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1. SUMMARY

Emotions have long been a source of intrigue across many basic sciences and an intense
focus of clinical research, with psychiatric disorders involving emotional dysfunction being
among the most prevalent. Unfortunately, we, to this day, lack mechanistic understanding of how
emotions arise in neuronal circuits and even the definition of emotion is still a highly disputed
topic. One of the major hindrances to the study of emotion has been our lack of understanding of
how such internal states link to observable behavior, and while expressions of emotion have been
explored for centuries, most famously by Darwin and Ekman, they are still somewhat

controversial in humans, with even more unknowns regarding their presence in non-primates.

This thesis consists of three published manuscripts and represents an attempt at making
internal emotion states measurable by linking them to objectively observable behavior and then
using this entry point to mechanistically explore the underlying neural circuitry.

First manuscript identifies facial expressions as a promising such observable behavior in
mice, providing a comprehensive description of facial expressions of emotion and introduces
machine vision approaches to objectively quantify them. Crucially, this opens a door to using
modern neuroscientific approaches for neuronal observation and perturbation, further identifying
cells in insular cortex as accurately reflecting emotional experience on a moment-to-moment
basis. Second manuscript significantly expands on the first manuscript, focusing specifically on
insular cortex and demonstrates its important role across a whole spectrum of emotional
behaviors, further showing that it contains neural representations that might be at the core of
emotion states of short and long timescales, which are also associated with facial expressions.
Third manuscript summarizes and briefly discusses machine learning approaches useful for
studying emotion states in mice and offers a perspective on future work on untangling emotion

by using modern approaches to study the brain and behavior.



Taken whole, this thesis introduces tools and discoveries that make emotions more
tangible by expanding available approaches for studying them in mice and combines these with
deep neural circuit dissection tools available in mouse neuroscience. Finally, this led to

significant new insights in understanding how emotion is implemented in the brain.



2. INTRODUCTION

2.1 EMOTION AND ITS DEFINITION

Emotions in humans and animals were famously already studied by Charles Darwin
(Darwin & Darwin, 2009), who argued that they are innate, evolutionarily adaptive and exist
across species. However, over the last century and even today (Zych & Gogolla, 2021),
definition of emotion remains a topic of intense debate across scientific fields. For the purpose of
this thesis, | selected the following biological definition of emotion in line with an emotion
framework proposed by Anderson and Adolphs (Anderson & Adolphs, 2014): Emotions can be
defined as survival promoting patterns of behavioral, autonomic, and hormonal responses. More
specifically, emotions are brain states which drive responses to stimuli in a fitness promoting
manner and are therefore evolutionarily conserved, including their neural implementations across

species.



2.2 HISTORIC PERSPECTIVE ON HUMAN FACIAL
EXPRESSION

Ancient Greeks already understood the link between emotions and their expressions. In
their theaters, actors wore large clay masks stylized to represent characters’ faces and the
emotions they were experiencing (Meineck, 2011). For a more immersive experience the actors

trained extensively to further convey emotional content via bodily movements and voice.

In 17" century, an influential French painter Charles Le Brun (Fig. 1), building on
contemporary ideas by René Descartes, argued for the importance of facial expressions of
emotions, then known as passions, in life and art. Le Brun had this to say (Lyons, 2019):
“Ordinarily whatever causes passion in the soul occasions some action in the body. Since it is
thus true that most passions of the soul produce bodily actions, we need to know which actions of
the body express the passions and also what an action is. Action is nothing more than the
movement of some part and change comes about only by a shift in the muscles. [...] If it is true
that there is a part where the soul has the most immediate effect, and if that part is the brain, we
can also say that the face is the part of the body where the soul most particularly manifests what
it feels.” Le Brun further systematically explored similarities between facial features and
expressions in people and animals. Unfortunately, much of Le Brun’s innovative work served as
a foundation for the revival of physiognomy (Hartley, 2001), a now discredited study of person’s
character by observing facial features, which was further popularized by Swiss pastor and writer
Johann Kaspar Lavater and Charles Bell, a Scottish neurologist famous especially for his

discovery of motor control of facial musculature via the seventh cranial nerve.



Figure 1: Sketches of passions (facial expressions of emotion) by Charles Le Brun (Charles Le Brun, the Expressions.jpg -
Wikimedia Commons, 2011; public domain)

In 19" century, Duchenne de Boulogne (Fig. 2), now recognized as the father of modern
neurology and electrophysiology (Hueston & Cuthbertson, 1978; Parent, 2005), set to prove that
the premises of physiognomy are false. He believed that face does not reflect the moral character
but rather reveals the momentary emotional state of an individual. For this reason, he believed
that the fleeting facial expressions cannot be accurately captured by drawing or description but
require an alternative objective method of acquisition which is fast and objective — photography.
He believed that different sets of facial muscles contracted in different ways based on emotional
state, representing a sort of a map or an innate language that can be decoded into a taxonomy of
internal states, writing: “In the face our creator was not concerned with mechanical necessity.
He was able in his wisdom or — please pardon this manner of speaking — in pursuing a divine
fantasy ... to put any particular muscles into action, one alone or several muscles together, when
He wished the characteristic signs of the emotions, even the most fleeting, to be written briefly on
man's face. Once this language of facial expression was created, it sufficed for Him to give all
human beings the instinctive faculty of always expressing their sentiments by contracting the
same muscles. This rendered the language universal and immutable.” To study this “language of
emotion” de Boulogne’s used of electrical stimulators on different muscles of the face in
combination with photography and was able to recreate the spectrum of natural human
expressions, going as far as to propose a set of 13 primary emotions based on the number of

muscles needed to create the associated expression.
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Figure 2: Duchenne de Boulogne performing a facial electrostimulation experiment. (Guillaume Duchenne De Boulogne
Performing Facial Electrostimulus experiments.jpg - Wikimedia Commons, 2005; public domain.)

De Boulogne’s work strongly influenced Charles Darwin (Fig. 3), who approximately a
decade later published The Expression of the Emotions in Man and Animals (Darwin & Darwin,
2009), observing that facial expressions of emotion, and therefore emotions, are innate,
universal, biologically adaptive and might exist in humans and animals. Darwin further reduced
the number of basic emotions to six: happiness, fear, sadness, anger, surprise, and disgust and
argued against strong cultural influence on emotion or its expression, observing that expressions
were already present in small children. However, many Darwin’s conclusions were strongly
disputed, and universality of emotion and expression only became generally accepted in the
second half of the 20" century, when Paul Ekman and Wallace V. Friesen (Paul Ekman et al.,
1969) published a series of studies investigation emotion and expression across cultures, going as
far as to establish contact with pre-literate tribes in Papua New Guinea and observing high cross-
cultural agreement between emotional labels and linked expressions, proving their innateness
and universality. To enable more objective and quantitative study of facial expression and finally
further de Boulogne’s goal of creating a taxonomy of facial expression, Ekman and Friesen
created Facial Action Coding System or FACS (P. Ekman & Friesen, 1978), a formal approach
to registering any possible facial expression via visual inspection of contractions of individual
facial muscles and linking these sets of muscular contractions to emotions. While initially

manual, FACS has recently been computerized and automated (De La Torre et al., 2011).
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2.3 FACIAL EXPRESSION OF EMOTION IN ANIMALS

. v 7 ®

Figure 3: Examples of emotion expressions in a human and animals as observed by Darwin (Darwin & Darwin, 2009)

Facial expressions have received considerably less attention in animal models than in
humans, with animal emotions themselves still being relatively controversial (Panksepp, 2011).
Facial expressions have been explored in various primates (L. A. Parr et al., 2010; Lisa A. Parr et
al., 2005), who have been shown to employ them both to express emotion and as a non-verbal
communication tool. In 1970’s Grill and Norgren (Grill & Norgren, 1978a, 1978b) demonstrated
that rodents express what they called “liking” and “disgust” using orofacial movements in
response to delivery of appetitive and aversive tastants (Fig. 4), interestingly reflecting both
intrinsic and learned values. Further work by Berridge and colleagues (Berridge, 2018; Berridge
& Kringelbach, 2013; Winkielman et al., 2005) identified parallels across expressions of liking
and disliking across rodents, primates, and humans, indicating that basic emotions might be

shared across mammals and have a similar neural implementation.

‘Liking’ reactions to sweet taste ‘Disgust’reactions to bitter taste

ﬁ .
\
{ ‘?i OF,

Figure 4:Orofacial indicators of liking and disgust exist across mammals (Berridge & Kringelbach, 2013)
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More recently, scientists described orofacial indicators of longer lasting pain (Langford et
al., 2010; Sotocinal et al., 2011) (Fig. 5), positive affect (Finlayson et al., 2016) and aggression
(Defensor et al., 2012) in rodents. Additionally, FACS has been successfully applied to seven
animal species, among them horses, dogs and cats (Caeiro et al., 2017; Micheletta et al., 2015; L.
A. Parr et al., 2010; Lisa A. Parr et al., 2007; Waller et al., 2013; Wathan et al., 2015), indicating

that approaches to analyzing human orofacial behavior might be transferable to other mammals.

Not present Moderate Severe

Figure 5: Mouse pain grimace scale (Langford et al., 2010)

Advances in computer capabilities and dissemination of computational analysis,
computer vision and machine learning have had a profound effect on neuroscience. Facial
expression analysis is not an exception, with systems like FACS now existing in automated,
computerized versions (De La Torre et al., 2011). Advances in technology did not solely result in
automated versions of previously manual expression scoring tools, but also lead to a large
number of alternative human facial expression recognition methods (Samadiani et al., 2019),
some relying on modern statistical and machine learning tools to distinguish expressions in an

unsupervised, rather than a supervised manner.
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2.4 THE INSULAR CORTEX

The insular cortex (IC) is a subdivision of cerebral cortex, in rodents located on the
lateral cortical surface, above the rhinal fissure (Gogolla, 2017). In humans, who possess a
folded brain, insular cortex is a deeply invaginated cortical area within the temporal sulcus. IC is
commonly divided along the rostro-caudal axis into anterior and posterior insula. While this is an
anatomical distinction, these sections, although strongly interconnected, differ significantly in
their brain-wide connectivity and function (Gehrlach et al., 2020). Furthermore, IC can be
divided based on cyto-architecture, into granular (6-layer cortex), dysgranular and agranular (5-
layer cortex which lacks layer 1V) insula, which roughly follow each other in a dorso-ventral

axis.
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Figure 6: Insular cortex in the human and rodent brain (Gogolla, 2017)

Connectivity wise, IC is a major hub (Gehrlach et al., 2019, 2020; Gogolla, 2017), with
strong reciprocal connections to many cortical and subcortical areas, connecting several distinct
brain networks, fitting for its role as an important brain center of information integration. 1C
receives wealth of extra- and intra-sensory information from across modalities, both from
sensory cortices and directly from the thalamus. Moreover, parts of insula perform primary

sensory cortex functions, for example in gustation and interoception, the sensation of own body,
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with sections of insula also being known as primary gustatory and primary interoceptive or
visceral cortex. Furthermore, 1C has been shown to receive proprioceptive input from facial
muscles (Ikenoue et al., 2018; Sato et al., 2017; Tsutsumi et al., 2018) and to project to brain
areas known to be involved in emotion and expression of emotion like the parvocellular nucleus
of reticular formation, amygdalar nuclei and frontal and motor cortical areas (Gehrlach et al.,
2020).

