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Prefrontal-insular gamma synchrony promotes
modality-specific cognitive flexibility

by
Lara Louise Hagopian

Abstract

The ability to alter our behavior based on sensory inputs, such as odors or textures, is a
necessity for adaptation. The medial prefrontal cortex (mPFC), important for cognitive function,’
produces gamma synchrony that is necessary for this behavioral flexibility in a Rule-Shifting
task tested in mice.”® It is unclear what other regions contribute to the cognitive flexibility
needed for this task. The insula is known to be necessary for proper cognitive function?® 3341
and also has bidirectional connectivity with the mPFC.2° Here we apply optogenetic inhibition on
the medial insular cortex (mIC) to mPFC projecting (mIC-mPFC) cell bodies and terminals
during a Rule-Shifting task in mice to show that this projection is necessary for texture to odor
cue rule shifts. We further determine the existence of gamma synchrony between mIC and
mPFC parvalbumin interneurons (PVIs) during this task and find a difference in synchrony
based on the cue type using a novel recording technique called transmembrane electrical
measurements performed optically (TEMPO).3' This gamma synchrony was shown to be
necessary for rule shifts to odor due to a deficit from out-of-phase optogenetic gamma
stimulation. Overall, the results show the mIC is necessary for optimal rule shifting to an odor

cue.
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Chapter 1

Introduction

Utilizing five senses, humans observe the continuously changing environment to build a
model for the external world. We use sight, sound, taste, odor and tactile cues to detect
changes in the environment, and adapt accordingly via cognitive flexibility. Whether it is
experimenting with flower oils to create an irresistible perfume or letting the desire for a softer
sweater lead to the creation of cashmere, we are constantly relying on these five modalities to
note when the environment calls for a shift in behavior. Cognitive flexibility allows us to unlearn
and relearn in new ways, or adapt, to continually evolve on a daily basis.

Understanding the process of adaptation, through cues, raises several questions. 1)
What brain area(s) are responsible for cognitive flexibility? 2) How can we use behaviors to
measure cognitive flexibility? 3) What are physiological correlates of cognitive flexibility? 4) Can
we parse cognitive flexibility via different types of cues? 5) Do the brain regions necessary for
the cognitive flexibility depend on the type of cue? Answering these questions to completion will
take many years to come, however, later chapters will show a start in understanding cue
modality-dependent cognitive flexibility.

One brain region frequently implicated in cognitive flexibility is the medial prefrontal
cortex (mPFC)."® The mPFC is involved in many forms of executive and cognitive functions
such as working memory, memory recognition, emotional regulation, spatial cognition, planning,
problem solving, along with cognitive flexibility.™* It is thought to be the integrator of information
for optimal decision making."'#'6 While it does not receive sensory input directly, it does receive
information from regions, like the insular cortex that collect sensory information,%217-2% allowing
the mPFC to respond to environmental cues.

Understanding how the mPFC incorporates cues of different modalities may give insight



on circuit mechanisms for cognitive flexibility. Studying this requires a behavioral test for
cognitive flexibility that can separate the roles of different cue modalities.

In humans, cognitive flexibility can be studied using the Wisconsin Card Sort Task
(WCST).3?"24 |n this task, a subject is presented with three cards; each card displays symbols
which vary in number, shape and color. A person must determine through trial and error of card
selection if the number of symbols, their shape, or their color should be used for sorting; once
this initial rule is learned, the rule changes, requiring the subject to shift attention to a different
modality.

Individuals suffering from brain lesions in the PFC, Alzheimer’s disease, schizophrenia,
depression, anxiety, and bipolar disorder all exhibit impairments in cognitive flexibility reflected
by deficits in WCST performance compared to healthy controls.>2"?* In addition, in some cases
these deficits are associated with an impairment in a certain pattern of brain activity known as
gamma oscillations. 2528

Gamma oscillations have been observed during various cognitive tasks including tasks
which measure cognitive flexibility.”>2%-2° Gamma oscillations reflect rhythmic (30-100Hz)
activity of neurons in a specific brain areas that produce a signal which can be measured
through electroencephalography (EEG) or local field potential (LFP) recordings.?® Gamma
oscillations are known to be mainly generated by rhythmic firing of inhibitory interneurons,
specifically parvalbumin interneurons (PVIs).2>3% When two brain areas are producing gamma
oscillations synchronously, it suggests that they may be potentially communicating or otherwise
interacting.?

Previous work from our laboratory has observed disruptions in cognitive flexibility by
disrupting gamma oscillations in the mPFC by targeting prefrontal PVIs in mice.”® Studying the
role of gamma oscillations and PVIs in cognitive flexibility, requires a task similar to the WCST,
but suitable for mice, along with a recording technique that can measure rhythmic activity in

specific cell types, like PVls.



Our laboratory uses a mouse Rule-Shifting task that shares certain features with the
WCST. This task uses odor and texture cues. On each trial, mice are presented with two bowls
and must learn to dig in the bowl containing a specific cue (odor or texture) to obtain a hidden
food reward. Once that initial association (IA) has been learned, the rule will change without
warning to the other modality, and the mice must learn this rule shift (RS) (see figure 2.1 and
methods for details).

To record from PVIs directly, we used Transmembrane Electrical Measurements
Performed Optically (TEMPO).3' TEMPO uses genetically encoded voltage indicators to
measure voltage membrane dynamics at fast time scales comparable to LFP recordings, for
specific cell types.®' Previous work from our laboratory has used TEMPO to show that PVIs
exhibit a significant increase in gamma synchrony between the mPFC hemispheres, specifically
following error vs. correct trials during the Rule-Shifting task.®® To determine the necessity of
cross hemispheric gamma synchrony during a rule shift, PVIs in the mPFC received in-phase
and out-of-phase 40Hz optogenetic excitation during the RS period; RS impairment was only
observed during out-of-phase stimulation.? Out-of-phase stimulation during the |A period
showed no impairment, implying cross hemispheric PVI gamma synchrony in the mPFC is
specifically necessary during a rule shift, but not for learning a rule.® Disrupting gamma
synchrony in the mPFC by unilaterally optogenetically inhibiting the long range projections of
PVIs between mPFC hemispheres during a rule shift, also lead to behavioral impairment,
emphasizing the necessity of these PVI callosal projections for optimal rule shifting.®

These results show that normal gamma oscillations are necessary for proper cognitive
flexibility. It is possible other areas contribute to gamma synchrony in the mPFC, or synchronize
with the mPFC via gamma oscillations to promote cognitive flexibility in the Rule-Shifting task.
Therefore, to better understand how cognitive flexibility occurs, we have investigated the
synchrony of gamma oscillations between the mPFC and other cortical regions during rule shifts

based on specific cue modalities.



The ideal brain region to examine would be necessary for cognitive tasks, involved in
processing odor or texture cues, and have connectivity with the mPFC. The insula (insular
cortex, IC) is a region that encompasses all of these qualities and more.

The IC is known to be involved in functions such as somatosensation, interoception,
salience processing, emotional processing, anxiety, social cognition, learning, memorizing
valence, and decision making.3?*® It has bidirectional connections throughout the cortex along
with some subcortical, midbrain and hindbrain structures,?° which supports the idea that it is
involved in integrating information.*¢ Understanding examples of the IC’s circuit and involvement
in learning, suggest it may be particularly critical for cognitive flexibility in the Rule-Shifting task.

First, stroke patients with a damaged IC have been shown to struggle with cognitive
tasks, such as set-shifting.#’:*® Select human stoke patients with a lesion in the IC participated in
a set-shifting task that was a shape-based Trail Making Test from the Oxford Cognitive Screen.*
It involved participants to be presented with different sizes of squares and circles together;
participants switch between matching large squares to small squares and large circles to small
circles in descending order until all shapes have been matched.*” Those with lesions in the left
IC showed a deficit in this task.*” The mPFC is also a region needed for optimal set-shifting®.

