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ABSTRACT
BACKGROUND: A common symptom of obsessive-compulsive disorder is the persistent avoidance of cues
incorrectly associated with negative outcomes. This maladaptation becomes increasingly evident as subjects fail
to respond to extinction-based treatments such as exposure-with-response prevention therapy. While previous
studies have highlighted the role of the insular-orbital cortex in fine-tuning avoidance-based decisions, little is
known about the projections from this area that might modulate compulsive-like avoidance.
METHODS: Here, we used anatomical tract-tracing, single-unit recording, and optogenetics to characterize the
projections from the insular-orbital cortex. To model exposure-with-response prevention and persistent avoidance
in rats, we used the platform-mediated avoidance task followed by extinction-with-response prevention training.
RESULTS: Using tract-tracing and unit recording, we found that projections from the agranular insular/lateral orbital
(AI/LO) cortex to the prefrontal cortex predominantly target the rostral portion of the prelimbic (rPL) cortex and excite
rPL neurons. Photoinhibiting this projection induced persistent avoidance after extinction-with-response prevention
training, an effect that was still present 1 week later. Consistent with this, photoexcitation of this projection prevented
persistent avoidance in overtrained rats. This projection to rPL appears to be key for AI/LO’s effects, considering that
there was no effect of photoinhibiting AI/LO projections to the ventral striatum or basolateral amygdala.
CONCLUSIONS: Our findings suggest that projections from the AI/LO to the rPL decreases the likelihood of
avoidance behavior following extinction. In humans, this connectivity may share some homology of projections from
lateral prefrontal cortices (i.e., ventrolateral prefrontal cortex, orbitofrontal cortex, and insula) to other prefrontal areas
and the anterior cingulate cortex, suggesting that reduced activity in these pathways may contribute to obsessive-
compulsive disorder.

https://doi.org/10.1016/j.biopsych.2022.02.008
Obsessive-compulsive disorder (OCD) is commonly charac-
terized by persistent recurrence of avoidance responses and
excessive searching for safety, which provides temporary relief
that perpetuates the obsessive-compulsive cycle (1–5). This
maladaptation is particularly evident in patients with OCD who
display deficits in decision making and fail to respond to
extinction-based treatments such as exposure-with-response
prevention (ERP) therapy (6–9). The ability of extinction
learning to restore decision-making processes and suppress
avoidance responses is critical for breaking the OCD cycle
(10,11). Although previous studies have highlighted the role of
the insular/orbital cortex in fine-tuning avoidance-based de-
cisions in animals (12–16) and humans (including patients with
OCD) (17–20), little is known about the influence of the insular/
orbital cortex on prefrontal and limbic areas that modulate
persistent avoidance.

Using platform-mediated avoidance (PMA) conditioning (21)
followed by extinction-with-response prevention (Ext-RP)
N: 0006-3223
training (12), we previously observed that overcoming persis-
tent avoidance was correlated with increased activity of neu-
rons in the agranular insular/lateral orbital (AI/LO) area and
prelimbic (PL) prefrontal cortex (PFC) (22). Furthermore,
avoidance responses in this task were correlated with inhibi-
tory responses in rostral PL (rPL) but not in caudal PL (cPL)
neurons (23), suggesting that AI/LO inputs might reduce
persistent avoidance by activating rPL neurons. Consistent
with this, pharmacological inactivation of the AI/LO induces
persistent avoidance following Ext-RP (12). However, little is
known about the role of specific projections of the AI/LO in
persistent avoidance.