Sensory input / Interoception

Emotional functions / Limbic system
Motivation / Reward / Defensive systems

Cognitive systems

Neuromodulation

Ins

ular Cortex :

Figure 7: Connectivity of insular cortex (Gogolla, 2017)

Human fMRI studies have long implicated IC in emotion processing and regulation, with
changes in IC activity being associated with many disorders of emotion (Gogolla, 2017; Paulus
& Stein, 2010; Sliz & Hayley, 2012), for example anxiety disorders. Association between insula
and anxiety has been also shown in rodents (Méndez-Ruette et al., 2019). Insula has also been
proposed as a detector of salient stimuli of any modality, gated based on the homeostatic state
(Livneh et al., 2017). Very interestingly, IC has been shown to activate when observing facial
expressions (Lin et al., 2016), lesions of insula in humans have been shown to lead to
impairments in facial expression recognition (Phillips et al., 1997; Terasawa et al., 2015) and
lesions in rodents have shown a significant decrease in production of grimaces associated with
pain (Langford et al., 2010).
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2.5 SYNTHESIS — MAKING INVISIBLE, VISIBLE

Modern neuroscience is principally based on the idea that studying the biological
substrate for cognition — the nervous system — is sufficient for gaining a complete understanding
of its function to the level of its most minute detail. This principle establishes that even what
some might consider as entirely subjective experiences, for example, of emotional states, exist as
specific patterns of measurable changes in activity of the nervous system. However, as the brain
is typically constantly active, it is nontrivial to determine which of the activity corresponds to
one or another function, even more so when the function is not easily observable externally, as in
internal emotion states. Our ability to accurately determine neuronal function is further limited
by the fact that even cutting-edge neurophysiological tools enable observation and manipulation

of only small sections of mammalian brain at a time.

Decades ago, Kupferman and Weiss (1978) famously established a framework for
rigorously determining mechanistic neural function by formalizing the concept of a “command
neuron”, a neuron which has a critical function in a normally occurring behavior. They
postulated that if a neuron is active during a certain behavior (activity), its artificial activation
produces such behavior in absence of any external stimuli (sufficiency) and its removal prevents
the behavior from forming even in response to relevant stimuli (necessity) such neuron can be
considered a command neuron. At first glance, one might consider such a framework unsuitable
for studying internal cognitive phenomena like emotion as they are not inherently linked to
observable behavior. However, if accurate behavioral correlates of emotion can be identified in a
model organism where neural activity can be precisely recorded and perturbed at scale, then a
door to identifying command neurons of emotion might be open. Existing work already made
significant strides toward understanding the neural substrate of emotion using such an approach
by recording and manipulating neural activity in mice and observing relatively unspecific
behaviors like avoidance, approach and freezing, mainly in freely moving mice (Zych &
Gogolla, 2021; Anderson & Adolphs, 2014) Importantly, the goal of studying emaotion is not

simply to understand emotional behavior but to capture and decode the actual ethereal subjective
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emotional experience on a moment to moment basis. Identifying a behavior specific to emotion
and reflective of its properties and qualities (Anderson & Adolphs, 2014) would open a door to

significant strides to be made in our understanding of emotional function.

17



3. FIRST MANUSCRIPT

From:

Dolensek, N., Gehrlach, D. A., Klein, A. S., & Gogolla, N. (2020). Facial expressions of emotion
states and their neuronal correlates in mice. Science, 368(6486).
https://doi.org/10.1126/science.aaz9468

Reprinted with permission from AAAS.
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RESEARCH

NEUROSCIENCE

Facial expressions of emotion states and their

neuronal correlates in mice

Nejc Dolensei’?, Daniel A. Gehrlach'”, Alexandra S. Kiein™”, Nadine Gogolta'

Understanding the neurobiclogical underpinnings of emotion refies on objective readouts of the emational
state of an individual, which remains a major challenge especially in animal models. We found that mice
exhibit stereotyped facial expressions in response to emotionally salient events, as well as upon targeted
manipulations in emation-relevant neuronal circuits, Facial expressions were classified into distinet
categories using machine learning and reflected the changing intrinsic value of the same sensory stimulus
encountered under different homeostatic or affective conditions. Facial expressions revealed emotion
features such as intensity, valence, and persistence. Two-photon imaging uncovered insulsr cortical
meuron activity that correlated with specific facial expressions and may encode distinct emotions. Facial
expeessions thus provide a means 1o infer emotion states and their neuronal correlates in mice.

motions are patterns of behavioral, hor-
monal, and autonomic responses aimed
at promoting survival. Emotions result
from brain states that reflect the dynamic
integration of external cues, bodily sig-
nals, and cognitive processes (1-5). Although
emotions have been subject to intensive re-
search efforts in neuroscience, psychology, and
philosophy (1, 4, 6, 7), we still lack a mechanis-
tic understanding of how emotions arise in
neuronal circuits (3, 4, 8, 9). The functional
dissection and causal interrogation of the
neuronal crenit underpinnings of emotion
rely on research in animal models. However,
whether animals experience emotions similar
to thase of humans and how to best define or
investigate emotions are still matters of con-
troversy (3, 5, §-10). Although most research-
ers would agree that extemally observable
behaviors indicate that forms of evolutionarily
conserved “emotion states” exist across species
(1, 3, 5), investigating emotions using modem
neurvecientific tools has been hindered by a
lack of rapid and preci d of 3

brain that in humans has been implicated in
subjective affective experiences (26, 17,

To study facial expressions, we exposed mice
10 a diverse set of sensory stimuli that can be
assumed to trigger changes in emotion state.
In addition to these triggers, we also moni-
tored spontancous behavioral expressions of
emotion states, such as the exhibition of es-
tahlished fear behaviors. These “emotion events™
of different types therefore included painful
tail shocks, sweet sucrose, bitter quinine, and
lithium chloride injections, which induce vis-
ceral malaise (74, 18), as well as freezing and
escape behaviors (see methods). We video mon-
itored the faces of head-fixed mice (Fig. 1A amd
fig. S1, A and B). Mice reacted to each emotion
event with a noticeable facial movement visi-
ble to naive human observers (Fig. 1B, fig. S2A,
and movie S1), However, the valence or type
of the underlying emotion event was not
intuitively recognizable (fig. 52, B and C)and
required extensive experience (Fig. 1B).

To achieve objective and temporally precise
classification of facial expressions we used

states in moded organisms, such as mice (3).
In humans and monkeys, facial expres-

sions have been proposed to provide univer-

sal indi of emath (11, 12), Rodent:

machine vision. We chose “histogram of ori-
ented gradients” (HOG) (19) descriptors to rep-
resent the statistics of local image features in

T

a d way and provide one numer-

may also use their orofacial musculature to
signal longer-lasting internal states (13-15).
We asked whether mice reacted to emotion-
ally salient stimuli with stercotyped facial
expressions and whether these reflect core
emotion properties, such as intensity, vakenoe,
flexibility, and persistence (3, 4). We then in-
vestigated newronal cormelates of inferred emo-
thon states in the insular cortex, an area of the

'Crruts for Emotion Research Group. Max Panck Institute
of Neurotmokogy, Ass Klopferspts 18, 82152 Martnsnied
Germary. “Graduale School of Systernc Newroscierces.
Luswg-Macmians Unrersity Munich, Germany.
eterrational Max Plarck Ressarch Schonl S Mok Life
Scierces. Manch. Germany.

*Carrespanding suthor. Emal: ngogos 5 e

Dolensk of ol Scienoe 388, 89-55 (2070)

jcal vector for cach video frame (see mate
rials and methods for advantages of the HOG
method). This allowed us to compare facial
expressions of mice reacting 1o emotion cvents
quantitatively through comparison of their
corresponding HOG descriptors.

We first assessed the facial expressions ne
sulting from each type of emotion event sep-
arately by comparing all video frames collected
in the vicinity (before and after) of three repeti-
tions of the same event in individual mice,
Pairwise correlations of all frames in these
clips rendered two discrete dusters of highly
similar facial expressions: One duster belonged
to the pre-event epochs, and the second clus-
ter belonged to the epochs during or imme
diately after the event (Fig 1, C and D). No

3 April 2020

19

dastinct clusters and thus no consistent change
in facial expressions were detected when frames
were selected in the same temporal sequence
but from mice recorded during a baseline
period (see “neutral”™ condition, Fig. 1D, top).

Next, we examined whether facial expressions
were specific to the underlying emotion and
visualized frames from all of the emotion events
using t<listributed stochastic neighbor embed-
ding (t-SNE). We observed a clean separation
into discrete frame clusters for each event type
within individual mice, suggesting emaotion-
specific factal expressions (Fig. 1E and fig. S3).

To test whether the underlying emotion
event in any given mouse coulkd be predicted
solely from its facial expressions, we trained a
random forest classifier (sce materials and
methods). The decoder could predict each
underiying emotion event across different
mice reaching accuracies >90%. Perform-
ance dropped on average below 15% if the
decoder was trained on temporally shuffled
data (Fig. 1F, fig. S4, and table S1).

‘These results ralsed the question of whether
the observed expressions may reflect separate
basic emotion states, similar to emotion cat-
egories in humans (7, 20). We collected the
most characteristic video frumes following
each type of emotion event separately and
averaged the corresponding HOG vectors
into a single descriptor (Fig. 2A and mate-
rials and methods), which we termed “emo-
tion prototype.” We constructed prototypical
HOG descriptors assuming the following
event = amotion stafe contingencies: quinine «
disgust, sucrose « pleasure, tail shock = pain,
lithium chloride = malaise, escape = active
Sear, and freezing = passive fear.

We first tested the suffickency of the proto-
types to capture the characteristics of the
distinct facial expressions across individu-
als (Fig. 2, B and C, fig. 85, and table S1). We
measured the similarity of facial expressions
10 the emotion prototypes and, indeed, each
single prototype was specific to only one emo-
tion state, except for the active fear prototype,
which resembled facial expressions evoked by
bitter, pain, and escape and may thus capture
features of diverse emotion states (Fig 2C).
Comparing cach frame of any video sequence
2T0sS time 1o an emotion prototype cptured
the dynamics of facial expressions at high
resolution (fig. S6 and movie S2),

Although our results so far suggested that

tures of emotions (3, ), such as intensity, va-
Jence, generalization, flexability, and persistence
(Fig. 2, Dto G)

Scalability refers to the observation that
emotions vary by intensity (3, 5). We thus

lof6
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varied the stimulus strength and quantified
the similarity of the resulting facial expres-
sions to our prototypes. The similasity to proto-
typical descriptons increased significantly and
in a graded manner when the strength of tail

shocks, or the concentration of sucrose or
quinine solutions, increased (Fig. 2D and table
S1), although the sequence of stimulation did
not influence the facial expression intensity at
the chosen Entertrial intervals (fig. S7, A and B).

