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SUMMARY

Sensory perception is dynamic, quickly adapting to sudden shifts in environmental or behavioral context.
Although decades of work have established that these dynamics are mediated by rapid fluctuations in sen-
sory cortical activity, we have a limited understanding of the brain regions and pathways that orchestrate
these changes. Neurons in the orbitofrontal cortex (OFC) encode contextual information, and recent data
suggest that some of these signals are transmitted to sensory cortices. Whether and how these signals shape
sensory encoding and perceptual sensitivity remain uncertain. Here, we asked whether the OFC mediates
context-dependent changes in auditory cortical sensitivity and sound perception by monitoring and manip-
ulating OFC activity in freely moving Mongolian gerbils of both sexes under two behavioral contexts: passive
sound exposure and engagement in an amplitude modulation (AM) detection task. We found that the majority
of OFC neurons, including the specific subset that innervates the auditory cortex, were strongly modulated
by task engagement. Pharmacological inactivation of the OFC prevented rapid context-dependent changes
in auditory cortical firing and significantly impaired behavioral AM detection. Our findings suggest that
contextual information from the OFC mediates rapid plasticity in the auditory cortex and facilitates the

perception of behaviorally relevant sounds.

INTRODUCTION

Sensory perception is highly flexible, constantly adjusting to
context-dependent changes in arousal,’™ attention,>° or expec-
tations about upcoming events.””'? This rapid flexibility favors
the detection of important or informative stimuli, supporting
improved communication, predator avoidance, and reproduc-
tive success.

Context-dependent shifts in perception are thought to result
from rapid changes in sensory cortical processing. For instance,
when a stimulus suddenly acquires behavioral relevance (such
as when it must be used to solve a task), sensory cortical neu-
rons quickly adjust their tuning properties, response strengths,
and/or functional connectivity to optimize its detection, discrim-
ination, or identification.® "> These data indicate that sensory
cortices must receive signals that tell them when and how to
adjust their activity, but where and how such signals are initiated
remain unclear.

Several lines of evidence suggest that the orbitofrontal cortex
(OFQC) is particularly well positioned to mediate contextual
signaling. First, the OFC is unique in that it is the only frontal
cortical region to integrate inputs from all sensory modal-
ities,>**® providing it a distinct vantage point for discerning shifts
in environmental or behavioral demands. Second, in addition to
their well-established role in encoding value,®* OFC neurons also
encode social,*® spatial,*®*” and behavioral contexts.**™*" While
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recent work indicates that some of these signals are transmitted
to sensory cortices,**™*" their downstream impact on sensory
encoding and perceptual sensitivity is only beginning to be
understood.

Here, we asked whether the OFC shapes sound processing
and perception by relaying contextual information to the auditory
cortex in freely moving animals. We first recorded extracellular
activity from OFC neurons under two different behavioral con-
texts: passive sound exposure and engagement in a sound
detection task. We found that the majority of OFC neurons,
including the specific subset that innervate the auditory cortex,
exhibited context-dependent changes in firing rates. We then
pharmacologically suppressed OFC activity during task engage-
ment and assessed the effect on auditory perception and audi-
tory cortical sound processing. OFC inactivation both impaired
behavioral sound detection and prevented task-dependent
changes of auditory cortical firing. Our findings suggest that
the OFC supports context-dependent modulations of stimulus
representations within the auditory cortex, contributing to the
enhanced perception of behaviorally relevant sounds.

RESULTS
OFC neurons are sensitive to behavioral context

Auditory cortical neurons are more sensitive to amplitude-modu-
lated (AM) stimuli when animals perform an AM detection task,
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Figure 1. Behavioral task

(A) Task structure. Water-deprived animals were trained to drink from a water-
spout, while unmodulated noise continuously played from a speaker, and to
withdraw from the spout upon presentation of amplitude-modulated (AM) noise.
Failing to withdraw during AM noise was punished with a mild shock.

(B and C) Mean + standard error d’ values (B) or hit rates and false alarm rates
(C) for all animals included in this study (n = 25). Data were concatenated from
training sessions over 12 days and analyzed using a 20-trial sliding window.
Animals were only used for experiments after they reached expert perfor-
mance levels (@ > 2).

compared with when the same sounds are presented in a pas-
sive, non-task context.'® This finding, which is consistent with
decades of work,!"1820:22:23:27.28:42746 g\ gqests that task
engagement recruits non-sensory networks that modulate audi-
tory cortical response properties. If OFC participates in this pro-
cess, then we should also observe a neural signature of task
engagement in OFC neurons.

To test this prediction, we trained Mongolian gerbils on the
same AM detection task described above. In this task, animals
must drink from a waterspout in the presence of unmodulated
noise and withdraw from the spout when the sound transitions
to an AM noise to avoid an aversive shock (Figure 1A). Animals
learned the task quickly, reaching expert performance levels
(@ > 2; STAR Methods) within 41-953 trials (median = 225 trials)
across 3-18 sessions (median 5 days) (Figures 1Band 1C; n =25
animals across all experiments; 13 females). We then implanted
5 of these animals (2 female) with 64-channel silicon probe arrays
in the left OFC and recorded from 313 single units and 234 multi-
units during task engagement and during passive sound expo-
sure sessions just before (“passive-pre”) and just after (“pas-
sive-post”) the task (Figures 2A-2C). During passive exposure
sessions, the spout was removed from the test arena and the
shocker was turned off, but everything else, including the sound
stimuli and position of the recording electrodes, remained iden-
tical to the task.

We first examined the effect of behavioral context on the tonic
firing rates of OFC units during periods of unmodulated noise
presentation, with the idea that changes in ongoing OFC activity
could modulate the excitability (and subsequent sound-evoked
responses) of auditory cortical neurons. For each unit, we used
a Wilcoxon signed-rank test to ask whether firing rates during un-
modulated noise differed between the passive-pre and task con-
texts (STAR Methods).
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We found that most OFC units (411/547; 75%) were signifi-
cantly modulated by context. Overall, 40% (217/547) were
“task-suppressed,” exhibiting reduced firing rates during the
task, compared with the initial passive-pre session (Figure 2D).
A roughly equal number (194/547 units, 35%) were “task-
enhanced.” The remaining units (136/547; 25%) were unaffected
by context and were deemed “task-unchanged.” A smooth con-
tinuum of context-dependent modulation was clearly observed
(Figure 2E), similar to previous reports in the auditory cortex.*”
Moreover, the absolute magnitude of the context-dependent
modulation was similar between task-suppressed and task-
enhanced units (p = 0.699) and was (by definition) significantly
lower in task-unchanged units (p < 0.001; Figure 2F).

The effect of task engagement on auditory cortical neurons
can persist for several minutes or hours following task termina-
tion.'®:23725:30.48 |f the OFC mediates the changes observed in
auditory cortex, OFC neurons should exhibit similar temporal dy-
namics. Therefore, we asked whether changes in tonic OFC ac-
tivity persist into the passive sound exposure session immedi-
ately following the task. As shown in Figure 2G, the firing rates
of task-enhanced units returned to passive-pre levels after the
task was over (p = 0.185; see Table 1 for full statistical results).
In contrast, task-suppressed units exhibited longer-lasting
changes, such that firing rates during the passive-post session
remained significantly lower than during the passive-pre session
(p < 0.001). Task-unchanged units exhibited no changes in firing
across the three sessions (all p > 0.069).

The data presented above suggest that context-dependent
changes in tonic OFC firing could theoretically contribute to cor-
responding changes in sound-evoked activity in the auditory
cortex. An additional route by which the OFC may exert an effect
on auditory cortical sound sensitivity is via context-dependent
changes in phasic firing during the presentation of the target
AM noise stimulus. To explore this possibility, we examined
OFC activity time-locked to AM sound onset by calculating the
area under the receiver operating characteristic curve (auROC)
from peristimulus time histograms*® (Figures S1A-S1F). This
approach is useful for comparing response dynamics across
many units that differ widely in firing rate. auROC values range
from 0 to 1, with values >0.5 indicative of increased firing and
values <0.5 indicative of decreased firing. Neurons without
spikes during the non-AM period (n = 14) were excluded from
these analyses.

During passive exposure sessions, OFC firing was unremark-
able, with auROC values consistently hovering around 0.5 and
no obvious change evoked by AM noise. During task engage-
ment, on the other hand, OFC units exhibited a heterogeneous
array of responses, including both increases and decreases in
auROC values following AM onset (Figure S1G). While some of
these units may have been sensitive to the AM stimulus, the ma-
jority appeared to be particularly sensitive to trial outcome, with
changes in firing sometimes lasting 2-4 s after AM onset. Similar
findings were observed when we used fiber photometry to spe-
cifically monitor calcium signals in the OFC neurons that inner-
vate the auditory cortex (Figures STH-S1L).

To further explore these dynamics, we aligned OFC electro-
physiological activity to the moment a behavioral response
was initiated (spout withdrawal) and used the same auROC
approach described above to calculate the magnitude of firing
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Figure 2. OFC neurons are sensitive to behavioral context

(A) Extracellular recordings were made from 64-channel electrode arrays chronically inserted into the left OFC. Sample recordings illustrate filtered voltage traces

from four adjacent channels capturing activity from the same unit.

(B) Histological images were used to confirm electrode placement by visualizing fluorescently labeled tracks (green) in the OFC.

(C) OFC activity was recorded during task engagement and during passive sound exposure sessions just before (passive-pre) and just after (passive-post) the
task. The same units were recorded across all three sessions.