Second, the IC is involved in cue learning. In a previous study using the classic
Pavlovian paradigm, mice are presented with visual and auditory cues simultaneously to learn
when to anticipate a reward by poking their head into a reward port; mice were thought to learn
the cue when the number of head entries in the reward port would increase with the onset of the
cues.** When the IC was pharmacologically or optogenetically inhibited, the mice struggled to
learn the association and were less likely to anticipate the reward, showing the IC’s importance
in cue learning.3*

Third, the insula is involved in taste and olfaction,¢* implying it may be involved in
learning associations between odor cues and food rewards. Gustatory information is processed
in the gustatory cortex that integrates taste and olfactory cues and even sends information to
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the mPFC®”; the gustatory cortex resides within the IC.365” The IC has been shown to be
involved in learning novel tastes; when mice are presented with novel tastes, the anterior IC to
mPFC projection is necessary for a neophobic response and remembering of the novel taste.*'
The IC also has bidirectional communication with the olfactory cortex in mice.?°

Fourth, the IC has extensive bidirectional connectivity with motor and somatosensory
cortices,?° raising the possibility that it may be involved in detecting specific textures in the Rule-
Shifting task. Specifically, when comparing seventeen major regions’ inputs and outputs of the
IC, the somatosensory cortex sends the greatest amount of excitatory and inhibitory input to the
IC while also receiving a large amount of the IC’s output.?°

Lastly, beyond its potential involvement with learning odors and textures, the IC also has
a large amount of bidirectional connectivity with the mPFC?°. Note, for all the regions the IC
communicates with, the amount of this connectivity differs between the anterior, medial, and
posterior IC.%°

Therefore, given the IC involvement in learning, decision making, olfaction, tactile
processing, and connection with mPFC, it is a promising candidate to manipulate and monitor
during odor and texture shifts of the Rule-Shifting task.

In the following chapters, we will explore the contribution of medial insular cortex (mIC)
projections to mPFC during the Rule-Shifting task. We found optogenetic inhibition of these cell
bodies or terminals leads to performance deficits specifically during shifts to odor cues in this
task. Gamma synchrony occurs between mIC and mPFC, specifically between PVIs in both
regions, with different patterns of synchrony occurring when learning rule shifts to odor vs
texture cues, emphasizing a difference in processing between these modalities. When gamma
synchrony between the mIC and mPFC is disrupted, we see a deficit in rule shifts. We conclude,

the mIC is necessary for learning shifts to odor based rules in the Rule-Shift task.



Chapter 2

mIC to mPFC projections

The following experiments attempt to reveal how the mIC interacts with the mPFC during

the Rule Shifting task to determine its involvement in cue-dependent cognitive flexibility.

mlIC to mPFC projecting cell bodies are necessary for ODOR
Shifts

We sought to determine the behavioral effects of inhibiting mIC to mPFC
communication. We used optogenetic inhibition of mIC-to-mPFC-projecting (mIC-mPFC) cell
bodies when mice were shifting to an odor cue during the Rule-Shift task.

Wild-type (WT) mice were injected with AAVrg-EF1a-Cre (AAVrg-cre; ‘retro-cre’) in
mPFC and AAV5-Ef1a-DIO-eNpHR-eYFP (experimental group, ‘eNpHR+’) or AAV5-Ef1a-DIO-
eYFP (control group, ‘eYFP+’) in mIC; optical fibers were implanted bilaterally in mIC (Fig. 2.1a-
b). One concern may be that we are also targeting the claustrum (CLA); however, we see there
is very little viral spread to the CLA,; the fiber implant is also directly above the mIC, given the
size/shape of the fiber and strength of the laser, light emitted from the fiber will mainly target the
mIC; we will revisit the concern for the CLA in chapter 3.

Eight to nine weeks later, mice were run on the Rule-Shifting task for three days. Here,
mice were presented with two bowls of textures and odors (sand, litter, garlic, coriander; Fig.
2.1c). Mice had to first learn a rule based on one modality (e.g., ‘dig in garlic-containing bow!’),
then shift to a rule of the other modality (e.g., ‘dig in the sand-containing bowl’). These two rules
represent the initial association (IA) and rule shift (RS) phases of the task, respectively (Fig.
2.1c, see methods for details). Mice were run for three days on this Rule-Shift task comprising
both 1A and RS phases (Day 1: texture to odor shift; Day 2: odor to texture shift; Day 3: texture
to odor shift), receiving optogenetic inhibition on Day 3 specifically during the RS trials of the

Rule-Shift task (Fig. 2.1c-d); optogenetic inhibition was turned off once mice were placed back
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into the holding cage during intertrial intervals (including extended timeouts after error trials).
We found there is a significant deficit in RS performance, as measured by the number of trials
needed to reach the learning criterion (8/10 consecutive trials correct), during Day 3 for
experimental (eNpHR+) mice compared to Day 1 (p<0.0001) and Day 2 (p<0.0001); there is
also a significant difference between experimental (eNpHR+) and control (eYFP+) mice on that
Day 3 (p=0.0001; Fig. 2.1d). Control (e€YFP+) mice showed no significant difference in RS
performance between Day 1 and Day 3 (p=0.11; Fig. 1d). Control (eYFP+) mice did show a
slight, but significant, deficit in performance on Day 3 compared to Day 2 (p=0.03), but the

experimental (eNpHR+) mice still perform markedly worse than controls (eYFP+) on Day 3 (Fig.

2.1d).
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Figure 2.1: Optogenetic inhibition of the mIC to mPFC projecting cell bodies leads to RS deficit during rule shifts to ODOR:
a)Surgery schematic of injection of AAVrg-cre was bilaterally injected into mPFC and AAV-DIO-eNpHR-eYFP or AAV-DIO-
eYFP was injected with fiber implants bilaterally into mIC. b) Example of visualizing surgeries (eNpHR-eYFP top, -YFP
bottom). ¢) Rule shifting schematic example: left is all possible cues; middle is an example of correct and incorrect trial if the
rule is sand; the right is an example of what the rules could be across three day’s, with the previous days RS as the
following day’s IA. (Figure caption continued on next page.)



(Figure caption continued from previous page) d) Top: the behavioral timeline where mIC to mPFC cell bodies are inhibited
during each trial on day 3; bottom: there is significant deficit of during inhibition where mice struggle to learn the texture to
odor shift compared to control days (Texture to Odor shift: T—O; Odor to Texture shift: O—T; Day 1: p=<0.0001, Day 2:
p=<0.0001) and controls (p=0.0001).

This difference may be related to the fact that mice perform a shift to texture on Day 2
vs. to odor on Day 3. Another possibility is that light delivery in control (eYFP+) mice mildly
impairs performance due to heating effects. Of note, implants in the mIC are very close to the
striatum where light delivery has been shown to produce heat-related behavioral deficits*°. We
do not consistently observe this difference between Day 2 vs. Day 3 performance in control
mice in later experiments.

Overall, these findings suggest that the mIC-mPFC neurons are necessary for rule shifts
to odor. However, it begs the question, could inhibition of mIC to mPFC projecting cell bodies
also lead to deficits when shifting to texture-based rules, and/or might we be impairing the ability

of mice to detect or process odor cues more generally?

mIC-mPFC projection neurons are NOT necessary for texture
Shifts or initial learning of odor

We delivered optogenetic inhibition to mIC-mPFC projecting neurons when mice were
shifting to a texture cue during the Rule-Shift task or when learning an initial odor cue.

Wild-type mice were injected and implanted the same as above (Fig. 2.1a-b). To
determine if there would be a performance deficit during odor to texture shifts, mice were run for
three days on the rule shift task(Day 1: odor to texture shift; Day 2: texture to odor shift; Day 3:
odor to texture shift), receiving optogenetic inhibition on Day 3 during the RS trials of the Rule-
Shift task (Fig. 2.2a); as before, optogenetic inhibition was turned off when mice were in the
holding cage during intertrial intervals. There is no significant difference in learning (RS trials
needed to reach learning criterion) on Day 3 (+ optogenetic inhibition) for experimental
(eNpHR+) or control (eYFP+) mice compared to the other days. This suggests that, in contrast
to shifts to odor-based rules, mIC-mPFC projection neurons are not necessary for shifts to

texture-based rules.