The PL cortex is necessary for the expression of PMA
(21,23), and the AI/LO projects to the PL cortex (16,24–26).
Studies across species highlight projections from the lateral
prefrontal and insular cortices to the anterior cingulate cortex
(ACC) (PL homolog) as part of the salience network (27–29),
with the rostral ACC linked to cognitive control (i.e., choice
ª 2022 Society of Biological Psychiatry. 1
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action) and the caudal ACC linked to action execution (i.e.,
motor reaction) (30). However, in rodents, the rostrocaudal
boundaries of AI/LO projections within the PL and cingulate
(Cg) cortices and the role of those projections in avoidance-
based decisions is not known. Here, we used tract-tracing to
characterize the rostrocaudal extent of AI/LO projections to the
PL and Cg cortices. To determine the role of these projections
in avoidance decisions, we used optogenetic manipulations of
AI/LO outputs following the Ext-RP task. Understanding
cortical circuits that modulate avoidance-based decisions
might reveal innovative clinical targets for reducing compul-
sions in OCD.

METHODS AND MATERIALS

See the Supplement for the full methodological descriptions.

Subjects and Bar Press Training

Adult male Sprague Dawley rats (Envigo Laboratories) were
restricted to 18 g/day of laboratory chow and trained to press
a bar for sucrose pellets on a variable interval schedule-30
seconds. All procedures were approved by the Institutional
Animal Care and Use Committee of the University of Puerto
Rico School of Medicine and the Association for Assessment
and Accreditation of Laboratory Animal Care.

Surgery

Rats were anesthetized with isoflurane gas and positioned in a
stereotaxic frame. For anterograde tracing, rats were unilater-
ally infused in the AI/LO area (13.24 mm anterior-posterior
[AP]; 63.15 mm medial-lateral [ML]; 26.00 mm dorsal-ventral
[DV]) (31) with an anterograde virus (see below). For retro-
grade tracing, cholera toxin B (CTB) was unilaterally infused in
the rPL (14.40 mm AP; 60.61 mm ML; 23.65 mm DV) or cPL
(12.76 mm AP; 60.61 mm ML; 23.92 mm DV).

For optrode experiments, rats were bilaterally infused with a
viral vector (archaerhodopsin [ArchT]) in the AI/LO area (13.24
mm AP; 63.15 mm ML; 26.00 mm DV). Rats were given 8 to
12 weeks for the viral expression before the optrode implan-
tation and recordings in the rPL.

For optogenetic experiments, rats were bilaterally infused
with viral vectors (halorhodopsin [eNpHR] or channelrhodopsin-
2 [ChR2]) in the AI/LO area (13.24 mm AP; 63.15 mm
ML; 26.00 mm DV). Optical fibers (length: 4 mm rPL, 8 mm
ventral striatum [VS], 10 mm basolateral amygdala [BLA]; ob-
tained from Thorlabs or Newdoon) were implanted (bilaterally) in
the rPL, VS, or BLA for terminal illumination. The coordinates for
each region are as follows: rPL, 14.2 mm AP, 61.5 mm
ML, 23.4 mm DV, at a 15� angle; VS, 11.2 mm AP, 64.20/3.35
mm ML, 27.4 mm DV, at 20�/15� angles; and BLA, 22.76 mm
AP, 64.65 mm ML, 28.7 mm DV.

Tracer and Viruses

For anterograde tracing, an AAV5 (adeno-associated virus
serotype 5) targeting glutamatergic neurons (32–34) and
expressing EYFP (enhanced yellow fluorescent protein)
(AAV5:CaMKIIa::EYFP; 3 3 1012 particles/mL) (UNC [University
of North Carolina Vector Core]) was used for anterograde la-
beling in the rPL. While this serotype may display some retro-
grade properties (35), we did not see any sign of retrogradely
2 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
labeled cell bodies in our histological analyses (Figures 1 and 2;
Figure S1). For retrograde tracing, CTB (555 nm; ThermoFisher)
(36) was used for retrograde labeling in AI/LO cells.