(D) Peristimulus time histograms of three representative OFC units illustrate the effect of task engagement on non-AM firing rates. The task-suppressed unit
(orange) exhibited a significant decrease in firing during the task, while the task-enhanced unit (teal) exhibited a significant decrease. The task-unchanged unit
(gray) exhibited no change across sessions. Mean + standard deviation waveforms for each unit are shown on the left.

(E) The magnitude of context modulation for each unit was calculated as the difference between the non-AM firing rate during the task and the non-AM firing rate
during the passive-pre session Z scored over trials. Modulation values are presented for all units sorted in increasing order.

(F) Absolute modulation magnitudes were similar between task-enhanced and -suppressed units and significantly higher than in task-unchanged units. Boxplot
center lines represent medians, boxes represent the 25%-75% interquartile range, and whiskers represent the 10%-90% interquartile range.

(G) Task-suppressed units exhibited reductions in non-AM firing that persisted into the passive-post period. The activity of task-enhanced units, on the other
hand, returned to passive-pre levels after the task ended. The activity of task-unchanged units remained stable across sessions. Boxplots are as described for (F).

***p < 0.001.
See also Figure S1 and Table 1.

rate changes following the spout withdrawal. Because some
units exhibited post-spout withdrawal increases in firing, while
others exhibited decreases, we quantified the “phasic modula-
tion” for each unit by subtracting 0.5 from each auROC value
and taking the absolute value of the result. Phasic modulation
values therefore ranged from 0 to 0.5, with 0 indicating no mod-
ulation and 0.5 indicating maximum modulation, regardless of
the direction of change. We classified units as significantly
modulated during this period if the mean phasic modulation ex-
ceeded the upper bound of the 95% confidence interval of the
distribution. We found significant post-spout withdrawal modu-
lations in the majority (278/533; 52%) of OFC units
(Figures S2A and S2B). More units were modulated during hit
(10% decrease, 38% increase) than during false alarm (5%
decrease, 25% increase) or miss trials (7% decrease, 22%
increase).

Across the population, average modulation values were larger
on hit trials than on false alarms or miss trials (all p < 0.001), but
they were similar between false alarms and misses (p = 0.754;
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Figure S2C). A similar pattern was observed if we performed
the same analyses separately for units in each tonic modulation
subcategory (task-enhanced, -suppressed, or -unchanged;
Figures S3A and S3B). These data indicate that OFC neurons
differentially encode trial outcome or behavioral choice.
Although the timing of these signals suggests that they are un-
likely to contribute to context-dependent signal enhancements
on the current trial, they are well positioned to provide the audi-
tory cortex with choice-dependent feedback that updates up-
coming sensory representations on a trial-by-trial basis during
learning, as previously proposed.®~*1:5

In addition to post-spout withdrawal modulations, many OFC
units also exhibited firing rate changes that preceded spout with-
drawal (Figure 3A). On miss trials, animals failed to withdraw from
the spout until they were shocked; thus, the moments leading up
to spout withdrawal were always contaminated by a shock arti-
fact. For this reason, we focused exclusively on hit and false
alarm trials for this analysis. We found that many OFC units
(180/533; 34%) exhibited significant modulations prior to spout



Current Biology

¢? CellPress

Table 1. Statistical results

Figure Test Factor(s) Statistic p value
Figure 2F GLM/ANOVA unit type %25 = 431.990 <0.001?
Bonferroni: unit type suppressed, enhanced ts41 =-1.194 0.699
suppressed, unchanged ts41 = 18.319 <0.001*
enhanced, unchanged ts41 = 18.754 <0.001%
Figure 2G GLM/ANOVA: task-suppressed context %22 = 352.410 <0.001°
Bonferroni: context pre, task te44 = —7.666 <0.001%
pre, post teas = 6.051 <0.001%
task, post teaq = —6.244 <0.001°
GLM/ANOVA: task-enhanced context %2, = 368.830 <0.001*
Bonferroni: context pre, task ts75 = -17.511 <0.001*
pre, post t575 = -1.926 0.164
task, post ts75 = 15.585 <0.001%
GLM/ANOVA: task-unchanged context %22 = 5.351 0.069
Figure 3C GLM/ANOVA trial type %21 = 49.281 <0.001°
Figure 4C GLM/ANOVA treatment %21 = 41.851 <0.001*
Figure 4D GLM/ANOVA treatment %21 =1.895 0.169
Figure 4E GLM/ANOVA treatment ¥21 = 2.599 0.107
Figure 4F GLM/ANOVA treatment %% =9.578 0.002°
Figure 4G GLM/ANOVA treatment %21 = 84.366 <0.001°
Figure 4H GLM/ANOVA treatment %21 = 4.247 0.039°
Figure 5C GLM/ANOVA treatment %% = 238.960 <0.001?
Figure 5E GLM/ANOVA: saline context %21 =7.293 0.007%
GLM/ANOVA: muscimol context %21 =1.952 0.162
Figure 5F GLM/ANOVA: saline context v24 = 8.280 0.004%
GLM/ANOVA: muscimol context ¥24 = 2.405 0.121
Figure 5G GLM/ANOVA: saline context %21 =0.313 0.576
GLM/ANOVA: muscimol context %% =1.706 0.192
Figure 5H GLM/ANOVA: saline context %21 < 0.001 0.978
GLM/ANOVA: muscimol context %% = 0.239 0.625
Figure 6B GLM/ANOVA behavioral d’ %24 =7.957 0.005°
Figure 6C GLM/ANOVA behavioral performance v21 =11.526 <0.001*

GLM, generalized linear model; ANOVA, analysis of variance.
p values indicate statistical significance.

withdrawal and that more units were modulated on hit trials (6%
decrease, 19% increase) than on false alarm trials (3% decrease,
16% increase; Figure 3B). Additionally, average modulation
values were larger on hit trials (when the AM noise was present)
than on false alarm trials (when the AM noise was not; Figure 3C;
p < 0.001). Similar findings were observed if we performed the
same analyses separately for units in each tonic modulation sub-
category (Figure S3C). These findings raise the possibility that
firing rate modulations leading to spout withdrawal may (at least
in part) be acoustically driven, which suggests that OFC neurons
generate phasic signals within time frames relevant for online AM
detection (i.e., before a behavioral action is performed). These
signals may serve to further (and specifically) boost the AM-
evoked signal in the auditory cortex during task performance,
thereby enhancing target sound detection.

Collectively, these data reveal that in addition to encoding trial
outcome, a subset of OFC neurons exhibits context-dependent
modulations in tonic firing that evolve over a similar time course

as the modulations observed in the auditory cortex and also ex-
hibits phasic firing rate changes that precede spout withdrawal.
These tonic and phasic modulations could work in concert to
enhance the detection of behaviorally relevant sounds in the
auditory cortex.

OFC inactivation impairs AM detection behavior

Task-dependent modulation of the auditory cortex is believed
to enhance the detection or discrimination of behaviorally rele-
vant stimuli,'®17:18:20:22.23.27,28,42-47 | the OFC mediates task-
dependent modulations in the auditory cortex, then suppress-
ing OFC activity should impair sound detection. To test this
prediction, we implanted cannulas in bilateral OFC of nine ger-
bils (six females) previously trained to detect AM stimuli. In one
male and one female, right hemisphere infusion cannulas
clogged, but data from these animals were still included to eval-
uate the effect of unilateral left OFC inactivation. On alternating
days, we infused either saline or muscimol (a GABA, agonist
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Figure 3. OFC neurons exhibit firing rate mod-

Hits
False alarms ulations that precede spout withdrawal
(A) Heatmaps illustrate normalized neuronal firing
p— (@auROC) aligned to spout withdrawal (time = 0 s;
(]

vertical dashed white lines). auROC values range
from 0 to 1, with values >0.5 indicative of increased
firing and values <0.5 indicative of decreased firing.
Units without spikes during the non-AM period were
excluded from these analyses. Data are from 309
single units and 224 multi-units. OFC units (rows) are
ordered by the mean auROC between —0.5 and 0 s

(brackets on top of heatmaps) during hit trials, and
]1 the same order is used for false alarm trials. On miss

trials, animals failed to withdraw from the spout until
they were shocked; thus, the moments leading up to
spout withdrawal were always contaminated by a
shock artifact. For this reason, we focused exclu-
sively on hit and false alarm trials for this analysis.
Solid white rows are from sessions during which
auROC could not be calculated because of an
absence of spiking.

19%

0.5

-0.5 0.0

(B) Histograms illustrate the distribution of mean phasic modulation within the 0.5-s window preceding the spout withdrawal during hits and false alarms.
Phasic modulation values were calculated as |[auROC — 0.5|. Values range from 0 (no modulation) to 0.5 (maximum modulation). Units were classified as
significantly modulated if mean phasic modulation was above the 95% confidence interval of the distribution (dashed line). Percentages indicate the pro-

portion of units with significant phasic modulation.

(C) Mean phasic modulation values in the 0.5 s preceding spout withdrawal (illustrated as mean + standard error across units) were larger on hit trials than on

false alarm trials. ***p < 0.001.
See also Figures S2 and S3 and Tables 1 and S1.

that reversibly silences neural activity) into the OFC shortly
before animals performed the AM detection task (Figures 4A
and 4B).

