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Subregions within insular cortex and medial prefrontal cortex (mPFC) have been implicated in eating disorders; however, the way
these brain regions interact to produce dysfunctional eating is poorly understood. The present study explored how two mPFC
subregions, the infralimbic (IL) and prelimbic (PRL) cortices, regulate sucrose hyperphagia elicited specifically by a neurochemical
manipulation of the agranular/dysgranular region of gustatory insula (AI/DI). Using intra-AI/DI infusion of the mu-opioid receptor (µ-
OR) agonist, DAMGO (1 µg), sucrose hyperphagia was generated in ad-libitum-maintained rats, while in the same rat, either the IL or
prelimbic (PRL) subregion of mPFC was inactivated bilaterally with muscimol (30 ng). Intra-IL muscimol markedly potentiated AI/DI
DAMGO-induced sucrose hyperphagia by increasing eating bout duration and food consumption per bout. In contrast, PRL
attenuated intra-AI/DI DAMGO-driven sucrose intake and feeding duration and eliminated the small DAMGO-induced increase in
feeding bout initiation. Intra-IL or -PRL muscimol alone (i.e., without intra-AI/DI DAMGO) did not alter feeding behavior, but slightly
reduced exploratory-like rearing in both mPFC subregions. These results reveal anatomical heterogeneity in mPFC regulation of the
intense feeding-motivational state engendered by µ-OR signaling in the gustatory insula: IL significantly curtails consummatory
activity, while PRL modestly contributes to feeding initiation. Results are discussed with regard to potential circuit-based
mechanisms that may underlie the observed results.
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INTRODUCTION
The neural control of food motivation has been studied intensively
for decades, and considerable progress has been made in
identifying neuroanatomical sites and transmitter systems that
mediate goal salience, food-reward value, or hedonic experience
[1–3]; or that energize goal-seeking responses [4]. One neuro-
chemical system that has received considerable attention is the
endogenous opioid system, which is thought to play a role in
reward-driven, non-homeostatic feeding [5–8]. Discrete subcorti-
cal loci spanning the neural axis have been identified where
stimulation of opioid receptors (primarily the µ-opioid receptor (µ-
OR) subtype) markedly enhances food intake [9–14]. Perhaps the
best-studied of these sites is the nucleus accumbens (Acb), where
µ-OR stimulation engenders intense hyperphagia, amplifies food-
seeking operant behaviors, and augments hedonic taste
responses [15–18].
Relative to the Acb, cortical µ-OR actions have been less

intensively studied. Recently, however, studies have revealed
cortical loci where μ-OR stimulation produces intense feeding
responses, amplifies food-reinforced operant responding, and
generates hedonic taste reactions, rivaling effects seen in the Acb
[19–24]. Infusions of the selective µ-OR agonist, DAMGO, elicit
robust hyperphagia in specific subregions of rat medial prefrontal
and orbitofrontal cortices, including infralimbic (IL) cortex and
medial aspects of the ventral orbitofrontal cortex (OFC)
[19, 22, 24]. These effects are anatomically circumscribed;

placements 1–2mm dorsal to IL in prelimbic cortex (PRL), or
lateral in OFC, fail to alter food intake [24]. In agranular/
dysgranular insular cortex (AI/DI), a cluster of sites beginning at
the level of primary gustatory cortex and proceeding 1–2mm
rostrally elicit hyperphagia and, further rostrally, enhance hedonic
taste reactions [22, 24]. Finally, DAMGO infusions into IL
engenders “impulsive-like” premature responding in a sucrose-
reinforced differential reinforcement of low rates (DRL) task of
inhibitory control [21, 24]. Hence, cortical mapping using DAMGO
has revealed dissociable control of food intake, food-seeking
impulsivity, and hedonic taste processing across an intercon-
nected network of sites. Importantly, these effects are not
recapitulated by a variety of amino-acid neurotransmitter or
monoamine neuromodulator manipulations [19], suggesting that
µ-OR agonists represent powerful and specialized tools to reveal
insights into the cortical localization of specific motivation
functions.
The aim of the present study was to explore how cortical sites

interact to modulate appetitive behavior in real time. Two sites of
particular interest are IL and AI/DI around the level innervated by
the gustatory thalamus. These two areas are linked via both direct
and two-stage projections [25–27], and electrophysiological
studies have revealed responses to chemosensory stimuli in both
gustatory insula and prefrontal cortex (mPFC), with temporal
characteristics suggesting an AI/DI-to-mPFC follow of information
[28]. Previous work suggests that IL can either activate or inhibit
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food-motivated behaviors via projections to the lateral hypotha-
lamus or Acb, respectively [20]. Hence, IL is positioned to shape
the topography of appetitive behavior sequences, and potentially
has the capacity to act as either a “driver” or “limiter” of
consummatory activity generated elsewhere [29], including
in AI/DI.
The present study explored the functional interactions between