Anocther property of emotions is their valenoe—
namely, they are experienced as good or bad in
humans and trigger approach or retreat in ani-
mals (3, 5, 34, 18). Salt is appetitive for rodents
at low concentrations but aversive at high

Fig. 2 Facial expressions
reflect core features of
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concentrations. Facial expressions reflected the
innate valence of salt at different concentra-
tions, because salt at Jow concentration elicited
facial expressions of high similarity to our pro-

the opposite was observed for high salt concen-
trations (Fig. 2E and table S1). Facial expressions
are thus decoupled from the underlying stimu-
lus and generalize between different sensory
experiences. Both sucrose and low-concentra-
thon salt solution elicited plessure-like expres-

Dolensd of ol Science 388, %9-55 (2020)

are thus fexible. We next varied the internal
state of the animal but kept the timuhs con-
stant. When mice drank an identically concen-
trated sucrose solution or water in either thirsty
or quenched states, both liquids elicited sig-
nificantly stronger pleasure-like facial expres-
stons when mice were thirsty than when they

were quenched (Fig. 2F and table S1),
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Emotions are thought to arise from pre-
dictions about how intemal or external events
may affect the well-being of the individisal (or
the well-being of closely related conspecifics)
(1, 9, 10). These predictions can depend on the
innate or learnt value of stimuli. We already
saw how the innate value of salt depended on
its concentration. Would leaming affect facia)
expressions in a smilar way? We exposed mice
to sucrose solution and then injected them
with malaise-inducing lithium chloride to in-
duce conditioned taste aversion (CTA). Sucrose

Fig. 3. Facial expressions are variable and asso-
ciated with internal brain states. (A) Similacly
traces (15 binned) for each relevant emotion
prototype (tail shoack, pain prototype; quinine,
cksgust prototype: sucrose, pleasure prototype).
(Top) Indhidual event-triggered facial expression
traces exhibit great variabity within the same
Indivicial and across mice. (Bottom) Population
average (pain and sucrose N = § anmals,

n = 27 trials; quinene N » 10 animals, n » 30 trials),
Shaded area: 55% confidence interval. (B) Quantidi-
cation of facial expression onsets (top) and
durations (bottom). Probabisty density is based
on kernel density estimates. (C) Experimental
approach for combined facial wdeography and
optogenetic circuit manputations to elicit changes
in internal brain states. (D) Optogenetic stimulation
sites in the posterior insular cortex (piC),

anterior Insufar cortex (alC), and ventral pallidum
(VP). (E) Experimental strategy o determine

the nature of the cptogenetically evoked facial
expressions and their description. (F) Indeviduat
frames for each optogenetic stimulation epoch
were individually classified For each b

the average fraction of classdied frames was then
plotted per trial (pIC. n = 12 trials, ¥ = 4 mecec alC
and VP n = 18 trials. N = 6 mice). One sample
Wikconon test revealed significantly higher detection
valyes than random (14,3%) only for one emotion
for each optogenetic condition: disgust for piC

and pleasure for alC and VP (****P < 0.0001).

(G) Plot of the normakized simiarty (Pearsoa’s r)
for i pro- and peri-evont frames agaim? the
prolotype 25 suggested by the classifier (dashed
line indicates stimulus onset). Lines are mean
z-scoced face similanties across all trials (as above)
with shaded areas represanting the SEM,

Coloced lines from animals expressing ChR2
(channeirhodopsin-2), gray knes from control
animals expressing eYFP (enhanced yelow
fuorescent proten). (H) Optogenatic strategy to
activate the alCBLA pathway (1) Aremals were
exposed 1o quning foe 2 $ under control ("no ght”)
and aptogenetic activation (“ight ca”) of the
AC~+BLA pathwdy. n = 9 trials from N = 3 mice,
Similarities were normalized $0 that during no-hght
conditions, the mean value for pleasure = 0 and
mean vakse for disgust = 1 in order 10 reveal the changes
from the previously established basedine values.
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Fig. 4. Neuronal correlates A
of emotion state in the pos-

terior insular cortex. (A) N

traton of combined
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photon calcium imaging
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before CTA leaming edicited pleasure but not
disgust. After CTA learning, mice displayed
disgusted facial expressions in response to
sucrose and thus their expressions reflected
the leamt change in subyjective value of sucrose
(Fig. 2G and table S1).

Dolensehk of o, Science 388, %9-95 (20170)

Emotions are thought to refloct complex
internal brain states. Because we cannot con-
trod all emotion-relevant information streams,
one would hypothesize that even under iden-
tical timulus conditions, the triggered emo-
tion state should vary. We therefore analyzed
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the variability of stimulus-triggered facial ex-
pressions. Within the same mouse but also
across different mice, repeating the same
stimulus elicited facial expressions that varied
in intensity, onset, and duration (Fig. 3, A
and B). Facial expressions could wane and
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spontancously reappear, possibly reflecting
dynamic fluctuations in the underlying emo-
tion state (Fig. 3A). Although the great magority
of stimuhus presentations resulted in immedi-
ate facial expressions (~90% of stimuli evoked
facial expressions within 5s of stimulus onset),
a considerable number of overall facial expres-
sions occurred kate after the stimuus (>5 s after
stimulus start). Similarty, the duration of facial
expressions was highly variable. Most facial ex-
pressions triggered by 2.s-long sensory stimull
lasted for less than 5 5 (<60%); however, a sub-
stantial fraction of facial expressions lasted for
relatively long periods (5- to 155 duration,
~23%), or even persisted for more than 15
(-17%) (Fig. 3B).

Direct brain stimulations can evoke specific
emotions (20, 27). We used optogenetics to
test whether manipulating activity in emotion-
relevant neuronal circuits could drive facial
expressions (Fig. 3, C and D), We activated
subregions and specific projections of the
insular cortex (IC) that have been shown in
humans and animals to evoke emotional sen-
sations and behaviors (20, 22-25). Further-
more, we manipulated the y-aminobutyric

sant stimuli (26) (Fig. 3D). Each region-specific
optogenetic manipulation cvoked strong fa-
clal expressions (fig. S8 and movie 83), To
analyze whether the evoked facial expressions
‘would fall into our previously created emotion-
state categories, we used the same random
forest classifier as in Fig. 1F and categorized all
frames during the optogenctic stimulations (Fig.
3, E and F). For each of thesc three manipu-
lations, the classifier identified one specific
emotion to be displayed - namely, pleasure—
for the anterior IC and VP, but disgust for the
posterior IC stimulations (Fig 3F and table S1).
When we compared the optogenetically evoked
facial expressions to our emotion prototypes,
we found a similar temporal build-up and
persistence of the facial expressions to those
triggered externally (Fig. 3G and movie $3).
Projections from the insular cortex to the anyg-
dala can influence the emotional vithae of tastants
(25) Indeeed, in aggreement with this carfier report,
the activation of the anterior 1C—+basolateral
amygdala (AIC—+BLA) pathway during the ex-
pasure to quinine attenuated the expression of
disgust (Fig. 3, Hand I).

Our data so far suggest that facial expressions
are sensitive reflections of internal emotion
states, which correspond to brain states. There-
fore, we assumed that facial expressions shoukd
have neuronal correlates in emotion-relevant
brain regions. The insular cortex is a critical
brain region for emotional experience and
behavior (16, 17, 20-24). We combined facial
videography with two-photon calcium imaging
in the posterior [C (pIC) to search for neuronal
correfates of facial expressions (Fig. 4, Aand B,

Dolensk of ol Scienoe 388, 89-55 (2070)

and fig. S9). We identified single neurons that
reliably encoded sensory stimuli in the pIC
(Fig. 4, Cto G), consistent with previous studies
(22, 27). We also identified neurons that ex-
hibited strong correlations to the facial expres-
sion dynamics and only low correlations with
the stimuli (Fig. 4, D to G). Indeed, these
“face” neurons captured the characteristic
persistence and spontaneity of the facial expres-
ston. Although a substantial fraction of stimulus

neurons was multisensory, face-responsive neu-
rons were highly segregatex] and exhibited al-
most no overlap.

In this study, we have identified facial ex-
pressions as rellable indicators of emotion
states and their neuronal correlates in mice.
But why do mice exhibit facial expressions?
Charles Darwin suggested that facial expres-
sions reveal affective processes across species,
implving an evolutionarily conserved func-
tion of these behaviors (7). Though often dis-
cussed In the context of sockal communication,
facial expressions may have evolved first as
parts of emotional action programs, prepar-
ing for motor behaviors and adapting sensory
acquisttion to changes in the internal or ex-
temnal milbeu (2, 28, 29). Indeed, head-fived
mice, which do not socially interact, consist-

this may be partially due to the volitional control
that humans exert over emotions and their
expression. It woulkd therefore be interesting to
examine how facial expressions are modified
by the presence of conspecifics in mice.
Direct observation of facial expressions is
possible in quasi-real time (fig. S10) and al-
lows for the mechanistic investigation of the
neural underpinnings of emotions in mice.
Corrdation of emotional facial expressions with

seagch for and test the causal role of the neuronal
substrates of basic emotional building blocks,
such as intensity, valence, and persistence.
Our data suggest that facial expressions can
be dassified into different basic categories.
An important question for future studies
may be to what degree emotion states are
dimensional or categorical states at the level
of not only behavioral expressions but also the
underlying brain circuitries. The relatively sim-
ple implementation of HOG feature descrip-
tors may become a useful addition to stidying
emotional facial or postural expressions in
ather laboratory animals, such as rats, shrews,
femurs, and monkeys. It may also help in iden-
tifying unknown, species-spedific emotion states
and assist in moving toward a more universal
and evolutionarily based definition and under-
standing of emotions and their neurad under-
PinNings across species.
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Materials and Methods

Animals

All procedures were approved by the Government of Upper Bavaria. Male and female mice at 2-
6 months of age were housed in groups of 2 or 3 animals and kept on a 12 h inversed light cycle
(11:00 a.m., lights off). Mice were provided with ad libitum access to standard chow and water
except for drinking and CTA experiments, when mice were water deprived for periods of time
specified in the following sections, All behavioral experiments were conducted with
C57BL/6NRj mice, imaging experiments were performed on transgenic tetO-GCaMP6s [JAX
024742] x CaMKII-TA [JAX 007004] mice and optogenetic experiments were performed on
CS7BL/6NRj and GAD2-Cre mice [JAX 010802].

