent motor impulsivity levels are
warranted.

Analysis of individual differences in behavior among a
population of rats captures the relationship between impulsivity
and binge eating that has been reported for humans. Specifically,
rodent studies implicate that phenotypic differences in motor
impulsivity predict both binge-like eating and an “addictive-
dimensionality” of eating [14, 72], similar to our findings herein as
well as to observations for psychostimulants [41, 77, 78]. The DSM-
5 diagnostic criteria for SUDs includes compromised control, risky
use, etc [2]. When the term “abused substance” is expanded to
describe non-drug reinforcers, fulfillment of these criteria can be
met for BED, which is defined by the DSM-5 as recurring episodes
of uncontrollable excessive intake of food [2]. Thus, similarities
between SUDs and BED emerge such that the criteria describing
SUDs (e.g., craving, loss of control) can be applied to other
disorders with an “addictive dimensionality” [14, 72]. Collectively,
these studies provide a conceptual and methodological frame-
work for the extension of human research into animal models
that may yield mechanistic insights into motor impulsivity and
binge-like eating behaviors with potential clinical implications.

The identification of accurate predictive biomarkers is essential
for effective application to patient treatment. Studies have
previously demonstrated that neural activation patterns during
tests assessing impulsivity can predict relapse in SUDs (for review
[79]). However, few studies have assessed if these neural
activation patterns can be used to predict specific treatment
response. Behaviors such as impulsivity can be easily measured by
employing questionnaires (e.g., BIS-11) and behavioral task
measures (e.g., Go/No-Go task, continuous performance task, stop
signal task) [80] and there is evidence to support this approach
may work in predicting effective treatments in eating disorders.
Treatment of BED with lisdexamfetamine suppresses both binge
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eating and BIS-11 scores, particularly on the motor and nonplan-
ning impulsivity subscales [11]. To determine if impulsivity levels
are a predictive biomarker for response to lisdexamfetamine, it
would be beneficial to conduct a correlational analysis where a
subject’s binge eating activity after lisdexamfetamine treatment
(e.g., percent suppression of binge episodes) is analyzed in
relation to that individual’s baseline impulsivity scores. To our
knowledge, this analysis has not been conducted in humans, but
future studies based on our current results could explore this
possibility.

BED is a complex disease associated with substantial disruptions
in behaviors and neural function. Our studies elucidate the
relationship between impulsivity and binge-like eating and
contribute to the goal to determine the significance of this
neurocognitive profile for discerning neuropsychiatric disorders
marked by high impulsivity. Through addressing a fundamental
gap in our knowledge of how the neural aspects of impulsivity
relate to binge-like eating, we hope to incorporate our findings to
ultimately develop improved therapeutic strategies to minimize
motor impulsivity and enhance clinical practice for disorders of
overeating.
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