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Abstract

The medial prefrontal cortex (mPFC) has long been considered a critical site in action control. However, recent evidence
indicates that the contribution of cortical areas to goal-directed behavior likely extends beyond mPFC. Here, we examine the
function of both insular (IC) and ventrolateral orbitofrontal (vIOFC) cortices in action-dependent learning. We used
chemogenetics to study the consequences of IC or vIOFC inhibition on acquisition and performance of instrumental actions
using the outcome devaluation task. Rats first learned to associate actions with desirable outcomes. Then, one of these
outcomes was devalued and we assessed the rats’ choice between the 2 actions. Typically, rats will bias their selection
towards the action that delivers the still valued outcome. We show that chemogenetic-induced inhibition of IC during
choice abolishes goal-directed control whereas inhibition during instrumental acquisition is without effect. IC is therefore
necessary for action selection based on current outcome value. By contrast, vIOFC inhibition during acquisition or the choice
test impaired goal-directed behavior but only following a shift in the instrumental contingencies. Our results provide clear
evidence that vIOFC plays a critical role in action-dependent learning, which challenges the popular idea that this region of

OFC is exclusively involved in stimulus-dependent behaviors.
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Adaptive decision making requires that organisms track the
consequences of their actions. The cornerstone of flexible action
selection is up-to-date knowledge regarding both the causal
relationship between actions and outcomes and the desirability
or value of those outcomes. Such behavior is defined as goal-
directed (Dickinson 1985; Balleine and Dickinson 1998; Hilario
and Costa 2008; Rangel et al. 2008; Balleine and O’Doherty 2010;
Dolan and Dayan 2013; Murray and Rudebeck 2013).

Over the past few decades, the prelimbic region (PL) of the
medial prefrontal cortex (mPFC) has been heavily implicated in

goal-directed behavior. Specifically, PL is necessary to learn the
relationship between actions and their outcomes (Corbit and
Balleine 2003; Killcross and Coutureau 2003; Tran-Tu-Yen et al.
2009). However, other cortical regions are now emerging as key
players in action selection. The gustatory region of the insular
cortex (IC) is required to recall the current value of outcomes to
guide choice between competing actions (Parkes and Balleine
2013; Parkes et al. 2015) but, unlike the PL, there is no evidence
that IC is involved in action-outcome (A-O) learning per se
(Parkes et al. 2016a).
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By contrast, the role of ventrolateral orbitofrontal cortex
(VIOFC) in instrumental behavior is highly controversial.
Current opinion insists that vIOFC is not required for action-
guided behavior (Roberts 2006; Ostlund and Balleine 20073,
2007b; Rudebeck et al. 2008; Balleine et al. 2011; Fellows 2011;
Luk and Wallis 2013). Rats with lesions of lateral or ventrolat-
eral OFC and macaque monkeys with lesions of lateral OFC
(including areas 11 and 13) are perfectly able to bias their
behavior towards an action that delivers a more valuable out-
come and to inhibit their responding for an outcome that is
rendered less favorable (Ostlund and Balleine 2007b; Rudebeck
et al., 2008; Balleine et al. 2011). Yet, more recent reports sug-
gest an involvement of lateral and ventral OFC regions in tasks
that also appear to rely on A-O associations (Gremel and Costa
2013; Rhodes and Murray 2013; Gremel et al. 2016; Fiuzat et al.
2017; Zimmermann et al. 2017). These discrepancies may result
from differential task requirements.

To investigate this possibility, we assessed the contribution
of IC and vIOFC to goal-directed action by manipulating task
demands. We used the instrumental outcome devaluation task
in which rats learn to associate 2 actions with 2 distinct
rewarding outcomes. One of the outcomes is then devalued
and the propensity of the subject to perform each action is
evaluated. Typically, rats will bias their choice towards the
action that delivers the valued outcome. In Experiments 1a and
2a, we adapted the training protocol to include an instrumental
pretraining phase, during which both actions earned a common
reward, before specific A-O associations were introduced
(Corbit and Janak 2010; Corbit et al. 2013; Hart and Balleine
2016). Rats were therefore required to update previously estab-
lished A-O associations. In Experiments 1b and 2b, the pretraining
phase was omitted. We demonstrate that chemogenetic-induced
inhibition of IC during action selection abolishes goal-directed
control, regardless of training parameters. By contrast, we observed
a deficit in goal-directed behavior after inhibition of vIOFC but
only when the pretraining phase was included. We hypothe-
sized that this discrepancy reflects the inability of rats with
vIOFC inhibition to encode and use the new instrumental con-
tingencies. We therefore assessed the impact of vIOFC inhibition
on instrumental reversal learning (Experiment 2b; e.g., Bradfield
et al. 2013) and show that vIOFC inhibition indeed hinders goal-
directed action control but only following a shift in instrumental
contingency.

Materials and Methods
Subjects

Subjects were 110 experimentally naive, male Long-Evans rats
aged 3-4 months (Janvier, France). Rats were housed in pairs in
plastic boxes located in a climate controlled room maintained
on a 12 h light/dark cycle (lights on at 07:00). All behavior occurred
during the light phase of the cycle. Rats were handled daily for
5 days before the behavioral procedures and were put on food
restriction 2 days before behavior to maintain them at approxi-
mately 90% of their ad libitum feeding weight. Experiments were
conducted in agreement with French (council directive 2013-118,
1 February 2013) and international (directive 2010-63, 22
September 2010, European Community) legislations and received
approval # 5012053-A from the local Ethics Committee.

Viral Vector

An adeno-associated viral vector carrying the inhibitory hM4Di
designer receptor exclusively activated by designer drugs

(DREADDs; Armbruster et al. 2007; Rogan and Roth 2011) was
obtained from University of North Carolina Vector Core (Chapel
Hill, NC). The vector used was AAV8-CaMKII-hM4D(Gi)-
mCherry (3-4 x 102 vp/ml). The exogenous ligand, clozapine-N-
oxide (CNO; Enzo Life Sciences) was dissolved in 0.9% saline
containing 0.5% of dimethyl sulfoxide (Sigma) to obtain a final
concentration of 1mg/ml. CNO was injected intraperitoneally
(1 mg/kg) 45 min before behavior.