To determine if inhibiting mIC-mPFC neurons more generally disrupts the ability of mice
to detect, learn from, or make decisions based on odor cues, mice were run for two days on a
version of the task where both Day 1 and Day 2 had a randomly assigned |IA based on odor
(Day 1: IA based on one odor cue; Day 2: IA based on the other odor cue). On Day 2, mice
received optogenetic inhibition during IA trials (Fig. 2.2b); again optogenetic inhibition was
turned off when mice were in the holding cage during intertrial intervals. While there was a main
effect between Day 1 and Day 2 (p=0.01), we found no significant difference between Day 1 and
Day 2 for experimental (eNpHR+) mice (p=0.052) or control (eYFP+) mice (p=0.09), nor a
significant difference between experimental (eNpHR+) and control (eYFP+) mice when we

delivered light for optogenetic inhibition on Day 2 (p=0.42).
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Figure 2.2: Optogenetic inhibition of mIC to mPFC projecting cell bodies during RS does NOT affect texture shifts or the
ability to learn an odor rule: a) Top: the behavioral timeline for IA and RS where mIC to mPFC cell bodies are inhibited during
each trial on day 3 during RS; bottom: there is no significant behavioral deficit during optogenetic inhibition for eNpHR+ vs
eYFP+ compared to control days. b) Top: the behavioral timeline where mIC to mPFC cell bodies are inhibited during each
trial on day 3 during IA; bottom: there is no significant behavioral deficit during optogenetic inhibition for eNpHR vs eYFP
compared to control days.



Optogenetic Inhibition of the mIC-mPFC terminals leads to RS
Deficits during ODOR shifts

While it is clear that mIC-mPFC neurons are necessary for texture to odor rule shifts,
given the excessive output from the IC to the rest of the brain,? it is possible that these neurons
mediate these effects through projections to other regions, besides mPFC. To confirm that the
direct projection of mIC-mPFC neurons to mPFC is necessary, we delivered optogenetic

inhibition to mIC-mPFC terminals within the mPFC when mice were shifting from texture to odor.
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Figure 2.3: Optogenetic inhibition of the mIC to mPFC projecting terminals leads to RS deficit during ODOR shifts:
a)Surgery schematic of injection of AAVrg-cre and fiber implants were bilaterally injected into mPFC and AAV-DIO-eNpHR-
eYFP or AAV-DIO-eYFP was injected bilaterally into insula. b) Example of viral injection and implants (eNpHR+ on the left,
eYFP+ right) from surgeries in (a). ¢) Top: the behavioral timeline where mIC to mPFC terminals are inhibited during each
trial on day 3 during odor RS; bottom: there is significant deficit of during inhibition where mice struggle to learn the odor
shift compared to control days (Day 1 vs 3: p=0.0019, Day 2 vs 3: p=0.0012) and compared to controls (p=0.0086) during

odor RS.

Wild-type (WT) mice were again injected with AAVrg-EF1a-Cre (retro-cre) in mPFC and
either AAV5-Ef1a-DIO-eNPHR-eYFP (experimental group, ‘eNpHR+’) or AAV5-Ef1a-DIO-eYFP

(control group, ‘eYFP+’) in mIC; optical fibers were implanted bilaterally in mPFC (Fig. 2.3a-b).
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Mice were run for three days on the Rule-Shift task (Day 1: texture to odor shift; Day 2: odor to
texture shift; Day 3: texture to odor shift), and received optogenetic inhibition on Day 3 during
RS trials (Fig. 2.3c); again optogenetic inhibition was turned off when mice were in the holding
cage during intertrial intervals.

There was a deficit in learning, as evidenced by a significant increase in the number of
RS trials needed to reach the learning criterion on Day 3 (+optogenetic inhibition) for
experimental (eNpHR+) mice compared to Day 1 (p=0.0019) and Day 2 (p=0.0012); there is
also a significant difference between experimental (eNpHR+) and control (¢YFP+) mice on Day
3 (p=0.0086) (Fig. 2.3c). There is no significant difference for control (¢€YFP+) mice on Day 1 vs

Day 3 (p=0.58) or Day 2 vs Day 3 (p=0.67) (Fig. 2.3c).
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Chapter 3
Concern for the CLA?

The CLA is believed to act as a relay center between cortical regions®*°' due to its
extensive bidirectional connectivity with numerous regions, including the mPFC.%"%” The CLA's
strongest connections are with areas involved in higher order brain functions, like the mPFC.8 In
the mPFC specifically, the CLA is connected mostly to neurons in deeper layers, where the bulk
of mPFC PV interneurons reside.%®% The CLA is also believed to be involved in attention® and
possibly the transmission of neural synchrony.®%-%2 Thus, the CLA is well-positioned to integrate
diverse information from all other cortical regions, in order to dynamically filter salient
information. One way the CLA may do this is by transmitting this filtered information to the
mPFC in order to facilitate executive functions, potentially by modulating synchrony.

While synchronization between the CLA and other brain areas has not been
demonstrated, the monosynaptic glutamatergic projections from CLA to mPFC PVIs®3%8 raise
the possibility that it could entrain rhythmic activity in the mPFC or promote synchronization
within the mPFC. In particular, the CLA excites mPFC PVI, which elicits feedforward inhibition
within mPFC pyramidal neurons®; this is a potential mechanism through which CLA input could
impact mPFC synchronization. Furthermore, there is a similar pattern of mPFC input eliciting
feedforward inhibition in the CLA. Therefore, it is possible that by targeting PVI, the CLA may
regulate gamma synchrony in the mPFC, with potential for a recurrent loop of circuitry between
them.

The CLA has also been shown to be an important component in cue mediated behavior,
like the mPFC. A study posted on bioRxiv examined the CLA and mPFC circuit. CLA neurons
were targeted by using the vesicular glutamate transporter, (VGLUT2), encoded by the Sic17a6
gene,®® which is thought to be expressed specifically in the CLA and not its surrounding
regions.®* It found that designer receptors exclusively activated by designer drugs (DREADDs)
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mediated inhibition or continuous optogenetic excitation of the CLA can disrupt learning during a
rule shift of a similar task to Rule-Shifting.®® Note, all mice in this study switched from a texture
to an odor on the day of inhibition or excitation.

Here we attempted to obtain similar results using our Rule-Shift task and optogenetics

instead of DREADDSs to inhibit CLA neurons.

CLA is not individually necessary for rule shifting
While our viral injections and light delivery should mainly target the mIC (Fig. 2.1a-b), it

is still possible that the CLA contributes to the behavioral impairments we observed. Examining
whether directly targeting the CLA elicits similar effects may help to resolve this issue.

We used Vglut2-ires-cre (Vglut2-Cre) mice, along with viral transfections, to target CLA
neurons for optogenetic inhibition during our Rule-Shift task. Mice were bilaterally injected with
AAV5-Ef1a-DIO-eNpHR-eYFP (experimental group, ‘eNpHR+’) or AAV5-Ef1a-DIO-eYFP
(control group, ‘eYFP+’), with bilateral implants above the CLA (Fig. 3.1a-b).

Just like the study above, mice were run on our Rule-Shift task for two days (Day 1:
Odor to texture; Day 2: Texture to odor). Mice received continuous optogenetic inhibition on Day
2 during the RS period.

While there was a main effect between Day 1 and Day 2 (p=0.02), we found no
significant difference between Day 1 and Day 2 for experimental (eNpHR+) mice (p=0.09), nor a
significant difference between experimental (eNpHR+) and control (eYFP+) mice when we
delivered light for optogenetic inhibition on Day 2 (p=0.13) (Fig. 3.1c). A significant difference in
performance between Day 1 and Day 2 for control mice was found (p=0.01), likely driving the
overall difference between Day 1 and Day 2.

As described previously, light delivery to the striatum has been shown to produce heat-
related behavioral deficits*. For targeting the CLA, the fiber optic implant is near the striatum.