OFC inactivation significantly impaired AM detection. As
shown in Figure 4C, behavioral d’ values were lower (poorer) in
all animals tested after muscimol was infused into the OFC,
compared with when saline was infused (p < 0.001; see Table 1
for full statistical results). Impaired performance could not be ex-
plained by reduced motivation to engage in the task, as the
amount of water consumed (Figure 4D) and the number of AM tri-
als completed (Figure 4E) were unaffected by muscimol infusion
(both p > 0.1). However, OFC inactivation did reduce the rate of
trial completion (p = 0.002; Figure 4F). This observation might be
explained by the fact that the poor performance caused by mus-
cimol infusion resulted in animals receiving more frequent pun-
ishment, thereby generating more frequent (and longer) spout
withdrawals. Indeed, miss rates strongly predicted rates of trial
completion (p < 0.001; Figure S4A).

OFC inactivation may have impaired behavioral performance
by disrupting an animal’s ability to detect the AM sound cue
(thereby reducing the hit rate) and/or by increasing indiscrimi-
nate responding to the unmodulated noise (thereby increasing
the false alarm rate). This latter scenario is important to
consider, as OFC lesions have been associated with changes
in impulsive behavior.>'"*> To address this issue, we asked
how muscimol infusion separately impacted hit rates and false
alarm rates. We found that muscimol treatment drastically
reduced hit rates in all animals tested (p < 0.001; Figure 4G).
In contrast, muscimol treatment only modestly increased false
alarm rates (p = 0.039; Figure 4H). This small uptick in false
alarm rates might be explained by the fact that animals that
receive more frequent punishment are more hesitant to stay
on the spout. Indeed, miss rates strongly predicted false alarm

3358 Current Biology 34, 3354-3366, August 5, 2024

rates (p = 0.001; Figure S4B). Collectively, these observations
suggest that after OFC inactivation, animals struggle to detect
AM noise.

OFC inactivation prevents contextual modulation of
auditory cortical neurons

Task-dependent modulations of auditory cortical activity are not
fixed in magnitude, and their strength correlates with behavioral
AM detection abilities. Strong modulations are associated with
excellent AM detection skills, whereas small modulations are
associated with poor performance.'® This observation, together
with the findings presented above, raises the possibility that OFC
inactivation impairs behavioral AM detection by disrupting task-
dependent modulations of auditory cortical activity.

To test this hypothesis, we implanted three gerbils (one male)
with cannulas in bilateral OFC and a 64-channel silicon probe in
left auditory cortex. We initially recorded 22 single units and 45
multi-units in layer 2/3 of the auditory cortex during passive
sound exposure. We then infused saline or muscimol into the
OFC and recorded from the same auditory cortical units as the
animals performed the AM detection task (Figure 5A; saline,
n = 28; muscimol, n = 39 units). Electrode tracks were visualized
offine and used to reconstruct recording site locations
(Figure 5B).

We first confirmed that OFC inactivation impaired behavioral
performance in these animals. As expected from our previous
findings, muscimol infusion reduced behavioral o’ values
(p < 0.001; Figure 5C) and hit rates (p = 0.004; Figure S5A) in
all subjects without significantly affecting false alarm rates or wa-
ter consumption (all p > 0.099; Figures S5B and S5C). We then
asked how OFC inactivation affected auditory cortical activity.
Figure 5D illustrates AM-evoked responses from two represen-
tative auditory cortical units from the same animal recorded on
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Figure 4. OFC inactivation impairs AM detection behavior

(A) On alternating days, muscimol or saline was infused into bilateral OFC
~40 min before animals performed the AM detection task.

(B) At the conclusion of the experiment, a fluororuby infusion just prior to
transcardial perfusion provided an estimation of drug spread.

(C-F) Muscimol infusions reduced behavioral d’ values (C), without system-
atically affecting water consumption (D) or the number of completed AM trials
(E). However, muscimol infusion did reduce the rate of AM trial completion (F).
Boxplot center lines represent medians, boxes represent the 25%-75% in-
terquartile range, and whiskers represent the 10%-90% interquartile range.
(G and H) Muscimol infusions significantly reduced hit rates (G) and only
slightly increased false alarm rates (H). Dashed lines indicate data from animals
that received unilateral left infusions due to partially clogged cannulas. Box-
plots are as described for (C)-(F). *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S4 and Tables 1 and S1.

different days. The responses in the top row were recorded from
one unit before and after saline infusion into the OFC. This unit
showed a stronger AM-evoked firing rate during the task than
during passive sound exposure, consistent with our previously
published work."® In contrast, the responses in the bottom
row, which were recorded from a different unit before and after
muscimol infusion into the OFC, showed a moderately reduced
firing rate following OFC inactivation.

To determine whether these differences in response gain
translated into differences in AM sensitivity, we transformed
the firing rates of individual units into a neural discriminability
metric (neural d'), using our previously established
approach.'®°° We report absolute neural ¢’ values here because
negative d’ values can also support enhanced AM detection via
decreases in firing relative to baseline. When saline was infused

¢ CellP’ress

into OFC, absolute neural d' values were significantly higher
during task engagement than during passive sound exposure
(p = 0.007; Figure 5E), as expected from our prior work." In
contrast, when muscimol was infused into the OFC, absolute
neural d’ values during task engagement and passive sound
exposure were similar (p = 0.162). These data demonstrate
that suppressing the OFC prevents task-dependent modulations
of the auditory cortex.

The d value for each unit depends on its average firing rate
and its firing rate variability during non-AM and AM noise (sup-
plemental information). To determine which of these factors
are impacted by OFC inactivation, we first examined the firing
rates of individual units and compared these values between
passive and task sessions. We found that task engagement
did not systematically affect auditory cortical firing rates evoked
by either non-AM or AM noise, regardless of drug treatment (all
p > 0.1; Figures S6A and S6B). This observation raised the pos-
sibility that the differences we observed in neural @' values are
due to joint changes in non-AM and AM noise responses that
manifest on a unit-by-unit basis (STAR Methods)."® To test this
idea, we calculated the difference between AM and non-AM
firing rates for each auditory cortical unit (here termed the
AFR), and we then compared AFR values between passive
and task sessions. We found that AFR significantly increased
during task engagement when saline was infused into the OFC
(p = 0.004). In contrast, AFR values remained similar between
sessions when muscimol was infused (p = 0.121; Figure 5F).

We then calculated the coefficient of variation (CV) for each
unit as an indicator of firing rate variability and compared CV
values between passive and task sessions. Task engagement
did not significantly affect non-AM- or AM-evoked CV values,
regardless of drug treatment (all p > 0.4; Figures S6C and
S6D), nor did it affect the sum of non-AM and AM CV values
(all p > 0.192; Figure 5G). Together, these findings suggest that
OFC inactivation prevents a task-dependent increase in the sep-
aration of AM and non-AM firing rate distributions and not a task-
dependent reduction in firing rate variability.

In addition to modulating average firing rates, task engage-
ment can also impact sound encoding and perception by
enhancing stimulus phase-locking.?”+*® Therefore, we calculated
the phase-projected vector strength evoked by AM noise for in-
dividual auditory cortical units and compared these values be-
tween passive and task sessions.”’***>°* We found that task
engagement had no effect on vector strength regardless of
drug treatment (all p > 0.625; Figure 5H). This finding is consis-
tent with the observation that task-dependent effects on
phase-locking are more significant when AM depths are small.?”

Collectively, these results indicate that OFC inactivation pre-
vents context-dependent enhancements of behaviorally relevant
sound representations in the auditory cortex by modifying
neuronal firing rates, without affecting neuronal phase-locking.

Auditory cortical AM sensitivity correlates with
behavioral performance

In two subjects (one female) chronically implanted with OFC can-
nulas and auditory cortex electrodes, we infused saline or mus-
cimol into the OFC multiple times over several days in an attempt
to enlarge our sample of auditory cortical units. However, we
noticed that the effectiveness of repeated muscimol infusions
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Figure 5. OFC inactivation prevents contextual modulation of auditory cortical neurons
(A) Auditory cortical multi-units and single units were chronically recorded while animals were passively exposed to sounds. Animals then received muscimol or

saline infusions in bilateral OFC. Following the infusions, recordings were again made from the same auditory cortical units while animals performed the AM
detection task.

(B) Electrode placement was confirmed to be in auditory cortex by visualizing fluorescently labeled tracks (green) post-mortem. Recording sites were estimated
to be in layers 2/3 (brackets in inset).

(C) OFC inactivation impaired behavioral AM detection, replicating the results presented in Figure 4. Boxplot center lines represent medians, boxes represent the
25%-75% interquartile range, and whiskers represent the 10%-90% interquartile range.

(D) AM-evoked responses are shown from two representative auditory cortical units recorded from the same animal on different days. Top: an auditory cortical
unit recorded before and after saline infusion into the OFC exhibits stronger AM-evoked firing during the task than during passive sound exposure, consistent with

our previously published work.'® Bottom: an auditory cortical unit recorded before and after muscimol infusion into the OFC exhibits a modestly reduced firing
rate during the task, compared with passive sound exposure.

(E and F) OFC inactivation prevents a task-dependent increase in auditory cortical neural @’ values (E) and prevents a task-dependent increase in the separation of

AM and non-AM firing rate distributions (F). This separation (termed Afiring rate) was calculated for each unit as the difference between AM-evoked and non-AM-
evoked firing rates. Boxplots are as described for (C).

(G and H) Neither task engagement nor OFC inactivation affected firing rate variability (G) or phase-locking (H). Boxplots are as described for (C). **p < 0.01,
***p < 0.001.

