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Cues in the environment signaling the absence of threat, i.e. safety, can influence both fear and reward-seeking behaviors. Heightened
and maladaptive fear is associated with reduced activity in the medial prefrontal cortex. We have previously shown in male rats that
the infralimbic (IL) prefrontal cortex is necessary for suppressing fear during a safety cue. The objective of the present study was to
determine if there was safety cue-specific neural activity within the IL using a Pavlovian conditioning paradigm, where a fear cue was
paired with shock, a safety cue was paired with no shock, and a reward cue was paired with sucrose. To investigate how safety cues
can suppress fear, the fear and safety cues were presented together as a compound fear + safety cue. Single-unit activity showed a
large proportion of neurons with excitatory responses to the fear + safety cue specifically, a separate group of neurons with excitatory
responses to both the reward and fear + safety cues, and bidirectional neurons with excitation to the fear + safety cue and inhibition
to the fear cue. Neural activity was also found to be negatively correlated with freezing during the fear + safety cue. Together, these
data implicate the IL in encoding specific aspects of conditioned inhibitors when fear is being actively suppressed.
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Introduction
Accurate discrimination among cues predicting threat, safety, or
reward appropriately guides motivated behaviors. Cues that were
associated with threat, or are reminders of the threat, may elicit
robust fear behaviors that persist maladaptively. Posttraumatic
stress disorder represents a condition in which maladaptive fear
persists through extinction (Morriss et al. 2015) and in response to
explicit safety cues (Jovanovic et al. 2010). Learned safety cues are
able to act as conditioned inhibitors such that, when presented in
compound with a learned threat cue, it can inhibit fear responding
(Bouton 2007; Christianson et al. 2012; Sangha et al. 2020). Thus,
fear extinction and safety conditioning represent 2 methods to
regulate learned fear.

Research on fear regulation has typically focused on a circuit
comprising the medial prefrontal cortex (mPFC), amygdala, and
hippocampus in both rodent and human studies (Sangha et al.
2020). Despite this translational relevance, the mechanisms of
regulating fear in safe conditions remain unclear and the neural
circuits continue to be mapped (Sangha et al. 2020). Reduced
activity in the mPFC has been associated with heightened fear
that is resistant to extinction in both humans and rodents
(reviewed in (Patel et al. 2012; Goode et al. 2018). In rodents, 2
subregions within the mPFC have been consistently linked with
fear behavior, the infralimbic (IL) and prelimbic (PL) prefrontal
cortical regions. More specifically, inactivation of the IL impairs
the consolidation and expression of fear extinction memories
(Laurent and Westbrook 2009; Sierra-Mercado et al. 2011; Sangha,
Robinson, et al. 2014; Bukalo et al. 2015). We have previously
shown that specifically inactivating the IL, and not the PL,
impaired the ability of male rats to suppress fear in the presence

of a learned safety cue (Sangha, Robinson, et al. 2014) using
a Pavlovian conditioning paradigm that we developed and
validated, which consisted of a fear cue associated with shock,
a safety cue with no shock, and a reward cue with sucrose. To
investigate how safety cues can suppress fear elicited by cues
associated with shock, we presented the fear and safety cues
together as a compound cue. Our previous studies (Sangha et al.
2013; Sangha, Greba, et al. 2014; Sangha, Robinson, et al. 2014;
Müller et al. 2018; Ng et al. 2018; Greiner et al. 2019; Woon et al.
2020) have shown male Long Evans rats readily learn to suppress
fear responding to a learned fear cue if in the presence of a
safety cue.

Despite the reduced fear levels in response to extinction and
conditioned inhibition, the mechanisms mediating each are not
the same. For example, we have recently shown that prior stress
impaired fear extinction to a much greater extent than condi-
tioned inhibition within the same animal, indicating that good
extinction learning and conditioned inhibition do not always
occur together (Woon et al. 2020). There have also been sugges-
tions that using safety cues during exposure therapy, i.e. extinc-
tion, could potentially enhance treatment outcomes in reducing
fear and anxiety (Odriozola and Gee 2021). Investigating explicit
safety cues in conjunction with fear cues offers some unique
advantages over typical fear extinction studies. The majority of
fear extinction studies use a single cue throughout where a cue is
first associated with threat and then later is no longer associated
with threat. These studies do not typically assess additional cues
in parallel, making it sometimes difficult to attribute how fear
may be differentially regulated to other cues in the environ-
ment. By presenting safety, fear and reward cues within the same
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sessions, we are better able to hone in on “discriminating” safety
from fear and reward. Moreover, how does the brain encode the
conflicting scenario of both a fear and safety cue presented at the
same time?

The objective of the present study was to determine if there was
safety cue-specific activity within the IL and how it may encode
the conflicting fear + safety compound cue. Electrophysiological
activity was collected in freely behaving rats as they were learning
about safety, fear, and reward cues. Overall, we observed a large
proportion of neurons with excitatory responses to the fear +
safety cue specifically, a separate group of neurons with excita-
tory responses to both the reward and fear + safety cues, and
bidirectional neurons with excitation to the fear + safety cue and
inhibition to the fear cue.