For optogenetic and optrode experiments, AAV5 was used
(UNC). Viral titers were approximately 43 1012 particles/mL for
ChR2 (AAV5:CaMKIIa:hChR2(H134R)-EYFP), halorhodopsin
(AAV5:CaMKIIa:eNpHR3.0-EYFP), and ArchT (optrodes)
(AAV5:CaMKIIa:eArchT3.0-EYFP) and 3 3 1012 particles/mL
for EYFP controls (AAV5:CaMKIIa::EYFP). For the optrode
experiment, we used ArchT because we had some difficulty in
obtaining neuronal responses using eNpHR. Thus, we decided
to build on our previous experience using ArchT (23), which is
robust in inhibiting neuronal terminals (37,38), to interrogate
the role of AI/LO terminals inthe rPL. For the behavioral assays,
we continued using eNpHR because these experiments were
initiated long before recording experiments.

Tracing and Viral Labeling

Viral anterograde labeling of AI/LO terminals in the PL-Cg axis
was quantified as corrected total fluorescence (ImageJ; National
Institutes of Health). The coordinates for the PL-Cg axis range
from 14.68 to 12.28 AP, and those for the infusion site (AI/LO)
are 13.24 mm AP; 63.15 mm ML; and 26.00 mm DV (31).

CTB retrograde labeling in AI/LO area (14.20 to 12.76 AP)
from either rPL or cPL infusion was quantified as total number
of labeled cells (ImageJ). Rats showing correct infusion sites
within rPL (14.68 to 13.24 AP) or cPL boundaries (13.24
to 12.52 AP) were analyzed (31). Rats showing overlapping
CTB spread between infusion sites were excluded.

Behavior

PMA conditioning was performed as previously described
(21,22). Briefly, rats received nine tone–shock pairings each
day for 8 or 20 days. An acrylic square platform was placed in
the opposite corner of the sucrose-delivering bar to allow rats
to avoid the shocks. For photoinhibition experiments, on day 9
(conditioning test), rats were given two tones (trials) without
shocks where the first trial was under optogenetic manipula-
tion and the time spent on the platform was measured. On day
10 or day 21, rats received Ext-RP training (4 days), in which 15
tones without shocks were delivered per day (Pavlovian
extinction) while access to the platform was blocked with a
plexiglass barrier, as previously described (12,22).

Following Ext-RP training, the barrier was then removed to
assess extinction learning (post–Ext-RP). Similar to the con-
ditioning test, in the first post–Ext-RP test (test 1; day 14 or 25),
rats were given two tones (trials) without shocks where the first
trial was under optogenetic manipulation and the time spent on
the platform was measured. One week later (test 2), rats were
given a single tone (no laser and no barrier) to test for long-
term effects of optogenetic manipulation.

Laser Delivery

We used a diode pump solid state yellow laser (594 nm) for
eNpHR, a diode pump solid state green laser (532 nm) for
ArchT (recording experiment), and a diode pump solid state
blue laser (473 nm) for ChR2 from OptoEngin LLC (23,39–41).

The laser and the tone were simultaneously activated at the
first bar press after 3 minutes in the behavioral box and
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Figure 1. Anatomical tracing of AI/LO projections to the PL cortex. (A) Representative schematic and micrograph of the viral (AAV5:CaMKIIa:EYFP) infusion
in the AI/LO area. (B) Anterograde viral labeling in the rPL and cPL cortex. (C) Regression analysis showing a reduction in anterograde labeling from rostral to
caudal along the PL-Cg axis (n = 4). (D) Schematic showing the infusion of retrograde tracer (CTB) into rPL or cPL. (E) Micrographs showing representative
infusion sites in rPL or cPL (upper panel) and examples of retrogradely labeled neurons in the AI/LO (lower panel). (F) Infusion of tracer into the rPL resulted in
more labeled neurons in the AI/LO compared with infusions into the cPL. rPL: n = 6; cPL: n = 4. All data are shown as mean 6 SEM. *p , .05. AI/LO, agranular
insular/lateral orbital cortex; AP, anterior-posterior; Cc, corpus callosum; Cg, cingulate; cPL, caudal prelimbic; CTB, cholera toxin B; EYFP, enhanced yellow
fluorescent protein; IL, infralimbic cortex; MO, medial orbitofrontal cortex; PL, prelimbic; rPL, rostral PL.
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continued throughout the 30-second tone presentation. Laser
light was passed through a shutter/coupler (Oz Optics),
patchcord (ThorLabs), rotary joint (Doric Lenses), dual patch-
cord (ThorLabs), and bilateral optical fibers.