See also Figures S5 and S6 and Tables 1 and S1.

quickly waned and ultimately failed to significantly impact over 10 days. Indeed, behavioral @’ values significantly correlated
behavior (Figure 6A), suggestive of a compensatory mechanism  with neural d’ values during the task (p = 0.002; Figure 6B). To
after whole-session OFC inactivation. highlight this relationship, we compared neural d' values from

We took advantage of this variability to ask whether muscimol’'s  the two worst performance days from each animal with the two
effectiveness, inferred from downstream auditory cortical AM  best days (regardless of drug treatment). We found that neural
sensitivity, predicted behavioral AM detection. We recorded d' values were significantly higher when behavioral performance
from 60 single units and 96 multi-units from the auditory cortex = was good than when performance was poor (p < 0.001; Figure 6C).
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Figure 6. Auditory cortical AM sensitivity cor-
relates with behavioral performance

(A) Repeated muscimol injections into bilateral OFC
exert progressively weaker effects on behavior in two
subjects. Doubling the muscimol concentration (dark
magenta) modestly restored the behavioral effect in
one subject (left).

(B) Absolute neural d’ values for individual auditory
cortical units (small translucent points) are plotted as a
function of the behavioral @’ value obtained during the
recording session. Black points illustrate median ab-
solute neural d’ for each behavioral d” value. Blue ar-
rows indicate two points that exceeded the depicted
range of neural d' values. Neural and behavioral
d' values are significantly correlated.

(9]

|Task neural d'|

“poor good
Behavioral

performance

(C) Absolute neural @’ values obtained during the task were significantly higher on days when behavioral performance was good (two best days from each animal)
versus days when behavioral performance was poor (two worst days from each animal). n = 30 units on poor performance days and n = 49 units on good
performance days. Boxplot center lines represent medians, boxes represent the 25%-75% interquartile range, and whiskers represent the 10%-90% inter-

quartile range. **p < 0.001.
See also Table 1.

These findings suggest that OFC is a key part of a distributed
network that provides contextual information to the auditory cor-
tex, and when OFC activity is repeatedly suppressed, other brain
regions may be recruited to compensate for the loss.

DISCUSSION

Context-dependent modulation is a widely reported feature of the
auditory cortex and is hypothesized to adaptively modify the
perceptual salience of stimuli in response to moment-to-moment
changes in their behavioral relevance.'®'’"18:20:22,23,27.28,42-47
Although prior work has identified several brain regions capable
of modifying auditory cortical responses and behavior,*%47>>°7
our understanding of the neural networks that mediate rapid shifts
in auditory perception remains limited. In this study, we reveal that
a subset of OFC neurons is sensitive to behavioral context, exhib-
iting task-dependent dynamics that mirror those previously
observed in the auditory cortex.'®?*2%3%48 Qyr pharmacological
experiments demonstrate that OFC inactivation prevents task-
dependent enhancements of auditory cortical sensitivity and in
turn impairs the ability of animals to detect AM noise. Notably,
the behavioral effect of repeated whole-session OFC inactivation
gradually waned, suggesting that compensatory brain regions
may be recruited when OFC output is unavailable. Together, our
results suggest that OFC provides contextual information to the
auditory cortex to facilitate the perception of behaviorally relevant
sounds.

Potential circuit mechanisms supporting auditory
cortical plasticity

Our data suggest that the OFC plays a key role in transmitting
contextual information to the auditory cortex to shape sound
perception, but the route(s) by which such information is trans-
mitted and the mechanisms by which it impacts auditory cortical
processing remain uncertain. Several recent studies support the
involvement of a monosynaptic pathway. For example, OFC
axon terminals in the auditory cortex are sensitive to listening
condition.*’ These terminals synapse onto both excitatory and
inhibitory neurons,”® and their stimulation reshapes auditory
cortical frequency tuning in anesthetized mice.”® These

observations suggest that the task-dependent shifts in tonic
OFC firing we report here could increase stimulus salience by
disrupting the balance of excitation and inhibition in the auditory
cortex. Given that the temporal dynamics of task-dependent
changes in the auditory cortex match those of our task-sup-
pressed OFC population, one intriguing possibility is that task-
suppressed OFC neurons increase auditory cortical excitability
and enhance signal detection by engaging a local disinhibitory
microcircuit within the auditory cortex.*”-%9-¢°

Task-dependent shifts in tonic OFC firing may also (or instead)
support auditory cortical plasticity via multi-synaptic pathways
that recruit neuromodulatory centers. For instance, cholinergic
input from the nucleus basalis alters auditory cortical receptive
fields and sound perception, and cholinergic axons increase
their tonic activity during sound-guided behavior.*”>%:5'-¢ Simi-
larly, task engagement modulates tonic locus coeruleus (LC) ac-
tivity and noradrenergic tone,®® and both noradrenergic input
from the LC and dopaminergic input from the ventral tegmental
area (VTA) influence thalamocortical gain and receptive field or-
ganization in the auditory cortex.*>°®~"" The OFC projects to nu-
cleus basalis,*>"? LC,”® and VTA” and regulates VTA firing.”®
Thus, OFC neurons may indirectly shape signal detection by
relaying contextual information to cholinergic or monoaminergic
neurons that innervate the auditory cortex. Targeted manipula-
tions of OFC axons in neuromodulatory nuclei are needed to
resolve these possibilities.

In addition to context-dependent modulations of tonic OFC
activity, we found that during task performance, some OFC neu-
rons exhibit phasic firing rate changes that preceded spout with-
drawal by as much as 500 ms. This activity may represent expec-
tations about upcoming task events (like an impending shock).
However, the fact that these changes were larger on hit trials
(when an AM noise was present) than on false alarm trials
(when an AM noise was absent) suggests that they may (at least
in part) be acoustically driven. This finding, which is consistent
with prior reports,”’ raises the interesting possibility that recur-
rent excitation between the auditory cortex and OFC may serve
to amplify the AM-evoked signal in the auditory cortex during
task performance, thereby enhancing stimulus detection.”®”” A
more detailed anatomical study of the reciprocal connectivity
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between OFC and auditory cortical neurons and experiments
that silence those connections in a temporally specific manner
are required to test this hypothesis.

As expected from prior work,"! we found that OFC neurons,
including those that innervate the auditory cortex, also generate
signals that represent trial outcomes or behavioral choices. The
timing of these signals (i.e., after a behavioral response) sug-
gests that rather than participating in context-dependent en-
hancements of online sound detection, they provide the auditory
cortex with feedback that updates sensory representations on a
trial-by-trial basis. This feedback may support other forms of
auditory plasticity such as learning, an idea in line with previous
reports®®**"°% and current theories’® about the OFC’s role in
credit assignment’®®" and prediction error coding.®?

Comparison with prior findings and established roles of
the OFC in regulating behavior

A primary finding of this study is that OFC inactivation signifi-
cantly impairs behavioral AM detection. This result is seemingly
at odds with a recent study by Banerjee et al. showing no impact
of OFC silencing on expert performance in a tactile go/no-go
task.®® However, it is critical to consider a key difference be-
tween our behavioral paradigms. In Banerjee et al.’s study,
tactile cues were always preceded by a tone; thus, the mice
knew exactly when the stimulus of interest would be presented.
Our paradigm, on the other hand, asked animals to report when
an ongoing noise unpredictably changed from an unmodulated
signal to an AM signal. Therefore, OFC inactivation may have
compromised expert behavioral performance on our task not
just by preventing task-dependent enhancements in auditory
cortical sensitivity but also by impairing the ability of animals to
maintain a high level of vigilance. This idea is consistent with
prior reports highlighting the OFC’s role in attention®*~®° (but
see McAlonan and Brown®®).,

Our findings are also in agreement with a recent study exam-
ining the role of the OFC in aversive fear conditioning.® In this
study, rats were trained to discriminate between two highly
salient sensory stimuli: a conditioned fear stimulus (CS+) that
was paired with a shock and a conditioned safety stimulus
(CS-) that was not. Animals were then tested on their ability to
recall the learned associations and discriminate the stimuli.
The authors found that an infusion of muscimol into the OFC
significantly impaired stimulus discrimination during the recall
test, similar to the deficit we observed in our aversive go/no-go
task. However, if muscimol was infused prior to the initial condi-
tioning, no effect was observed—associative learning pro-
gressed normally, similar to what Banerjee et al.*® and
others®>®"°C have reported. The authors interpreted these
data to mean that the OFC is necessary for tracking and re-
sponding to changing expectations of danger, as during the
recall tests, the CS+ and CS— were presented sequentially in
an unpredictable manner. This interpretation, which is consistent
with the OFC’s well-established role in regulating behavioral flex-
ibility,°" could also be applied to our data.

Caveats of the current study

We relied on muscimol infusions to inactivate the OFC, but we
did not employ additional physiological verifications to evaluate
the spread of the drug. Therefore, some of our effects may be
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partly explained by inactivation of nearby brain regions. The pre-
limbic and infralimbic cortices would be of particular interest,
given their known involvement in auditory attention and deviance
detection.®>°® Given that we used fluororuby to estimate the
spatial extent of the infusions and that the dye appeared to be
restricted to the OFC, we find it unlikely that off-target spread
made a substantial contribution to our findings, but we cannot
rule it out entirely.