Surgery

Rats were anaesthetized using Isoflurane (5% induction; 1-2%
maintenance) and mounted on a stereotaxic apparatus (Kopf).
Rats were subcutaneously injected with 0.05mg/kg buprenor-
phine (Buprecare) and the incision site was treated with the
local anesthetic xylocaine. The viral vector was infused using
repeated pressure pulses delivered via a glass micropipette
connected to a picospritzer (Picospritzer III, Parker). For IC, 1 pl
of AAV was injected over 5min at 2 sites in each hemisphere,
i.e,, 2l per hemisphere. The IC co-ordinates were: +0.3 anterior—
posterior, +5.5 medial-lateral, —7.3 dorsal-ventral (from the
skull surface) and +1.3 anterior-posterior, +5.5 medial-lateral,
—7.3 dorsal-ventral. For orbitofrontal cortex (OFC), 1pul of AAV
was also injected at 2 sites in each hemisphere to target the
ventral and lateral regions. The OFC co-ordinates were: +3.7
anterior-posterior, +2.0 medial-lateral, —5.0 dorsal-ventral and
+3.2 anterior-posterior, +2.8 medial-lateral, —5.2 dorsal-ventral.
All co-ordinates are given in millimeters from bregma (Paxinos
and Watson 2014). The glass pipette was left in place for an
additional 5min after infusions to permit diffusion of the
virus. Rats were allowed at least 5 weeks to recover before the
start of the behavioral procedures, during which time they were
monitored daily and weighed. For electrophysiological record-
ings, the virus was injected bilaterally into OFC at the 2 sites.

Immunohistochemistry

Subsequent to behavioral testing, rats were rapidly and deeply
anaesthetized with pentobarbital monosodic and perfused
transcardially with 4% paraformaldehyde in 0.1 M phosphate
buffer. Brains were removed and postfixed in 4% paraformalde-
hyde overnight. Subsequently, 50 pm coronal sections were cut
using a VT1200S Vibratome (Leica Microsystems). Every fourth
section was collected to form a series and immunoreactivity
was performed for mCherry. Free-floating sections were pre-
pared by rinsing in 0.1M phosphate buffered saline (PBS) for
20 min, blocked (1h, PBS 0.1M, 0.2% Triton-X, 4% normal goat
serum) and placed in 1:1000 rabbit anti-RFP (red fluorescent
protein; PM005 CliniSciences) at 4°C for 48h. Sections were
then washed in PBS for 20 min and incubated in 1:200 AffiniPure
rhodamine goat anti-rabbit (Jackson Immunoresearch; 111-025-
003) diluted in PBS for 2h at room temperature. Sections were
washed for 20min in PB, mounted, and cover-slipped with
Fluoromount-G (SouthernBiotech). Sections were imaged using a
Nanozoomer slide scanner (Hamamatsu Photonics) and analyzed
with the NDP.view 2 freeware (Hamamatsu Photonics).

Behavioral Apparatus

Instrumental training and testing took place in 8 operant
chambers (40cm width x 30cm depth x 35cm height,
Imetronic, Pessac, France) individually enclosed in sound and
light resistant shells. Each chamber was equipped with 2 pellet
dispensers that delivered grain or sugar pellets into a magazine
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when activated. The chambers contained 2 retractable levers
that could be inserted to the left and right of the magazine.
A house light illuminated the chamber. Experimental events
were controlled and recorded by a computer located in the
room. Devaluation occurred in individual polycarbonate feed-
ing cages located in a different room to the operant chambers.

Behavioral Procedures

We manipulated the training procedures to examine the influ-
ence of task demands on subsequent assessment of goal-
directed behavior. Each experiment used a between x within
design. The between factor was treatment during training
(injection of vehicle or CNO) and the within factor was treat-
ment during the choice test (injection of vehicle or CNO). This
yielded 4 groups of interest; each labeled according to whether
CNO was present (+) or absent (-) during training and test,
respectively. At the start of behavioral training, rats in all
experiments received 2 sessions of magazine training. During
each 40 min session, rats were confined to the operant chamber
while either a 20% sucrose solution (0.1 ml; Experiments 1la and
2a) or grain and sugar pellets (45 mg; Experiments 1b and 2b)
were delivered, on average, every 60s. Experiments 1a and 1b
examined the effect of IC inhibition and Experiments 2a and 2b
examined the effect of vIOFC inhibition.

Pretraining

Rats were initially trained to respond on 2 levers to earn a sin-
gle, common outcome (20% sucrose solution). During the ses-
sion, each lever was presented twice for a maximum of 10 min
each or until 20 outcomes were earned. The intertrial interval
between lever presentations was 2.5 min. The order of the lever
presentation was alternated across rats and days. For the first
3 days, lever pressing was continuously reinforced. The proba-
bility of the outcome given a response was then shifted using
increasing random ratio (RR) schedules: a RR2 schedule was
used on Days 4-5, RR3 on Days 6-7 and RR4 on Days 8-9.

Outcome-Specific Instrumental Training

On Days 10-12, 2 distinct rewards were introduced; a grain food
pellet (45 mg, BioServ) and a sugar food pellet (45 mg, Test Diet).
These sessions were identical to pretraining except that now
responding on one lever (e.g., the left lever) delivered one food
pellet (e.g., grain) and responding on the other lever (the right
lever) delivered the other pellet (sugar) on an RR4 contingency.
A-O relationships were counterbalanced across groups. Forty-
five minutes before each of these sessions, rats received an
intraperitoneal injection of vehicle or CNO.

For experiments without pretraining (Experiments 1b and
2b), rats were immediately trained to perform 2 actions to earn
2 distinct food rewards (e.g., left lever earns a grain pellet and
right lever earns a sugar pellet or vice versa). The training pro-
cedure was identical to that described above; a fixed-ratio one
schedule was used for the first 3 days, a RR2 schedule was used
on Days 4-5, RR3 on Days 6-7 and RR4 on Days 8-12. Forty-five
minutes before each training session, rats received an injection
of vehicle or CNO.