Thus, it is possible that changes in performance from Day 1 to Day 2 reflect non-specific heating
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effects caused by light delivery.

d c Behavior Timeline
AAV-DIO- eNpHR-eYFP 1A
or AAV-DIO-eYFP Da\l/ 1: Day./ 2 Da\l/ 3:
] L] 1
VGlut2-cre+/- Odor Texture NA
1
— S ‘/\ (Cre+ —*Ri
« ’ ‘ |
/ N\ I 1 1
/ P\ 2 Texture Odor NA
f y L S 4 N\ \ (+Opto. Inhib.)
\ i ) 4 ‘“‘<\\ \
Veich ‘f | | mic] A Experimental (eNpHR)
\ ‘ b )
5 » / ’ ® Control (eYFP)
\\\\\ ,*"7" S ~ //}‘ / ﬁ
ns
ns ns

A

RS Trials to Criterion
N w H
o o o
1 1 |
-

° ad, ®e A
10 ewe il o i
0 1 1
Day 1: Day 2:
0—-T T—0

Figure 3.1: Optogenetic Inhibition of the CLA during rule shift to odor: a)Surgery schematic of injection of AAV-DIO-eNpHR-
eYFP or AAV-DIO-eYFP injected bilaterally into CLA. b) Example of viral injection and implants (eNpHR on the left, eYFP
right) from surgeries in (a). c) Top: the behavioral timeline where CLA cell bodies are inhibited during each trial on day 2
during rule shifts to odor; bottom: there is no significant deficit of during inhibition (Day 1 vs Day 2 Experimental (eNpHR):
p=0.09; Day 1 vs Day 2 Control (eYFP): p=0.01; Day 2 Experimental (eNpHR) vs Control (eYFP): p=0.13).

Notably these changes in performance are similar in magnitude between experimental
(eNpHR+) and control (eYFP+) mice, and much smaller than those observed when inhibiting the
mIC. This suggests that optogenetic inhibition of the CLA does not produce marked impairments

in behavior (beyond those caused by light delivery alone).
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Chapter 4

Gamma Synchrony between mIC and mPFC

Now that we have determined that the mIC-mPFC projection is necessary for rule shifts
to an odor-based rule, this raises the question of whether gamma oscillations in mIC and mPFC
circuits synchronize during these rule shifts. Specifically, is there gamma synchrony between
PVls in the mIC and those in the mPFC, similar to the gamma synchrony our lab has observed
between PVIs in the two mPFC hemispheres?® Furthermore, does any potential mIC-mPFC
synchrony differ between shifts to odor vs. texture-based rules? If there is gamma synchrony,
are there any long-range PVI projections from mIC to mPFC? Is any potential gamma

synchrony between mIC and mPFC necessary for optimal rule shifting to odor?

Gamma synchrony between mIC and mPFC PVIs during TEMPO
recording (shift to odor vs shift to texture)

To begin answering the above questions, we used Transmembrane Electrical
Measurements Performed Optically (TEMPO) to measure gamma synchrony (30-50Hz)
between mIC and mPFC PVIs. TEMPO uses genetically encoded voltage indicators (GEVIs) to
measure voltage membrane dynamics at fast time scales comparable to LFP recordings but for
specific cell types.3! This allowed us to record oscillations from PVI in mIC and mPFC. To do so
we injected PV-FIp mice in both the mPFC and mIC with AAV-fDIO-Ace-mNeon to express the
GEVI, Ace-mNeon in PVls, as well as AAV-syn-tdTomato to generate a control fluorophore
signal. We implanted optical fibers for photometry unilaterally in both the mIC and mPFC (Fig.
4.1a-b).

For TEMPO recordings, mice were plugged into the fluorescence mini-cubes (FMC),
which were connected to LEDs for providing excitation (490nm or 565nm), and photoreceivers
for collecting the resulting emission from Ace-mNeon or tdTomato. Lock-in amplifiers were

utilized to modulate LED excitation, demodulate corresponding photoreceiver outputs, and
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remove noise with low pass filters (Fig. 4.1c; see methods). Mice were run on the Rule-Shifting
task for two days, and we randomly counterbalanced whether they started with odor or texture-
based rules on Day 1.

To precisely measure synchrony between mIC and mPFC we used an analysis
technique described in Phensy et al, 2025. Briefly, a broad bandpass filter was applied to filter
raw fluorescence signals between 1.6-78.4Hz. Subsequently, the resulting signals were filtered
for gamma (30-50Hz) activity. Once the signals are filtered, there remains the possibility of noise
such as movement or hemodynamic artifacts that could contaminate the signal from the GEVI,
Ace-mNeon. As mentioned above, syn-tdTomato is used as a reference fluorophore. The syn-
tdTomato signal remains constant but will fluctuate with unpredictable noise such as movement
and hemodynamic artifacts. Therefore, to remove these artifacts from the Ace-mNeon signal,
after the initial filtering, the best fit of the reference (tdTomato) signal to the voltage (Ace-
mNeon) signal was subtracted from the filtered Ace-mNeon signal to yield a ‘cleaned’ Ace-
mNeon signal (Fig. 4.1d). This is done for both mIC and mPFC recordings. We computed the
cross correlation between mIC and mPFC signals to quantify gamma synchrony. We examined
this metric of gamma synchrony during both pre- and post-decision periods (1-3s before the
mouse starts to dig and the time between outcome and trial end) (Fig. 4.1e-j).

During the pre-decision period we observed different patterns of gamma synchrony
between the mIC and mPFC during shifts to odor vs texture-based rules (Fig. 4.1e-g). During
shifts to odor-based rules, correct trials have significantly greater gamma synchrony than error
trials (p=0.02), but the reverse is true during shifts to texture-based rules (correct vs. error trial
synchrony: p=0.04) (Fig. 4.1e). We also observed a significant difference between gamma
synchrony on error trials during shifts to odor vs texture-based rules (p=0.005). This is
consistent with the idea that there is a difference between mIC and mPFC coordination
depending on the cue modality being used for decision making, and could be a possible
mechanism explaining why inhibiting mIC-mPFC projections selectively impairs shifts to odor-
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based cues.
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Figure 4.1: Gamma synchrony between mIC and mPFC PV interneurons during TEMPO recording: a)Surgery schematic of
injection of a 2:1 dilution of AAV1-CAG-fDIO-Ace2N-4AA-mNeon and AAV2-Syn-tdTomato and optic fiber implant unilaterally.
b) Example of viral injection and implants (mPFC on top, mIC on bottom) from surgeries in (a). ¢) Schematic of hardware set
up, with dual-site fiber photometry mNeon and tdTomato signals were demodulated via lock-in amplifier. d) Gamma band
activity is extracted by filtering raw fluorescent signals at 30-50Hz; cross correlation analysis is then performed on filtered
signals to determine synchrony between mPFC and mIC. (Figure continued on next page)
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(Figure continued from previous page) Looking at gamma synchrony during the pre-decision period e) there is a significant
difference between correct and error trials for texture to odor (p=0.02) and odor to texture (p=0.04) shifts and a difference in
error trials between odor and texture shifts (p=0.005). f) An overall difference between odor and texture shifts for normalized
signal (error/correct; p=0.03) and g) a difference between odor and texture shifts during early conflict trials (p=0.03). Looking
at gamma synchrony during the post outcome period h) there is a significant difference between correct and error trials for
texture to odor (p=0.0004) and odor to texture (p=0.001) shifts and no significant difference in error trials between odor and
texture shifts (p=0.20), i) no overall significant difference between odor and texture shifts for normalized signal (error/correct;
p>0.99) and j) no significant difference between odor and texture shifts during early conflict trials (p=0.22).

The gamma synchrony for correct trials has no significant difference for the opposing RS
error trials; this is interesting because it could serve as a predictive signal for the kind of rule the
mouse expects a reward from. Above we saw the mIC is necessary for optimal shifts to an odor-
based rule; it is possible that during correct trials for shifts to odor, the mouse needs to tap into
information from the mIC and therefore increases the mIC-mPFC gamma synchrony to make
the correct decision. Above we saw the mIC is NOT necessary for optimal shifts to texture RS;
during correct trials for odor to texture, the mIC is not necessary which could be the reason for
its lack in gamma synchrony compared to texture to odor correct trials (Fig. 4.1e). It is possible
that during odor to texture shifts, instead a different brain region is being recruited to
synchronize with mPFC; theoretically if that region was found, we may see identical results as
Figure 4.1(e-g), with shifts to odor vs texture reversed.