Viral constructs

For in-vivo optogenctic experiments, the following constructs were obtained from the UNC
Vector Core (Gene Therapy Center, University of North Carolina at Chapel Hill, USA):
AAV2/5-CaMKIla-hChR2(H134R)-c YFP (6.2x10"* vg/ml), AAV2/5-CaMKlla-eYFP (4.3x10"
vg/ml), AAV2/5-EF1a-DIO-e YFP (5.6x10"° vg/ml) and AAV2/5-EF1a-DIO-hChR2(H134R)-
eYFP (5.5x10" vg/ml).

Surgical procedures
We injected metamizol (200 mg/kg, s.c.) for peri-operative analgesia and carprofen (s.c., 5

mg/kg, once daily for 3 days) for post-operative pain care.

Head-post implamation for facial videography

Mice were anaesthetized using midazolam / medetomidin / fentanyl mix (Smg/kg; 0.5 mg/kg:
0.05 mg/kg). Lidocaine was applied topically at the incision site. A head post was secured to the
skull using C&B Super-Bond (Sun Medical).

Cranial window surgery for two-photon calcium imaging

Mice (tetO-GCaMP6s x CaMKII-tTA) were anaesthetized using midazolam / medetomidin /
fentanyl mix (5 mg/kg: 0.5 mg/kg: 0.05 mg/kg) and injected with dexamethasone (s.c., (.2
mg/kg). Lidocaine was applied topically at the incision site. A head post was secured to the skull
using C&B Super-Bond (Sun Medical). Tissue including parts of the temporalis muscle was

2
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removed and the skull was cleaned above the left insular cortex. A craniotomy was created using
a 3 mm biopsy punch (Miltex) and positioned with the rhinal vein as the ventral limit and the
medial cerebral artery slightly anterior to the center of the window, as seen through the skull.
Since cortical surface is curved, the brain was protected from being flattened by applying a small
amount of transparent polymer as previously described (37). A 3 mm cover slip was gently
positioned on top of the polymer and secured using cyanoacrylate glue. The remaining exposed
skull was covered with C&B Super-Bond.

In-vivo optogenetic experiments

Ancsthesia was initiated with 5% isoflurane and maintained at 1-2.5% throughout surgery. Mice
were secured in a stercotaxic frame (Stoelting), placed on a heating pad (37 °C) and eye ointment
(Bepanthen, Bayer) was applied. We performed bilateral skull trepanations for all optogenetic
experiments. For all viral injections, we used pulled glass-pipettes attached to a microliter syringe
(5 ul. Model 75 RN, Hamilton) using a glass needle compression fitting (#55750-01, Hamilton),
mounted on a syringe pump controlled by a microcontroller (UMP3 + microd4, WPI). All injections
were performed at a rate of 80 nl/min.

For alC and pIC animals (C57BL/6NR]), we bilaterally injected 100 nl of virus (AAV2/5-
CaMKIla-hChR2(H134R)-cYFP or AAV-CamKlla-cYFP for the control mice) into the alC
(distances from Bregma: AP: +1.7 mm, ML: % 3.1 mm, DV: - 3.5 mm) or pIC (distances from
Bregma: AP: -0.35 mm, ML: # 4.05 mm, DV: - 4 mm). Custom-made optic fibers (200 um core,
0.22 NA, 1.25 mm zirconia ferrule from Thorlabs) were implanted 0.5 mm above the injection
site.

For veniral pallidum animals (GAD2-IRES-Cre) we bilaterally injected 80 nl of Cre-dependent
virus (AAV2/5-EF1a-DIO-hChR2(H134R)-eYFP or AAV2/5-EFla-DIO-eYFP for the control
mice) into the ventral pallidum (distances from Bregma: AP: -0 mm, ML: £ 2.5 mm, DV: - 4.9
mm at 107 angle). Custom-made optic fibers (see above) were implanted 0.5 mm above the
injection site,

For alC—BLA projection specific manipulation, we bilaterally injected 50 nl of virus (AAV2/S-
CaMKIa-hChR2(H134R)-¢YFP or AAV-CamKlla-¢YFP for the control mice) into the alC
(same coordinates as mentioned above) and bilaterally implanted optic fibers above the BLA
(distances from Bregma: AP: -1.0 mm, ML: £ 3.2 mm, DV: - 3.8 mm). A head post was secured
to the skull using C&B Super-Bond (Sun Medical). We sealed the space between the fiber and

3
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the trepanation with bone wax to protect the underlying brain tissue from the cyanoacrylate glue
(Ultra Gel, Pattex) that secured the optic fibers to the skull. Additionally, we added a layer of
black colored dental cement to further secure the optic fibers and to reduce light emission from
the skull.

Experimental timelines

All mice were handled by the experimenter for a period of at least 3 days prior to any surgical
procedures, After a surgical procedure (described above), animals were allowed to rest for a
period of 7-10 days. Following that, they were handled by the experimenter and habituated to
head-fixation for a period of 5 days. For fixing to the head-holder on the setup, mice were briefly
anesthetized with 5% isoflurane. After any head- fixation, the mice were always allowed at least

30 min to recover and habituate.

Orofacial videography

We acquired data at 30 Hz using a USB 3.0 monochrome camera (BFS-U3-13Y3M-C. Point
Grey Research), positioned perpendicularly to the right side of the mouse's head. lllumination
was provided by three 875 nm IR LED arrays (Kemo Electronic M120). See fig. S1 for
schematic illustration of the camera and light arrangements. The camera was fitted with a NIR
short-pass filter with a 900 nm cutoff (FES0900, Thorlabs) to filter out two-photon excitation
light and a long-pass filter with 600 nm cutoff (FEL0600, Thorlabs) to filter out optogenetic
stimulation light. Mice were weakly illuminated from behind by a 470 nm fiber coupled LED
(M470F3, Thorlabs).

Stimulus deliveries and protocols

Timeline
All stimuli except where specified differently (see LiCl injection, safe/fearful context) were
delivered to mice for 2 s after a baseline of 120 s in blocks of 3 repeated stimulations 120 s apart.

The blocks of stimuli were separated by 500-1000 s when performed consecutively,
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Stimulation sequence
Animals were exposed to sets of stimuli in blocks of 3 stimuli in a pseudo-randomized order.
Strongly aversive stimuli, such as pain and malaise, were always presented as the last stimuli in

an experiment.

Tastants

Tastants were presented to the animals’ mouth through a round-ended reusable feeding needle
(Fine Science Tools) for 2 s at a time, controlled using a solenoid pinch valve (P/N: 225PNC2-
21, NResearch). Delivered tastants were: 1, 4, 20 % sucrose solution, 0.1, 1, 10 mM quinine
solution, 75 and 500 mM NaCl solution (all Sigma Aldrich) and drinking water (from our animal

facility). Trials were visually inspected to ensure the animals tasted the liquid presented.

Tailshocks

Weak clectrical shocks (2 s: 50, 100 or 200 pA) were administered to the tail generated by a
Precision animal shocker (Coulbourn Instruments). Two 0.5 mm silver-coated copper wire coils
(Conrad), custom made for each mouse, were soldered to a lightweight isolated cable connected

to the shocker and positioned approximately 1 cm apart at the center of the tail.

Lithium chloride induced malaise

While being head-fixed, animals were carefully injected i.p. with a lithium chloride solution
(0.15M LiCl in 0.9 % saline, 2 % body weight, e.g. 600 ul/ 30 g mouse) and were recorded for
a period of approximately 20 min.

Safe and fearful context

Safe context was defined as a context in which 2 mice has never experienced an aversive
stimulus. Following a baseline recording in the safe context, mice repeatedly received unsignaled
tailshocks across approximately 30 min. Mice were allowed to rest in their cage and were again

placed on the behavioral setup 24 h later in what we then defined as fearful context.

Neutral / baseline condition

Neutral condition data was collected identically to all stimulus conditions, including the
sampling from the same 2 s long stimulus time-points, however, no actual stimuli were
presented. Furthermore, the mice were in a safe context to which they were well habituated and

had no aversive experiences associated with it.
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Thirst

Mice were acutely water deprived for 16-20 h and were presented with 20 % sucrose solution
and water for 2 s, three times each, in a random order. Following that, they were repeatedly
presented with drops of water across a period of 10 min and were allowed to drink to satiation. 5
min after that, they were again presented with drops of sucrose solution and water, identically to
the start of the experiment. Trials were visually inspected to make sure that in all included trials

animals tasted the liquids.

Conditioned taste aversion

Animals were acutely water deprived for 16-20 h and were presented with 20 % sucrose solution
for 2 s, 3 times in the space of 10 min (“before™). Following that, they were repeatedly presented
with drops of sucrose across a period of 10 min and were allowed to drink to satiation. 5 min
after that the mice were carefully injected with LiCl as described above. 30 min after injection,
mice were removed from the head-bar holder and returned to their cages with free access to
water for 1h. After that, they were water deprived for 16-20 h, when they were head-fixed again

and presented with 20 % sucrose solution for 2 s, 3 times in the span of 10 min (“after”).

Oprogenetic stimulation

Mice were tethered to optic patch cords and optogeneticaly stimulated with 473 nm light
produced by a solid state laser (CNI Laser, China). The stimulation protocol was identical to all
other stimuli, with the light being delivered for 2 s three times per experiment. The exact
stimulation parameters were the following: alC — bilateral 20 Hz stimulation, 10 ms pulse
duration, 15 mW; pIC - bilateral 20 Hz stimulation, 10 ms pulse duration, 15 mW; VP: bilateral
40 Hz stimulation, 10 ms pulse duration, 15 mW; alC->BLA, bilateral 20 Hz stimulation, 20 ms
pulse duration, 10mW concurrent to ImM quinine delivery. e YFP control mice were stimulated

using the same parameters as mice expressing ChR2.

an i
Freezing
We detected freezing episodes using @ method we previously described (22), which establishes
freezing in head-fixed animals as a combination of immobility, significant reduction in orofacial

movements and a significant increase in pupil size lasting at least 2 s. We scored freezing when
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either of two criteria was true: either an animal was immobile for at least 2 s with the z-scored
pupil area was at least 1 sd higher than z-scored orofacial movement or a period of > 5 seconds

of immobility and complete lack of orofacial movements.

Pupil size measurements
We analyzed the pupil size similar to previous studies (22, 32). In brief, for every frame we
cropped the eye area, thresholded it to create a binary image and used the matlab function

‘imfindcircles.m” to determine the pupil radius.

Orofacial movement analysis

Orofacial movements were analyzed as previously described (33).

Escape
Escape episodes were identified as periods of very rapid movement in a fearful context lasting at

least 2 s as revealed by visual inspection.