Devaluation Test

Twenty-four hours after the final training session, rats received
ad libitum access to one of the 2 outcomes (20g) for 1h in
familiar feeding cages to induce sensory (not metabolic) satiety
(Rolls 1986; Hetherington and Rolls 1996). Immediately after,

rats were injected with either vehicle or CNO and, 45 min later,
they were given a 10 min choice test in which both levers were
available but no outcome was delivered. We have previously
demonstrated that satiety-induced devaluation is intact up to
2h following satiation (Parkes et al. 2016b). The next day, rats
were retrained (under vehicle or CNO) and 24 h later they were
given a second devaluation test. For the second test, rats that
had previously received a vehicle injection now received CNO,
whereas rats that had previously received CNO now received
vehicle.

Immediately after each instrumental test, rats were
returned to the feeding cages and given a consumption test of
satiety-induced devaluation. Rats received 10min access to
both food pellets (10 g) and the total amount consumed of each
outcome (valued and devalued) was measured. The aim of the
consumption test was to ensure that satiety-induced devalua-
tion was effective and that CNO injections did not disrupt the
rats’ ability to distinguish between the sensory features of the 2
food outcomes.

Reversal of the Instrumental Contingencies

In Experiment 2b, following outcome devaluation testing, the
same rats then underwent reversal training such that they
were required to learn the reversed instrumental contingencies
(e.g., the left lever now earned sugar pellets rather than grain
pellets and the right lever now earned grain pellets rather than
sugar pellets). Reversal training sessions were identical to
outcome-specific instrumental training. Rats received 5 reversal
sessions in total on an RR4 schedule of reinforcement and vehi-
cle or CNO was injected 45 min before each session. Rats that
received vehicle during initial specific instrumental training
also received vehicle during reversal training. Similarly, rats
that received CNO during initial training also received CNO dur-
ing reversal training.

Outcome devaluation tests were conducted after reversal
training in the same manner as that previously described. As
before, vehicle or CNO was injected immediately after satiation
and rats were placed in the operant cages 45min after the
injection. Consumption tests were conducted after each instru-
mental test.

Electrophysiology

Dissection and Preparation of Acute Brain Slices

Following 6-7 weeks of viral incubation, experimentally naive
rats (n = 15) were deeply anaesthetized with a lethal injection
of pentobarbital monosodic (150 mg/kg), and intracardially per-
fused with oxygenated, ice-cold dissection solution. Brains
were then promptly extracted and chilled in the same buffer,
and 450 um-thick coronal slices containing vIOFC were cut
using a VT1200S Vibratome. Slices recovered at 35°C for 15 min
in a recovery chamber containing the dissection solution. The
procedure was adapted from Ting et al. (2014) using (in mM): 93
N-Methyl-p-glucamine (NMDG), 30 NaHCOs, 1.2 NaH,PO,4, 2.5
KCl, 10 MgS0Qy, 0.5 CaCl,, 20 HEPES, 25 Glucose, 5 ascorbic acid,
3 pyruvic acid, and 12 N-acetyl-L-cysteine (NAC) equilibrated
with 95-5% 0,—CO,. Slices were then transferred to an incuba-
tion chamber at room temperature containing: 92 NaCl, 30
NaHCOs, 1.2 NaH,P0O,, 2.5 KCl, 2 MgSOy,, 2 CaCl,, 20 HEPES, 25
Glucose, 5 ascorbic acid, 3 pyruvic acid, 12 NAC. Following at
least 1h recovery, slices were placed in the recording chamber
continuously perfused (2ml/min) with aCSF containing: 124
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NaCl, 24 NaHCOs, 1.2 NaH,POy, 2.5 KCl, 2 MgSO,, 2 CaCl,, 5 HEPES,
and 12.5 glucose.

Whole-Cell Recordings

The region of vIOFC was determined based on anatomical land-
marks (cortical curvature ventral to the forceps minor of the
corpus callosum/claustrum and dorsal to the olfactory nucleus)
and neurons from layers 2/3 and 5 were targeted. Transfected
and nontransfected neurons were identified under visual guid-
ance using both infrared and epifluorescence illumination with
an Eclipse FN1 Nikon microscope equipped with differential
interference contrast (DIC). Whole-cell patch-clamp recordings
were acquired with Multiclamp 700B amplifier (Molecular
Devices) and AxoGraph X software. Data were sampled at
10kHz and low-pass filtered at 6kHz using a Bessel filter.
Borosilicate pipettes (4-7 MQ) were filled with internal solution
containing (in mM): 120 K-gluconate, 20 KCl, 0.1 MgCl,, 1 EGTA,
10 HEPES, 0.1 CaCl,, 0.1 GTP, 0.2 cAMP, 0.1 Leupeptin, 77 D
(-)-Mannitol, 3 Na,-ATP, pH 7.3 and 300 mOsm/L and 0.1% bio-
cytin was added for labeling sampled neurons. Liquid junction
potential of —-9mV was corrected. Cell membrane potential
recorded in current-clamp configuration was held at approxi-
mately —70mV and a 250ms positive current pulse was
injected to elicit action potentials (firing rate >8 Hz) every 10s.
Following at least 5min of stable recording, CNO (10 pM) was
bath applied for 10 min, and recording continued for an additional
15min during the wash period. Immediately before, following
10 min CNO application and after 15 min wash, current-voltage
(I/V) relationship was tested using 500ms current pulses of
incrementing intensity (20 pA steps, 1Hz) in order to compute
membrane conductance and rheobase. Cells with high initial
resting membrane potential (Vm > —-30mV), series resistance
(Rs > 40 MQ) or spike amplitude variation (>50%) were excluded
from the analysis (n = 3). Putative inhibitory neurons (fast action
potentials, high frequency rate, low adaptation) were also
excluded (n = 5). No significant difference between transfected
(hM4Di, n = 8) and nontransfected (No-hM4Di, n = 9) cells was
observed for resting potential (t;5 = 0.22, P = 0.83), series resistance
(initial: t;5 = 0.77, P = 0.45; final: t;4 = 1.47, P = 0.16), or holding
current values (t;s = 1.20, P = 0.25).

Histology

Slices were processed as described above for mCherry and bio-
cytin was revealed on the same slice by incubation in FITC
Streptavidin (1:300, Vector Laboratories) for 2 h. Stained slices
were mounted and cover-slipped before visualization using a
Leica VM5500B microscope and Exploranova software.