AI/DI and IL using a dual-site cannulation approach. Intra-AI/DI
DAMGO infusions were employed to generate feeding responses,
while in the same rat, specific sites in mPFC (the IL and PRL
subregions) were inactivated using the GABA-A agonist, muscimol.
We chose a 30 ng dose of muscimol based on prior dose-response
work with this drug, which showed that this dose produces
consistent behavioral effects while avoiding major activity-
suppression confounds [30]. This dose also silences mPFC unit
activity with a radius of action between 1.5 and 2mm (C.W.
Berridge, personal communication). Hence, the 30 ng muscimol
dose is sufficient to achieve local inactivation and to spatially
resolve discrete effects in infralimbic vs. prelimbic cortices. The
main questions of interest were whether neural activity in mPFC
enables or inhibits consummatory activity driven by AI/DI, and
whether this modulation is homogeneous through the dorsal-
ventral extent of the medial prefrontal cortex.

METHODS
Subjects
Subjects were Sprague-Dawley rats (Envigo; Madison, WI) consisting of
age-matched males and females, males weighing 300–325 g and females
275–300 g upon arrival. Rats were housed in temperature-controlled,
vivarium rooms with a 12:12 h light-dark cycle (lights on at 0700 h). All
animals had food and water available ad libitum, except for 2 h food
deprivation prior to habituation or testing. Animals were habituated to the
experimenter in daily handling sessions and acclimated to the testing
environment and procedures to decrease stress during experimental
testing. Testing occurred between 1200 and 1600 h, during the light-cycle
when feeding baselines are relatively low, allowing for sensitive detection
of drug-induced feeding effects. All experimental procedures and facilities
were in accordance with NIH Guidelines and approved by the Institutional
Animal Care and Use Committee of the University of Wisconsin–Madison.

Surgical procedures
Rats underwent stereotaxic surgery under isofluorane anesthesia following
procedures previously described [31]. Two pairs of stainless-steel guide
cannulae were surgically implanted in each rat, aimed bilaterally at either
IL and AI/DI, or PRL and AI/DI. Cannulae were implanted according to the
coordinates shown in Table 1, with small differences between males and
females to adjust for their slightly different body sizes. These small
adjustments yielded placements in the same anatomical sites in both
sexes. AI/DI cannulae were implanted straight (0° from vertical), while
those targeting IL and PRL were implanted at an angle (19° and 23°,
respectively, from vertical) to minimize damage to the medial cortical wall.
For IL and AI/DI, cannulae were implanted 2.5 mm above injection site

and, for PRL, 1 mm above injection site due to the more dorsal location of
this site.

Microinfusion procedures and drugs
Intracerebral microinfusion procedures were conducted as described
previously [31]. Rats were received injections of 0.5 µL at a rate of 0.32
µL/min with an extra minute allowed post-infusion to insure diffusion of
the injectate into the tissue. Rats received infusions of either 0.9% saline or
30 ng/µL muscimol (Sigma-Aldrich) dissolved in 0.9% saline into either the
IL or PRL. Simultaneously, they received injections into AI /DI of either
0.9% saline or 1.0 µg/µL DAMGO ([D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin;
Bachem) dissolved in saline. All infusions were counterbalanced according
to Latin square designs.