An unexpected finding that emerged from our experiments
was that the effect of repeated OFC inactivation waned across
days. One obvious possibility is that the chemical solution lost
its potency (i.e., the muscimol “went bad”) after 1 or 2 days.
We do not believe this to be the likely explanation, as aliquots
were frozen and used within 1 month of dilution, as recommen-
ded by the manufacturer. Another possibility is that rather than
generating a negative effect on sound processing and percep-
tion, the first muscimol infusion generated a novel “internal expe-
rience” that caused animals to initially perform poorly, and
repeated infusions allowed animals to habituate to this experi-
ence and ultimately perform well. We also find this scenario un-
likely, as auditory cortical AM sensitivity tracked behavioral AM
sensitivity throughout the course of repeated OFC inactivation,
and there is no reason to believe the effects of a novel internal
experience would manifest as reduced sound sensitivity in the
auditory cortex. Instead, we believe the most parsimonious
explanation is that when OFC output is repeatedly unavailable,
compensatory brain regions are recruited to restore auditory
cortical and perceptual sensitivity.

Implications for perceptual learning

We previously found that task-dependent modulations of audi-
tory cortical neurons grow stronger as animals learn to detect
small, near-threshold AMs.'® This observation suggests that
the non-sensory inputs that rapidly modulate auditory cortical
activity during task performance also mediate the gradual,
longer-term plasticity processes that underlie perceptual
learning. This idea is supported by human behavioral experi-
ments demonstrating that in some cases, perceptual learning
can be generated by interleaving brief bouts of practice (which
are too short to drive learning on their own) with passive sound
exposure.” These data suggest that (1) the non-sensory pro-
cesses engaged by task performance remain active for some
time after task performance ends and (2) if sounds are
passively presented during these periods of residual non-sen-
sory activity, learning can occur. This interpretation closely
matches our neurophysiological findings: both auditory
cortical”® and a subset of OFC neurons exhibit task-dependent
changes in activity that persists for several minutes after the
task has ended. Taken together, these findings support a con-
ceptual framework that task engagement puts sensory cortical
neurons into a “sensitized” state permissive for learning, which
lasts for many minutes beyond the end of the task.'®*%95:%°
The neural circuits involved in regulating this phenomenon are
still unclear, but our data suggest that a subpopulation of
OFC neurons may be involved. Future work should use viral ap-
proaches to identify the downstream targets of these neurons
and to determine their causal contributions to task-induced
sensitization of sensory circuits and practice-based improve-
ments in auditory perception.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP Invitrogen #A11122; RRID: AB_221569
Goat anti-rabbit Alexa-488 Invitrogen #A32731; RRID: AB_2633280

Bacterial and virus strains

AAVrg-syn-jGCaMP8s-WPRE Addgene

162374-AAVrg; RRID: Addgene_162374

Chemicals, peptides, and recombinant proteins

FluoSpheres (0.2 um) Invitrogen
FluoroRuby Molecular Probes
Muscimol Abcam

F-8848
D1817
ab120094

Deposited data

Electrophysiology, photometry,
and behavioral data

Digital Repository at
the University of Maryland

UMD DRUM Data: https://doi.org/10.13016/qzzx-zfuh

Experimental models: Organisms/strains

Gerbil (Meriones unguiculatus) Charles River Laboratories

https://criver.com/

Software and algorithms

Behavioral control software ePsych (Dr. Daniel Stolzberg)

Electrophysiology processing Custom code; Kilosort 2°7; Phy

https://github.com/caraslab/epsych
https://github.com/caraslab/caraslab-
spikesortingKS2; https://github.com/
caraslab/Caraslab_EPhys_
preprocessing_pipeline;
https://github.com/cortex-lab/phy

Photometry processing Custom code www.github.com/caraslab/caraslab-
fiberphotometry; https://github.com/
caraslab/Caraslab_FP_
preprocessing_pipeline

Behavioral data processing Custom code www.github.com/caraslab/
caraslab-behavior-analysis

Data analysis and statistics Custom code www.github.com/caraslab/
MacedoLima_CurBiol2024

ImageJ Schneider et al.”® www.imagej.nih.gov/ij

PyCharm JetBrains www.jetbrains.com

RStudio Posit www.posit.co

MatLab MathWorks www.mathworks.com

Adobe lllustrator 2024 Adobe www.adobe.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Melissa L.

Caras (mcaras@umd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All data reported in this paper has been deposited in the Digital Repository at the University of Maryland (UMD DRUM Data: https://
doi.org/10.13016/qzzx-zfuh). All relevant MATLAB, Python and R code for processing behavioral and physiology data are available at
https://github.com/caraslab. Data analysis, plotting and statistics supporting code is available at https://github.com/caraslab/

MacedoLima_CurBiol2024.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects

Adult Mongolian gerbils (Meriones unguiculatus; n = 25, 13 females) used in this study were bred in-house from commercially ob-
tained breeding pairs (Charles River). Animals were kept under a 12 hr light:12 hr dark cycle and on ad libitum food, enrichment,
and water access until placed on controlled water access for behavioral experiments. All procedures were approved by the Institu-
tional Animal Care and Use Committee at the University of Maryland College Park.

METHOD DETAILS

Choice of behavioral task

Auditory perception was tested with an aversive go/no-go AM detection task as previously described.”®'% We chose to use this
approach for several reasons. First, it is easy to quickly train animals on the task. Naive to expert performance is typically reached
within 1-2 weeks. Second, it offers superb behavioral control. Expert animals commonly exhibit extremely low false alarm rates and
high hit rates, resulting in high-quality, interpretable data. Third, it has been used extensively (by our group and others) to evaluate
behavioral AM sensitivity in the Mongolian gerbil.'*>%°°71% Finally, it elicits robust and reliable context-dependent modulations of
neural activity in the auditory midbrain, thalamus, and cortex.'"'°® We therefore had clear, testable predictions and an extremely
solid basis for comparison when designing the current experiments.

Behavioral set up

A custom test cage (CCMI Plastics) containing a stainless-steel water spout and metal floor plate was positioned inside a sound
attenuating booth (GretchKen). Infrared detection of the animal at the spout triggered water delivery via a programmable syringe
pump (NE-1000, New Era Pump Systems). Sound stimuli were delivered via a calibrated free-field speaker (DX25TG59-04 1” Fabric
Dome Tweeter, Peerless by Tymphany) positioned directly above the test cage. Shocks were delivered by an H13-15 Precision An-
imal Shocker (Colburn). Behavior was monitored remotely via webcam. Data acquisition, sound delivery, and digital outputs were
controlled via an RZ6 multifunction processor (Tucker Davis Technologies, TDT).

Behavioral training and testing

During an initial procedural training stage, animals were placed on controlled water access and learned to drink steadily from a spout
while in the presence of a “safe cue” (unmodulated broadband noise, 0.1-20 kHz, 45 dB SPL). Animals were then trained to withdraw
from the spout when the sound changed to the “warn” cue (5 Hz sinusoidal amplitude modulated (AM) noise, 0 dB re: 100% depth, 1
second duration) by pairing the warn cue with a mild shock (0.5-1 mA, 300 msec). Warn trials were randomly interspersed with 3-5
safe trials, but only while animals made contact with the spout. The gain of the AM signal was adjusted to control for changes in
average power.'%’

The animal’s contact with the spout was monitored during the final 100 msec of each trial. Breaking spout contact for at least
50 msec during the monitoring window was considered a spout ‘withdrawal,” and was scored as a ‘hit’ on AM trials and as a ‘false
alarm’ on non-AM trials. Behavioral performance was assessed by d’ = z(HR) — z(FAR), where z(HR) and z(FAR) are the z-scores of
the hit rates (HR) and false alarm rates (FAR), respectively. To avoid values that approach infinity, extreme HR and FAR values were
set to a floor of 5% and a ceiling 95%. Behavioral testing commenced only after an animal achieved a d’ >= 2 in a single session.

For passive sound exposure sessions, animals were placed in the test cage but did not have access to a waterspout. All other el-
ements of the experimental apparatus were identical to the detection task. Sounds were presented in a manner similar to that of the
task (AM stimuli randomly interspersed with 3-5 seconds of unmodulated noise).

Note that the fourteen animals used for the OFC electrophysiology and fiber photometry experiments (Figures 2, 3, and S1-S3)
were recorded from as they underwent a perceptual learning protocol in which they were trained to detect progressively smaller
AM depths. The details of this procedure have been previously described.'® OFC’s involvement in perceptual learning will be
explored in a future manuscript.

Electrode implant procedures

NeuroNexus 64-channel probes (OFC: A4x16-Poly2-5mm-20s-lin-160; auditory cortex: Buzsaki64_5x12) were mounted on custom-
made microdrives. The backs of the electrode shanks were painted with azide-free fluorescent microspheres (FluoSpheres 0.2 um;
Invitrogen) just before implantation. On the day before surgery, animals were placed on antibiotic treatment (minocycline in drinking
water; 0.02 mg/mL) and given meloxicam (1.5 mg/kg). On the day of the surgery, they were given another dose of meloxicam plus
dexamethasone (0.35 mg/kg). Then, they were anesthetized with isoflurane (1-5%) and secured in a stereotaxic apparatus (Kopf).
Ophthalmic ointment was applied to the eyes and alternating swabs of alcohol and betadine were applied to the skin on the top
of the head. The skull was exposed and dried with hydrogen peroxide, three or four bone screws were inserted, and craniotomy lo-
cations were marked over left OFC or left auditory cortex after leveling the head. Note that we leveled the animal’s head between
lambda and bregma, rather than between lambda and the occipital ridge as in the gerbil brain atlas.'®® Therefore, all of our ros-
tro-caudal coordinates differ from those reported in the atlas.
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Before an auditory cortex craniotomy, the temporalis muscle insertion was detached, and the muscle was separated from skull
using dry SurgiFoam (Ethicon). The skull and screws were covered with C&B Metabond (Parkell) for better implant adhesion. The
edges of the craniotomy were thinned by drilling and the bone flap was removed. A durotomy was made over the area of interest
and electrodes were implanted using the following coordinates (all relative to lambda). OFC: 1.20-1.50 mm lateral, 9.05-9.50 mm
rostral, 2.00-2.50 mm ventral, angle=0° from vertical; implanted along coronal plane. Auditory cortex: 4.80 mm lateral, 3.90 mm
rostral (anterior shank), 1.10-1.50 mm ventral, angle=20° clockwise from vertical plane facing the animal’s posterior side, implanted
along parasagittal plane. A ground wire was inserted into the right caudal hemisphere. Implants were secured with dental cement
(Palacos). The day following surgery, animals were given another dose of meloxicam and dexamethasone. Antibiotic treatment
continued for an additional six days. Controlled water access and behavioral experiments started at least seven days after surgery.