Data Analyses

All behavioral analyses were conducted using a mixed-model
ANOVA followed by simple-effects analyses to establish the
source of interactions. Statistical significance was set at P <
0.05. All test data are presented as a percentage of responding
during training to control for any baseline differences in
responding for grain versus sugar pellets. Electrophysiological
data were tested for normality with the Shapiro-Wilk normality
test and then analyzed with unpaired t tests or Mann-Whitney
U-test for group comparisons, and paired t tests or Wilcoxon
signed-rank test for treatment comparisons. Linear regressions
significance was tested with a Fisher test and further slope
comparisons analyzed with t tests.

Results

IC Regulates Action Selection by Retrieving Current Goal
Value

In Experiment 1a, we used an instrumental pretraining phase
whereas in Experiment 1b the pretraining phase was removed
such that rats were not required to update A-O associations.

Experiment 1a

Histology. Figure 1A shows a representative image of viral expres-
sion in IC and a schematic of the largest and smallest expression
is shown in Figure 1B. Eleven rats were excluded because of uni-
lateral infection or misplacement of the injection. This yielded

Figure 1. (A) Representative photomicrograph illustrating the placement of
bilateral AAV8-CaMKII-hM4Di-mCherry injections in insular cortex. Scale bar:
1mm. Atlas superimposed in white outlines from Paxinos and Watson (seventh
edition). Inset: magnification of the area of interest, transfected neurons appear
in red. S2: secondary somatosensory cortex, GI: granular insular cortex, DI: dys-
granular insular cortex, AID: agranular insular cortex, dorsal, AIV: agranular
insular cortex, ventral, ec: external capsule, Den: dorsal endopiriform nucleus.
(B, C) Schematics adapted from Paxinos and Watson (seventh edition) showing
the largest (grey) and smallest (black) viral infection for rats included in
Experiment 1a (B) and 1b (C). The vast majority of fluorescence in both experi-
ments was observed between +1.68 and —0.48 mm from bregma.
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Figure 2. IC regulates action selection by recalling current goal value. (A) Experiment 1a. Left, rate of lever pressing [average +standard error of the mean (SEM)] across
pretraining and outcome-specific training averaged across the 2 levers. Rats were injected with either vehicle (white squares) or CNO (black squares) on Days 10-12.
Right, average (+SEM) lever presses per minute during the outcome devaluation test. Groups are labeled according to their treatment during training and test, respec-
tively. —: Vehicle injection, +: CNO injection. Groups that received CNO during training are shown in the darker bars. (B) Experiment 1b. Left, rate of lever pressing
(average +SEM) across training averaged across the 2 levers. Rats were injected with either vehicle (white squares) or CNO (black squares) on Days 1-12. Right, average
(+SEM) lever presses per minute during outcome devaluation test. *Statistically significant difference.

the following between-subject group sizes: vehicle during train-
ing, n = 12 and CNO during training, n = 13.

Instrumental Training. As shown in Figure 2A (left panel), the
rate of lever pressing performance increased across pretraining
for the common outcome (F;,3 = 158.85, P = 0.001) and did not
differ between groups (F1.3 = 0.02, P = 0.89). No day x group
interaction was detected (Fy 3 = 2.11, P = 0.16). Responding also
increased across outcome-specific instrumental training (F; 23 =
53.23, P = 0.001) and there was no significant difference between
vehicle- and CNO-treated rats (F; 23 = 0.02, P = 0.89) or a signifi-
cant day x group interaction (F;.3 = 0.1, P = 0.76). Therefore,
inhibition of IC did not interfere with the rats’ ability to perform
the instrumental response.

Outcome Devaluation Test. Figure 2A (right panel) shows the
results of the outcome devaluation test. Inspection of the figure
suggests that selective outcome devaluation was impaired
when IC was inhibited during test but not when it was inhibited
during training. Statistical analyses confirmed this observation;
we detected a significant within-subjects effect of devaluation
(F1,23 = 11.92, P = 0.002) but not test treatment (F;,3 = 1.43, P =
0.24) and no significant effect of training group (F13 = 0.43, P =
0.52). There was a significant overall interaction between lever
and test treatment (F1 3 = 9.98, P = 0.004) and statistical analy-
ses restricted to each between-subjects condition revealed a sig-
nificant interaction between lever and test treatment (Fio3 =
4.86, P = 0.04 and F; 53 = 5.13, P = 0.03 for rats injected with vehi-
cle or CNO during training, respectively).

Simple-effects analyses conducted on these interactions
confirmed that rats receiving vehicle at test (group —/— and +/-)
responded more for the valued than devalued outcome (F;,3 =
15.73, P = 0.001 and F; 53 = 6.55, P = 0.02, respectively), however,
rats that received CNO during test did not (group —/+: [F123 =
1.66, P = 0.21] and group +/+: [F123 = 0.04, P = 0.84]). Outcome
specific devaluation was therefore abolished when IC was
inhibited during test. The amount of the outcome consumed
during the devaluation period did not differ between groups
(F123 < 1.07, P > 0.3; data not shown). Importantly, rats in all
conditions ate less of the same (devalued) than the different
(valued) food outcome during the consumption test
(Supplementary Fig. S1), which indicates that devaluation was
effective and CNO did not disrupt the ability to distinguish
between the sensory features of the 2 food outcomes.

Experiment 1b

Histology. Six rats were excluded because of unilateral infection
or misplacement of the injection. This yielded the following
group sizes: vehicle during training, n = 9 and CNO during
training, n = 11. A representation of the largest and smallest
viral expression is shown in Figure 1C.