Visualizations of typical facial expressions

Line drawings (Fig. IB, right)

To illustrate the facial expression differences, an illustrator created line drawings of the facial
outlines seen in the representative single video frames (Fig. 1B, left) selected from each emotion

cevent.

Pixel difference heammap overlays (Fig. 1B, right)

To visualize the areas of the face that are most changing in comparison the neutral facial
expression, pixel difference heatmap overlays were created for each of the expressions in the
following way: each of the example frames in Fig. 1B was pixel by pixel compared to the neutral
expression frame by subtracting grayscale pixel values across the whole image. The results of
this subtraction were then smoothed using a Gaussian filter with a sigma of 50 pixels, mapped to
a color map, made partially transparent and overlaid over each of the original frames. Areas with
almost no change were made transparent using a background removal tool for better visibility.

The Gaussian filter was only applied for visualization purposes and not for data analysis.
Facial expression analyses

Morivation to employ the HOG feature approach to extract facial features of emotion

7
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Comparing videos of behavioral features across animals is challenging because of
transformations including translation, rotation, scale or changes in lighting between individuals.
HOG features are designed to be largely invariant to these transformations. If the head position
or illumination are slightly different between two animals, HOG will detect the pixel changes
still in the same spatial grid and thus not notice these as different. Thus, the coarse binning and
emphasis on orientation that HOG features provide, bear the advantage of greater invariance to
changes in positioning, scale and lighting commonly occurring between different experiments.
This invariance is crucial when comparing facial features across animals. Another advantage of
the HOG feature extraction is the biologically inspired emphasis on edge detection, Indeed,
while PCA was one of the first approaches to face recognition in humans (34), HOG features
have been found to be superior to Eigen feature based face recognition approaches (35). Indeed,
HOG and HOF (Histogram of optical flow) have been successfully employed in other studies of
dynamic behavioral classification, especially when behavior had to be compared across
individuals (36, 37).

Histogram of oriented gradients descriptor creation
Histogram of oriented gradients (HOG) descriptors for each video frame were created using the
following parameters: 8 histogram orientation bins, using square cells with a height of 32 pixels

and 1 cell per block, with images normalized using power law compression before processing.

Similarity matrices

Face recordings of all experiments were processed using custom Python scripts. Each single
frame was converted into a histogram of oriented gradients (HOG) vector. For all stimuli except
LiCl injection, all frames during 4 s before the stimulus onset and 2 s during stimulus
presentation, for 3 stimulus presentations, were pairwise compared (in total 540 frames). For the
neutral condition, the procedure was the same, however, no actual stimulus was presented. For
the LiCl injection, data was taken from a single experiment, where 3 sets of 4 s of baseline
frames were selected in the first 2 minutes of experiment, after the mouse stopped exhibiting fear
behaviors caused by the injection, but before malaise behavior would appear. The three 2 s long
sets of stimulus frames were selected from frames 20 min after the start of experiment. A
pairwise comparison of all selected frames per experiment was then performed by calculating

Pearson’s correlation coefficient for cach possible pair and plotted in a hicrarchically clustered
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pairwise correlation matrix. The formed clusters were finally post-hoc compared to the frame

temporal origins (before and during stimulus).

Prototypical face creation

All prototypical faces were created from a dedicated mouse whose data was not used in any other
analysis. The gencralizability of prototypes was tested independently and is exemplified in fig.
S3A. First, a neutral prototypical facial expression was created by averaging HOGs of frames
during a baseline period (250 frames) where no stimuli were presented and mouse was well
habituated to the experimental setup. The validity of this baseline duration to best detect the
deviations upon emotion events was independently tested and is shown in fig. S5B. The neutral
prototypical face HOG was then compared to HOGs of frames during a single stimulus
presentation for each of the identified states during clustering (above) by calculating a Pearson's
correlation coefficient for each. For each of the states, 10 frames most dissimilar to the neutral
prototypical face (the ones with the lowest correlation coefficient) were selected and averaged,
resulting in a single HOG for each respective emotion. Prototypical faces were specifically build
based on data associated with the following stimuli: disgust — 10mM quinine solution; pleasure -
20 % sucrose solution: malaise - 0.15 M LiCl i.p. injection: pain - 200 p A tail shock: passive
fear - single detected freezing episode in a fearful context; active fear — single detected escape
episode in fearful context. We independently confirmed that building the prototypes on medium
stimulus intensities would still reveal scalable facial expressions. We found, however, that
building the prototype on the strongest emotion event yielded the best prototype. The scalability

was lost when prototypes were built on too low stimulus intensities (shown for pain in fig. S5C).

Mouse face registration and cropping

All data acquired using facial videography was registered to a single frame of a wild-type male
mouse head-fixed to the sctup exhibiting a neutral facial expression (“template frame™). This was
achieved using custom written Python code employing a phase correlation approach, which
enables estimation of relative offset of two similar images. For each recording, a single frame at
the start of experiment was checked for optimal registration parameters, which were then applied
across the whole recording. The image was first roughly aligned by being moved in relation to
the template frame in the XY axis to the position of lowest offset, as indicated by phase

correlation analysis. Following that. the image was angle aligned by being rotated for a single
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degree at a time 45 degrees upwards and 45 degrees downwards, with the angle of lowest offset
to the template frame being selected and applied. After correcting the rotation, the image was
once again aligned in the XY axis. Finally. the image was scale matched to the template by
rescaling it between 0.01 and 2 times in 0.01 steps and identifying the scale of lowest error based
on phase correlation results, which was applied to the image as the final step. After the
registration procedure was finished, the image was cropped using the same set of coordinates
manually created to crop the template frame. The cropping coordinates were carefully selected to
contain as little of non-face areas as possible, while not cutting off any of the face at a baseline
facial expression, but also during any of the facial behaviors like licking. Attention was paid to
also contain a section of empty space directly in front of the face in the template frame, since

whiskers will move into that area during expressions such as pain and escape.

Similarity to prototypical face

To measure similarity to various prototypical faces, cach acquired frame from any of the
experiments was registered, cropped and converted into a HOG descriptor vector, as described
above. Following that, each frame (“target frame") can be compared to a chosen prototypical
face for similarity by calculating Pearson’s r between the target frame HOG vector and the
prototypical face HOG vector. If this is done across a single continuous experiment, the
similarity comparison will result in a single similarity value per each time point, which can be

plotted in a sequence, revealing a temporally evolving intensity graded description of experience.

Facial expression onsets and duration

We detected facial expression onsets (as in Fig. 3B, top) when the mean prototype similarity in a
Is bin was at least 2sd above baseline. The durations (as in Fig. 3B, bottom) were calculated
from the number of consecutive 1s bin which were at Jeast 2sd above baseline prototype

similarity.,

Classifiers

To confirm quantitative distinctiveness between facial expressions evoked by different stimuli or
behaviors and create a tool that is able to separate any given set of frames into different discrete
emotions, we created and trained a random forest classifier. The training dataset consisted of data
collected from 3 animals, with 3 stimulus presentations for each emotion per each animal. We

selected all 30 frames from the 2™ second of each stimulus presentation and appropriately
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manually labeled them based on experimental origin. All frames were registered, cropped and
converted into HOGs. Prior to classifier training, all HOG features corresponding to the area that
could contain the spout (in all conditions whether spout was present or not), corresponding to the
bottom right corner, size 4x9 HOG cells, were set to 0 to prevent any influence of the spout
presence on prediction. To test the performance of the classifier, the training dataset was split
into a smaller training dataset containing a randomly selected sample of 15% of all training data
and tested on the remaining 85%. This was repeated 1000x, with the performance evaluated at
each repetition. To establish a baseline performance to compare to, the classifier was trained and
repeatedly tested in an exactly same manner, however, prior to training, all training dataset labels

were randomly shuffled, while the performance was evaluated on the correctly labelled data.

Visualizanon of classifier feature importance (fig. $4)

To visualize importance of different sections of the face for decision 7 binary random forest
classifiers were trained, one for each emotion state described in this manuscript, with all frames
manually labeled as 1" (belonging to the emotion detected by the classifier) or *0™ (not
belonging to the specific emotion detected by the classifier). The data used for training was same
as for the multiclass classifier described above, with the exception that no splitting into test and
training datasets was performed. Since cach HOG cell contains multiple orientation bins which
cannot be easily visualized, the overall importance of each section of the frame was calculated as

the mean feature importance of the 8 underlying orientation bins, for each classifier.

2-dimensional embedding of fucial expressions

All video frames during the 2™ second of each stimulus presentation (30 frames) were collected
for three stimulus repetitions for each respective stimulus/state. These frames were registered,
cropped and converted into HOG vectors (5040 dimensions) and then dimensionality reduced
using principal component analysis (100 dimensions). Following that, t-SNE (2 dimensions) was
ran on the data of each respective mouse. The 2 t-SNE dimensions describing cach data point
were used to create a scatter plot. with each point representing a single frame. These points were

finally post-hoc labeled based on the type of stimulus presented during their respective origins.

Optogenetic facial videography pipeline
To analyze the data collected in the optogenetic stimulation experiments, all frames at times of

interest were first registered to the template frame, cropped and converted into HOG descriptors,
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as described before (three 2s optogenetic stimulations per condition per animal). Frames
belonging to a set of 3 stimulations from a single animal were then pairwise similarity compared
by calculating Pearson’s r for each pair and hierarchically clustered to reveal distinct groups of’
facial expressions corresponding to the peri-stimulus epochs. Following that, frames from the
peri-stimulus epochs were processed using a random forest classifier trained on wild-type mice
as described in the classifier section above. This resulted in a distribution of discrete emotion
labels which guided selection of an appropriate prototypical face (based on the emotion most
represented in the classifier detections). This prototypical face was then used as described above
in the Similarity to prototypical face section 1o produce a graded readout of experience of the

detected emotion.

Awake head-fixed two-photon imaging

Image acquisition

Two-photon imaging was carried out using a rotating resonant-scanning two-photon microscope
(B-scope. Thorlabs) set to an angle perpendicular to the insular cortex surface (75 — 85° rotation
to access the left hemisphere) with a 16x water immersion objective (Nikon N16XLWD-PF,
N.A. = 0.8). This provided an 830 x 830 pm field of view that was scanned at 14.8 Hz with a
resolution of 512 x 512 pixels. All imaged fields of view were imaged at a depth of 150-250 um
below the brain surface, using a Mai Tai DeepSee laser (Newport Corp.) set to 940 nm and a
power of 12-30 mW at the front aperture of the objective.

Two-photon data pre-processing

Two-photon acquired neural data was processed using the two photon analysis toolbox Suite2p:
hutps://github.com/MouseLand/suite2p (38), which was used to perform motion correction,
neuron detection, cell-segmentation and fluorescence measurement over time for each cell. For

each field of view, the cell segmentation was manually reviewed and comrected when necessary.