Electrophysiology

Extracellular recordings from the OFC were obtained from freely-moving animals before (passive-pre), during (task), and after (pas-
sive-post) behavioral testing sessions that took place every 24-48 hours. The number of AM stimulus presentations was similar
across behavioral contexts (passive-pre:101 + 0.12; task: 110 + 3.16; passive-post: 101 + 0.24 trials; means + SEMs).

Extracellular recordings from the auditory cortex were obtained before (passive-pre) and during (task) behavioral testing sessions
that took place every 24-48 hours. The number of AM stimulus presentations was similar across behavioral contexts (passive-pre:
38.3 + 8.08; task: 42.5 +7.05; means + SEMs).

Neurophysiological signals were obtained via one of two methods: (l) Analog signals were acquired with a 64-channel wireless
headstage and receiver (W64, Triangle BioSystems), preamplified and digitized at 24.4 kHz sampling rate (PZ5; Tucker Davis Tech-
nologies, TDT), and integrated with behavioral timestamps via RZ2 and RZ6 processors controlled by the Synapse software suite
(TDT). Raw signals were sent to an RS4 data streamer (TDT) and stored online. () Signals were preamplified and digitized at 30
kHz by a 64-channel RHD headstage (Intan Technologies) connected to a slip-ring commutator (Taidacent; purchased from Amazon)
and integrated with behavioral timestamps using an RHD recording controller (Intan) and OpenEphys software. '

Offline signals were high-pass filtered at 150 Hz and common-median referenced across channels. Multi- and single-unit sorting
was performed using Kilosort2.°” Recordings under all three behavioral contexts (passive-pre, task, passive-post) always occurred
consecutively on the same day within a single 40-60 min window. Therefore, it's reasonable to consider each day’s recording as a
single session that encompassed three different behavioral contexts, similar to many previously published reports.'%3%48 We
therefore concatenated all recordings from the same day together for sorting in a single Kilosort run. This approach allowed us to
identify single units that were present during each behavioral context. Sorting results were manually curated using Phy (https://
github.com/cortex-lab/phy). Clusters were classified as putative single-units during manual curation when they presented with a
high signal-to-noise ratio, clear refractory period gap in the autocorrelogram and clear cross-correlogram isolation from neighboring
clusters. After manual curation, the Allen Brain Institute quality metrics ‘presence ratio’, ‘amplitude cutoff fraction missing,” and ‘ISI
violation false-positive rate’ (parameters: isi_threshold = 1.5 ms; min_ISI = 0.15 ms)''® were calculated (https://allensdk.
readthedocs.io/en/latest/_static/examples/nb/ecephys_quality_metrics.html). We also calculated the ‘refractory period violation
rate’ as the percentage of interspike intervals that violated a refractory period of 1.5 msec. Only putative single-units that had a ‘pres-
ence ratio’ > 0.9, ‘amplitude cutoff fraction missing’ < 0.1, ‘ISI violation false-positive rate’ < 0.5, and ‘refractory period violation
rate’ < 2% were considered true single-units.

After single- and multi-unit isolation, firing rates were calculated. The window used for calculating firing rates on “Hit” trials was the
full 1-s AM duration. “Miss” trials produced a shock artifact, however. Thus, the window used for calculating firing rates on “Miss”
trials was the first 950 msec of the AM stimulus. “False alarm” trials by definition do not contain an AM period, so we used a 1-s block
of non-AM sound during which a false alarm occurred to quantify firing rates. Peristimulus time-histograms (PSTH) were generated
using 10-20 msec bins.

Auditory cortical firing rates were transformed to neural

" 2(#FRAM - HFRNONAM)

d = FRurt oF R (Equation 1)

d”'%*® using the formula:

where uFRay and uFRnonav are the mean firing rates and oFRay and aFRnonan are the standard deviation of the firing rates during
AM and non-AM presentations, respectively. The non-AM period used for these calculations was generally the 1 s hon-AM noise
period immediately preceding an AM trial. However, if animals withdrew from spout during that period (i.e., false alarm), the nearest
previous 1 s period during which the animal did not leave the spout (i.e., correct rejection) was used.

The effect of task engagement on OFC firing rates during non-AM sound presentation was assessed with a Wilcoxon signed-rank
test. When p < 0.05, the W statistic was used to determine the direction of the change: ‘task-enhanced’ units exhibited a W > 0, while
‘task-suppressed’ units exhibited W < 0. The magnitude of the context modulation was computed for each OFC unit using the z-score
formula:

UFRask — uFl Rpassive—pre

Context modulation =
Vvar(FHtask)+Var(FRpassive—pre)

(Equation 2)
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where uFRiask and uFRpassive — pre are the mean firing rates and Var (FRask) and Var (FRpassive — pre) are the firing rate variances during
the task and during the passive-pre periods, respectively.

The response of OFC neurons to AM sound presentation was assessed by calculating the area under the receiver operating char-
acteristic curve (auROC) from peri-stimulus time histograms (PSTH; Figures S1A and S1B), as previously described."® This transfor-
mation is useful for comparing response dynamics across many units with widely different firing rates. Briefly, PSTHs were generated
using 10-ms bins starting 2 s before until 5 s after trial onset (Figure S1A). We compared the histogram of firing rates during a baseline
period (from 2 to 1 s before onset) to the_h)istogram during 100-ms windows along the entire PSTH (Figures S1C and S1D). For these
comparisons, aﬂoving criterion vector (C) was created ranging from 0 to maximum firing rate in the PSTH in 100-ms increments. For
eachvalue c in C, we calculated the probability that the activity during each bin was higher than ¢ and plotted it against the probability
that the activity during baseline was higher than c, constructing an ROC curve (Figures S1E and S1F). The auROC was calculated via
trapezoidal numerical integration. AUROC values range from 0 to 1. Values above 0.5 indicate relative increases, while values below
0.5 indicate relative decreases in firing.

We used auROC responses to assess OFC firing before and after spout withdrawal events (Figures 3 and S1-S3). Because some
units increase, while others decrease in firing, we quantified the magnitude of the change, regardless of direction (termed phasic
modulation) by subtracting 0.5 from auROC values and taking the absolute value. Phasic modulation values range from 0 (no mod-
ulation) to 0.5 (maximum modulation). To examine phasic modulation values prior to spout withdrawal, we focused on the 0.5-s
period leading up to a withdrawal on hit and false alarm trials. On miss trials, firing rates were always contaminated by a shock artifact
before spout withdrawal; therefore, these trials were not included in this analysis. To examine phasic modulation values after spout
withdrawal, we focused on the period between 0.3 and 0.8 s after a withdrawal on hit, miss, and false alarm trials. We used 0.3 s post
withdrawal as a starting time to eliminate any remaining shock artifact in miss trials.

Phase-projected vector strength was calculated as in Yin et al.>* Briefly, the standard trial-by-trial vector strength (VS;) was calcu-
lated as

" cos 0,)+( S . sin 6;)°
VS = V%E:“* L (X7 )(EquaﬁonS)

where n is the number of spikes in a given trial and 6; is the phase of each spike in relation to the stimulus modulation period. 6; was
calculated as

9= o M0A(:P)
o

(Equation 4)

where mod(t;, p) is the modulo (division remainder) between the spike time relative to the onset of the stimulus t; and the modulation
period for a 5 Hz stimulus p (i.e., 0.2 s). The phase-projected vector strength (VS,,) was calculated as

VSp, = VS; cos(p; — ¢.)(Equation 5)
where ¢; and ¢, are the trial-by-trial and mean phase angle, calculated as
ST sin 6;
>4 cos b;

where n is the number of spikes in each trial (¢;) or in all trials (¢.), and arctan2(y/x) yields the angle between the x-axis and the vector
from [0, 0] to [x, y] (base R function). VS, ranges from —1 (all spikes in each trial are out of phase with the mean response) to 1 (all
spikes are in phase with the mean response).