Instrumental Training. As shown in Figure 2B (left panel), lever
pressing performance increased across training days (Fi1s =
260.86, P < 0.001) and did not differ between groups (Fy,:5 = 0.21,
P = 0.65). No significant interaction was detected (F;,5 = 1.94,
P =0.18).
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Outcome Devaluation Test. Figure 2B (right panel) shows the
results of the outcome devaluation test. It appears that we rep-
licated the results of the previous experiment; selective out-
come devaluation was only attenuated when CNO was given
during test. A mixed-model ANOVA found a significant effect of
devaluation (Fq15 = 6.9, P = 0.02) but not test treatment (F 15 <
0.00, P > 0.9) and no significant effect of training group (F11s =
0.64, P = 0.44). There was a marginal significant interaction
between devaluation and test treatment (F; .5 = 3.3, P = 0.09).
Post hoc analyses indicated that rats receiving vehicle at test
tended to respond more for the valued than the devalued out-
come (Fy18 = 5.23, P = 0.04 and F; 43 = 4.0, P = 0.06 for groups
—/— and +/-, respectively) but rats given CNO during test
pressed similarly on both levers (F;,3 = 1.17, P = 0.29 and F; 15 =
0.39, P = 0.54 for groups —/+ and +/+, respectively). The amount
of the outcome consumed during the devaluation period did not
differ between groups (F11s < 2.07, P values > 0.17; data not
shown). Again, all groups ate less of the devalued than the val-
ued food outcome during the consumption test (Figure S1).
Taken together, the results of Experiments 1a and 1b reveal that
IC is not required for the acquisition of specific A-O associations
but is necessary to retrieve outcome representation to guide choice.

vIOFC Tracks Current A-O Associations

As before, in Experiment 2a we used an instrumental pretrain-
ing phase whereas in Experiment 2b the pretraining phase was
removed such that rats were not required to update the A-O
associations.

Experiment 2a

Histology. Figure 3A shows a representative image of viral
expression in vIOFC and a schematic of the largest and smallest
expression is shown in Figure 3B. Seven rats were excluded
because of unilateral infection or misplacement of the injec-
tion. This yielded the following group sizes: vehicle during
training, n = 8 and CNO during training, n = 9.

Instrumental Training. Figure 4A (left panel) shows that lever
pressing performance increased across pretraining (Fy 15 = 156.35,
P < 0.001) and did not differ between groups (Fi1s = 0.01, P =
0.92). No interaction was detected (Fii5 = 0.42, P = 0.53).
Responding also increased across outcome-specific instrumental
training (Fy15 = 260.29, P < 0.001), and there was no significant
difference between vehicle- and CNO-treated rats (F1;5 = 0.03,
P = 0.87) or a significant interaction (F15 = 1.49, P = 0.24).
Therefore, vIOFC inhibition did not interfere with the ability of
rats to perform the instrumental response.

Outcome Devaluation Test. Figure 4A (right panel) also shows the
results of the outcome devaluation test. Selective outcome deval-
uation was disrupted when CNO was administered during train-
ing or during test. We found a significant effect of devaluation
(F1,15 = 6.8, P = 0.02) but not test treatment (Fy;5 = 2.49, P = 0.14)
and no significant effect of training group (F1,15 = 2.65, P = 0.12).
There was a trend towards a significant interaction between
devaluation and test treatment (F; 15 = 3.33, P = 0.09). Post hoc
analyses indicated that rats pressed more for the valued out-
come only when vehicle was given both during training and
test (i.e., group —/—; F115 = 6.19, P = 0.03). When CNO was given
during training, test, or both, rats pressed similarly on the
levers (F115 < 0.98, P > 0.34). The amount of the outcome con-
sumed during the devaluation period did not differ between

Figure 3. (A) Representative photomicrograph illustrating the placement of
bilateral AAV8-CaMKII-hM4Di-mCherry injections in orbitofrontal cortex. Scale
bar: 1mm. Atlas superimposed in white outlines from Paxinos and Watson
(seventh edition). Inset: magnification of the area of interest, transfected neu-
rons appear in red. Cl: claustrum, LO: lateral orbital cortex, VO: ventral orbital
cortex. (B, C) Schematics adapted from Paxinos and Watson (seventh edition)
showing the largest (grey) and smallest (black) viral infection for rats included
in Experiment 2a (B) and 2b (C). No viral expression was observed in the medial
OFC and limited expression was present in the anterior insular cortex.

groups (largest F; 45 = 0.69, P = 0.42; data not shown) and all
groups consumed less of the devalued than the valued food
outcome during the consumption test (Figure S1).

Experiment 2b

Histology. Three rats were excluded due to unilateral virus
infections. This yielded the following group sizes: vehicle dur-
ing training, n = 10 and CNO during training, n = 11. A represen-
tation of the largest and smallest viral expression is shown in
Figure 3C.

Outcome-Specific Instrumental Training. As illustrated in Figure 4B
(left panel), lever pressing performance increased across train-
ing (F110 = 271.62, P < 0.001) and did not differ between groups
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Figure 4. vIOFC tracks current action-outcome associations. (A) Experiment 2a. Left, rate of lever pressing (average +SEM) across pretraining and outcome-specific
training averaged across the 2 levers. Rats were injected with either vehicle (white squares) or CNO (black squares) on Days 10-12. Right, average (+SEM) lever presses
per minute during the outcome devaluation test. Groups are labeled according to their treatment during training and test, respectively. —: Vehicle injection, +: CNO
injection. Groups that received CNO during training are shown in the darker bars. (B) Experiment 2b. Left, rate of lever pressing (average +SEM) across training aver-
aged across the 2 levers. Rats were injected with either vehicle (white squares) or CNO (black squares) on Days 1-12. Right, average (+SEM) lever presses per minute

during the outcome devaluation test. *Statistically significant difference.

(F110 = 0.02, P = 0.89). No significant interaction was detected
(Fr10=0.13, P = 0.72).

Outcome Devaluation Test. Figure 4B (right panel) also shows the
results of the outcome devaluation test. Inspection of the figure
indicates that we did not replicate the results of Experiment 2a;
all groups showed selective outcome devaluation, pressing
more for the valued than devalued outcome. Indeed, a mixed-
model ANOVA found a significant within-subjects effect of
devaluation (Fy19 = 49.79, P < 0.001) but not test treatment (Fy,10 =
2.24, P = 0.15) and no significant effect of training group (F1,10 =
0.67, P = 0.42). No significant interactions were detected between
the 3 factors (Fy19 < 0.99, P > 0.34). The amount of the outcome
consumed during the devaluation period did not differ between
groups (F1,10 < 1.08, P > 0.32) and rats in all conditions ate less
of the devalued than the valued food outcome during the con-
sumption test (Figure S1).