Neural data analyses

To quantify the degree of relatedness of each neuron’s activity to either the facial expression or
stimulus, we employed a previously described (39, 40) convolution approach to create predicted
fluorescence traces for each (stimulus, facial expression) by convolving them with a GCaMP6s
kernel. More specifically, we represented the stimulus as a square wave set to 1 when the

stimulus was being presented (3 times 2s) and 0 everywhere else with a sampling rate of 30 Hz
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and we used a relevant prototypical face similarity trace to represent the concurrent facial
expression. Both of these were then convolved with a GCaMP6s kernel to produce a convolved
stimulus trace and a convolved facial expression trace, which we compared to fluorescence of
single neurons. Extracted fluorescence traces for each neuron were upsampled to facial
videography sampling rate (30Hz), to enable comparison to both of the convolved traces, which
we performed by calculating Pearson’s r. We correlated each neuron to the relevant convolved
stimulus traces and convolved facial expression trace. To determine which neurons were
significantly correlated to either the face or the stimulus, we followed the approach described in
(40). Specifically, we determined the thresholds for a significant correlation in an unbiased
manner by calculating a null distribution for each imaging experiment by splitting all
face/stimulus traces into 11 equally sized sections, randomly shuffled their temporal order,
convolved the resulting traces and correlated them to fluorescence of all concurrently recorded
neurons. This was repeated 1000 times for cach dataset and the 99™ percentile of the resulting

null distribution was chosen as the significant correlation threshold.

Human Raters Experiment
To evaluate whether untrained human observers would be able to detect emotional expression in

mice, volunteers at a science outreach event answered a computer based questionnaire. Sixty-
three human volunteers were shown single image examples of mice exhibiting neutral, passive
fear, pleasurable. disgusted or painful facial expressions and asked two questions. 1) *Is this
expression good or bad?” (Options to select good or bad) and 2) “What is the underlying
experience?” (Options to select neutral, pleasure, disgust, fear and pain). We did not control for

participant’s age, sex or previous experience in working with mice.

Statistical Analvsis
Analyses were performed using either Graphpad Prism (GraphPad Software, Inc., La Jolla, CA,

USA, Version 8) or Python. Group comparisons were made using one-way ANOVA followed by
Dunnett’s post hoc tests comparing all groups to a baseline group in case main effect of ANOVA
was statistically significant (p < 0.05). Two-group single variable comparisons were performed
using a two-tailed Mann-Whitney U test. All correlation analyses were performed by calculating
Pearson’s correlation coeflicient. To compare groups to a predetermined value, one sample two-

sided Wilcoxon test was used. Detailed information about the type and results of all statistical
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procedures can be found in Table S1. All animal numbers are reported in Figures and their
legends. No statistical methods were used to predetermine sample size. Since we did not assume

our data to be normally distributed we used nonparametric statistics except for the group

comparisons in Fig. 2.
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Supplementary Figures

A Schematic drawing of camera and flumination arrangements

« = « reference frame
(paraled / perpendicular 1o head bat / long axis of skull)

B Pixel/ size ratio of video frames

6 mm
{~ 190 pixel)

=> resuits in a HOG vector of 5040 elements

Fig. S1. Faclal videography setup

(A) Nlustration of camera and #lumination arrangement with respect 1o the head of the mouse and the head bar.
Three infrared arrays were used and mounted to a frame constructed around the head-fixation set-up. The frame was
aligned to the head-bar and long-axis of the mouse skull as illustrated and infrared arrays were positioned at 45°
angles to this frame. The camera was positioned at 20" to a virtual line along the mouse's lateral face surface.
Camera positioning by hand was enough 10 ensure oplimal video acquisition. We estimate that deviations of up to 15°
from the ideal angle may still be tolerated as long as all facial features are in focus (ears, nose, eyes). The distances
of camera and illumination to the head depended on the camera lenses used. Therefore, we illustrated in (B) the
video frame resolution (cropped image that was used 1o create the HOG) with reference to the head size. We used a
field of view of 1144 x 586 pixels, with a pixel resolution of approximately 30 pixels / mm. The mouse face registration
and cropping procedure described in the methods section was employed to realign mouse faces and make them
comparable, whenever camera angle and or distance varied between experiments,
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Fig. S2. Untrained human observers readily detect emotional facial expressions in mice.
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Sixty-three human volunteers were asked in the context of a science outreach event to rate mouse facial expressions
without further instructions. They were given two questions: 1) 'Is this expression good or bad?' and 2) ‘What is the
underlying experience?' (multiple choice format). (A) Untrained human observers relably detected emotional
expressions above chance and correctly rated neutral expressions as non-emotional, (B) The same observers tailed
to assign the correct valence (good or bad) 10 the emotional expressions. (C) However, a trend towards correctly
classifying pleasure as good, but passive fear (freezing) and pain as bad was observed. Interestingly, also neutral
axpressions were more frequently rated as ‘good’.
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Fig. S3. 1-SNE visualization in three individual mice.

(A) Analysis pipelne for t-SNE visualizations (B) 1-SNE visuakzations in each individual demonstrates clean separation
into event-specific clusters.

17

41



Reference frame Pain Sweet Active fear
(before HOG extraction) tadshock SUCI050 Simaan

Dasaing

ow I "

Feature importance

Fig. S4. lllustration of feature importance used by the random forest classifier to distinguish facial expressions
of different emotion categories

The feature importance of HOG vector variables that were most decisive for the random forest classifier to distinguish
different facial expressions were determined and the corresponding areas were color coded in an illustration. The

color code depicts the level of feature importance to take a decision. A line drawing derived from the neutral
expression is overiaid on all events 1o facilitate orientation.
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Fig. S5. Universality of emotion-prototypes.

(A) Prototypes can be built on any mouse and reveal stereotyped facial expressions in any other mouse. Here, as an
example, we built one pain prototype on three individual mice and tested the validity of the prototype on each of them.
All prototypes ciearly reveal painful expressions in each of the mice. Notably, the prototype built and tested within the
same mouse (marked as 'same’) does not perform any better than a prototype built on a different mouse, Stimulus
onset was at 60 frames = 2 5.

(B) Prototypes are built from frames the most different from a baseline ('neutral prototype’). Neutral prototypes are
efficient in characterizing the emotion feature frames whether they are built from very few frames (25) or very many
(2500, or 10.000). We here chose 10 build the neutral condition on 250 baseline frames.

(C) Prototypes can be built from differently strong emotion events. Comparing the scalability of emotions detected by
similasities 1o prototypes on low, medium or strong stimulus intensities revealed that the best results are achieved
when the prototype is built on the strongest emotion event. While prototypes built on medium intensity events still
reveal scalability 10 some extent, this feature is lost when the prototype is budt on the lowest stimulus intensity,

Two-tailed Mann-Whitney test: low intensity prototype (left), 50 vs. 100 pA: U = 288, P = 0.1902 and 100 vs 200 pA:
U = 223, *P = 0.0137; medium intensity prototype (middie), 50 vs. 100 pA: U = 335, P = 0.6186 and 100 vs 200 pA: U
= 188, **P = 0.0019; highest intensay prototype (right), 50 vs. 100 pA: U = 189, **P = 0.002 and 100 vs 200 pA: U =
127, **"*P < 0.0001.
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Fig. S6. Temporally resolved descriptions of facial expressions in mice,

(A) Exemplary similarity traces from individual animals 10 the prototypical expressions. Note that the face
comparisons reveal diverse temporal dynamics of facial expressions in reaction 10 distinct stimuli / behavior onsets,
All traces are from independent animals, excepl active and passive fear, which are the same expression compared 10
active and passive fear prototypes in a temporally aigned manner and while exposed 10 safe or fearful environments,
Note the alternating pattern of freezing and escapes, which is reliably detected by tacial tracking. Arrows denote
stimulus onset. Horizontal black bars represent behavioral expressions.,

(B) Comparison of different sampling frequencies (5-60 Hz) from one mouse experiencing a tailshock. The shock is
administered for 1 second after 2 seconds. All frames were transformed into HOG vectors and pairwise similarity
matrices were plotted. The HOG are plotted in temporal sequence of acquisition. Note that at all imaging frequencies
the frames before the tailshock exhibit high similarity and are clearly distinct from the frames after tailshock.

(C) Similarity traces 10 the pain protolype busit on all frames included within 400 ms during the taiishock at the
different sampling rates. The shock is administered for 1 second after 2 seconds. Note that the similarity {o the
prototype is clearly detectable at all sampling frequ . Higher pling rates of 20-30 Hz reveal a8 more detaded
description of the facial dynamics than a sampling rate of 5 Hz, however acquisition at 60 Hz does not qualitatively
improve the facial description over 30 Hz
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Fig. S7. Influence of stimulation sequence on emotional facial expressions (at 120 second ISl).

(A) Comparison of emotional facial expressions exhibited upon the first, second or third encounter of a given emotion
event. The first encounter with a painful (tailshock), pleasurable (sucrose) or disgusting (quinine) stimulus does not
evoke different facial expressions when compared to the third encounter, Box-and-whisker plots are Tukey style.
Overlaid on the box-and-whisker plot are the changes from 1* to 3™ encounter in individual mice, N= 3 mice, n = 9
trials. Two-tailed RM one-way ANOVA: Left, pain: P = 0,3946, F (1.834, 14.67) = 0.9711; micdle, pleasure: P = 0.6290,
F (1.582, 12.66) = 0.4047; right, disgust: P = 0.4140, F (1.728, 15.55) = 0.8965.

(B) Comparison of emotional facial expressions following the same or a different emotion event. The facial expressions
following the same type of emotion event do not consistently differ from the ones which follow the same type of emotion
event. Box-and-whisker plots are Tukey style. Two-tailed Mann-Whitney U test: Left, pain: P = 0.8413, U = 11; middie,
pleasure: P = 0.7302, U = 8; right, disgust: P « 0.5476, U = 9.
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A Postenor insular cortex (pIC) B Anterior insutar cortex (aiC)  C  Ventral pallidum (VP)
pIC:ChR2 alC:ChR2 VP:ChR2

—— el kil

tiwe = bgveon v I

pIC:eYFP alC:eYFP VP:eYFP
-

|| Nl e

=,

HOG similarity
oo - b5t

Fig. S8. Similarity matrices from individual animals exposed to optogenetic circuit manipulations.

(A-C) Top row: examples pairwise correlations of all frames before and during biue light stimulation for animals
expressing channelrhodopsin. Bottom row: examples of pairwise correlations of all frames before and during biue
light stimulation for animals expressing eYFP as control protein. Each mouse was stimulated three times for 2
second, Matrices are clustered in an unsupervised manner by simiarity. Above the matrices are post-hoc temporal
assignments with frames before the light in grey and frames during light in blue. Above the frame annotation are
dendrograms revealing the clusters, Note the strong clustering of HOG vectors corresponding to the light on frames
(blue} in channelrhodopsin-expressing animals which is absent in eYFP-expressing mice. The same is alsc revealed
in the dendrograms on the top.
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A Examplary two-photon imag

100 ym

B HOG features in mice with imaging window implant above insular cortex

Quinine Sucrose Sucrose

W

Fig. S9. Simultaneous two-photon imaging in the insular cortex and facial expression analyses.