Materials and methods
Subjects
Fifteen male Long Evans rats (Blue Spruce; Envigo, Indianapolis)
weighing 300–350 g were single-housed under a 12-h light/dark
cycle (lights on 09:00) and were handled for 1 week before com-
mencing experiments. We have previously shown that female rats
did not show fear suppression during the safety cue (Greiner et al.
2019), thus it was not possible to utilize a mixed-sex design. Since
we have demonstrated the IL is necessary for fear suppression
during the safety cue in this paradigm in male rats (Sangha,
Robinson, et al. 2014), we elected to only include male subjects
in the current study. All procedures were performed during the
light cycle and were approved by the Purdue Animal Care and Use
Committee. Rats had ad libitum access to food and water up until
the first training session at which point they received 20–22 g of
food per day after their daily training session for the remainder of
the experiment.

Apparatus
The training chamber was a Med Associates Plexiglas box (28 cm
length × 21 cm width × 35 cm height) encased in an electrically
shielded sound-attenuating chamber (Med Associates, ST Albans,
VT). The 10% liquid sucrose (100 μL) was delivered through a
recessed port located in the center of 1 wall, containing an
infrared beam for detecting port entries and exits. There were
2 lights (28 V, 100 mA), 1 on each side of the port for delivering
the 20-s continuous light cue, and a house light (28 V, 100 mA)
located at the top of the wall opposite to the port for providing
constant background illumination. Next to the house light was
a “tweeter” speaker (ENV-224BM) for delivering auditory cues.
Footshocks were delivered through the grid floor by a constant
current aversive stimulator (ENV-414S). A side-view video camera
located on the door of the sound-attenuating chamber recorded
the rat’s behavior for offline video analyses.

Discriminative conditioning behavioral training
procedure
Three stimuli were used as cues: a 20-s continuous 3-kHz tone
(70 dB), a 20-s pulsing 11-kHz tone (200 ms on, 200 ms off; 70 dB),
and a 20-s continuous light (28 V, 100 mA). The 20-s continuous
3-kHz tone (70 dB) was reserved for the reward cue for all animals.
The remaining 2 cues were counterbalanced for fear and safety
cues between 2 groups of animals (n = 8 had the light as the safety
cue, n = 7 had the light as the fear cue).

Animals first received 5 sessions of reward training distributed
across 5 days (R1–R5). Each session consisted of 25 pairings (ITI,
90–130 s) of the reward cue with a 3-s delivery of 10% liquid

sucrose (100 μL pseudorandomly presented 10–20s after reward
cue onset) into a port. Animals then received 1 session of habit-
uation (HAB) training, which consisted of 25 trials of the reward
cue paired with liquid sucrose (100 μL pseudorandomly presented
10–20s after reward cue onset), 5 trials of the future fear cue pre-
sented alone, and 5 trials of the future safety cue presented alone
(ITI, 90–130 s). This HAB procedure has been used in this task to
reduce any baseline freezing that may be present to the novel
cues with the number of trials presented not being sufficient
to produce latent inhibition (Sangha et al. 2013). Animals then
received 4 sessions of discriminative conditioning (DC1–4) across
4 days; i.e. 1 session per day for 4 days. Each session consisted
of 15 trials of the reward cue paired with liquid sucrose (100 μL
pseudorandomly presented 10–20s after reward cue onset), 4 trials
of the fear cue paired with footshock (0.5 s, 0.45 mA at cue offset),
15 trials of the safety cue and fear cue presented concurrently
without footshock, and 10 trials of the safety cue presented alone
without footshock (44 trials total, ITI 100–140 s).

In vivo electrophysiology
All electrode arrays were composed of 50-μm stainless steel wires
in a 2-by-4 arrangement and were spaced 250 μm apart (Neuro-
Biological Laboratories, Dallas, TX). During surgery, 2 sets of elec-
trode arrays were implanted bilaterally to the IL (AP =+2.4 mm;
ML = +/−0.5 mm; DV = −3.9 mm; 8 wires per side), while the
rats were deeply anesthetized with isoflurane. The animals had
7–10 days of surgical recovery with ad libitum access to food and
water during recovery.

During training, the implanted electrode arrays were con-
nected to a suspended headstage cable. The recorded neural
activity passed through a headstage amplifier, a commutator, and
a programmable amplifier (Plexon, Dallas, TX) to be amplified and
filtered (0.4 and 5 kHz). Spike threshold was set to 2.5 standard
deviations (SDs) from the mean of peak amplitude distribution
that was customized to the individual channel before the start
of each session (Omniplex and PlexControl, Plexon). Isolation
of single-unit activity from background noise was performed
manually with an offline multichannel spike sorter (Offline
Sorter; Plexon) using peak amplitude, valley amplitude, and
principal component analysis on waveform shapes.

Histology
After recordings were completed, rats were deeply anesthetized
with sodium pentobarbital. A 15-s 20 μA current was passed
through each wire to mark each electrode tip. Rats were then
perfused with PBS and 10% formalin containing 3% potassium fer-
rocyanide. Brains were soaked in 30% sucrose-containing formalin
and were cryo-sectioned at 50 μm. Sections were stained with
cresyl violet and were examined under a light microscope to verify
placements. Each wire was then matched to its corresponding
track and lesion within the brain sections compared to the spatial
configuration of the electrode array and was matched to its
specific recording channel. Only wires confirmed to be in the IL
were included in the analyses (Fig. 1).