Reversal Training. Given that we failed to replicate the results of
Experiment 2a, we hypothesized that vIOFC could be responsi-
ble for updating changes in instrumental contingencies. We
directly tested this prediction by evaluating the ability of these
same rats to learn reversed instrumental contingencies and to
use this knowledge to guide action selection during vIOFC inhi-
bition. The same rats received 5 sessions of reversal training
(Fig. 5, left panel). Lever pressing during reversal training did
not differ between vehicle- and CNO-treated rats (F;19 = 0.36,
P = 0.56) and there was no significant effect of training day
(F1,10 = 0.26, P = 0.62) or group x training day interaction (Fy9 =
2.8,P=0.11).

Outcome Devaluation Test Following Reversal. Figure 5 (right panel)
shows the results of the reversal test. Inhibition of vIOFC during
training or during test impaired selective outcome devaluation
based on reversed instrumental contingencies. Statistical
analyses found no significant effect of training group (F119 =
0.1, P = 0.76) or devaluation (F; 19 = 2.26, P = 0.15) but there was
a significant effect of test treatment (F; 9 = 12.32, P = 0.002). A
significant interaction between lever and test treatment was
also detected (Fq,10 = 5.19, P = 0.03). Post hoc analyses indicated
that rats in the control condition (group —/-) responded more
for the valued than the devalued outcome (F; 19 = 5.2, P = 0.03).
However, rats injected with CNO during training, test or both
did not bias their choice towards the lever associated with the
valued outcome (F119 < 0.1, P > 0.5). The amount of the out-
come consumed during the devaluation period did not differ
between groups (largest F;q9 = 1.14, P = 0.3) and all groups
rejected the devalued food during the consumption test
(Figure S1).

Inhibitory DREADDs Suppressed the Activity
of Transfected Cortical Neurons

To validate our chemogenetic approach, we performed in vitro
whole-cell patch-clamp recordings in rats injected with AAV8-
CaMKII-hM4Di-mCherry in vIOFC. Nontransfected (No-hM4Di)
and transfected (hM4Di) cells, identified based on their epifluor-
escence, were recorded under current-clamp mode. Further
immunofluorescence was performed to reveal the co-
localization of mCherry-expressing and biocytin-filled neurons
(Fig. 6A). Current-voltage (IV) relations were conducted by
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Figure 5. vIOFC and reversal learning. Experiment 2b. Left, rate of lever pressing (average +SEM) across reversal training. Rats were injected with either vehicle (white
squares) or CNO (black squares) each day. Right, average (+SEM) lever presses per minute during the outcome devaluation test following reversal training. Devalued
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injecting incremental currents in the cells both pretreatment
and following 10 min CNO bath application (10 uM), and showed
higher membrane conductance and rheobase (supplemental
Figure S2) in transfected cells, consistent with the expected
opening of G protein-coupled inwardly rectifying potassium
channels (GIRKs) via the CNO-induced activation of hM4Di
receptors.

The dynamic changes in membrane potentials (Fig. 6B) and
firing rates (Fig. 6C) were also measured in transfected and non-
transfected cells with continuous recordings. As illustrated,
CNO application resulted in a marked membrane hyperpolari-
zation in hM4Di cells (from —68.7 + 8.2 to —73.8 + 8.8 mV, paired
t-test t; = 4.43, P = 0.003), but not in No-hM4Di cells (from -70.1 +
8.3 to —70.6 + 8.3mV, paired t-test tg = 0.65, P = 0.53), and the
hyperpolarization was significantly stronger in hM4Di cells
(group comparison: t;s = 3.49, P = 0.003). This effect was accom-
panied by a 60% reduction of the baseline firing rate in the trans-
fected cells (from 17.3 + 2.1 to 6.9 + 1.2 Hz, paired t-test t; = 5.37,
P = 0.001), whereas no significant change was found in No-hM4Di
cells (from 15.0 + 1.8 to 14.6 + 1.8 Hz, paired t-test t; = 0.75, P =
0.32, group comparison: t;s = 2.49, P = 0.025). This result is consis-
tent with a strong silencing of the excitatory neurons activity
(-10.5 + 1.4Hz for hM4Di cells vs. —-0.4 + 0.5Hz for No-hM4Di
cells, t;s = 4.35, P = 0.001) and was observed in most sampled
vIOFC transfected cells (7/8).

Discussion

The present results show that chemogenetic-induced inhibition
of IC impaired the performance but not acquisition of goal-
directed behavior. Importantly, the latter finding held true
regardless of whether the training protocol demanded an
updating of instrumental contingencies or not. We also uncov-
ered a novel role for OFC in goal-directed action. Rats with
vIOFC inhibition can initially learn and express A-O learning
but are impaired when the contingencies are altered. Our
electrophysiological results confirmed that CNO application
reduced activity by 60% in cortical neurons infected with the
inhibitory DREADD, in accordance with previous studies
(Bradfield et al. 2015).

Cortical Contributions to Goal-Directed Behavior

In a series of recent studies, we provided evidence that IC is
critical for the performance (Parkes and Balleine 2013; Parkes

et al. 2015), but not acquisition (Parkes et al. 2016a), of goal-
directed behavior. Here, we confirm these findings and show
that IC remains uninvolved in acquisition whether rats simply
learned to associate 2 actions with 2 different outcomes
(Fig. 2B) or were required to update previously established A-O
associations that had been acquired during a pretraining phase
(Fig. 2A). Our results are also consistent with a previous report
that IC lesions do not affect instrumental contingency degrada-
tion. Rats with IC lesions decrease their performance of an action
when the contingency between that action and its specific out-
come is weakened but continue to perform another action for
which the A-O contingency is intact (Balleine and Dickinson
2000). To achieve this, rats must have knowledge about the spe-
cific A-O associations. Together, these results show that compro-
mised IC function renders rats unable to select an action based
on the changing value of its consequences but does not affect
the ability to learn and update instrumental contingencies.