Optrode Recordings

Rats were anesthetized with urethane and mounted in a ste-
reotaxic frame. A movable optrode consisting of an optical fi-
ber surrounded by an array of 8 or 16 single-unit recording
wires (Neuro Biological Lab) was aimed at the rPL (14.2
to 13.3 mm AP; 60.6 mm ML; 23.5 to 24.5 mm DV). The
optrode was moved in steps of 0.03 mm. After isolating a
single unit (neurons in rPL; RASPUTIN; Plexon), a 532-nm laser
was activated for 10 seconds within a 20-second period at
least 10 times for AI/LO terminals expressing ArchT in the rPL.
Single units were recorded and stored for spike sorting (Offline
Sorter; Plexon) and spike-train analysis (Neuorexplorer; NEX
Technologies). Excitatory (above baseline) and inhibitory
(below baseline) responses were calculated by comparing the
average firing rate of each neuron during the last 5 seconds of
the laser OFF period (baseline) with the 10 seconds of laser ON
B

for rPL neurons (Mann-Whitney U test, 1-second bins). The
average firing rate of each cell before (prelaser/baseline; OFF)
and during the laser stimulation (ON) were also compared
(Wilcoxon signed-rank test, 1-second bins). The use of the last
5 seconds as baseline (prelaser) was used to avoid rebound-
related effects postlaser.

Open Field Task

At 24–48 hours after the last post–Ext-RP test (test 2), loco-
motor activity was assessed in EYFP-control and eNpHR or
ChR2 groups (see the Supplement).

Histology

Rats were deeply anesthetized and perfused. Brains were
removed and stored in cryoprotectant solution before
sectioning (see the Supplement).

Data Collection and Analysis

Behavioral data were acquired using the Any-Maze software
(Stoelting Co.). Statistical analyses included Student’s two-
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 3
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Figure 2. Photoinhibiting AI/LO projections to the
rPL cortex reduces firing rate of rPL neurons. (A)
Schematic and micrograph of viral (ArchT) infusion
into AI/LO and representative optrode placement in
the rPL cortex. (B) Raster and peristimulus time
histogram of a representative rPL neuron showing a
decrease in firing rate during laser illumination. (C)
Photoinhibition of AI/LO–rPL projections (in anes-
thetized rats) significantly reduced the firing rate of
41% of single rPL neurons recorded. (D) Average
firing rate before and during laser stimulation of
neurons showing a significant reduction in rate. (E)
Average firing rate of these neurons expressed as z
scores. Rats: n = 3; cells: n = 58 neurons. All data are
shown as mean 6 SEM. **p , .01. AI/LO, agranular
insular/lateral orbital; AP, anterior-posterior; ArchT,
archaerhodopsin; rPL, rostral PL.
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tailed t test, Mann-Whitney U test, Wilcoxon signed-rank test,
Pearson correlation, or two-way repeated-measures analyses
of variance followed by post hoc Bonferroni analysis. Sup-
pression of bar pressing was calculated as (pretone presses 2

tone presses)/(pretone presses 1 tone presses) 3 100. Data
are presented as mean 6 SEM, and statistical significance
was established as *p , .05 (Prism 6.0 software).