Behavior-observation procedure
Each rat was assigned a clear polycarbonate testing cage (9.5 in width x 17
in length x 8 in height) identical to their home cages, but with the bottoms
replaced by wire-grid floors for food-spillage collection. Glass jars were
affixed to the cage floors and filled with pre-weighed amounts of 45mg
sucrose pellets (BioServ). Water was available from overhead bottles. Males
and females were never tested on the same day; all surfaces and cages
were wiped with ethanol 24 h before testing took place. Rats were
habituated to this testing environment in two 90min sessions after mild (2
h) food deprivation with no infusions. Next, again under 2 h food
deprivation, animals were acclimated to microinfusion procedures with
sham injections (i.e., injectors lowered through the guide cannulae but
nothing infused), then saline infusions on the following day. Both sham
and saline injections were given 15min prior to placement into the testing
cages for a 90min session.
On drug testing days, rats received drug or vehicle infusions into AI/DI,

and also either IL or PRL, and were placed into the testing cages 15min
post-infusion for 90min testing sessions. All testing sessions were
separated from one another by one testing-free interim day.
Behavior was recorded with a digital camcorder during the 90min

sessions. An experimenter blind to treatment reviewed the digital files off-
line and recorded number and length of bouts of spontaneous motor
activity (cage crossings, rears), eating, and drinking, using an event recorder
interfaced to a PC-based desktop computer. Several measures were
derived from these data: mean eating or drinking bout duration (total # of
bouts/total duration), global eating or drinking rate (total intake/total
duration), and global eating or drinking efficiency (total intake/total # of
bouts). To record the duration of a particular behavioral event, a timer
(specific for that behavior) on the event recorder was started at the
initiation of the behavior. The timer was switched off when the behavior
was interrupted by a different behavior.

Histology
At the end of each experiment, rats were deeply anesthetized and perfused
with 10% formalin in phosphate buffer. Brains were removed and stored in
10% formalin. Coronal sections (60 µm) were cut through the infusion site
on a cryostat microtome, collected on slides, stained with Cresyl Violet, and
subsequently reviewed to verify injection placements. Subjects with
incorrect placements (4 out of 19) were not included in the study. Final
group sizes were as follows: IL-AI/DI: males, N= 6; females, N= 4; PRL-AI/
DI: males, N= 6; females, N= 3.

Statistical analyses
Data were analyzed in two-way ANOVAs (DAMGO x Muscimol). Note that
the “DAMGO” factor represents the AI/DI treatment, and the “Muscimol”
factor, the medial prefrontal treatment (either IL or PRL). Following
significance in the ANOVAs, comparisons among individual means were
conducted using Tukey’s HSD test. The level of statistical significance level
was set at P < 0.05 for all experiments.

RESULTS
Histological analyses
Chartings in Fig. 1A denote injector tip placements in mPFC (either
IL or PRL, accordingly) and AI/DI (Fig. 1B) for all male and female
rats included in this study. In Fig. 1C, representative photos are
shown of injector tip views in Nissl (Cresyl violet)-stained tissue
used for anatomical placement charting for each of the targeted

Table 1. Stereotactic coordinates for cannulae implantation 2.5 mm
above injection site in IL and AI/DI, and 1mm above injection site
in PRL.

AP (from
Bregma)

ML (from
midline)

DV (from skull
surface)

IL (19° from
vertical)

Males +3.00 mm ±2.25 mm −2.75mm

Females +2.65 mm ±2.15 mm −2.75mm

PRL (23° from
vertical)

Males +3.00 mm ±2.00 mm −2.50mm

Female +2.8 mm ±2.00 mm −2.50mm

AI/DI (vertical) Males +1.30 mm ±4.70 mm −4.00mm

Females +1.20 mm ±4.70 mm −4.00mm

AP Anterior-posterior plane; ML Medial-lateral plane; DV Dorsal-
ventral plane
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sites: IL, PRL, and AI/DI. The inclusion of rats in the study was
contingent on the absence of atypical or excessive damage and
good tissue integrity (i.e., intact cells noted when viewed under
high power) at the vicinity of the injector tip.