When comparing an overall difference, or normalized signal, between shifts to odor and
shifts to texture, error/correct, we continue to see a difference between texture to odor and odor
to texture shifts (p=0.03). We again see a difference between these two shifts looking at early
conflict trials (p=0.03).

During the post-outcome period (Fig. 4.1h-j) we see no difference between shifts to odor
and shifts to texture for any trial types. We see a significant increase in gamma synchrony for
error trials for both shifts to odor (p=0.0004) and shifts to texture(p=0.001) (Fig. 4.1h). This
increase in gamma synchrony during error trials of the post decision period is also something
we have seen among mPFC hemispheres which is necessary for learning®; leaving the
possibility that this gamma synchrony between mIC and mPFC is necessary for learning shifts

to odor. However, we do not see a significant difference in error trials between shifts to odor vs

18



texture(p=0.20) (Fig. 4.1h), difference in normalized signal (error/correct; p>0.99)(Fig. 4.1i) or
difference between odor and texture shifts during early conflict trials (p=0.22).

Above we saw the mIC to mPFC projection is necessary only for an odor shift and not a
texture shift, showing a difference between two cue type shifts; we continue to see a difference
between these two cue types when looking at gamma synchrony between mIC and mPFC PViIs,
further emphasizing this contrast.

Now that we understand the PVIs in the mIC and mPFC do have gamma synchrony,
does that signify there are long-range PVI projections between mIC and mPFC? Is this gamma

synchrony necessary for optimal rule shifts to odor?

Long-range mIC to mPFC projecting PVIs

We have established that there exists gamma synchrony between mIC and mPFC PViIs,
and that mIC projections to mPFC are necessary for learning texture to odor rule shifts. This
raises the question: do any PV+ mIC interneurons project to mPFC? If so, then these could
directly coordinate gamma oscillations within the mIC and mPFC. If not, it would imply that the
mIC PVIs likely exert their effects on mIC-mPFC gamma synchrony by influencing other mIC-
mPFC neurons.

To explore this, we did a simple tracing study, by injecting a retrograde tracer (CTb-488),
in the mPFC of PV-Cre/Ai14 mice (Fig.6a). One week later we perfused and sliced the brains to
see if there is any overlap between CTb-labeled mIC-mPFC neurons and tdTomato-labeled PV+
neurons in mIC (Fig. 4.2b).

We found some PV+ neurons in mIC do overlap with mIC-mPFC neurons, suggesting
that there are long-range-projecting mIC-mPFC PVIs (Fig. 4.2b). This could mean that PVIs in
the mIC are not only influencing gamma oscillations in the mIC but also directly influencing
gamma oscillations in mPFC. These long-range PVI projections could potentially be a driver of

gamma synchrony between mIC and mPFC.
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Figure 4.2: Long-range mIC-mPFC PViIs: a) Surgery schematic of injection of a retrograde tracer (CTB-488) injected into the
mPFC. b) Example of overlap between tracer and CTB in mIC (Top left: slice including mIC/region of interest; Top right: in
mIC, yellow signifies overlap of PVIs and mIC-mPFC neurons; bottom left: PVl in mIC; bottom right: mIC-mPFC neurons).

Regardless of how gamma synchrony between mIC and mPFC PVIs is generated, is the

gamma synchrony these PVIs create necessary for rule shifts to odor-based rules?

mIC and mPFC PV-interneuron gamma synchrony is necessary
for rule shifts to odor

We examined the effects of disrupting gamma synchrony between mIC and mPFC PV-
interneurons by delivering optogenetic excitation to these two populations either in- or out-of-
phase.

To target PVIs, we used PV-cre and WT mice for experimental and controls respectively.
We injected AAV5-DIO-ChR2-eYFP bilaterally in the mPFC and mIC (Fig. 4.3a-b) and implanted
a dual optic fiber in mPFC and optic fibers in mIC bilaterally. One concern is that the virus may
spread to regions other than the mIC; however, given the placement of the implant is
predominantly above mIC, we can assume the bulk of the PVIs being manipulated should be in

the miIC.
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Figure 4.3: mIC and mPFC PV-interneuron gamma synchrony is necessary for optimal rule shifts to odor: a)Surgery
schematic of injection of AAV-DIO-ChR2-eYFP and fiber implants bilaterally into mPFC and mIC. b) Example of viral
injection and implants from surgeries in (a). c) Top: the behavioral timeline where mPFC and mIC PVI cell bodies are excited
during each trial on day 2 during rule shifts to odor; bottom: there is a significant deficit between in-phase vs out-of-phase
stimulation(Day 1 vs Day 2 Experimental (PV-cre): p=0.0057; Day 2 Experimental (ChR2) vs Control (WT): p=0.028; Day 1
vs Day 2 Control (WT): p=0.74).

After five weeks, we ran the rule-shifting task over two days (Fig. 4.3c). The IA cue was
randomly assigned. Both days mice shifted from a texture cue to an odor cue while receiving
bilateral optogenetic excitation in the mIC and mPFC. To mimic the zero phase lag gamma
synchrony observed using TEMPO (Fig. 4.1), on one day, mice received in-phase 40Hz
stimulation during RS trials. To disrupt this synchrony, on the other day, mice received out-of-
phase 40Hz stimulation between the mIC and mPFC during RS trials. Note, optogenetic
excitation was turned off when mice were in the holding cage during intertrial intervals (including
extended timeouts after error trials). Mice were randomly assigned to receive either in- or out-of-
phase stimulation on the first day, and received the other type on the following day.

We found that experimental (ChR2+) mice performed significantly worse during out-of-

phase stimulation compared to in-phase (p=0.0057), as measured by an increase in the number
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of trials to reach the learning criterion (8/10 trials correct) (Fig. 4.3c). Experimental (ChR2+)
mice performed significantly worse than controls (ChR2-) during out-of-phase stimulation
(p=0.028), whereas there was no significant difference between control and experimental mice
when they received in-phase stimulation (p=0.74; Fig. 4.3c).

These results signify that the zero-phase lag gamma synchrony between mIC and
mPFC PV-interneurons found in TEMPO during shifts to odor, is necessary for optimal rule shift

learning.
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Chapter 5

Discussion

Understanding the influence of individual cue types on cognitive flexibility, via the mPFC,
may provide an understanding of their integration triggering adaptation for optimal
environmental outcomes. Previous research has shown that the mPFC and its gamma
synchrony are necessary for cognitive flexibility tasks such as the Rule-Shifting task.”® While
this research shows the necessity of gamma synchrony in the mPFC for cognitive flexibility, it
does not parse out different cue types (ex: odor and texture) or explore the possibility of
interregional gamma synchrony. Finding regions involved in enabling cognitive flexibility related
to specific cue types and their involvement in gamma synchrony with the mPFC, will allow us to
understand how the mPFC integrates different cues to form the necessary skill of environmental
adaptation.

Here, we chose to observe the influence of the mIC on cognitive flexibility during the
Rule-Shifting task and its relationship to the mPFC because of the mIC’s involvement in
cognition and known connectivity to the olfactory, somatosensory, and mPFC?°. We found that
mIC to mPFC projections are necessary for optimal Rule-Shifting, specifically to form texture to
odor rule shifts. This necessity could be explained by the gamma synchrony between mIC and
mPFC PVIls identified during TEMPO recordings. This projection’s specificity for only texture to
odor shifts may be explained by the difference in gamma synchrony found between the two
types of shifts. Given that out-of-phase stimulation between the regions PVIs causes a
detriment in texture to odor shifts, we conclude that the interregional gamma synchrony
between the mPFC and mIC PViIs is necessary.

Through these experiments we have come closer to understanding one of the five
sensory cues necessary for cognitive flexibility, aka odor, and it's need for interregional gamma
synchrony. While this does not paint a full picture of how odor is integrated during cognitive
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flexibility in the mPFC, it offers a significant start.