RESULTS

AI/LO Projections to the PL-Cg Axis Predominantly
Target the rPL Cortex

To delineate the anatomical projections from the AI/LO to the
rPL, cPL, and Cg, naïve rats were unilaterally infused with an
anterograde tracer (AAV5:CaMKIIa:eYFP) in the AI/LO
(Figure 1A). After 8 to 12 weeks, brains were collected to
corroborate the infusion site in the AI/LO and analyze antero-
grade labeling of fibers along the PL-Cg axis (Figure 1A, B).
Labeling of AI/LO fibers was significantly more abundant in the
rPL than in either the cPL or Cg (r = 20.58, p = .021)
(Figure 1C). To further corroborate these anterograde findings,
a separate cohort of naïve rats was unilaterally infused with a
retrograde tracer (CTB; 555) in either the rPL or cPL
(Figure 1D). Three weeks later, brains were analyzed for
retrogradely labeled neurons in the AI/LO (Figure 1E, upper and
lower panels). Consistent with the anterograde findings, infu-
sion of the retrograde tracer into the rPL resulted in signifi-
cantly more labeled neurons in the AI/LO than infusions into
the cPL (t9 = 2.33, p = .043) (Figure 1F).

AI/LO Projections to the rPL Cortex Are Excitatory

Previous work has shown that long-range projections from the
PL can be either excitatory or inhibitory (42). To determine the
effect of AI/LO projections on rPL firing rate, ArchT was infused
into the AI/LO area, and an optrode was implanted into the rPL
4 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
to record single neurons from anesthetized rats (Figure 2A;
Figure S1A). Photoinhibition of AI/LO terminals in the rPL
decreased the spontaneous firing rate of rPL neurons (24 of 58
neurons; Mann-Whitney and Wilcoxon signed-ranks test
paring prelaser vs. laser activity of each unit using 1-second
time bins, all p values , .05) (Figure 2B–E). There was only
one neuron (1 of 58 neurons) showing significant increases in
rate following photoinhibition, suggesting that AI/LO pro-
jections to the rPL are largely excitatory.

Photoinhibition of AI/LO Projections to the rPL
Induces Persistent Avoidance

To determine the role of excitatory projections from the AI/LO
to the rPL in modulating avoidance-based decisions, we
optogenetically probed this pathway using either photo-
inhibition or photoexcitation (Figure 3A). Following viral in-
fusions in the AI/LO and implantation of optic probes in the rPL
(Figure S1B, C), rats were trained in PMA for 8 days. Photo-
inhibition was first applied shortly after conditioning to inter-
rogate the role of AI/LO projections on avoidance expression
(day 9; only for the photoinhibition experiments). This was
followed by 4 days (days 10–13) of Ext-RP in which extinction
trials were given while the platform was blocked with a plex-
iglass barrier to prevent avoidance behavior (12,22). Opto-
genetic manipulations were again applied for photoinhibition
experiments (and for the first time in the photoexcitation
experiment; see below) at the post–Ext-RP test to interrogate
the role of AI/LO projections during the decision time point
following barrier removal.

After 8 days of avoidance conditioning, photoinhibition of
the AI/LO projections to the rPL had no effect on the expres-
sion of avoidance as compared with EYFP controls (day 9;
F1,26 = 0.26, p = .613; tone 1/laser ON, p. .99 and tone 2/laser
OFF, p . .99) (Figure 3C). Ext-RP was then performed for 4
days with the barrier inserted, where no significant differences

http://www.sobp.org/journal
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were observed (Figure 3D; Figure S3B and Figure/Table S6,
upper table). When the barrier was removed (test 1), photo-
inhibition of AI/LO projections to the rPL induced persistent
avoidance, an effect that was maintained on the following trial
with the laser OFF (F1,26 = 13.79, p = .001; tone 1/laser ON, p =
.036, tone 2/laser OFF, p = .005) (Figure 3E; Figure S2 and
Supplemental Video S1). Avoidance remained elevated in this
group 7 days later in the absence of photoinhibition (test 2,
laser OFF: t16 = 3.32, p = .003) (Figure 3F). Photoinhibition had
no significant effect on freezing or bar pressing during the
postconditioning test or the post–Ext-RP test (Figure S3B and
Figure/Table S6, upper table). Similarly, photoinhibition of this
B

pathway had no effect on locomotion in an open field (all p
values . .05) (Figure S5B and Figure/Table S6, upper table).
Photoinhibition has been associated with postlaser rebound
effects (37,38); however, there were no significant differences
in our behavioral metrics between tone 1 and tone 2 (pretone 2)
(Figure/Table S6, upper table).
Photoexcitation of AI/LO Projections to the rPL
Cortex Prevents Persistent Avoidance