(A) The same imaging field as shown in Fig. 4H. Image is a standard deviation projection of 7500 frames (i.e. ~500 g)
imaged at 14,8 Hz. During this period, the animal was exposed three imes for two seconds 10 a sucrose solution, The
field of view is 830 x 830 ym large (resolution: 512 x 512 pixels).

(B) HOG features before and during quinine- (left) or sucrose (middle) exposure cluster together in mice which had
cranial-window implants above the left insular cortex, while facial features were analyzed from the right lateral facial
surface. Right: Similarity to prolotypical pleasure (green) or disgust (purple) face upon 3 exposures 10 2-seconds of
sucrose. HOG-extracted facial features are thus not affected by the implantation of a cranial window on the opposite
side of the head. Shaded areas are s.e.m,,
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Facial analysis pipeline and computation latencies

Frame Registration Cropping, Correlation
acquistion Alignment HOG creation\ | to prototype
Transformatio
< 1ms
1.5ms 190 ms / 80 ms
OR
Random
Forest
Classifier
<1ims
| |
' 82.5ms '

Fig. S10. Timeline of computation latencies.

IBustration of steps and latencies involved to acquire, process and compare/classify a live recorded video frame to a
facial expression category. The registration, alignment and transformation step is only required when images were
transformed between imaging sessions. When prototypes are build {or the classiier is trained) on animals from the
same cohort and camera position, this step can be omitted. The total computation pipeline (total ~82.5 ms) can be run
at 10 Hz and thus may allow for closed-toop configurations.
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Table S1. Detailed statistics

"Fig. IF | Random forest | neutral vs. shutiied newtral Mann-Vinitney test | two-tailed U~ “**P<0.0001
classifier | disgustvs. shuttleddisgust | Mann-Whilney tes! | two-tailed U = ~*"P<0.0001 |
| ploasure vs. shuttied pieasure Mann-Whitnay test__|_two-tailed U= ****P<0.0001
| mataiso vs, shuffled malaise | Mann-Whilney test | two-tailed - ~P<0.0001 |
| painvs shuffiedmalaise | Mann-Vihitney test | two-lailed = **""P<0.0001
: . fear Mann-Whilney t6st__| two-lailed U - “*5*P.0.0001
active fear vs. shulfied active lear Marnn-Whilney jest two-tailed U - ****P«0.0001
Fig. 2C | Disgust prototype Ordinary one-way ANOVA | Ouinne ve. neutral Dunnetts | <0.0001
Sucrose vs. neulral Dunnett's n.s. 0.9996
(6, 182) = 20.53 LiCl vs. neutral Dunnett's n.s. >0.99959
****P<0.0001 Talishock vs. neutral Dunnett's | n.s. 0.8527
_Froezing vs. noutral 's | ns 9999
- ___| Escape vs. neutral unnelt's | n.s, ).
Pleasure prototype Ordinary one-way ANOVA | Quinine vs. neutrad Dunnett's ns. 0.3197
. Dunnett's 0.0001
F (6, 182) » 33.42 ve. neutral Dunnetts | n.s. >0.9999
****P<0.0001 @M vs. neutral Dunnet's | ns. >0.9999
vs. neutral Dunnett's n.s. >0.9999
Escape vs. neutral Dunnett’s | n.s. >0.9999
Pain prototype Ordinary one-way ANOVA | Quinine vs. neutrad Dunnett's ns. 0.8267
[ Sucrose vs. neviral Dunnett’s | n.s. 209999 |
F (6. 182) » 20.09 | LiCl v, neutral Dunnetts | n.s. 209988 |
e ’ Dunotts— |55 55954
1B8zing ve. neul 's ns. X
(Escape vs. neutral Dunnett’s ns. >0.9999
Active fear prototype Ordinary one-way ANOVA | Quinine vs. neutral Dunnett's o <0.0001
Sucrose vs, neutral Dunnett's ns. 0.9562
F (8, 182) = 22.81 LiCl vs. noutral Dunnett's ns. 0.9562
....M.m' T ! !E !!v’ BT &‘w‘
| Freezing ve. neutral Dunnett's | ns. >099%9
Escape vs. neutral Dunnett’s — <0.0001
Pass, tear peototype Ordinary one-way ANOVA | Quinmne vs. neulral Dunnett's n.s. >0.9999 |
Sucrose vs. neutral Dunnett's n.s. >0.9999 |
F (6, 182) = 45.08 LiCl vs. neutral Dunnett's n.s. >0.99%9
****P<0.0001 Tailshock vs. neutral Dunnett's ns. 0.1420
[ Froozing vs. neviral Dunnet's | -+ <0.0001
Escape vs. neutral Dunnett's n.s. >0.9999
Malaise prototype Ordinary one-way ANOVA %&M Dunnett's ns >0.9999 |
vs. neutral Dunnett's n.s. »0.9999
F (6, 182) = 2428 LiCl vs. neutral Dunnett's | =™ <0.0001
****P<0.0001 Tallshock vs. neutral “Ounnett’s__ | n.s. >0.9999
_Freozing vs. noutral Dunnott’s | n.5. >0.9999
Escape vs. neutrad Dunnett's n.s. >0.9999
"Fig. 20 | tadshock sirength 50 vs. 100 pA Mann-Whitney | two-lailed | U » 189 “P = 0.002
talshock strength 100 v=. 200 pA Mann-Whitney | two-tsded | U= 127 *%°P < 0.0001
test
SUCOse concentration 1% vs. 4% Mann-Whitney two-taiiod U=192 **P = 0.0024
tast
sucrose concentration 4% vs, 20% Mann-Whitney wo-taded U=236 *P = 0.0257
lest -
qQuining concentiration 0.1mM vs. 1 mM Mann-Whitney two-laed | U294 *P=0.0207
guinine concentraton TmM vs. 10mM Mann-Whitney | two-laded | U= 291 “P-0.0181
test
2E salt - pleasure simiarity 75 vs, S00mM Mann-Whitney two-ladiod U=-43 **P=0.0031
test
salt - disgust similasity 75 vs. 500mM Mann-Whitney two-taked U~47 **P=0.0055
"Fig.2F | sucrose - pleasure thirst vs. quenched | Mann-Wihitney | two-laded | U » 33 “*P0.0006
similasity
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water — pleasure similarty | thirst vs. guenched Mann-Whitney wo-tased U=10 ***P<0.0001
test
"Fig.2G | pleasure similanty umo:om»m Mann-Whitney | two-laded | U= 0 “P<0.0001
alter CTAlgarming | test
disgust simaanty sucrose before vs. | Mann-Whitney | twotaded | U= 12 ***°P<0.0001
after CTA learning test
Fig. 3F Postenor msular cortex | One sample Discrepancy: Median and mean | Median and mean below sample
stimulation Wilcoxen test Neutral: -0.1430
(sample: 0.1430) Discrepancy: Wa65 p = 0.0039
Disgust: 0.8570
Discrepancy: Medkan and mean | Medan and mean below sample
Pleasure: -0.1430 below
Discrepancy: Medkan and mean | Median and mean below sample
m’:ﬂllm
Discrepancy: Median and mean | Medan and mean below sample
| Malaise: -0,1430 balow sample
i g Madian and mean | Median and mean below sample
Act. Fear: -0.1430 below
Dtscngm: Median and mean | Medan and mean below sampie
L Pass. Fear: -0.1430 | below
Fig. 3F Anteriot Insular conex One sample Discrepancy: Medkan and mean | Median and mean below sampie
stimulation Wicoxon test | Neurak: 0.1430
(sample: 0,1430) Discrepancy: Median and mean | Median and mean below sample
 Disgust: -0.1430
Discrepancy: W=171 p < 0.0001
Pleasure: 0.8570
Discrepancy: Medan and mean | Median and mean below sample
Pain: -0.1430 below sample
Discrepancy: Median and mean | Medan and mean below sample
Docl:pamy Median and mean | Median and mean below sample
Act. Fear: -0.1430
Discrepancy: Median and mean | Medan and mean below sample
Pass. Fear: -0.1430 | below sample
Fig. 3F Ventrai palidum One sample i 3 Medan and mean | Median and mean below sample
stimulation Wicoxon test Neutral: -0.1430 below sample
(sample: 0.1430) Discrepancy: Medan and mean | Median and mean below sample
Discrepancy: Waei7t p < 0.0001
| Pieasure: 0.8370
Discrepancy. Median and mean | Median and mean below sample
Pain: :0.1430 |_below sampie
Drsc : Median and mean | Medan and mean below sample
Malaise: -0.1430 below sample
Discrepancy - ] Medan and mean | Median and mean below sample
:-0.1
Pass. Fear: 01430 | below sample
Fig. 31 AlC3BLA simulation Ploasure no ight Mann-Whitney test two-tailed U«28 Pw02973 |
with 1
Disgust no kgt Mann-Whitney test two-tailed U=17 P = 0.0400
versus with light
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Captions for Supplementary Movies
Movie S1

Facial videograph of a head-fixed mouse drinking sweet sucrose solution (left) or bitter quinine
solution (right). Note the striking difference in facial expressions upon exposure to this appetitive
Or aversive experiences.