Intra-IL (but not intra-PRL) muscimol potentiated DAMGO-
induced sucrose-pellet hyperphagia elicited from AI/DI
Statistical analysis of sucrose intake data (Fig. 2) yielded a main
effect of DAMGO (IL-AI/DI experiment: F(1,9)= 57.22, P < 0.0001;
PRL-AI/DI experiment: F(1,8)= 29.27, P= 0.0006) and, in the IL-AI/
DI but not PRL-AI/DI experiment, both a muscimol main effect (IL:
F(1,9)= 31.41, P= 0.0003) and a DAMGO x muscimol interaction
(IL: F(1,9)= 14.11, P= 0.0045). Post-hoc comparisons among
means revealed a robust increase in sucrose-pellet intake in rats
given intra-AI/DI DAMGO plus intra-IL muscimol compared to

either intra-AI/DI DAMGO or to any other treatment combination.
Hence, there was a marked potentiation of intra-AI/DI DAMGO-
driven sucrose intake by concomitant muscimol-induced inactiva-
tion of IL, but not PRL. There was no significant effect Sex or Sex
interactions with the other factors for either the IL-AI/DI or PRL-AI/
DI experiments (Fs= 0.052–0.71, NS). Correcting for male-female
body weight differences did not alter these conclusions. Corrected
sucrose intake data are shown in Supplementary Fig. S1.

IL inactivation enhanced specific elements of the feeding
response elicited by intra-AI/DI DAMGO
Microanalysis of feeding behavior revealed potentiation of various
intra-AI/DI-DAMGO-driven feeding metrics by simultaneous inac-
tivation of IL. In the IL-AI/DI group, ANOVA revealed a statistically
significant interaction between IL muscimol and AI/DI-DAMGO on

Fig. 1 Chartings of bilateral injector placements for all rats included in the study. As indicated in the key, different symbols distinguish
among IL males (N= 6), IL females (N= 4), PRL males (N= 7), and PRL females (N= 3). A Medial prefrontal cortex placements for all rats.
B Agranular/dysgranular insula (AI/DI) placements for all rats. C Photomicrographs displaying injector tip placements. Abbreviations: AC
Anterior commissure; AI/DI Agranular/dysgranular region of gustatory insula; CC Corpus callosum; E/OV Subependymal zone/olfactory
ventricle; IL Infralimbic cortex; LV Lateral ventricle; Pir Piriform cortex; PRL Prelimbic cortex.
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total eating duration (F(1,9)= 5.99, P= 0.037; Fig. 3A), mean
eating bout duration (F(1,9)= 6.77, P= .029; Fig. 3C), and global
eating efficiency (average amount of sucrose eaten per bout; (F
(1,9)= 11.02, P= 0.0089, Fig. 3D). For each of those measures,
post-hoc comparisons among means indicated that means
associated with the DAMGO+muscimol groups were significantly
different from those associated with DAMGO alone or with any
other treatment combination. Interestingly, there were no
significant effects on total feeding bouts in the IL-AI/DI experi-
ment. Hence, the overall effect of IL inactivation was to prolong
the feeding bouts engendered by intra-AI/DI DAMGO rather than
to alter the number of bouts initiated.
For the PRL group, ANOVA revealed a main effect of DAMGO on

total eating duration (F(1,8)= 13.20, P= 0.0067, Fig. 3A) with post-
hoc analysis confirming the mean associated with intra-AI/DI
DAMGO, but not that associated with DAMGO+muscimol, to be
significantly higher than the saline+ saline and saline+muscimol
conditions. In the PRL-AI/DI experiment, there were no other
significant effects, and no DAMGO x muscimol interactions, for
either mean eating bout duration (Fig. 3C) or global eating
efficiency (Fig. 3D). Stimulation of µ-ORs in the PRL-AI/DI
experiment yielded a slight increase in feeding duration and
number of eating bouts initiated (Fig. 3B), as indicated by a
significant main effect of DAMGO (F(1,8)= 7.43, P= 0.026). Post-
hoc means comparisons did not resolve differences between the
DAMGO+ saline and DAMGO+muscimol means; however,
DAMGO+ saline but not the DAMGO+muscimol mean differed
from the saline+saline and saline+muscimol means.
Importantly, intra-IL or intra-PRL muscimol alone (i.e., without

concomitant intra-AI/DI DAMGO) never differed from vehicle
control for any measure. There were no statistically significant
effects of sex for any measure in the microanalysis of feeding (Fs=
0–0.42, NS).