After inducing persistent avoidance with photoinhibition of
AI/LO–rPL projection, we next asked if photoexcitation of this
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 5
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projection would have the opposite effect (Figure 3G–K;
Figure S1C). For this experiment, rats were overtrained on
PMA (for 20 days instead of 8 days). We recently reported that
overtraining increases the likelihood of persistent avoidance
following Ext-RP, an effect that was accompanied by reduced
activity (c-Fos) in AI/LO and PL areas (22). Because photo-
inhibition did not show any significant effects at the post-
conditioning time point, and to avoid affecting behavior at
subsequent time points, we chose to initiate ChR2 excitation
only during test 1 to reliably test the prediction from photo-
inhibition that activity in this pathway reduces avoidance
following Ext-RP.

In contrast to the effects of photoinhibition, photoexcitation
of this circuit reduced avoidance at test, thereby preventing the
effects of overtraining (test 1, F1,14 = 7.423, p = .016; tone 1/
laser ON, p = .021, tone 2/laser OFF, p = .086) (Figure 3J;
Figure S2 and Supplemental Video S2). Indeed, photoexcita-
tion of Al/LO–rPL projections in rats trained for 20 days
reduced the time spent on the platform to levels observed in
EYFP-control rats that were trained for 8 days (23.6% vs.
23.2%). A significant reduction in persistent avoidance was no
longer observed when rats were tested 1 week later in the
absence of photostimulation (test 2/1 W: t14 = 0.902, p = .381)
(Figure 3K).

Additional behavioral analyses revealed no significant ef-
fects of photoexcitation on freezing during the post–Ext-RP
tests (all p values . .05) (Figure S3B and Figure/Table S6,
lower table). However, photoexcitation induced a trend toward
reduced suppression of bar pressing (Figure S3C and Figure/
Table S6, lower table), which was accompanied by a signifi-
cant reduction in avoidance during post–Ext-RP test 1 (laser
ON) (Figure 3J), consistent with reduced fear. In the open field,
photoexcitation induced a significant reduction in total dis-
tance traveled (locomotion) (Figure S5C and Figure/Table S6,
lower table). However, during test 1, when photoexcitation
decreased avoidance behavior, there was no significant dif-
ference in locomotion between groups (EYFP-control: 0.10 m
6 0.02; EYFP-ChR2: 0.15 m 6 0.07; t14 = 0.58, p = .56). No
immediate poststimulation effects were observed during the
intertone interval (pretone 2) (Figure/Table S6, lower table).
Photoinhibition of AI/LO Projections to the VS and
BLA Had No Effect on Avoidance

The VS and BLA are critical for both the expression and
extinction of avoidance behaviors (21,43–47), and these areas
receive dense projections from the AI/LO (16,48–50). We
therefore used the same optogenetic methods to interrogate
AI/LO projections to these areas (Figure 4A). Following an
infusion of halorhodopsin in the AI/LO area and implantation of
optic probes in either the VS or BLA (Figure 4B, G; Figure S1D,
E), rats received avoidance conditioning across 8 days fol-
lowed by optogenetic manipulations during the post-
conditioning and post–Ext-RP tests (Figure 4C–E, H–J).
Photoinhibiting AI/LO projections to the VS had no effect on
avoidance expression (F1,25 = 0.935, p = .342, tone 1/laser ON,
p . .99, tone 2/laser OFF, p = .413) (Figure 4C) or during post–
Ext-RP test 1 (test 1, F1,25 = 0.11, p = .742) or test 2 (t25 =
0.827, p = .213) (Figure 4E).
6 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
As for the AI/LO–BLA projection, there was no effect of
photoinhibition on avoidance expression (F1,21 = 0.552, p =
.465, tone 1/laser ON, p = .720, tone 2/laser OFF, p . .999)
(Figure 4G) or during post–Ext-RP test 1 (test 1, F1,21 = 3.087,
p = .093) or test 2/1 W (t21 = 1.466, p = .157) (Figure 4J). The
lack of optogenetic effects on these two AI/LO projections
highlights the rPL as a pivotal node in the AI/LO regulation of
avoidance-based decisions.