Experimental design and statistical analysis
Behavioral analyses
Fear behavior was assessed manually offline from videos by
measuring freezing, defined as complete immobility with the
exception of respiratory movement, which is an innate defensive
behavior (Blanchard and Blanchard 1969; Fendt and Fanselow
1999). The amount of time spent freezing within a 20-s interval
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Fig. 1. Locations of each electrode tip from 15 rats verified to be in the IL.

during cue presentation was quantified and expressed as percent-
ages. Reward behavior was assessed manually by quantifying the
amount of time the animals spent inside the port or having their
nose positioned at the port entrance and was expressed as per-
centages. The person performing the manual behavioral scoring
had a Pearson’s correlation of at least r = 0.8 with other scorers
in the same laboratory for freezing and reward behaviors. The
behavioral data were analyzed with 2-way repeated-measures
ANOVAs with post hoc Dunnett’s multiple comparisons in Graph-
Pad Prism. Freezing to the fear cue was compared (Dunnett’s)
to each other cue and reward-seeking to the reward cue was
compared (Dunnett’s) to each other cue.

Single-unit analyses
Single-unit signals were isolated using Plexon’s Offline Sorter,
and peri-event histograms were generated for each of the 4 cues;
10,000 round permutation analyses were used to compare within
each cue the averaged count per bin (50 ms/bin) during the 400-ms
precue baseline epoch against the 400-ms postcue onset epoch to
determine if there was a significant response to a given cue as we
have done previously (Sangha et al. 2013; Sangha 2015). Units were
categorized based on significant cue-related responses regardless
of the expressed behavior.

For each isolated neuron, firing frequency was then Z-scored
trial by trial by subtracting the averaged precue baseline across
400-ms bins spanning 2 s from the averaged spikes/s for each

400-ms bin and dividing by the SD across the 400-ms bins span-
ning the 2-s precue baseline. These values were then averaged
per 400-ms bin across trials for a given cue type for the 2 s
before and after cue onset. For each category identified, Z-scores
for each neuron were combined, followed by a 1-way ANOVA to
compare neural responding across cues during the 0–400 ms bin
after cue onset. Post hoc Tukey’s multiple comparisons test were
used where appropriate to determine which cues were signifi-
cantly different (P < 0.05). For the analysis of neural activity with
freezing behavior, we calculated Pearson correlations between the
Z-scored firing frequency during the 0–400-ms postcue onset with
the percentage time spent freezing across each 20-s FS cue in
DC4. This amounted to 15 trials and each trial was included in
the analyses as separate data points.

Results
All rats (n = 15) underwent surgical implantation of electrode
arrays into the IL before any behavioral training. Only rats with
verified wire placements in the IL were included in this study; a
total of 209 single units were isolated from these wires (Fig. 1).
After surgical recovery, all rats received 5 sessions of reward
conditioning (reward cue + sucrose), 1 HAB session (reward cue
+ sucrose, fear cue alone, and safety cue alone), and 4 sessions of
DC (reward cue + sucrose, fear cue + shock, safety cue alone, and
fear + safety cue with no shock).
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Fig. 2. Safety-fear-reward discrimination. A) Averaged percentage of time spent freezing during each 20-s cue across the 4 DC sessions. Freezing to the
fear cue was significantly higher than all other cues beginning in DC2, indicating good discriminatory fear suppression behavior in the presence of
the safety cue. ∗∗P < 0.01, ∗∗∗∗P < 0.0001 compared to fear cue. B) Averaged percentage of time spent at the port during each 20-s cue across the 4 DC
sessions. Reward-seeking to the reward cue was significantly higher than all other cues for all 4 DC sessions, indicating good discriminatory reward-
seeking behavior. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 compared to reward cue. Open circles indicate animals trained with an auditory safety
cue (n = 7); closed circles indicate animals trained with a visual safety cue (n = 8). Means +/− SEM.

Similar learning rates to the auditory fear cue
and visual fear cue
To account for the potential differences in behavioral responding
to cue modality, half of the animals (n = 8) had a light as the
safety cue and a tone as the fear cue, while the other half of
animals (n = 7) were trained with the opposite cues (Fig. 2; open
vs. closed circles). A 2-way repeated-measures ANOVA was per-
formed to examine percent time freezing across all 16 fear trials
for the 2 counterbalanced conditions during the 4 DC sessions to
examine fear learning over time. There was no significant trial
by condition interaction (F(15, 195) = 1.50, P = 0.11), indicating
that the 2 counterbalanced groups learned to freeze to the fear
cue at a similar rate. A significant main effect of trial number
(F(6.10, 79.29) = 15.30, P < 0.0001) indicated that both conditions
showed an increase in freezing across fear trials. While there was
a significant main effect of condition (F(1, 13) = 5.97, P = 0.03), post
hoc analyses showed that there were no significant differences in
freezing between the 2 conditions for any given trial, indicating
that the 2 counterbalanced conditions had similar levels of freez-
ing to the fear cue overall. A 2-way repeated-measures ANOVA

was also performed to examine percent time freezing across all
60 fear + safety trials for the 2 counterbalanced conditions during
the 4 DC sessions to examine safety learning over time. There
was no significant trial by condition interaction (F(59, 767) = 0.85,
P = 0.78), indicating that both counterbalanced conditions learned
to suppress freezing at a similar rate. A significant main effect
of trial (F(9.09, 118.2) = 2.09, P = 0.04) indicated both counter-
balanced conditions showed changes in freezing across fear +
safety trials. A significant main effect of condition (F(1, 13 = 11.35,
P < 0.01) indicated that the animals assigned the light as the safety
cue showed an overall higher percent time freezing than animals
assigned the tone as the safety cue throughout fear + safety trials.
All data from the 2 counterbalanced conditions were combined
for subsequent analyses.