By contrast, evidence indicates that the PL region of mPFC is
necessary to learn and consolidate instrumental contingencies.
Sensitivity to outcome devaluation is abolished in rats with
pretraining lesions of PL (Corbit and Balleine 2003; Killcross and
Coutureau 2003) or when PL is inactivated during training but
not when it is inactivated during test (Tran-Tu-Yen et al. 2009).
Moreover, inhibition of mitogen-activated protein kinase/extra-
cellular signal-related kinase in the PL region immediately after
acquisition also impairs performance on a subsequent outcome
devaluation task (Hart and Balleine 2016). As such, the PL and IC
appear to play complementary roles in goal-directed actions; the
former being necessary for acquisition but not performance and
the latter for the performance but not the acquisition. At present,
there is no evidence, of which we are aware, that implicates IC or
PL in the incentive learning processes that occur during selective
satiation. Instead, this process appears to rely on subcortical
regions, namely the basolateral amygdala (Wassum et al. 2009;
West et al. 2012; Parkes and Balleine 2013).

The gustatory portion of IC has traditionally been investi-
gated for its role in taste processing (Yamamoto 1984; Maffei
et al. 2012; Bermudez-Rattoni 2014). As such, one might expect
that inhibition of IC immediately following satiation could
interfere with consolidation of this incentive learning. Similar
manipulations have indeed been shown to interfere with con-
solidation of conditioned taste aversion (Gutierrez et al. 1999;
Ferreira et al. 2002). However, we believe that this is unlikely
given that IC inhibition did not affect performance on the con-
sumption test of satiety-induced devaluation (supplemental
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Figure 6. Inhibitory DREADDs suppressed the activity of transfected vIOFC neurons. (A) Representative whole-cell current-clamp experiments performed on nontrans-
fected (No-hM4Di, left panel) and transfected neurons (hM4Di, right panel) for which current-voltage relation have been tested by applying incremental current
pulses (500 ms duration) prior (condition Pre, grey traces) and after 10 min CNO bath application (10 pM, condition CNO, black traces). Most depolarized voltage trace
in response to the highest current intensity appears above the other traces for clarity. Note the absence of action potentials and the lower membrane potential in
hM4Di neuron in presence of CNO. Dashed lines represent the membrane potential at holding current (invariant throughout protocol). Insets: immunofluorescent
labeling of transfected neurons (mCherry, red) and recorded neurons (biocytin, green). (B) Left, continuous whole-cell current-clamp recording showing the time
course of the membrane potential prior, during CNO bath application (shaded area), and during wash period for nontransfected (n = 9 No-hM4Di, open circles) and
transfected neurons (n = 8 hM4Di, black circles). Middle, individual membrane potential values for each sampled neurons during Pre and CNO conditions, average +
SEM represented in grey outlines. Right, average change in absolute membrane potential showing a significant hyperpolarization for hM4Di compared with nontrans-
fected neurons. (C) Left, continuous whole-cell current-clamp recording showing the time course of the firing rate, during CNO bath application (shaded area), and
during wash period for nontransfected (n = 9 No-hM4Di, open circles) and transfected neurons (n = 8 hM4Di, black circles). Values are expressed in percentage + SEM
of the baseline period. Middle, individual values of firing rate for each sampled neurons during Pre and CNO conditions, average + SEM represented in grey outlines.
Right, average change in absolute firing rate showing a significant decrease for hM4Di compared with nontransfected neurons. *Statistically significant difference.

Figure S1). Recent evidence has extended the role of IC from to stimuli predicting appetitive versus aversive tastes in a go/
taste encoding to encoding stimuli that predict taste or food no-go task (Samuelsen et al. 2012; Gardner and Fontanini 2014)
outcomes (Samuelsen et al. 2012; Tang et al. 2012; Gardner and and similar findings were also recently reported in mice
Fontanini 2014; Kusumoto-Yoshida et al. 2015). Fontanini and engaged in pavlovian conditioning (Kusumoto-Yoshida et al.

colleagues demonstrated that IC neurons differentially respond 2015). Given the present results, it appears that IC plays a
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general role in guiding behavior based on the current value of
expected food outcomes. This is likely achieved via projections
from IC to the ventral striatum (Parkes et al. 2015).

We observed a different pattern of results for vIOFC.
Specifically, inhibition of vIOFC disrupted selective outcome deval-
uation when a pretraining phase was included (Experiment 2a,
Fig. 4A) but this disruption was not observed when the pretrain-
ing phase was omitted (Experiment 2b, Fig. 4B). We hypothe-
sized that this discrepancy might be attributed to the change in
A-O associations that occurs when a pretraining phase is
included. To test this hypothesis, we assessed the impact of
vIOFC inhibition on reversal learning and showed that vIOFC
inhibition indeed impairs the ability of rats to learn and use
reversed instrumental contingencies (Experiment 2b, Fig. 5).

Importantly, goal-directed control was attenuated when
vIOFC was inhibited during training or during test following a
shift in A-O contingencies. Therefore, vIOFC is required to both
encode and recall the identity of the expected outcome, partic-
ularly when that identity has changed. This result highlights a
point of difference in the involvement of vIOFC and PL in goal-
directed behavior. PL plays a transient role; it is important for
early acquisition but not for long-term storage of the A-O con-
tingencies or for performance (Ostlund and Balleine 2005;
Tran-Tu-Yen et al. 2009). PL may therefore encode initial
contingency-related information (i.e, encoding the basic causal
relationships), which is subsequently stored in posterior dor-
somedial striatum (Hart and Balleine 2016). By contrast, vIOFC
encodes and stores representations of the specific features of
outcomes that are currently associated with responses (or sti-
muli) and permits the formation of distinct task states to repre-
sent updated A-O contingencies (Wilson et al. 2014).

Notably, the impairment we observed following reversal of
the instrumental associations was not due to perseveration on
the old contingencies and, therefore, goal-directed control may
have been restored with additional reversal training (Schoenbaum
et al. 2003). As such, vIOFC inhibition does not appear to induce
a general learning deficit but rather the inability to immediately
recognize changes in the predictive relationship between dis-
crete actions and their specific consequences due to interfer-
ence with the original contingencies (Gershman and Niv 2012;
Bradfield et al. 2013; Stalnaker et al. 2016). It should be noted
that the amount of outcome specific training differed across
experiments. Indeed, vIOFC inhibition produced a deficit in out-
come specific devaluation when the number of specific training
sessions was reduced. Perhaps we would not have observed
impaired goal-directed control if the number of training ses-
sions was increased. However, others have reported that,
regardless of amount of training or levels of difficulty during
training, OFC lesions leave acquisition of odor-outcome asso-
ciations intact but impair reversal learning (Kim and Ragozzino
2005).