Muscimol infusions reduced non-food-directed motor activity
equivalently in IL and PRL
Two measures of general activity were analyzed: rearing (Fig. 4A),
and cage crosses (Fig. 4B). Analysis of rearing in both IL-AI/DI and

PRL-AI/DI experiments revealed only a main effect of muscimol (F
(1,9)= 16.63, P= 0.0028; F(1,8)= 9.14, P= 0.017, respectively).
Post-hoc comparison of means revealed that intra-IL muscimol
reduced rearing similarly under intra-AI/DI saline and DAMGO
conditions. In the PRL-AI/DI experiment, there was an overall lower
level of rearing relative to the IL-AI/DI experiment; nevertheless,
muscimol still mildly diminished rearing in the PRL experiment
(see Fig. 4 for detailed means comparisons). Similarly, muscimol
mildly suppressed cage crosses, an effect that manifested as a
diminished response in the DAMGO+muscimol condition relative
to the DAMGO+ saline condition (DAMGO x Muscimol interac-
tions: for IL-AI/DI, F(1,9)= 13.09, P= 0.0056; for PRL-AI/DI, F(1,8)=
11.69, P= 0.0091). Post-hoc comparisons are detailed in Fig. 4.
There were no statistically significant effects of sex on non-food-
directed activity (Fs= 0.17–2.29, NS).

Effects of mPFC inactivation on drinking behavior in males vs.
females
Although this study was not specifically designed or powered to
identify sex differences, both male and female rats were included as
per NIH requirements. This was done to identify possible male/
female dissociations that could inform future investigations beyond
the scope of the present study. Of all the measures in this study, we
only noted male/female separation in measures of drinking. DAMGO-
induced water intake, drinking bouts, and total drinking duration were
increased to a greater degree in females than males (data shown in
Supplementary Table S1). On an exploratory basis, 3-factor ANOVAs
(DAMGO X Muscimol X Sex) were carried out. These analyses
revealed a three-way interaction of DAMGO x Muscimol x Sex
(drinking bouts: F(1,8)= 9.01, P= 0.017; total drinking duration: F
(1,8)= 7.36, P= 0.027) in the IL/AI/DI experiment. In the PRL-AI/DI
experiment, a main effect of Sex was found for water intake (PRL-AI/
DI: F(1,7)= 7.61, P= .028), drinking bouts (F(1,7)= 7.79, P= 0.027),
and total drinking duration (F(1,7)= 11.20, P= 0.012), but there was
no interaction of Sex with either the DAMGO or Muscimol factors.
These results seem to indicate a possible intrinsic sex difference in
cortical µ-opioid regulation of drinking behavior that could be
explored in future studies.

Fig. 2 Muscimol-induced inactivation of IL, but not PRL, potentiated sucrose intake engendered by intra-AI/DI DAMGO. Bar graphs depict
sucrose intake after infusions of muscimol into either IL (open bars) or PRL (shaded bars) with concomitant DAMGO infusions into AI/DI. Small
circles and squares denote individual data points for male and female rats, respectively, as indicated in the key. Insets show treatments
schematically illustrated on line drawings of coronal rat brain sections. *P < 0.05, different than vehicle-vehicle control; #P < 0.05, different than
muscimol-vehicle; ‡P < 0.05, different from all other treatments. Error bars depict ±1 SEM. Abbreviations: DAM DAMGO; IL Infralimbic cortex;
PRL Prelimbic cortex.
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DISCUSSION
The present results revealed contrasting roles of IL and PRL in
modulating a strong feeding drive produced by µ-OR stimulation in
the gustatory insula. Intra-AI/DI infusions of the µ-OR-selective
agonist, DAMGO, engendered sucrose hyperphagia characterized
mainly by long, sustained eating bouts [24]. Inactivation of IL with
muscimol (which silences electrophysiological activity in the vicinity
of the infusion [32, 33]) markedly potentiated sucrose feeding
duration, leading to a robust increase in sucrose consumption
beyond the already-heightened levels elicited by DAMGO. In
contrast, intra-PRL muscimol infusions neither significantly poten-
tiated nor antagonized intra-AI/DI DAMGO-driven feeding measures
but attenuated them to the extent that they no longer significantly
differed from vehicle baseline. In both IL and PRL, muscimol
modestly suppressed general activity (ambulation, rearing) as
previously observed [30]. However, these effects were dissociable
from alterations in feeding behavior; different feeding metrics were
affected in IL and PRL, and in different directions, even though
rearing and ambulation changes were similar in both sites.
Muscimol alone (i.e., without intra-AI/DI DAMGO) did not alter
baseline sucrose intake in either IL or PRL, indicating that the
present results were due to modulation of activity associated with
the AI/DI stimulus, rather than representing the simple summation
of independent effects. Together, these findings demonstrate that
neural activity in IL constrains, while PRL activity modestly enables,