Behavioral discrimination among fear, safety,
and reward cues
A 2-way repeated-measures ANOVA was performed to examine
percent time freezing to the 4 cues (fear cue, fear + safety
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cue, safety cue, and reward cue) across the 4 DC sessions
(Fig. 2A). There was a significant cue by session interaction
(F(9,168) = 30.40, P < 0.0001) as well as main effects of cue
(F(3, 56) = 112.5, P < 0.0001) and session (F(2.77, 155.2) = 50.04,
P < 0.0001). Post hoc Dunnett’s multiple comparisons to the
fear cue showed that animals had significantly higher levels of
freezing to the fear cue than the reward cue and safety cue from
DC1 to DC4 (P < 0.05 to P < 0.0001), indicating that the animals
learned to freeze to the fear cue beginning at DC1. Animals had
significantly higher levels of freezing to the fear cue than the fear
+ safety cue from DC2 to DC4 (P < 0.05 to P < 0.0001), indicating
that the animals learned to suppress freezing to the fear + safety
cue beginning at DC2.

A 2-way repeated-measures ANOVA was performed to assess
the percent time spent at the port to the same 4 cues across
the same 4 DC sessions (Fig. 2B). There was no significant cue
by session interaction (F(9,168) = 1.36, P = 0.21) or main effect of
session (F(2.72, 152.5) = 0.14, P = 0.92). There was a significant
main effect of cue (F(3, 56) = 43.98, P < 0.0001) in which there
was more time spent at the port during the reward cue overall.
These data indicate that animals spent more time reward-seeking
during the reward cue beginning at DC1, which remained stable
throughout DC1–DC4.

Single units within the IL showed both
cue-specific and cue-overlapping responses
Across the 15 rats, a total of 209 single units were isolated across
both DC3 and DC4. Since these 209 units showed similar wave-
forms, firing frequency, and PCA of waveform shape across DC3
and DC4 within animal, we combined the trials from these 2
sessions for these 209 units to increase power for the number of
trials per cue type. Tracking the same units from DC1 all the way
to DC4 was not consistent, and thus we focused the following
analyses to DC3 and DC4. The median firing rate across a 2-
s precue baseline across all neurons was 9.53 Hz, with 1 unit
at a baseline of 47.64 Hz, and the remaining 208 units with a
baseline of <17 Hz, indicating a mix of neuron types. Of these
209 units, 46 single units did not show a significant response to
any of the cues presented (unresponsive), while the remaining
163 showed either a significant increase or decrease in firing rate
within the first 400 ms after cue onset to at least 1 cue type
(permutation test, P < 0.05; Fig. 3A). The majority, 57% (119 neu-
rons), showed a significant excitation to at least 1 cue, followed by
14% showing significant inhibition (30 neurons) and 7% showing
mixed excitation and inhibition responses depending on the cue
(14 neurons). Of the neurons showing a significant response, 64
were selective to 1 cue specifically (cue-specific neurons; Fig. 3B),
77 showed an overlapping response to >1 cue (cue-overlapping
neurons; Fig. 3C), and 8 showed bidirectional responses to the fear
+ safety cue and fear cue (bidirectional neurons; Fig. 3D). Across
all categories, the dominant response was excitation to the fear
+ safety (FS) cue, whether it was classified as cue-specific, cue-
overlapping, or bidirectional.

Cue-specific neurons in the IL
Separate groups of neurons showing a specific excitation or inhi-
bition to just 1 cue type were observed for all cue types (permuta-
tion test, P < 0.05; n = 64 neurons; Fig. 3B). The largest proportion
(41%) showed a specific excitation to just the fear + safety (FS) cue
and not the safety (S), fear (F), or reward (R) cues. The Z-scored
neural activity was combined for neurons for each subcategory
(Fig. 4) and is described in more detail below. For each subcategory,
a 1-way ANOVA was used to compare neural responding across

cues during the 0–400-ms bin after cue onset followed by post hoc
Tukey’s multiple comparisons tests to determine which cues were
significantly different (Table 1).

FS-specific neurons
Compared to other cue-specific categories, neurons showing an
excitation to the FS cue specifically made up the largest sub-
category (n = 26; Fig. 4A, left). Compared to the 400-ms precue
baseline, these neurons showed a significant increase in firing
rate in the 400-ms postcue to only the FS cue and not the S, F, or
R cues. Comparing across cues during the 400-ms postcue period,
the Z-scored neural activity was significantly higher during the
FS cue compared to all other cues (Table 1). In addition, there was
1 neuron that showed a FS-specific inhibition during the 400-ms
postcue (Fig. 4A, right).

S-specific neurons
For neurons classified as S-specific, there was either a significant
increase (n = 4; Fig. 4B, left) or decrease (n = 5; Fig. 4B, right) in
firing rate in the 400-ms postcue compared to the 400-ms precue
baseline to only the S cue and not the FS, F, or R cues. For
those showing increased firing, a 1-way ANOVA comparing the
Z-scored activity across cues was significant, but the post hoc
analyses yielded no significant differences between cues (Table 1).
For those showing a significant inhibition postcue, a 1-way ANOVA
across cues was significant, and post hoc analyses showed Z-
scored neural activity was significantly lower during the S cue
compared to the F cue but not other cues (Table 1).