There was also no effect of photoinhibition of AI/LO pro-
jections to the VS or BLA on freezing (Figure S4). However, a
significant increase in suppression for bar pressing was
observed during tone 2 (laser OFF) after inhibition of the AI/LO–

BLA projection (Figure S4C and Figure/Table S7, lower table).
Because this effect was not apparent in tone 1 (laser ON), this
effect may be attributable to rebound excitation. Consistent
with this, an increase in avoidance behavior was observed
during the intertone interval (pretone 2) (Figure/Table S7, lower
table). No postlaser effects were observed with the AI/LO–VS
projection. Furthermore, there was no effect of photo-
inhibition of either projection on locomotion on the open field
test (all p values . .05) (Figure S5D, E and Figure/Table S7).
DISCUSSION

Using a rodent model of ERP for avoidance-like OCD behav-
iors, we demonstrated that persistent avoidance is prevented
by activity within AI/LO inputs to the PL cortex. We observed
that the AI/LO predominantly targets the rPL via an excitatory
pathway. Optogenetic manipulations revealed that activation
of AI/LO inputs to the rPL is necessary for reducing persistent
avoidance following Ext-RP. Combined, these findings
demonstrate a novel circuit gating maladaptive avoidance
behavior at a key decision point following extinction training.
We further suggest that activity within this projection reduces
the tendency to avoid when an animal is challenged by envi-
ronmental cues.

Prior anatomical studies of the rodent frontal cortex have
mostly focused on the medial FPC (51,52) with less emphasis
on the insular/orbital circuits. Here, we found that AI/LO pro-
jections displayed a rostrocaudal gradient within the PL-Cg
axis, with rPL being the predominant target. A similar finding
in rats can be seen from the data of Hoover and Vertes (24),
where infusion of retrograde tracers into the rPL labeled neu-
rons in the AI/LO and insular areas. In contrast, limited retro-
grade labeling was observed in the AI/LO after infusions in the
Cg or in the infralimbic cortex (24). Whereas the AI/LO sends
excitatory projections to prefrontal areas, it also receives in-
puts in a cell-specific manner from these same cortical regions
(25,53). Thus, reciprocal connections between the prefrontal
areas, which integrate salience signals to guide behavior (54),
may be responsible for fine-tuning approach and avoidance
decisions.

The AI/LO has been previously associated with decision
making and OCD-like behaviors. Inactivating the AI/LO
induced persistent pressing of a lever previously associated
with punishment (14) as well as persistent pressing of a
rewarding lever following devaluation (55). Similarly, in the
PMA task, pharmacological inactivation of the AI/LO induced
persistent avoidance (12), and rats showing low levels of
avoidance after Ext-RP showed increased activity in both the
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AI/LO and PL cortex (22). Photoactivation of AI/LO projections
to the striatum has been shown to suppress OCD-like behavior
in mice (i.e., excessive grooming) (40). Thus, there is a growing
body of evidence suggesting that AI/LO projections reduce
behaviors (appetitive or aversive) that are no longer appro-
priate. It should be noted that while most of the significant
effects of the AI/LO projections were related to avoidance,
some changes in the approach component (suppression, bar
pressing) were also observed. This provides valuable infor-
mation on how the AI/LO and its targets may impact the
approach/avoidance balance under conflict scenarios (56).