Some may argue we may not be testing the cue for odor at all, potentially testing odor
and/or taste. However, the experience of taste is reliant on entering the mouth to stimulate taste
receptors. During the Rule-Shifting task, we have not visually observed the mice eating or
licking the media before deciding where to dig. It is possible when the mice dig up the reward
there would be residual garlic or coriander powder on the pellet. However, during original
preliminary data which optogenetically inhibited all mIC neurons during the RS trials, mice were
handed a reward with tweezers, yet the impairment during a texture to odor shift was still
present. Therefore, it is likely safe to infer that mice are in fact using an odor cue.

While this now shows the necessity of the mIC-mPFC projection and the synchrony
between the mIC and mPFC, it does not explore the mPFC to mIC projection. Exploring this
projection will allow us to understand the bidirectional circuit between mIC and mPFC and
determine if one region is leading the gamma synchrony between them.

The above experiments also do not explore the impact the mIC has on the gamma
synchrony between the mPFC hemispheres which is necessary for optimal cognitive flexibility.”
In future experiments, with bilateral optogenetic inhibition in the mIC-mPFC projecting cell
bodies with simultaneous TEMPO recordings bilaterally in mPFC, observing this will give us an
understanding of how the mIC is impacting odor cognitive flexibility through the mPFC.

Based on my findings that the mIC-mPFC projection is necessary for texture to odor rule
shifts (Fig. 2.1- 2.3), the necessity of PVI gamma synchrony between the two regions® (Fig.
4.1, 4.3), and the evidence of long-range PVI mIC-mPFC projections (Fig. 4.2), | propose the
following partial schematic of the circuity between the mIC and mPFC which enables gamma
synchrony (Fig. 5.1).

In figure 5.1, based on our current understanding, there is bidirectional connectivity
between the mIC and mPFC?%; PVIs project onto each other as well as onto pyramidal
neurons® which are primary projection neurons,’® making them a likely a part of the long-range
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mIC-mPFC projection pathways, along with the long-range PVI projections (Fig. 4.2). Combining
this information we have a partial idea of how the gamma synchrony between the mIC and
mPFC occurs (Fig. 5.1). While figure 5.1 shows a partial schematic of the mIC and mPFC
circuitry, to understand the circuit contributing to this gamma synchrony in its entirety, future
experiments would need to explore the cell types mIC neurons project onto, mPFC to mIC

projections and other cells types involved in long-range bidirectional projections.

T‘Q
O e \ e

Figure 5.1: Proposed partial schematic of mIC and mPFC circuitry causing gamma synchrony: There exists bidirectional
connectivity between mIC and mPFC.?° Here, we are observing a proposed mIC-mPFC projection based on the necessity of
mIC-mPFC neurons, necessary gamma synchrony between mIC and mPFC, and existence of PVI long-range projections.

For the first time we have identified a region that is necessary for shifting to a specific
cue in the Rule-Shifting task, identified differences between the texture and odor cues in relation
to gamma synchrony, and most shockingly shown the existence and necessity of gamma
synchrony between the mPFC and mIC. This shows that gamma synchrony is not just important
within a region, or regions adjacent to each other as previously observed,®?® but also necessary
for interregional synchrony, showing a brand new role for gamma synchrony, previously only

theorized.
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Over all, this research has opened up many other questions. Does the mIC influence
odor related learning or is it just rule shifting? Is the mIC the only region that would influence
odor shifts? Would inhibiting the anterior IC have the same effect given it also contains the
gustatory cortex as well as a larger percentage of cells that project to mPFC?% Is there a region
specific for shifts to texture that also has necessary gamma synchrony with the mPFC? What
other distant regions provide necessary gamma synchrony with the mPFC for optimal cognitive
flexibility?

By gaining an understanding of how brain regions responsible for the cognitive flexibility
of the five sensory cue types (sight, sound, taste, odor and tactile cues) influence gamma
synchrony in the mPFC, we can create therapies that manipulate gamma oscillations. This
could potentially help those with psychiatric or physiological conditions that impair their cognitive
flexibility so they may properly take in cues, shift their behavior, and adapt to our continuously

changing environment.
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Chapter 6
Methods

Mice

NIH guidelines and a protocol approved by the Institutional Animal Care & Use
Committee (IACUC) at the University of California, San Francisco were followed for all animal
care, procedures and experiments. Mice were group housed (2-5 siblings) with full access to
food and water in a normal 12hr light-dark cycle room kept at 22-24°C until Rule-Shifting
experiments began. All experiments used wild-type, PV-flp, and PV-flp/Ai14 lines on a C57BI/6
obtained from Jackson Laboratories. Adult male and female mice were used, and were 8-12

weeks at the time of surgery and or 16-20 weeks old during behavioral experiments.

Cloning of Viral Constructs
Viruses pAAV-EF1a-Cre, AAV5-Ef1a-DIO-eNPHR-eYFP, and AAV5-Ef1a-DIO-eYFP

were all purchased from Addgene. AAV2-Syn-tdTomato (1.23E+12 vg/mL) were purchased from
SignaGen Laboratories.

We received AAV1-CAG-fDIO-Ace2N-4AA-mNeon (2.23E+13 vg/mL) from Mark J.
Schnitzer (Stanford University) or the pAAV-CAG-fDIO-Ace2N-4AA-mNeon plasmid which was

then packaged with stereotype AAV1 by Virovek (Houston, TX).

Surgery

All mice were anaesthetized using isoflurane (2.5% induction, 1.2-1.5% maintenance, in
95% oxygen) then placed on a stereotaxic frame (David Kopf Instruments) with a heating pad to
maintain body temperature. The mouse’s head was shaved with a electric razor and sterilized
with ethanol and betadine. Lidocaine (1:4 dilution in saline) was injected underneath the scalp,
and meloxicam (1:10 dilution) and Ethiga XR were injected subcutaneously for analgesia. An

incision was made to expose the skull. The scalp was pushed to the sides and periosteum was
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removed from the dorsal skull surface. Necessary regions of the skull were drilled to create an
opening for viral implants and/or injections. Using a micro-syringe pump (World Precision
Instruments, UMP3 UltraMicroPump), viruses were infused at 100nL min through a 35-gauge,
beveled injection needle (World Precision Instruments). The needle was kept at the injection site
for 3-5min at the injection site post injection before being withdrawn. The skull was recleaned
with saline. If needed, implants were placed one at a time in the desired areas, using Metabond

Quick Adhesive Cement (Parkell).

mliC-to-mPFC cell body inhibition
For experiments using optogenetic inhibition of mIC-to-mPFC cell bodies, wild-type C57

mice were injected bilaterally in mPFC prelimbic and infralimbic cortices (1.7 AP; £0.3 ML; -2.0,
-2.25, -2.5 DV mm) and mIC (0.86 AP; £3.4 ML, -4.0 DV mm) relative to bregma. In each
hemisphere, the mPFC was injected with 3x0.2uL of the retrograde virus AAVrg-EF1a-Cre
(Addgene). With a lateral facing needle, in each hemisphere, the mIC was injected with 600uL
of AAVS-Ef1a-DIO-eNPHR-eYFP or AAV5-Ef1a-DIO-eYFP (Addgene). Implants with a
200/240um (core/outer) diameter, NA=0.22 (Doric Lenses, MFC_200/240-
0.22_2.8mm_ZF1.25(G)_FLT), were placed bilaterally in the mIC (0.86 AP; £3.35 ML, -3.75 DV

mm). To allow viral expression, all experiments began 8-10 weeks after surgery.

mlIC to mPFC Terminal Inhibition
For mIC to mPFC terminal optogenetic inhibition experiments, wild-type C57 mice were

injected bilaterally in the prelimbic and infralimbic regions of mPFC (1.7 AP; £0.3 ML; -2.0, -
2.25, -2.5 DV mm) and mIC (0.86 AP; £3.4 ML,; -4.0 DV mm) relative to bregma. In each
hemisphere, mPFC received 3x0.2uL of the retrograde virus AAVrg-EF1a-Cre (Addgene). With
a lateral facing needle, in each hemisphere, mIC received 600uL of AAV5-Ef1a-DIO-eNPHR-
eYFP or AAV5-Ef1a-DIO-eYFP (Addgene). Implants with a 200/240um (core/outer) diameter,

NA=0.22 (Doric Lenses, MFC_200/240-0.22_2.8mm_ZF1.25(G)_FLT), were placed bilaterally in
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the mPFC at a £12° angle (1.7 AP, £0.76, -2.14 DV). To allow viral expression, experiments

began 8-10 weeks after surgery.