F-specific neurons
Compared to the 400-ms precue baseline, these neurons showed a
significant increase (n = 8; Fig. 4C, left) or decrease (n = 9; Fig. 4C,
right) in firing rate in the 400-ms postcue to only the F cue and
not the FS, S, or R cues. For those showing excitation, the Z-scored
neural activity during the 400-ms postcue period was significantly
higher during the F cue compared to all other cues. Similarly,
the activity was significantly lower for those showing inhibition
during the F cue compared to all other cues (Table 1).

R-specific neurons
For neurons classified as R-specific, there was either a significant
increase (n = 6; Fig. 4D, left) or decrease (n = 5; Fig. 4D, right)
in firing rate in the 400-ms postcue compared to the 400-ms
precue baseline to only the R cue and not the FS, S, or F cues.
For those showing increased firing, a 1-way ANOVA comparing
activity across cues was significant, and post hoc analyses showed
that activity was significantly higher during the R cue compared
to the S cue but not other cues (Table 1). The 1-way ANOVA for
neurons with a significant inhibition was not significant (Table 1).

Cue-overlapping neurons in the IL
Since the objective of this study was to correlate neural activity
within the IL to conditioned inhibition specifically, we focus our
description and analyses of cue-overlapping neurons on neu-
rons that showed either an excitation or inhibition to the FS
cue coupled with a similar excitation/inhibition to another cue
(permutation test, P < 0.05). That is, neurons that may have shown
an excitation to the F and R cues, for example, are not included
here. The Z-scored neural activity was combined for neurons for
each subcategory (Fig. 5) and is described in more detail below.
For each subcategory, a 1-way ANOVA was used to compare
neural responding across cues during the 0–400-ms bin after cue
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Fig. 3. Categorization of neurons. A) All neurons. A total of 209 neurons were isolated across DC3 and DC4. Unresponsive neurons did not show a
significant response to any of the cues (22%); 57% of neurons showed a significant excitation to at least one cue, followed by 14% showing significant
inhibition, and 7% showing mixed excitation and inhibition responses depending on the cue. B) Cue-specific neurons. A total of 64 neurons were selective
to 1 cue specifically, with either a significant excitation (exc) or inhibition (inh). Neurons showing excitation to only the fear + safety cue (FS) made
up the largest subpopulation (41%). C) Cue-overlapping neurons; 78 neurons showed a similar excitation (exc) or inhibition (inh) to >1 cue. Neurons
showing excitation to the fear + safety cue and reward cue (FS/R) made up the largest subpopulation (36%). D) Bidirectional neurons; 8 neurons showed
opposing responses to the fear + safety versus fear cues. Most of these showed an excitation to the fear + safety cue and inhibition to the fear cue (FS
exc & F inh).

onset followed by post hoc Tukey’s multiple comparisons tests to
determine which cues were significantly different (Table 2).

FS/S-overlapping neurons
All neurons within this category showed a significant excitation
to both the FS and S cues and not the F or R cues (n = 8; Fig. 5A).
There were no neurons showing a significant inhibition to only
the FS and S cues. Comparing across cues during the 400-ms
postcue period, the Z-scored neural activity was significantly
higher during the FS cue compared to all other cues, including the
S cue (Table 2). Activity during the S cue was significantly higher
than the F and R cues. That is, even though there was significant
excitation to the FS and S cues compared to their precue baselines,
the magnitude of this excitation was significantly higher to the FS
cue compared to the S cue (Table 2).

FS/F-overlapping neurons
Compared to the 400-ms precue baseline, these neurons showed a
significant increase (n = 7; Fig. 5B, left) or decrease (n = 5; Fig. 5B,
right) in firing rate in the 400-ms postcue to the FS and F cues
but not the S or R cues. For those showing excitation, the Z-scored
neural activity during the 400-ms postcue period was significantly
higher during both the FS and F cues compared to the S and R
cues (Table 2). The 1-way ANOVA for neurons with a significant
inhibition to the FS and F cues was not significant (Table 2).

FS/R-overlapping neurons
Compared to other cue-overlapping categories, neurons showing
an excitation to the FS and R cues, and not the F or S cues, made
up the largest subcategory (n = 28; Fig. 5C, left). Z-scored activity
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Fig. 4. Cue-specific neurons. Averaged Z-score activity across each subcategory of cue-specific neurons. Each of these neurons showed a significant
change in activity in the first 400 ms after cue onset compared to 400 ms before cue onset to 1 cue specifically. Activity for the 2 s before and after
cue onset are shown as time from cue onset (ms). Between-cue analyses were completed for the time bin 0–400 ms shown in the dashed boxes. A)
FS specific excitation (left) and inhibition (right). B) S-specific excitation (left) and inhibition (right). C) F-specific excitation (left) and inhibition (right).
D) R-specific excitation (left) and inhibition (right). Means +/− SEM.
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Table 1. Cue-specific neurons. Summary of 1-way ANOVA results comparing neural activity across cues for the first 400 ms after cue
onset.

Neuron category N F(DFn, DFd) P value Tukey’s multiple comparisons test

FS-specific excitation 26 F(3, 100) = 23.01 P < 0.0001 FS > S, P < 0.0001
FS > F, P < 0.0001
FS > R, P < 0.0001

FS-specific inhibition 1 N/A N/A N/A
S-specific excitation 4 F(3,12) = 4.06 P = 0.03 ns
S-specific inhibition 5 F(3, 16) = 4.74 P = 0.02 S < F, P = 0.01
F-specific excitation 8 F(3, 28) = 6.23 P < 0.01 F > FS, P = 0.04

F > S, P < 0.01
F > R, P < 0.01

F-specific inhibition 9 F(3, 32) = 7.87 P < 0.001 F < FS, P < 0.01
F < S, P < 0.01
F < R, P < 0.01

R-specific excitation 6 F(3, 20) = 4.33 P = 0.02 R > S, P = 0.01
R-specific inhibition 5 F(3, 16) = 1.38 P = 0.29 N/A

N/A, not applicable; ns, not significant.

for these neurons was significantly higher during both the FS and
R cues compared to the F and S cues (Table 2). In addition, there
was 1 neuron that showed inhibition during the FS and R cues
(Fig. 5C, right).