consummatory responses elicited directly from the gustatory insula.
Possible behavioral and anatomical mechanisms underlying these
findings are discussed below.
The present results reveal significant functional heterogeneity

along the dorsal-ventral axis of mPFC in the regulation of eating
elicited from the gustatory insula. The main effect of IL
inactivation was to amplify AI/DI-driven behaviors occurring
during commerce with the sucrose goal. These effects indicate
that, when unperturbed, IL inhibits consummatory responses
driven by the gustatory insula, a result that was not necessarily
predictable from prior findings. The rostrocaudal level of AI/DI
targeted in this study comprises the primary gustatory cortex
(between+ 1.56 mm and +2.52mm anterior to bregma) where
multimodal taste information and palatability are encoded
[28, 34–36]. This insular site has reciprocal cortico-cortical
connections with IL both directly and indirectly via orbitofrontal
cortex [25–27]; electrophysiological recordings in AI/DI and mPFC
(including IL) show neuronal responses to tastants in AI/DI and,
with a slight lag, in mPFC [28], suggesting an AI/DI-to-mPFC flow
of information [28]. These responses highlight the relevance of AI/
DI projections, as IL is not directly innervated by any other node
of the gustatory pathway [28]. Hence, IL could conceivably
function as a motor effector of palatability computations arising
in the gustatory insula. Accordingly, prior studies employing local
µ-OR stimulation (which is hypothesized to indiscriminately

Fig. 3 Muscimol-induced inactivation of IL vs. PRL differentially affected distinct components of ingestive behavior driven by intra-AI/DI
DAMGO. Bar graphs depict eating duration (A), eating bouts (B), mean eating bout duration (C), and sucrose intake per bout (D), after
infusions of muscimol into either IL (open bars) or PRL (shaded bars) with concomitant DAMGO infusions into AI/DI. Small circles and squares
denote individual data points for male and female rats, respectively, as indicated in the key. Insets show treatments schematically illustrated on
line drawings of coronal rat brain sections. *P < 0.05, different than vehicle-vehicle control; #P < 0.05, different than muscimol-vehicle; ‡P < 0.05,
different from all other treatments. Error bars depict ±1 SEM. Abbreviations: DAM DAMGO; IL Infralimbic cortex; PRL Prelimbic cortex.
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disinhibit IL output [29]) indicate that IL is capable of generating a
“fragmented” feeding response consisting of numerous, brief
feeding bouts interrupted by intense bursts of non-food-directed
hyperactivity [19, 24]. These divergent responses are subserved by
separate terminal fields: feeding elicited from IL depends on intact
glutamate transmission in LH, while hyperactivity is modulated by
glutamate transmission in the nucleus accumbens shell (AcbSh)
[20, 29]. IL projects strongly to both sites [37–41]; in fact, an
extensive analysis of mPFC efferent circuitry indicated that ventral
striatum and LH represent by far the densest terminal fields of IL-
layer 5 [37]. Hence, IL can function to either drive or limit feeding
behavior based on the proportionate recruitment of terminal
fields in the AcbSh or lateral hypothalamus (LH), respectively. The
present results suggest that, in the context of feeding responses
elicited from gustatory insula, the “limiter” function of IL
predominates.
The question then arises as to the specific behavioral process

under inhibitory control. For example, IL activity could constrain
taste/palatability computations occurring in AI/DI. This could occur
either through a reciprocal projection back to AI/DI [25] or to a
downstream terminal field that converges with AI/DI output
[26, 38, 40]. Interestingly, units in mPFC are biased toward
responding more strongly to aversive tastants [28], and catecho-
lamine depletion or excitotoxic lesions in the vicinity of IL
augment hedonic taste reactions and eliminate the few aversive
reactions elicited by sucrose [42]. Hence, inactivating IL could have
removed a countervailing influence on palatability encoding in AI/
DI, resulting in the feeding enhancement seen here. On the other
hand, intra-IL muscimol alone (i.e., combined with intra-AI/DI
vehicle infusions) failed to alter any measure of sucrose ingestion,
and we have previously shown that muscimol-inactivation of IL
does not alter absolute intake of either a highly palatable
chocolate shake or of standard chow in hungry rats [30]. Thus, if
IL inactivation indirectly enhances gustatory reward sufficiently to
increase intake, the effect must be limited to specific eliciting
conditions, such as µ-OR signaling in AI/DI. Interestingly, however,
a recent DAMGO mapping study did not detect hedonic taste
enhancement after µ-OR stimulation in that insular region [22].
Alternatively, IL may perform a “supervisory” motoric or action-