¢ = arctan 2 (Equation 6)

Fiber photometry

Pre-operative care was as described above. The skull was exposed, dried with hydrogen peroxide, and leveled between lambda and
bregma. Two bone screws were inserted, and craniotomy locations were marked over left OFC and left auditory cortex. The tempo-
ralis muscle was detached as described above. A virus (AAVrg-syn-jGCaMP8s-WPRE''"; Addgene) was injected into the left auditory
cortex to drive retrograde expression of a genetically-encoded calcium indicator (jGCaMP8s). Injections were made at three loca-
tions along the rostro-caudal axis between 2.40 and 3.90 mm rostral to lambda. At each rostro-caudal location, injections were
made at two depths relative to the pial surface (0.90 and 0.30 mm; 200 nL per depth), totaling 1200 nL. Each injection was made
directly into the temporal aspect of the brain, with the pipette angled 45 degrees laterally. The auditory cortex craniotomy was
covered with KwikSil (WPI), and the skin was repositioned to cover the craniotomy. Skin margins were glued with cyanoacrylate tis-
sue adhesive and bone screws and skull were covered with Metabond. Then, a craniotomy over the left OFC was made and an optical
fiber (400 pm core; @1.25 mm ceramic ferrule; 0.5 NA; RWD Life Science) was implanted in the left OFC using the following coordi-
nates (relative to lambda): 1.2 mm lateral, 8.90-9.05 mm rostral, 2.90-3.20 mm ventral from pial surface). The craniotomy was
covered with KwikSil and the fiber was secured with dental cement. Post-operative care was as described above. One control animal
(female) was injected with AAVrg-hSyn-eGFP (Addgene) in the left auditory cortex and had a fiber implanted in the left OFC as
described above. Controlled water access and behavioral experiments started at least three weeks after surgery to allow for virus
expression. Fiber photometry recordings were performed four weeks after surgery.
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All optical equipment (patch cords, fluorescence MiniCube, 405 and 465 nm connectorized LEDs, LED driver and Newport photo-
receiver module) were purchased from Doric Lenses. LED driver control and photovoltaic signal recording was sampled at 1 kHz us-
ing an RZ2 processor and Synapse software (Tucker-Davis Technologies).

Fluorescence was recorded using a 465 nm LED. Calcium-independent (i.e., isosbestic) signals were also recorded using a 405 nm
LED to correct for movement artifacts and fluorescence decay. The isosbestic point of GCaMP is ~410 nm.""?

Before each recording day, patch cords were photobleached overnight. Animal fiber-optic cannulas were connected to the system
using a quick-release connector (ADAL3; ThorLabs). Light intensity at the tip of the animal-connecting patch cord was measured with
a photodiode power sensor and energy meter (S120C and PM100USB; ThorLabs). Light output (465 and 405 nm respectively) was
~90 and 28 uW for all animals except for one male (~45 and 28 pW).

Photometry signals were processed offline similarly to Martianova et al.’'® Briefly, 465 and 405 nm signals were 5 Hz low-pass
filtered and smoothed with a 100-point zero-phase moving average filter. Then, LED onset artifacts were removed, baseline fluctu-
ations were corrected with the adaptive iteratively reweighted Penalized Least Squares algorithm (airPLS)'"* and signals were stan-
dardized by median subtraction and division by standard deviation. The standardized 405 signal was fitted to the standardized 465
signal with non-negative robust linear regression and the fit was subtracted from the standardized 465 signal, resulting in a dF/F
signal. Finally, this resulting dF/F signal was aligned to behaviorally relevant timestamps and z-scored using a baseline period ranging
from 1 s before stimulus until stimulus onset.

Brain cannulation and infusions

Pre- and post-surgical care were as described above. The skull was exposed and dried, and two bone screws were inserted. The
skull and screws were covered with C&B Metabond (Parkell) for better implant adhesion. Craniotomies and durotomies were per-
formed over OFC. Double guide cannulas (26-gauge, 5 mm length, 1.5 mm center-to-center distance; PlasticsOne model
C235GS-5-1.2/SPC) were inserted just above OFC using the following coordinates (all relative to lambda): lateral = 1.50 mm, rostral =
8.75-9.05 mm, ventral = 1.50 mm; angle=0° from vertical) and secured with dental cement (Palacos). Dummy cannula (33-gauge,
0.25 mm protruding from guide cannula; PlasticsOne model C235DCS-5/SPC) were inserted into the guides and secured in place
with a dust cap.

Starting at least seven days after surgery, animals were placed on controlled water access and trained to detect AM sounds as
described above. Intracortical infusions only began after animals reached expert performance on the task (d’ > 2). Muscimol (abcam)
was dissolved in in 0.9% saline to achieve a concentration of 1-2 ug/uL. Aliquots were kept at -20°C and always used within one
month of dilution. Infusion cannulas (33 gauge, protruding 1 mm from guide cannula; PlasticsOne model C2351S-5/SPC) containing
muscimol or saline were inserted into the guides. Bilateral OFC infusions (0.25-0.5 pL/hemisphere, 0.2 pL/min rate) were made simul-
taneously via a six-channel programmable pump (NE-1600, New Era) and 10 pL glass syringes (Hamilton 1801). Infusions were per-
formed ~40 min before the behavioral task under light isoflurane anesthesia. The entire infusion procedure lasted between 6 and
10 minutes and animals typically recovered from anesthesia within 2 minutes.

To estimate drug spread and cannula placement, fluororuby (Dextran, Tetramethylrhodamine, 10,000 MW, Lysine Fixable, Invitro-
gen) was diluted to 5% in sterile saline and infused through the cannulas under light isoflurane anesthesia at the end of the study.
Immediately after infusions animals were perfused and brains were processed for histology as described below.

Histology and imaging

At the end of all experiments, animals were deeply anesthetized with a mixture of ketamine (150 mg/kg) and xylazine (6 mg/kg) in
sterile saline and transcardially perfused first with ~20 mL of phosphate buffered saline (PBS) then with ~20 mL of 4% paraformal-
dehyde (PFA) in phosphate buffered saline. After perfusion, implants were removed, and brains were extracted and postfixed in PFA
for 1-7 days until sectioning. Brains were then transferred to PBS, embedded in 6% agar, and sectioned on a vibratome (Leica VT-
1000S) at 70 um thickness. Slices were collected and mounted on gelatinized slides and coverslipped with ProLong Gold or Diamond
mountant (Molecular Probes).

GFP-containing tissue (photometry experiment) was processed for GFP immunofluorescence for signal amplification. First, free-
floating sections were washed in PBS 3x10 min. Non-specific binding was blocked by incubation in 10% normal goat serum (NGS) in
phosphate buffered saline containing Triton-X (Sigma; 0.3% PBT) for 2 h at room temperature. Following the blocking step, slices
were incubated in 1:1000 rabbit anti-GFP primary antibody (Invitrogen #A11122) diluted in the same blocking solution (NGS +
0.3% PBT) for 1 h at room temperature then 40-48 h at 4°C. Following primary incubation, slices were washed in 0.1% PBT
3x15 min then incubated in 1:1000 goat anti-rabbit Alexa-488 secondary antibody (Invitrogen #A32731) for 1 h at room temperature.
Finally, following secondary incubation, slices were washed in 0.1% PBT 3x10 min and coverslipped with ProLong Diamond.

Sections were imaged either via epifluorescence (Leica DM750) or confocal microscopy (Zeiss LSM 980 Airyscan 2) at 10x magni-
fication. For epifluorescence images, tiles were taken manually and stitched together using Photoshop 2023 panorama PhotoMerge
function (Adobe). Images were processed using ImageJ.®

QUANTIFICATION AND STATISTICAL ANALYSIS

We used the ePsych software developed by Dr. Daniel Stolzberg (https://github.com/dstolz/epsych) for MatLab R2014a
(MathWorks) for behavioral data acquisition and control.
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All data were processed offline by custom MatLab pipelines (https://github.com/caraslab/caraslab-behavior-analysis, https://
github.com/caraslab/caraslab-spikesortingKS2, and https://github.com/caraslab/caraslab-fiberphotometry), then further analyzed
by custom Python (https://github.com/caraslab/Caraslab_FP_preprocessing_pipeline and https://github.com/caraslab/Caraslab_
EPhys_preprocessing_pipeline) and R routines (https://github.com/caraslab/MacedoLima_CurBiol2024).

Statistical analyses were performed using R (version 4.3.1) and RStudio (version 2023.9.1.494; Posit Software). All statistical re-
sults can be found in Tables 1 and S1. Boxplots center lines represent medians, boxes represent 25-75% interquartile range and
whiskers represent 10-90% interquartile ranges. Analyses were performed by generalized linear models followed by ANOVA
(GLM/ANOVA) using the ‘glmmTMB’"'® and the ‘car’''® packages for R. Normality of GLM residuals was assessed after each fit
by visually inspecting the distribution of studentized residuals (g-q plots) using the ‘DHARMa’ package for R.""” When normality
was not fulfilled, data were square-root-, log-, or ‘rankit’-transformed, ' '® and GLMs were rerun. Before transformation, data contain-
ing negative numbers were rescaled using the formula F(x) = x+2|min (7)|, where x represents an individual value and min (7)
represents the lowest value in the dataset. When interactions were significant, Bonferroni multiple comparison post-hoc tests using
the package ‘emmeans’ for R (https://github.com/rvienth/emmeans) were used after “regridding” the data into original units if a
transformation was required.