FS/R/F-overlapping neurons
All neurons within this category showed a significant excitation
to the FS, R, and F cues but not the S cue (n = 21; Fig. 5D, left).
Averaged Z-scored activity during the S cue was significantly
lower than all other cues (Table 2).

Neurons that showed excitation to all cues
All neurons within this final category showed a significant exci-
tation to all cues (n = 8; Fig. 5D, right), with no neurons showing
a similar inhibition across all cues. Comparing across cues during
the 400-ms postcue period, the Z-scored neural activity was signif-
icantly higher during the FS cue compared to the S cue (Table 2).

Interestingly, in every single subcategory of cue-overlapping
neurons that showed an excitation to the FS cue, the response
to the FS cue was of significantly higher magnitude than the S
cue even in those subcategories in which there was a significant
excitation to the S cue compared to precue baseline (e.g. FS/S-
overlapping neurons) (Table 2).

Bidirectional neurons in the IL
Even though not numerous, a small subset of neurons that
showed a significant change in firing rate to the FS cue also
showed the opposite response to the F cue (n = 8; Fig. 6). The
majority of these bidirectional neurons showed an excitation to
the FS cue and inhibition to the F cue and no response to the
S or R cues (n = 6; Fig. 6A). Comparing across cues during the
400-ms postcue period (1-way ANOVA, F(3, 20) = 24.86, P < 0.0001),
the Z-scored neural activity for the F cue was significantly lower
than all other cues (FS, P < 0.0001; S, P < 0.01; R, P < 0.0001), while
activity to the FS cue was higher than both the F (P < 0.0001) and S
(P < 0.01) cues but not the R cue. Two neurons showed the opposite
bidirectional response: inhibition to the FS cue and excitation to
the F cue (Fig. 6B). The 1-way ANOVA for these neurons was not
significant (F(3, 4) = 6.01, P = 0.06).

Correlating excitation to the FS cue with freezing
behavior
To assess if the excitation to the FS cue was possibly negatively
correlated with expressed freezing behavior during the FS cue, we
calculated Pearson’s correlations of the Z-scored neural activity
during the 0–400-ms postcue onset with the amount of freezing
expressed across the 20-s FS cue on a trial-by-trial basis. That is,
during DC4, we separated the 15 FS trials to take advantage of
the variability in freezing across trials; there was very little range
in freezing across trials for the other cue types. Instead of cal-
culating these correlations for every single subcategory reported,
we focused our analyses to the more prominent subcategories:
FS specific excitation (26 neurons; Fig. 7A), FS/R overlapping exci-
tation (28 neurons; Fig. 7B), and FS/R/F overlapping excitation
(21 neurons; Fig. 7D). We also included the bidirectional neurons
showing FS excitation and F inhibition (6 neurons; Fig. 7C), as
their neural activity profile appears to be particularly interesting
for behavioral correlations. We found significant negative cor-
relations between the neural activity and freezing behavior for
neurons showing FS specific excitation (r =−0.467, P < 0.0001),
FS/R overlapping excitation (r =−0.502, P < 0.0001), and bidirec-
tional FS excitation/F inhibition (r = −0.397, P < 0.0001). There
was no significant correlation found for neurons showing FS/R/F
overlapping excitation (r = +0.038, P = 0.51).

Discussion
Given the demonstrated necessity of the IL in fear extinction
recall (Laurent and Westbrook 2009; Sierra-Mercado et al. 2011;
Sangha, Robinson, et al. 2014; Bukalo et al. 2015; but see Do-Monte
et al. 2015), and conditioned inhibition of fear in response to a
safety cue (Sangha, Robinson, et al. 2014), we hypothesized that
IL activity would correlate with safety conditioning. Supporting
our hypothesis, we observed a large proportion of neurons with
excitatory responses to the fear + safety cue specifically, a sep-
arate group of neurons with excitatory responses to both the
fear + safety and reward cues, and bidirectional neurons with
excitation to the fear + safety cue and inhibition to the fear cue.
Together, these data implicate the IL in encoding specific aspects
of conditioned inhibitors and may be particularly engaged during
the safety cue when presented in conflict with the fear cue when
fear behavior is being actively suppressed.



5666 | Cerebral Cortex, 2023, Vol. 33, No. 9

Fig. 5. Cue-overlapping neurons. Averaged Z-score activity across each subcategory of cue-overlapping neurons. Each of these neurons showed a
significant change in activity in the first 400 ms after cue onset compared to 400 ms before cue onset to >1 cue. Activity for the 2 s before and
after cue onset are shown as time from cue onset (ms). Between-cue analyses were completed for the time bin 0–400 ms shown in the dashed boxes.
A) FS/S overlapping excitation (left). B) FS/F overlapping excitation (left) and inhibition (right). C) FS/R overlapping excitation (left) and inhibition (right).
D) FS/R/F overlapping excitation (left) and excitation to all 4 cues (right). Means +/− SEM.
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Table 2. Cue-overlapping neurons. Summary of 1-way ANOVA results comparing neural activity across cues for the first 400 ms after
cue onset.