selection function over feeding behaviors elicited from AI/DI, such
as monitoring ongoing consummatory bouts and enforcing a limit

upon their duration, and/or arbitrating the expression of compet-
ing consummatory and non-consummatory repertoires. Our prior
work demonstrated that IL inactivation increased mean feeding
bout duration in both hunger- and palatability-driven feeding (but
without increasing intake) [30], in agreement with the present
observation that the main effect of IL inactivation was to prolong
feeding bouts engendered by intra-AI/DI DAMGO. Hence, feeding
bout prolongation after IL inactivation appears to be a generalized
phenomenon. Under the unusually strong feeding drive seen with
µ-OR stimulation of AI/DI, removing the inhibitory control of IL
over consummatory bouts could translate into increased sucrose
intake, as seen here. Importantly, the “palatability modulation” vs.
“action monitoring” accounts described above are not necessarily
mutually exclusive; it is possible that a combination of both
mechanisms contributed to the results seen here. More work
needs to be done to resolve this question. Nevertheless, the
present findings clearly identify a net inhibitory influence of IL
over feeding responses elicited from the gustatory insula.
In contrast to IL, inactivation of PRL mildly blunted the increases

in feeding bout initiation, sucrose intake, and feeding duration
produced by intra-AI/DI DAMGO. These results suggest that PRL
(at least the level studied here) may play a supporting role in
generating bout initiation and maintaining ingestive bouts driven
by the gustatory insula, in contrast to the robust negative
modulation of consummatory responses mediated by IL. A series
of detailed studies examined cortical control of sustained sucrose
licking responses in an incentive-contrast task [43–45]; these
studies identified loci in PRL where muscimol-inactivation or
optogenetic inhibition impaired sustained licking to a high-
incentive sucrose solution [43] and where sustained spiking and
theta-band phase-locking were strongly associated with bouts of
consummatory licking [43, 45]. Interestingly, these sites were
found in the anterior PRL and rostral cortical pole but not more
caudally [43], suggesting a longitudinal gradient of feeding
control along the anteroposterior extent of PRL. Integrating the
findings from intra-IL and intra-PRL manipulations, it could be
hypothesized that there are longitudinally oriented dorsal and
ventral “columns” in mPFC, both having access to palatability
encoding in the gustatory insula [28]. Each column uses this
information in different ways to regulate sustained consummatory
activity: either to maintain it (rostral pole and anterior PRL; [43]), or

Fig. 4 Muscimol-induced inactivation of either IL or PRL reduced general motor activation. Bar graphs depict effects on two measures of
motor activity, rears (A) and locomotion (cage crosses (B)) after infusions of muscimol into either IL (open bars) or PRL (shaded bars) with
concomitant DAMGO infusions into AI/DI. Small circles and squares denote individual data points for male and female rats, respectively, as
indicated in the key. Insets show treatments schematically illustrated on line drawings of coronal rat brain sections. *different than vehicle-
vehicle control, †different than vehicle-DAMGO. Error bars depict ±1 SEM. Abbreviations: DAM DAMGO; IL Infralimbic cortex; PRL Prelimbic
cortex.
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to curtail/interrupt it with competing motor repertoires (IL;
[20, 24, 29, 46]).
Presently, the anatomical basis for the contrasting roles of IL vs.