Our results are consistent with previous reports that lesions
of lateral or ventrolateral OFC leave instrumental outcome spe-
cific devaluation intact when the A-O contingencies remain
stable (Ostlund and Balleine 2007a, 2007b; Balleine et al. 2011).
However, conflicting results have recently been reported in
both rodents and primates (Gremel and Costa 2013; Rhodes
and Murray 2013; Gremel et al. 2016; Fiuzat et al. 2017,
Zimmermann et al. 2017) although, it should be noted that
there is some concern as to whether rodent OFC (composed
exclusively of agranular cortical areas) is homologous to the
larger, granular primate OFC (Preuss 1995). Nevertheless,
impaired instrumental outcome specific devaluation has been
observed in both mice with compromised function of ventral

and lateral OFC (Gremel and Costa 2013) and rhesus monkeys
with lesions of the entire OFC, including areas 11, 13, and 14
(Rhodes and Murray 2013; Fiuzat et al. 2017). Importantly, these
studies included a substantial pavlovian component; the for-
mer using contextual cues to modulate responding and the lat-
ter primate studies required pavlovian pretraining, which
makes the influence of discrete stimuli difficult to ascertain.
Indeed, current opinion largely insists that vIOFC is required
for stimulus- (Gallagher et al. 1999; Pickens et al. 2003, 2005;
Izquierdo and Murray 2004, 2010; Izquierdo et al. 2004
Machado and Bachevalier 2007; Ostlund and Balleine 2007b;
West et al. 2011) but not action-guided behavior (Ostlund and
Balleine 2007a, 2007b; Rudebeck et al. 2008; Balleine et al. 2011;
Luk and Wallis 2013). Moreover, it was recently proposed that it
is the medial region of OFC, not vIOFC, which regulates instru-
mental actions (Bradfield et al. 2015; Gourley et al. 2016).

An Inclusive Role for vIOFC in Adaptive Behavior

By contrast, our results suggest a general role for vIOFC when
expectations are violated, regardless of the nature of the task.
This is consistent with the view that behaviors relying on the
explicit use of learned associations may be OFC-independent
(Schoenbaum and Roesch 2005). Indeed, vIOFC is required for
other tasks that generate ambiguity, including pavlovian rever-
sal learning (Jones and Mishkin 1972; Dias et al. 1997,
Schoenbaum et al. 2002; Chudasama and Robbins 2003;
Rudebeck and Murray 2008), contingency degradation (Ostlund
and Balleine 2007b; Alcaraz et al. 2015) and choice behavior
guided by learned taste aversion (Ramirez-Lugo et al. 2016).
However, it must be noted that vlIOFC inhibition causes a deficit
in pavlovian devaluation tasks even when the stimulus-
outcome contingencies remain unchanged (Pickens et al. 2003,
2005; Izquierdo and Murray 2004; Izquierdo et al. 2004). The rea-
son for this distinction is not immediately clear but perhaps
the pavlovian tasks somehow evoke a greater sense of ambigu-
ity; for example, via stimulus generalization.

It has been proposed that OFC (particularly the lateral
region) is critical for forming and recognizing task states; repre-
sentations of current task conditions and beliefs (Wilson et al.
2014). Notably, OFC is especially implicated when task states
change without explicit notice (Wilson et al. 2014), as is the
case in the present study. Here, inhibition of vIOFC may result
in the encoding (inhibition during training) or retrieval (inhibi-
tion during test) of a weaker representation of outcome fea-
tures that, in turn, render the rats unable to form a distinct
task state to represent the new A-O contingencies. This failure
to form different states may explain why we sometimes
observed a general rather than outcome specific devaluation
effect. Importantly, the vast majority of the evidence support-
ing the “state theory” is derived from behavioral tasks with sig-
nificant pavlovian components. Here, we show that vIOFC
tracks current states regardless of the underlying associative
structure of the task.

Neural Circuitry of Goal-Directed Behavior

We have demonstrated distinct roles of rodent IC and vIOFC in
goal-directed behavior. How different regions of the cortex
might interact to support this behavior is currently unknown.
The mPFC is reciprocally connected to both vIOFC (Vertes 2004;
Hoover and Vertes 2011) and IC (Conde et al. 1995; Shi and
Cassell 1998; Gabbott et al. 2003) but it remains to be deter-
mined if these areas communicate directly, or indirectly via
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transthalamic routes (Sherman 2016), to regulate action selec-
tion. Moreover, given the strong intrainsular connections
(Fujita et al. 2010) and the direct reciprocal projections between
OFC and IC (Shi and Cassell 1998; Fujita et al. 2010; Hoover and
Vertes 2011), it is worthwhile to consider that communication
between vIOFC and IC is required for integrating current A-O
contingencies with goal value to guide adaptive behavior.
Additional research is also required to determine how insu-
lar and orbitofrontal cortices make contact with the broader
neural circuity supporting goal-directed behavior. Previous evi-
dence suggests that action-guided choice may rely on commu-
nication between BLA and IC (Parkes and Balleine 2013) as well
as between BLA and OFC (Zeeb and Winstanley 2013).
Moreover, pavlovian tasks indicate that BLA and vIOFC function
in cooperation to track expected rewards (Schoenbaum et al.
2003; Saddoris et al. 2005; Hampton et al. 2007; Rudebeck et al.
2013; Lucantonio et al. 2015). Given BLA’s role in updating and
encoding changes in outcome value during satiation (West
et al. 2012; Parkes and Balleine 2013), further investigation on
the direct involvement of BLA-IC and BLA-vIOFC connections
in goal-directed action would be highly beneficial to our current
understanding of the neural circuit mediating choice.

Conclusion

Our results challenge the notion that the involvement of vIOFC
in outcome processing is restricted to stimulus-guided behav-
ior. We provide clear evidence that vIOFC is recruited to learn
and use A-O associations whereas IC plays a more general role
in the retrieval of outcome value to guide choice behavior,
regardless of contingency changes. These findings not only
increase our understanding of the cortical bases of goal-
directed action but will also reinforce and advance current the-
ories on the function of OFC in decision making.
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Supplementary material is available at Cerebral Cortex online.
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