Neuron category N F(DFn, DFd) P value Tukey’s multiple comparisons test

FS/S-overlapping excitation 8 F(3, 28) = 19.77 P < 0.0001 FS > S, P = 0.03
FS > F, P < 0.0001
FS > R, P < 0.0001
S > F, P = 0.02
S > R, P < 0.01

FS/F-overlapping excitation 7 F(3, 24) = 7.19 P < 0.01 FS > S, P < 0.01
FS > R, P < 0.01
F > S, P = 0.047
F > R, P = 0.03

FS/F-overlapping inhibition 5 F(3, 16) = 3.03 P = 0.06 N/A
FS/R-overlapping excitation 28 F(3, 108) = 22.88 P < 0.0001 FS > S, P < 0.0001

FS > F, P < 0.0001
R > S, P < 0.01
R > F, P < 0.0001

FS/R-overlapping inhibition 1 N/A N/A N/A
FS/R/F-overlapping excitation 21 F(3, 76) = 17.14 P < 0.0001 FS > S, P < 0.0001

F > S, P < 0.0001
R > S, P < 0.001

Excitation to all cues 8 F(3, 28) = 4.22 P = 0.01 FS > S, P = 0.01

N/A, not applicable.

Fig. 6. Bidirectional neurons. Averaged Z-score activity across each subcategory of bidirectional neurons. Each of these neurons showed a significant
change in activity in the first 400 ms after cue onset compared to 400 ms before cue onset to >1 cue. Activity for the 2 s before and after cue onset
are shown as time from cue onset (ms). Between-cue analyses were completed for the time bin 0–400 ms shown in the dashed boxes. A) Neurons that
showed a significant excitation to the FS cue and inhibition to the F cue. B) Neurons that showed a significant inhibition to the FS cue and excitation to
the F cue. Means +/− SEM.

Overall, our results are consistent with previous studies. Here,
we demonstrated that IL showed an increased neural activity
in response to the combined fear + safety cue. Using the same
training paradigm, our previous data have shown that IL was
necessary during later discrimination sessions for suppressing
learned fear in the presence of a learned safety signal (Sangha,
Robinson, et al. 2014). Inactivating the IL after rats had learned the
DC task, i.e. during DC4, our previous study presumably prevented
the expression of the increased neural activity to the fear +
safety cue, preventing learned safety behavior to be expressed.
Our results showing increased activity within the first 400 ms
of cue onset specific to the combined fear + safety cue is also
consistent with a previous study showing increased IL activity
to an extinguished fear cue during extinction recall (Milad and
Quirk 2002). The IL may thus encode fear suppression during
the early portion of a cue, with activity within the first second

being involved with initiating fear suppression. The more sus-
tained increase we observed in many of our subcategories (e.g.
FS/S overlapping neurons; Fig. 5A) may allow for the suppression
of fear behavior to be maintained for a longer period of time.
Our analyses were restricted to later sessions when reduced fear
behavior to the fear + safety cue was quite consistent. Thus,
the increased activity to the fear + safety cue during these later
sessions may reflect the outcomes of the fear + safety cue versus
fear cue becoming more certain, with the IL being part of a
circuit that is estimating threat probability. Other regions that
have been demonstrated to be engaged during threat uncertainty
are the ventrolateral periaqueductal gray (Wright and McDannald
2019) and bed nucleus of the stria terminalis (Bjorni et al. 2020).
Additionally, the posterior insular cortex has been shown to be
necessary for conditioned inhibition of fear during a fear + safety
cue (Foilb et al. 2016).
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Fig. 7. Correlating neural activity with behavior. For each FS trial in DC4, Z-scored neural activity for the first 400 ms after cue onset was correlated with
the percentage time spent freezing during the entire 20-s FS cue. A) Significant negative correlations were found for the neurons showing FS-specific
excitation, B) FS/R overlapping excitation, C) and bidirectional neurons showing FS excitation/F inhibition. D) There was no significant correlation found
for neurons showing FS/R/F excitation.

In an extinction of fear conditioning paradigm, Giustino et al.
(2016) showed that, in male rats, the balance of neural activity
between the IL and PL was correlated with the amount of fear
that was expressed after extinction, with high freezing levels
correlated with decreased IL activity relative to PL. Our results
here are consistent with this as we found that neural activity
to the FS cue was negatively correlated with freezing levels; i.e.
low freezing levels were correlated with increased neural activity
within the first 400 ms of the FS cue. Whether this is true for
female subjects remains to be determined as our previous results
have demonstrated that female Long Evans rats in our paradigm
do not suppress freezing in the presence of a safety cue to the
same extent as male rats (Greiner et al. 2019). We predict that
the lack of fear suppression in female rats would correlate with
decreased IL activity during the FS. Extinction has also repeatedly
been shown to be context-specific (reviewed in Bouton et al.
2021). At a behavioral level, we would predict the fear suppressing
ability of the safety cue would transfer to a new context, given
all rats had reward training before the DC sessions in the same
context and that we have not observed any background freezing
or reward-seeking in any of our prior studies using the same
paradigm (Sangha, Greba, et al. 2014; Ng et al. 2018; Greiner
et al. 2019; Woon et al. 2020). However, whether or not the neural
activity within the IL to the FS cue would generalize to a new
context is unclear and remains to be tested.