All GLM fixed effects can be found in the statistical tables. To test for an effect of behavioral context on OFC activity, we included
Unit nested under Subject (Figure 2F), or Context (passive-pre, task, passive-post) nested under Unit nested under Subject as
random effects (Figure 2G). To test for an effect of trial type on phasic modulation, we included Trial type nested under Unit nested
under Subject as random effects (Figures 3, S2, and S3). To test for an effect of OFC suppression on behavior, we included Subject as
arandom effect (Figures 4C-4H, 5C, S4, and S5). To test for an effect of behavioral context on auditory cortical activity, we performed
separate analyses for each drug treatment (saline or muscimol) and included Context (passive, task) nested under Unit nested under
Subject as random effects (Figures 5E-5H and S6), or Unit nested under either Behavioral d’ (Figure 6B) or performance (good vs
poor, Figure 6C) nested under Subject as random effects.
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Figure S1. OFC neurons exhibit heterogeneous firing rate changes during sound-guided behavior. Related
to Figure 2. (A-B) Peri-stimulus time histograms (PSTH) around trials (A) were used to generate normalized firing
auROC PSTHs (B). We compared the spike rate during a baseline period (dashed gray box) to the spike rate
during 100-ms windows along the entire PSTH. Two example windows are shown in green and purple. Inset in A
represents a magnified view around the windows to illustrate that each 100-ms window contains 10x10-ms spike
rate values. (C-D) Count histograms illustrating the spike rate bins during baseline period (dashed lines) and during
the 100-ms example windows (green and purple solid lines) from the PSTH illustrated in A. Spike rate distributions
were compared using a criterion vector (see Supplementary Methods for details) constructing ROCs (E-F), from
which auROCs could be calculated. (G) Heatmaps illustrate normalized neuronal firing (auROC) aligned to trial
onset (Time = 0 s; vertical dashed white lines). During passive sound exposure sessions, “trial onset” was defined



as the start of the AM sound. Each row represents one unit and those are ordered by the mean auROC between
0 and 1.5 s during Hit trials, and the same order is used across other trial types. False alarm trials by definition do
not contain an AM period, so Time = 0 s represents the onset of a 1-s trial block within which false alarms occurred.
Data are from 313 single- and 234 multi-units. Solid white rows are from sessions during which auROC could not
be calculated due to an absence of spikes. (H-L) OFC neurons that innervate auditory cortex also show increased
trial-based activity during task performance. (H) Calcium transients from OFC neurons that project to the auditory
cortex were recorded via fiber photometry in eight animals (three females). Auditory cortex was injected with a
virus to drive the retrograde expression of GCaMP8s and an optical fiber was implanted in left OFC. After four
weeks to allow for virus expression, animals were placed on controlled water access and tested on the AM
detection task. Photometry signals were collected during the task and during a period of passive sound exposure
immediately following the task. (I) Representative images from one animal depicting the virus injection site in
auditory cortex (left), fiber location in OFC (middle), and labeled OFC cell bodies (right). (J) Calcium transients
time-locked to AM trials were only evident during task engagement (top) and not during passive sound exposure
(middle). To confirm that the recorded signals were not related to movement artifacts, one female was injected
with a virus to drive retrograde expression of enhanced green fluorescent protein (eGFP) and an optical fiber was
placed in OFC. No task-related transients were detected in this animal (bottom). (K) Mean + standard error calcium
transients from all animals and recording sessions demonstrating strong calcium dynamics around behavioral
responses and not during passive AM presentation. (L) Heatmaps illustrate calcium dynamics around AM
presentations during task and passive periods. Responses were aligned to trial onset (Time = 0 s; vertical dashed
white lines). For false alarm trials, Time = 0 s represents the onset of a 1-s trial block within which the false alarm
occurred. During passive sound exposure sessions, “trial onset” was defined as the start of the AM sound. Each
row represents one session. Vertical color bars to the left of each heatmap indicate sessions from the same animal.
Since calcium transients were not evident during passive sound playback, recordings were not performed for every
session. Blank rows in the passive session columns represent sessions in which no passive recording was made.
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Figure S2. OFC units are sensitive to trial outcome. Related to Figure 3 and Table S1. (A) Heatmaps illustrate
normalized neuronal firing (auROC) aligned to spout withdrawal (Time = 0 s; vertical dashed white lines). Same
data as in Figure 3 but ordered by the mean auROC between 0.3 and 0.8 s post withdrawal (brackets on top of
heatmaps) during hit trials. The same order is used for false alarm and miss trials. Values between 0 and 0.3 s
were not analyzed because of the shock artifact during miss trials. Solid white rows are from sessions during which
auROC could not be calculated due to the absence of spikes. (B) Histograms illustrate the distribution of mean
phasic modulation between 0.3 and 0.8 s after spout withdrawal during hits, false alarms and misses. Phasic
modulation values were calculated as |auROC - 0.5|. Values range from 0 (no modulation) to 0.5 (maximum
modulation). Units were classified as significantly modulated if mean phasic modulation was above the 95%
confidence interval of the distribution (dashed line). Percentages indicate the proportion of units with significant
phasic modulation. (C) Mean phasic modulation values 0.3-0.8 s after spout withdrawal (illustrated as mean *
standard error across units) are larger on hit trials than on miss or false alarm trials. ***p < 0.001.
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Figure S3. Phasic modulation profile of OFC units separated by tonic firing category. Related to Figure 3
and Table S1. (A) Heatmaps illustrate normalized neuronal firing (auROC) aligned to behavioral response, i.e.,
spout withdrawal (Time = 0 s; vertical dashed white lines). Same data as in Figures 3 and S2, but separated by
groups representing task-dependent changes in tonic firing. Rows are ordered by the mean auROC preceding
spout withdrawal (—0.5 to 0 s; brackets on top of heatmaps) during hit trials within each group. The same order is
used across other trial types. (B) Phasic modulation after spout withdrawal was calculated as in Figure S2 and is
illustrated as mean * standard error across units. Mean phasic modulation (0.3 to 0.8 s) was higher in hit than
false alarm and miss trials in all three groups (task-suppressed, -enhanced, -unchanged units). (C) Phasic
modulation preceding spout withdrawal was calculated as in Figure 3. Mean phasic modulation (—0.5 to 0 s) was
stronger in hit than in false alarm trials in task-suppressed and -enhanced, but not in task-unchanged units. ***p
< 0.001; **p < 0.01
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Figure S4. Slower trial completion and increased false alarm rates during OFC inactivation may be
explained by the increased frequency of punishment. Related to Figure 4 and Table S1. (A) The number of
AM trials completed per minute negatively correlates with the miss rate. (B) The false alarm rate positively
correlates with the miss rate. Blue dots represent days when animals received saline infusions into OFC, while
magenta dots represent days when animals received muscimol infusions. Gray lines connect data from the same
animal. Dashed lines indicate animals that received unilateral left OFC infusions due to partially clogged cannulas.



>
vy)
(@)

Saline
100 ** Muscimol 1004

=] . 1.0

75 & 75 E
S 9 3 %°
< © € 0.8
2 50 E 501 3"

e 3 S
= ® c07

25 2 254 2
L IJ_.I 206
0 o{™ 0.5

Figure S5. The behavioral effects of OFC suppression replicate in animals with chronic electrode implants
in the auditory cortex. Related to Figure 5 and Table S1. OFC suppression significantly reduced behavioral hit
rates (A) but did not significantly affect false alarm rates (B) or water consumed during the task (C). **p<0.01.
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Figure S6. Effects of OFC suppression on auditory cortical firing rates and firing rate variability. Related
to Figure 5 and Table S1. (A-B) Neither task engagement nor OFC suppression systematically affect non-AM
(A) or AM firing rates (B) of auditory cortical single- and multi-units. (C-D) Neither task engagement nor OFC
suppression systematically affect non-AM (C) or AM firing rate variability (D).



Figure Test Factor(s) Statistic P value

S2C GLM/ANOVA Trial type x% =203.980 <0.001

Bonferroni: Trial type Hit — False alarm t1s76 = 12.091 <0.001

Hit — Miss tis76 = 12.589 <0.001

False alarm — miss t1s76 = 0.367 >0.999

S3B GLM/ANOVA: Task-suppressed Trial type x%2 = 89.686 <0.001

Bonferroni: Trial type Hit — False alarm te2 = 8.188 <0.001

Hit — Miss tezo = 8.182 <0.001

False alarm — miss te22 = —0.104 >0.999

GLM/ANOVA: Task-enhanced Trial type X% =104.720 <0.001

Bonferroni: Trial type Hit — False alarm ts70 = 8.984 <0.001

Hit — Miss ts70 = 8.709 <0.001

False alarm — miss ts70 = —0.347 >0.999
GLM/ANOVA: Task-unchanged Trial type X% =21.378 0.002

Bonferroni: Trial type Hit — False alarm ta70 = 3.471 <0.001

Hit — Miss tazo = 4.371 <0.001

False alarm — miss ta7o = 0.852 >0.999

S3C GLM/ANOVA: Task-suppressed Trial type x%1 =20.842 <0.001

GLM/ANOVA: Task-enhanced Trial type x%1 = 31.561 <0.001
GLM/ANOVA: Task-unchanged Trial type x%1 = 2.488 0.115

S4A GLM/ANOVA Miss rate x4 = 15.630 <0.001
S4B GLM/ANOVA Miss rate x% =10.778 0.001
S5A GLM/ANOVA Treatment X% = 8.271 0.004
S5B GLM/ANOVA Treatment x4 =2.715 0.099
S5C GLM/ANOVA Treatment x4 =2.323 0.127
S6A GLM/ANOVA: Saline Context x% =0.678 0.410
GLM/ANOVA: Muscimol Context ¥?1 = 1.900 0.168
S6B GLM/ANOVA: Saline Context x% < 0.001 0.998
GLM/ANOVA: Muscimol Context x4 =0.214 0.643
S6C GLM/ANOVA: Saline Context x4 =0.223 0.637
GLM/ANOVA: Muscimol Context x4 =0.122 0.726
S6D GLM/ANOVA: Saline Context x% =0.003 0.959
GLM/ANOVA: Muscimol Context x% = 0.546 0.460

Table S1. Statistical results. Related to Figures S2, S3, S4, S5 and S6. GLM: Generalized linear model; ANOVA:
Analysis of Variance; Bolded p-values indicate statistical significance.
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