CLA to mPFC Cell body inhibition
For experiments using optogenetic inhibition of CLA-to-mPFC cell bodies, VGlut2+/-

mice were injected bilaterally in CLA (0.86 or 1.1 AP; + 2.85ML; -3.85 DV mm) relative to
bregma. With a lateral facing needle, in each hemisphere, CLA received 600uL of AAV5-Ef1a-
DIO-eNPHR-eYFP or AAV5-Ef1a-DIO-eYFP (Addgene). Implants with a 200/240um (core/outer)
diameter, NA=0.22 (Doric Lenses, MFC_200/240-0.22_2.8mm_ZF1.25(G)_FLT), were placed
bilaterally in the CLA (0.86 or 1.1 AP; £2.85 ML; -3.6DV mm). To allow viral expression, all

following experiments began 8-10weeks after surgery.

TEMPO recording in mIC and mPFC
For mIC and mPFC PVI TEMPO experiments, PV-Flp mice were injected unilaterally in

the left mPFC prelimbic and infralimbic cortices (1.7 AP; -0.3 ML, -2.0, -2.25, -2.5 DV mm) and
left mIC (0.86 AP; -3.4 ML; -4.0 DV mm) (all coordinates relative to bregma) with a 2:1 mixture
of virus to drive GEVI expression (AAV1-CAG-fDIO-Ace2N-4AA-mNeon; Schnitzer Lab) and
AAV2-Syn-tdTomato (1.23E+ 12 vg/mL; SignaGen Laboratories) respectively. mPFC was
injected with 3x0.2uL of this combination. With a lateral facing beveled needle, mIC was
injected with 500pL of the same combination. Implants with a 400/430um (core/outer) diameter,
NA=0.48 (Doric Lenses, MFC_400/430-0.48 2.8mm_ZF1.25 FLT), were placed unilaterally in
the left mPFC (1.7 AP; £0.3 ML; -2.0 DV mm)and left mIC (0.86 AP; £3.35 ML; -3.75 DV mm).

To allow viral expression, experiments began about five weeks after surgery.

mlIC and mPFC excitation
For mIC and mPFC PVI optogenetic in-phase and out-of-phase excitation experiments,

PV-Cre+/- (experimental) and wild-type C57 (control) mice were injected bilaterally in mPFC
prelimbic and infralimbic cortices (1.7 AP; £0.3 ML; -2.0, -2.25, -2.5 DV mm) and mIC (0.86 AP;

+3.4 ML; -4.0 DV mm) (all coordinates relative to bregma). In each hemisphere, mPFC received
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3x0.2uL of AAV5-EF1a-DIO-ChR2-eYFP. With a lateral facing beveled needle, mIC in each
hemisphere was injected with 600uL of AAV5-EF1a-DIO-ChR2-eYFP. Dual fiber optic implants
with a 200/240um (core/outer) diameter, NA=0.22 (Doric Lenses, DFC_200/240-

0.22 2.3mm_GS 0.7_FLT), were placed bilaterally in the mPFC. Fiber optic implants with a
200/240um (core/outer) diameter, NA=0.22 (Doric Lenses, MFC_200/240-

0.22 _2.8mm_ZF1.25(G)_FLT), were placed bilaterally in the mIC (-0.21 AP; +3.4 ML; -3.9 DV

mm) at a 16° angle. To allow viral expression, experiments began 4-5 weeks after surgery.

Behavior

Rule Shifting Task
A detailed description of this task can be found in Cho et al., 2015. In this task, mice

learn a rule or ‘Initial Association’ (IA) between a texture or odor cue and the location of a food
reward, then switch to a new rule (‘Rule Shift’; RS) based on a cue from the opposing modality.
When performing this task, we were blind to genotype and/or virus injected.

Mice were placed with litter mates in a reverse light/dark cycle for 24-48 hours with
normal food and water. Full diet 20mg food pellets (Dustless Precision Pellets, 20mg, Rodent
Purified diet; Bio-Serv) were sprinkled into their cages during this time for them to acclimate to
the new food. Then food deprivation begins.

Digging media was made by using odor causing ground dried spices (McCormick; garlic
or coriander) were mixed with the media (~0.1% by volume), ground pellet powder was also
mixed in (~0.01% of the volume).

Mice were singly housed in the same reverse light cycle for about a week. Food
consumption was restricted to maintain mice at 80-85% of their pre-restriction weight by placing
pellets in the middle of the media in two bowls, one filled with sand (Mosser Lee White Sand
Soil Cover) with an odor of garlic or coriander, the other with litter (Natural Integrity Clumping
Clay cat litter) with the other odor.

After 2-3 days of food deprivation, mice generally reach their target weight. They will
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then be run through a ‘habituation’ protocol. During habituation mice run 10 consecutive trials
with baited food bowls. In these trials, the mouse finds a reward while digging in all possible
media combinations and each location (left or right) at least once. Mice are free to sample both
bowls as they please until they find/eat the reward and are placed back into the holding cage. If
mice fail to dig in the baited bowl, they are considered to have failed habituation, and this
habituation protocol will be repeated the following day; if they fail again they are removed from
the experiment.

On the following 2-3 days mice run the task. To determine which odor/texture
combination and side (left or right) baited bowls will be placed on each trial, we used a custom
MATLAB script that randomly assigns these values, with the requirement that the same
odor/texture combination and side does not repeat on more than 2 trials consecutively.

In a given trial, a mouse is moved from the holding cage to its home cage where one of
two bowls are baited; the mouse digs in a bowl and is then placed back into the holding cage. A
trial is considered correct if the mouse digs in the baited bowl. The intertrial intervals for correct
trials are about 10s while bowls are reset. A trial is considered incorrect when a mouse digs in
the non-baited bowl; during this time, the baited bowl is removed and the mouse is free to dig in
the non-baited bowl until it appears disinterested; the mouse is then moved to the holding cage
for a 40s time out / intertrial interval.

On each day mice must first learn an initial association (I1A) between one cue and the
location of the hidden food reward. Once mice get 8/10 trials correct, they are considered to
have learned the rule. If on a non-manipulation day, mice fail to learn the IA within 15 trials, they
fail that day and are run again the next day; if they fail a second time they are removed from the
experiment. Once IA is learned, the experimenter moves on to the rule-shift (RS); here the rule
is shifted to the opposing modality (example: If the 1A is based on an odor cue then the RS uses
a texture cue and vise versa). Once mice get 8/10 trials correct, they are considered to have
learned the rule-shift. Mice typically learn the 1A in about 10 trials and the RS in about 10-15
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trials.

For analysis described below, the onset of digging was considered the time of decision
making. This was for two reasons. First, during an incorrect trial, once a mouse dug in the in the
non-baited bowl, the baited bowl was removed. Second, digging was necessary to receive
feedback of correct or incorrect choice based on the presence or absence of the reward.

For all behaviors, the experimenter was blind to which mice were experimental and

which were control mice.

Optogenetic Inhibition
Continuous eNpHR stimulation was delivered during trials using a 532nm green laser

coupled to two mono fiber-optic cannulas (Doric Lenses, Inc) through a 200um diameter Splitter
Branching Fiber optic patch cord with mating sleeves (Doric Lenses, Inc.). The final light power
was adjusted to ~2.5mW for each branch (~5mW total across both branches). While the mouse
was in the holding cage, before the start of a trial, the laser was manually turned on, and the
mouse was placed in its home cage for the start of the trial. Once a mouse was placed back in
the holding cage the laser was turned off; the laser remained off during any portion of the

intertrial intervals, including time-outs.