PRL in modulating AI/DI-driven feeding responses is unclear. One
obvious route of control would be through direct projections to AI/
DI. Both IL and PRL both receive and reciprocate projections to AI/DI
(with some evidence for slightly denser connections with anterior
PRL) [25, 27, 38, 47], and, as discussed above, both mPFC subregions
display neuronal responses associated with palatability-related AI/DI
activity [28]. It is unclear how these similar direct cortico-cortical
projections to AI/DI would translate into the contrasting modes
of functional regulation seen here. Further downstream, however,
PRL and IL terminal fields diverge in feeding-regulatory zones of the
Acb [6, 39, 48–50]. Both IL and PRL project to the Acb, but with
distinct topographic distributions [37–40, 51]. A highly circumscribed
region of the anteromedial AcbSh plays a unique role feeding
control [52, 53]; this AcbSh site is innervated by IL and strongly
modulates a feeding-regulatory zone of the lateral hypothalamus
(LH) [54, 55]. Stimulating this AcbSh subregion pharmacologically or
electrically “arrests” feeding [56, 57], while inhibiting this subregion
generates sustained consummatory bouts via activation of the LH
[52, 53, 58]. Our prior work showed that functional interactions
between IL and AcbSh delimit feeding and sucrose-reinforced
operant responding [20]. Relatedly, chemogenetic stimulation of IL-

AcbSh projections decreased bingeing on palatable foods [59], and
optogenetic activation of mPFC glutamatergic synapses in AcbSh
produced transient cessation in sucrose licking in mice [43]. Hence, it
could be hypothesized that the “limiter” function of IL is mediated
by glutamatergic signaling to anteromedial AcbSh, which negatively
modulates feeding via control of the LH.

Conclusions and future directions
The present results suggest that the strong feeding-motivation
state generated by µ-OR signaling in AI/DI actuates distinct
pathways that drive and limit ingestive behaviors, in a manner
reminiscent of a system in which output is constrained by a
governor mechanism. The schematic in Fig. 5 incorporates the
pathways discussed above to illustrate potential forebrain circuitry
that could actualize such a control-systems function. This model
posits that µ-OR signaling in AI/DI engages feeding “drivers”,
including projections to PRL, that ultimately impinge on feeding
generators in the LH. A copy of the intra-AI/DI µ-OR signaling
event travels along parallel circuitry that engages a feeding
“limiter” pathway through IL to the medial AcbSh and finally the
LH [49, 55–57, 59, 60]. This IL→AcbSh→LH pathway subserves a
“system-governor” function, and can be engaged by feed-forward
AI/DI projections to IL, either directly [25] or via a relay in the
anterior insula (aI)) [26]). Additional routes of control are possible.
For example, certain midline thalamic nuclei (particularly the
paraventricular thalamic nucleus (PVT)) are well-positioned to
serve as an interface between the LH and telencephalon [61–66].
The PVT robustly innervates both IL and AcbSh [27, 67, 68].
Functional studies have demonstrated that PVT plays a complex
role in feeding control, mediating the interplay among feeding,
stress, arousal, and circadian states [61–63, 66, 69]; and arbitrating
trade-offs in food approach/avoidance conflicts [62]. Additional
evidence suggests that the PVT exerts tonic restraint over feeding
that can be amplified in conflict situations [70, 71], and that
inhibition of the PVT results in binge-like eating [71, 72]. Hence,
the PVT is a strong candidate to participate in a feedback loop that
monitors ongoing activity in LH and conveys it to IL and AcbSh.
Regardless of the precise circuitry, however, the general concept
of a dual-pathway feeding “driver/limiter” system accounts for
both the amplification of AI/DI-driven feeding by IL inactivation
and the lack of intra-IL muscimol effects absent an initiating
neurochemical event in AI/DI. In other words, the “governor”
function of IL may represent an adaptive control mechanism that
is engaged in the context of strong feeding drives and intense
consummatory activity, as putatively mediated by a strong µ-OR
signal in gustatory insula. There is considerable evidence from
human neuroimaging studies for insular involvement in eating
disorders [73–77], and, interestingly, for µ-OR changes in insular
cortex in both bulimia nervosa and obesity [78, 79]. The present
model would predict that µ-OR signaling events in the insula,
coupled with deficient IL activity, could tip already-intense feeding
drives into pathological bingeing behavior. Conversely, super-
normal activity in the IL “limiter circuit” could override normal
feeding drives, potentially resulting in anorexia. Hence, the
present results may help provide a context for understanding
the clinical correlates of localized cortical abnormalities in anorexia
nervosa, bulimia, and other psychiatric disorders characterized by
dysfunctional appetitive behavior.
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