Interestingly, in every single subcategory showing an excitation
to the FS cue, the response to the FS cue was of significantly
higher magnitude as the S cue even in those subcategories in
which there was a significant excitation to the S cue. This may
indicate the importance of IL activity during conflict cues, here
a compound fear + safety cue. Even though rats learned to
significantly suppress freezing to the FS cue compared to the F
cue, averaged freezing did not go to 0. Thus, the behavioral data
suggest that there is still some conflict or uncertainty during
the FS cue. When we correlated freezing levels to the FS cue on

a trial-by-trial basis to the neural activity in the first 400 ms
of the FS cue, we found that low freezing levels were correlated
with increased IL activity. These data appear to support the idea
that the IL is being selectively engaged during instances where
an adaptive behavior needs to be selected over a maladaptive
behavior (Nett and LaLumiere 2021).

Compared to our previous work in the amygdala, it is interest-
ing that there was a high number of IL neurons showing cue-
evoked responding to the fear + safety cue but not the safety
cue. This is in contrast to our previous work showing safety-
related activity in the basal amygdala (BA), where significant
changes in firing rates were seen consistently to both the safety
cue and fear + safety cue (Sangha et al. 2013). In both studies, we
counterbalanced the tone and light cues as the fear and safety
cues. Perhaps the IL is not encoding the stimulus properties of
the safety signal but, instead, the IL may only be involved during
active fear suppression when the fear cue is also present. That is,
there is something unique about the conflicting scenario of both
the fear and safety cues being presented concurrently that the IL
may be selectively engaged in. This again supports the idea that
IL’s function may be to select a particular behavior under conflict
(Nett and LaLumiere 2021).

While the amygdala and hippocampus are also involved in
safety processing, data looking at theta synchrony found that
the firing of IL neurons leads the firing of neurons in the lateral
amygdala and the CA1 region of the dorsal hippocampus during
the recall of a successfully extinguished fear cue (Lesting et al.
2013). In a conditioned inhibition task, neurons projecting from
the ventral hippocampus to the IL or basolateral amygdala (BLA)
did not change in activity to a compound fear + safety cue,
whereas neurons projecting from the ventral hippocampus to the
PL prefrontal cortex did increase in activity to the fear + safety
cue (Meyer et al. 2019). It is thus unlikely the increased activity we
observed in the IL to the fear + safety cue was caused by increas-
ing the input from the ventral hippocampus. Instead, IL may be
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receiving an increased input from the BLA during safety learning.
Reciprocal projections between the BLA and IL have been shown to
be important in the acquisition and consolidation of fear extinc-
tion (Bukalo et al. 2015). IL neurons have excitatory projections to
BLA pyramidal neurons, which are important for fear extinction
(Strobel et al. 2015). Neurons in the BLA show decreased activity
to the fear cue after extinction, which can be observed throughout
the entire cue presentation (Hobin et al. 2003). Our previous data
have shown both excitatory and inhibitory responses to the fear
+ safety cue and safety cue by neurons within the BA (Sangha
et al. 2013). Optical activation of IL during the fear cue has been
shown to facilitate fear extinction and subsequent retrieval of
fear extinction, whereas optically inactivating the IL during the
fear cue during retrieval impaired the retrieval of fear extinction
(Do-Monte et al. 2015). Taken together, this reciprocal IL-BLA
loop may be common during the learning phase for both fear
extinction and conditioned inhibition to drive fear suppression
(Sangha et al. 2020). Once learned though, expression of learned
fear suppression via extinction does not require IL-BLA signaling
(Bukalo et al. 2015) and may be instead mediated by IL’s projec-
tions to the intercalated cells and/or central amygdala.

One disadvantage of our electrophysiological recordings in the
present study is the inability to confirm the cell types responsible
for fear suppression within the IL. It is possible that the cells
that showed learning related changes in the present study were
glutamatergic neurons since optically inactivating IL pyramidal
neurons with a halorhodopsin-expressing virus using a CaMKII
promoter impaired the retrieval of fear extinction (Do-Monte
et al. 2015). The increased IL activity we observed may sup-
press fear behavior through BLA interneurons, in which there
are two primary types. Typically, an auditory fear cue will excite
parvalbumin-expressing interneurons which will, in turn, inhibit
somatostatin-expressing (SOM) interneurons, leading to disinhi-
bition of BLA principal neurons (Wolff et al. 2014). During fear
suppression, we hypothesize that the excitatory IL input may
decrease the BLA principal neuron activity by providing excitatory
input to SOM interneurons directly, preventing the disinhibition in
response to the fear cue.

Our present study has established that the IL encodes spe-
cific aspects of conditioned inhibitors when fear is being actively
suppressed. We have identified changes in IL activity which were
specific to when the fear cue was presented in conflict with
the safety cue. This adds further support to the idea that the
IL may be involved in downregulating fear across all types of
inhibitory memories, as increased IL activity is associated with
extinction (Laurent and Westbrook 2009; Sierra-Mercado et al.
2011; Bukalo et al. 2015), safety conditioning (Sangha, Robinson,
et al. 2014) and latent inhibition (Lingawi et al. 2017) but not
conditioned inhibition of appetitive behavior (Rhodes and Kill-
cross 2007). These findings have advanced our understanding of
IL’s role in suppressing fear to a safety cue and begins to tease
apart the neural dynamics involved in suppressing fear under
conditions where it may be unclear if there is a viable threat.
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