Optogenetic Excitation (In-Phase vs. Out-of-Phase)
A 40Hz train of 5ms pulses was delivered to both fibers to produce in-phase stimulation.

Out-of-phase stimulation was delivered using a 144 degree (10ms) offset between trains in the
two fibers. ChR2 stimulation during trials was delivered via a 473nm blue laser coupled with two
mono fiber-optic cannulas (Doric Lenses, Inc) through a 200um diameter Splitter Branching
Fiber optic patch cord with mating sleeves (Doric Lenses, Inc.). The final continuous light power,
without 40Hz stimulation, was adjusted to ~1.3mW for each fiber (~5.2mW total across the four
fibers). While the mouse was in the holding cage, before the start of each trial, the laser was
manually turned on, and the mouse was placed in its home cage for the start of the trial. Once a

mouse was placed back in the holding cage the laser was turned off; the laser remained off
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during any portion of the intertrial intervals, including time-outs.

Histology and Imaging

All mice used for experiments were anesthetized with Euthasol. Then mice were
transcardinally perfused with 0.01M PBS; once the blood ran clear mice were perfused with 4%
paraformaldehyde (PFA) in PBS until muscle spasms stopped or the body was stiff. The brains
were dissected and stored in 4% PFA over night at 4°C, then rinsed with PBS and transferred to
30% sucrose solution made in 0.01M PBS. At least 1-2 days were given for brains to sink before
slicing. Brains were sliced at 60um on a Leica SM2000 Microtome and mounted on slides with
Fluoromount G with DAPI (Southern Biotech, Birmingham, AL). All imaging was performed on a
BZ-X Series all-in-one fluorescence microscope (Keyance). We verified all mice had optical

fibers, LFP electrodes and/or viral expression located in the proper regions.

Transmembrane Electrical Measurements Performed Optically
(TEMPOQO)

Using the TEMPO technique described in Marshall et al., 2016, we measured time

varying bulk fluorescence signals at each recording site (modifications below).

Optical Apparatus
Fiber optic implants with a 400/430um (core/outer) diameter, NA=0.48 (Doric Lenses,

MFC_400/430-0.48_2.8mm_ZF1.25_FLT), were sterotaxically implanted in the targeted region.
A mouse was plugged in for recording using a fiber-optic patch cord (Doric Lenses,
MFP_400/430/1100-0.48 2m_FC-ZF1.25) which was secured with a zirconia sleeve (Doric
Lenses). This provided the light path between the mouse and a miniature, permanently-aligned
optical bench, or ‘mini-cube’ (Doric Lenses, FMC5_E1(460-490)_F1(500-540) E2(555—
570)_F2(580-680)_S. Each fiber delivered excitation light and received emitted fluorescence
from a recording site, and each recording site had its own implant, patch cord, mini-cubes,

LEDs, photoreceivers and lock-in amplifiers.
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Each mini-cube monitors two spectrally separate fluorophores. It does so by using
dichroic mirrors and clean up filters that match the excitation and emission of the voltage sensor
(‘Ace-mNeon’ voltage sensor channel: Excitation 460—490 nm, Emission 500-540 nm) and
reference fluorophore (‘tdTomato’ control fluorophore: Excitation 555-570 nm, Emission 580—
680 nm). Mini-cube optics were permanently aligned and sealed. Each cube has 5 ports; one
sample port that plugs into the animal, two excitation and two emission lines. Each port has
matching coupling optics and FC connectors.

The mini-cube was connected to fiber-coupled LEDs (Center wavelengths 490 nm and
565 nm, Thorlabs M490F3 and M565F3) via a patch cord (200 um, NA=0.39; Thorlabs
M75L01). LEDs were controlled using a 4-channel, 10kHz-bandwidth current source (Thorlabs
DC4104), and the LED light intensity was adjusted to be ~200uW (Ace-mNeon) and ~100uW
(td-Tomato).

Both emission ports on the mini-cube were attached to an adjustable-gain photoreceiver
(Femto, Berlin, Germany, OE-200-Si-FC; Bandwidth set to 7kHz, AC-coupled, ‘Low’ gain of
~5x1077 VIW) using a large-care high-NA fiber was used (600um core, NA=0.48 (Doric lenses,

MFP_600/630/LWMJ-0.48_0.5m_FC-FC)).

Modulation and lock-in detection
Each recording site had two LEDs. All four LEDs were sinusoidally modulated at distinct

frequencies to reduce crosstalk between fluorophores with overlapping spectra. Lock-in
amplifiers were used to demodulate corresponding photoreceiver outputs and remove noise
using low pass filters. Each LED had a modulated waveform and demodulated the
photoreceiver output at the carrier frequency through a single instrument (Stanford Research
Systems, SR860). Each site had its own carrier frequency (mNeon site 1: 2 kHz; mNeon site 2:

2.5 kHz; Red site 1: 3.5 kHz; Red site 2: 4 kHz).

TEMPO recording
A multichannel real-time signal processor (Tucker-Davis Technologies, Alachua, Florida;
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RX-8) was used for digitization. This signal processor was controlled using the software
Synapse (Tucker-Davis Technologies) running on a windows PC. Synapse also saved the data
into files on the PC and synchronized recordings with simultaneously acquired video from a

USB webcam (Ailipu Technology, Shenzhen, China, ELP-USB100W05MT-DL36).

TEMPO Analysis
Methods for TEMPO analysis are described in previous work (Phensy, A.J. et al) but are

briefly described here.

Videos were scored to identify timepoints corresponding to the trial start, dig start,
outcome, and trial end. The pre-decision period is 1-3s seconds before the dig start based on
the start of the trial; the post decision period is the time between the outcome and trial end.

Cross hemispheric gamma synchrony is quantified in PV-neurons using 250ms windows.
First, following data acquisition, data was converted into a MATLAB structure using the
SEV2Mat script from Tucker-Davis Technologies. Second, all signals were extracted: 1) left mIC
mNeon, 2) left mIC tdTomato, 3) left MPFC mNeon 4) left mPFC tdTomato. Third, linear
regression between broadband filtered (1.6-78.4Hz) mNeon and tdTomato signals was
performed, to identify the shared noise component. This shared noise component was
subtracted from the mNeon signal to ‘clean’ the signal; this allowed for non-voltage shared noise
to be removed. Fourth, signals were band-pass filtered specifically within the gamma frequency
band (30-50Hz) and an additional linear regression between mNeon and tdTomato was
conducted to remove any additional noise. Lastly, the cross correlation of mIC and mPFC
cleaned filtered signals were calculated across the entire session in 250ms windows to quantify
gamma synchrony between the mIC and mPFC mNeon signals across the entire session. We
identified when the peak of the cross-correlation was between -45 to 45 degrees and used
these values to quantify ‘zero-phase lag’ mIC-mPFC PV interneuron gamma synchrony. All
comparisons made were made by comparing these cross-correlation values.

Using these values, group comparisons were made using a mixed effects model or
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paired nonparametric two tailed t-test. We corrected for multiple comparisons using statistical
hypothesis testing (Tukey); if this correction was not possible due to 3 or less data points, each

comparison stood on its own using a Fishers LSD test.

General Data Statistics for Behavior

Graphpad Prism 10 was used to conduct statistical analysis (see figure legends for
details). Quantitative data are shown as the mean; error bars are used to represent the standard
error of the mean (s.e.m.). Measurements were taken from distinct samples (P = *, < 0.05; **,
<0.01; ***, < 0.001; ****, < 0.0001); no asterisk implied no significant difference (P>0.05).
Sample sizes were based on number of mice available. Data distribution was assumed to be
non-normal.

Group comparisons were made using a mixed effects model (all optogenetic inhibition
and TEMPO), 2-way-ANOVA (optogenetic excitation), or paired non-parametric two-tailed t-text
(TEMPO). If an interaction and/or a main effect was present, we corrected for multiple
comparisons using statistical hypothesis testing (Tukey); if this correction was not possible due

to limited data points, each comparison stood on its own using a Fishers LSD test.
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