Active avoidance depends on excitatory inputs to the VS
from the BLA (43,57). In the PMA task, tone-signaled avoid-
ance behavior is associated with inhibitory responses in rPL
neurons (23), suggesting that a reduction in the firing rate of
rPL neurons may disinhibit downstream neurons in the VS to
B

drive avoidance. Indeed, photoexcitation of rPL projections to
the VS decreased avoidance in the PMA task (57). Consistent
with feed-forward inhibition of avoidance by the rPL, we
observed that optogenetic excitation of the AI/LO–rPL
pathway reduced avoidance following removal of the barrier.
These and the present findings suggest a model in which AI/
LO modulation of the VS (via rPL) gates inputs coming from
BLA, thereby preventing persistent avoidance at key decision
points (Figure 5) [see also (21,23,45,57)]. While we observed
some long-term plasticity effects of AI/LO–rPL photoinhibition
(tone 2 and test 2), it remains to be determined whether these
effects required co-presentation of the laser with tone 1 or
whether post-tone laser exposure would have yielded similar
effects.

In humans, hyperactivity in striatal, orbital, insular, and
prefrontal areas (i.e., ACC) has been associated with OCD
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 7
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(58–62). However, recent studies link hypoactivity of the most
lateral areas of the PFC (i.e., ventrolateral PFC [vlPFC] and
dorsolateral PFC), including the inferior frontal gyrus and
insula, to the OCD spectrum (20,63,64). A recent report
showed that persistent avoidance in OCD patients is associ-
ated with reduced activity in insular, inferior frontal gyrus
(including vlPFC), and orbital cortices, as well as deficits in the
devaluation of negative stimuli (20). Moreover, resting-state
functional magnetic resonance imaging analyses show
reduced activity in the vlPFC and reduced connectivity with
striatal areas in OCD (65,66). Subjects with OCD who were
predisposed to form habits displayed decreased inferior
frontal gyrus activity as well as negative coupling with the
striatum (67).

There is some controversy concerning the homologies of
areas comprising the PFC across species (i.e., humans,
nonhuman primates [NHPs] and rodents) (68). However, there
are anatomical and functional similarities that facilitate the
interpretation of our results. For example, the PL cortex in
rodents is broadly related to the ACC in humans and NHPs
(30,68–72). Still, it is more difficult to assign homology of the
rodent AI/LO to lateral prefrontal (i.e., vlPFC, orbitofrontal
cortex) and insular regions in humans/NHPs (68–70). While AI/
LO shares cytoarchitectonic similarity with the human/NHP
anterior insular cortex (73), no such similarity exists with the
lateral PFC. However, similarities in connectivity profiles have
been used to address possible homologies across species.
For example, similar profiles between the AI/LO and lateral
prefrontal/insular cortices with thalamic and limbic structures
are classically used to relate these regions to human areas
(16,30,68–71). There is strong connectivity between the vlPFC/
insula and ACC regions in both humans and NHPs (74,75). The
strength of this connection is also seen in rodents between the
AI/LO and PL cortex (16,25,53,54). Together, our findings with
the AI/LO–rPL circuit in rodents suggest that the human
insular-cingulate circuit might represent a new treatment target
for OCD.
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A common behavioral treatment for OCD is ERP (76,77),
which could be improved with adjunct medications and/or
brain stimulation (78). Our findings suggest that activating the
vlPFC and insular areas might improve clinical outcomes in
ERP. However, because we observed that the reduction in
persistent avoidance after photoexcitation of the AI/LO–rPL
projection waned over time, multiple stimulation sessions
might be necessary to obtain the desired clinical outcome (i.e.,
less avoidance). Repetitive transcranial magnetic stimulation
over the dorsolateral PFC/orbitofrontal cortex has been shown
to ameliorate OCD symptoms (79,80). Similar results with the
dorsolateral PFC have been observed with transcranial direct-
current stimulation (81–83); however, such techniques have
not yet targeted the insula or vlPFC for OCD. Our findings
suggest that potentiating excitatory transmission from insula/
vlPFC areas to rostral cingulate areas associated with cogni-
tive control (30) might reduce OCD compulsions.
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