Movie S2

Simultaneous playback of the facial videograph of a facial expression of pain in reaction to a
tailshock and a similarity plot (Pearson’s r) to the prototypic pain expression built on a different
mouse. Note the high specificity to the pain reaction,

Movie S3

Side-by-side comparison of the facial expression within the same mouse exposed to a sweet
sucrose solution (left) or optogenetic stimulation of GABAergic neurons in the ventral pallidum
(right). Note the striking similarity of the evoked facial expression.
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Aversive state processing in the posterior insular

cortex

Daniel A. Gehrlach©'?, Nejc Dolensek ©*?, Alexandra S. Klein'?, Ritu Roy Chowdhury ©'?,
Arthur Matthys', Michaela Junghénel's, Thomas N. Gaitanos', Alja Podgornik'?, Thomas D. Black'?,
Narasimha Reddy Vaka', Karl-Klaus Conzelmann®©* and Nadine Gogolla®©™

Triggering behavioral adaptation upon the detection of adversity is crucial for survival. The insular cortex has been

to process emotions and homeostatic signals, but how the insular cortex detects internal states and mediates behavioral
adaptation is poorly understood. By combining data from fiber photometry, optogenetics, awake two-photon calcium imag-
ing and comprehensive whole-brain viral tracings, we here uncover a role for the posterior insula in processing aversive sen-
sory stimuli and emotional and bodily states, as well as in exerting prominent top-down modulation of ongoing behaviors in

mice. By

projection-specific optogenetics, we describe an insula-to-central amygdala pathway to mediate anxiety-

related behaviors, while an independent nucleus accumbens-projecting pathway regulates feeding upon changes in bodily
state, Together, our data support a model in which the posterior insular cortex can shift behavioral strategies upon the detec-
tion of aversive internal states, providing a new entry point to understand how alterations in insula circuitry may contribute to

neuropsychiatric conditions.

homeostatic states, which arise in extended neuronal net-

works constantly integrating internal and external stim-
uli'”, Specifically, aversive states signaling threat to the integrity
of the body are translated into sustained behavioral adaptation.
The posterior, also known as the “visceral, insular cortex (pIC) is
4 major cortical convergence site for signals from within and out-
side the body™ . Human imaging studics and electrophysiologi-
cal recordings in monkeys and rodents have shown that the pIC
receives topographically organized inputs from different internal
organs and tissues, transmitting information about changes in
heartbeat and the motility of the digestive tract, but also abowt
pain, hunger, nausca, tickle, itch and many more bodily sensa-
tions"'". Studies in rodents causally implicated the plC in gat
ing pain hypersensitivity'', drug craving and visceral malaise’.
Furthermore, the plC integrates information from the external
sensory senses'', Importantly, the responsiveness of the insular
cortex (IC) to sensory cues has been shown to depend strongly
on the homeostatic state of the animal'". While these studies sug-
gest a paramount role for the pIC in processing bodily sensations
and h tatic states, h ging studies have suggested a
second important role for the IC in emotion processing and regu-
lation*'*"", Indeed, hyperactivity in the 1C is consistemly found
in individuals with anxiety disorders™ . Furthermore, the IC has
been suggested to be a neurocanatomical hub implicated across
neuropsychiatric disorders, including depression, addiction, cat-
ing disorders and schizophrenia’ "', Rodent studies support a
role for the pIC in mediating emotional behavior, such as learned
fear'™, drug-context association'' and conditioned inhibition of
fear' ", as well as in mediating approach versus avoidance behav-
for with respect to social affective stimuli

O ngoing behavior is strongly influenced by affective and

Taken together, these studies suggest that the pIC lies at the
interface between bodily and affective states, However, a compre-
hensive mechanistic understanding of how this brain region repre-
sents internal states or influences motivated behaviors is curremtly
lacking. By using multifaceted anatomical and physiological circuit
analyses in mice, we here define a role for the pIC in processing
aversive affective and bodily states and regulating behavior via top-
down projections 1o subcortical brain areas.

Results

Optogenetic activation of the pIC drives defensive behavioral
and autonomic reactions. To investigate the functional impact
of the pIC on behavior, we employed oplogenetic tools to broadly
manipulate its activity. We first targeted excitatory projection neu-
rons across all layers of the visceral and multisensory areas of the
1C™ (Fig. 14 and Supplementary Fig. 1). To activate or inhibit
insular neurons, we expressed channelrhodopsin-2 (ChR2) or
halorhodopsin (eNpHR3.0, abbreviated as NpHR throughout),
respectively, fused 1o enhanced yellow fluorescent protein (eYFP)
under the control of the Camk2a promoter by using a recom-
binant adeno-associated virus (AAV) vector and verified that
expression of the proteins was specific to glutamatergic projection
neurons (Supplementary Fig. 2). Mice injected with the same
viral vector carrying only the fluorophore-encoding gene served
as controls.

First, we optically d pIC pyramidal ncurons in a neu-
tral behavior chamber to assess possible effects of stimulation
on locomotion. We chose a 1's ‘on/4s ‘off” stimulation pattern to
avoid overstimulation. This stimulation paradigm did not induce
changes in overall locomotion at 10 or 20 Hz (Supplementary Fig. 3a).
However, 20-Hz stimulation often led to immediate and highly

'Circuits foe Emotion Research Group, Max Planck Institute of Newrobiclogy, Martinsried, Germany. “International Max Planck Research School foe
Molecular Life Sciences, Munich, Germany. ‘Graduate School of Systemic Neusrosciences, Ludwig Maxim#ians University, Munich, Germaay. “Max von
Petteniofer Institute and Gene Center, Medical Faculty, Ludwig Maximilians University, Munich, Germany. ‘Present address: Ausbildungsinstitut fir
Kinder- und Jugendichenpsychotherapie an der Uniklingk Kdin (AKiP), Cologne. Germany. “e-mail: ngogolladneurd mpg de
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Fig. 1| piC
posterior distance froen the bregma; Gl granulae insular cortex: DI, dysgranular insular cortex: AIP, posterior agranular insular cortex. b, Photostimulation
triggers defensive behaviors in ChR2-expressing mice. Rows show reactions of representative indovidual mice to successive stimulations. Experiments
were terminated after 5min or when severely aversive responses occurred (mice 2-6). ¢, Quantification of light-evoked behavioral responses upon
repeated 20-Hz stimulations (n =15 mice per growp derived lrom two independent experiments with simelar results; two-way repeated-measures (RM)
ANOVA: group (opsin) effect. £, .., = 857.6, P <O.0001; beharvior effect, £, .. =22.63, P <0.000), group x behavior interaction, £, .., =2269, P<0000L

drives

and avoidance. a, Optogenetic virus injection and optic fiber placement above the piC. AP, anterior-

Bonlerroni post hoc analysis: grooming, *P=0.0224; jaw movements, stopping. escape and freezing, ****P <0.0001; salivation (P =0.8581) and paws

to mouth (P =0 5%988) were not significantly aitered). d. Left: schematic of the RTPA assay and representative locomator traces of eYFP- and ChR2-
expressing mice on the day the laser was on Right: light activation of pIC neurcas results in place aversion in ChR2-expressing mice (a =8 mice expressing
ChR2 and n=10 mice expressing only eYFP, two-way RM ANOVA: group (cpsin) effect, . =8 598, P=0.0098: group x time interaction, F, . =4 082,
P=00264; Borferroni post hoc analyss: **"P = 0.0008 for ChR2-expressing as compared to eYFP-expressing mice with the laser on (day 2); "P=0.0463
lov ChR2-expressing mice with the laser olf (day 1) versus these mice with the laser on (day 2). & Optogenetic activation increases respiratory rate at all

I 4

Q ies, while

has no effect (eYFP, =12 mice (6 mice exposed to blue kght and 6 mice exposed to yellow light): ChR2, n =10 mice: NpHR,

n=6 mice; one-wiry ANOVAL F . = 4.643 P=0.0033; Bonferroni post hoc analysis: *P=0.0412 for e YFP-expressing mece versus ChR2-expressing
mice stimulated at S5Hz: *P= 0016 for eYFP-expressing mice versus ChR2-expressing mice stimolated at 10 Hz. *P=0.0234 for eYFP-expressing mice
versus ChR2-expressing mice stimulated at 20Hx; P> 0.999 (NS, not signdicant) for e YFP-expressing versus NpHR-expeesseng mice, Bar graphs show
maean 2 s.e.m. Sox-and-whisker plots dsplay the median (center kne), 25th to 75th percentiie (box), 3nd misimem to maumum values (whiskers),

heterogencous behavioral reactions that became increasingly fre-
quent upon consecutive stimulations (Fig. 1b.c and Supplementary
Video 1), The typical response pattern started with abrupt stopping
or freezing: later stimulations also frequently elicited backward
escape movements, raising of the front paws to the mowth or saliva-
tion, To exclude the possibility that the evoked behaviors might be
due 10 seizure activity, we recorded local field potentials (LFPs) con-
comitantly with ChR2 stimulation and characterized the LFP activ-
ity during all observed behaviors (Supplementary Fig. 4). Although
highly frequent and persistent 20-Hz stimulation has the potential
to cause seizure-like activity, we here applied much shorter stimu-
lation protocols and verified that all described stimulation-clicited
behaviors were not due to seizure-like activity (Fig. 1b.c). Moreover,
DREADD-mediated activation of the pIC was found to elicit a sub-
set of the optogenetically elicited reactions, such as freezing and
escape movements (Supplementary Fig. 3b). Together, these results
demonstrate the potential to evoke aversive and defensive behav-
foral reactions via pIC activation, while immediate consequences
from plIC silencing were not observed (data not shown). Given that
stimulation at 20 Hz, but not 10 Hz, elicited immediate reactions, we
chose to apply 10-Hz stimulations in all subsequent behavioral tests,

To confirm the apparent adverse effects, we next assessed the
valence of the stimulation directly in a real-time place aversion
(RTPA) assay. Indeed, upon plIC stimulation, ChR2-cxpressing
mice exhibited strong aversion to the stimulation chamber (Fig. 1d).
Interestingly, these mice actively left the stimulation chamber,
as shown by an Increase in speed in the stimulation chamber, but
they did not avoid the stimulation, as they entered the stimulated
side as frequently as control mice (Supplementary Fig. 3d). In con-
trast to stimulation, inhibition had no effect on place preference
(Supplementary Fig. 3¢).

We noticed that stimulation seemed to increase respiratory rate.
Because such an increase could be cither a direct consequence of
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heightened plC activity or an emotional reaction toward an aver-
sive or ing stimulation, we repeated pIC photostimulation in
anesthetized mice, pIC activation at all tested frequencies increased

iratory rate, NpHR-mediated photoinhibition of the
pl(. had no effect (Fig. 1« and Supplementary Fig. 3¢), We did not
observe any change in heart rate upon plC activation or inhibition
(Supplementary Fig. 3f), in contrast to previous electrical stimu-
lation studies in rats and humans™", Taken together, our results
demonstrate that peaks in plC activity clicit aversive reactions and
avoidance, as well as autonomic changes.

Representation of anxiety-related information in the pIC. The
above-described findings suggest that increases in pIC activity
transmit a negative valence signal, causing animals to exhibit defen-
sive reactions. To address which naturally occurring states or stim-
uli might evoke such activity and induce spontancous avoidance,
we monitored the activity of plC by fiber ph Yy
(Fig. 2a) during by mice of an elevated plus maze (EPM) or
clevated zero maze (EZM) (Fig. 2¢). We first examined how pIC
activity varied with occupancy of the open or closed arms of the two
mazes. In all mice recorded and in both mazes, we observed much
higher levels of pIC activity when the mice occupied the closed
arms, while bouts of exploration into the open arms were consis-
tently accompanied by decreased plC activity (Fig. 2b.c). These data
are consistent with high pIC activity during periods of high anxiety,
while mice are exploration and stay in the protected arcas
of the closed arms. Alternatively, high pIC activity may relate to the
safety of the closed compartment. To disentangle these possibilitics,
we addressed whether the magnitude of closed-arm activity was
correlated with the anxiety-related behavior exhibited by individual
mice, measured as the time spent in the open arms. Interestingly, we
found tight correlations between the anxiety levels of the mice and
their pIC activity: in the closed arms, the more anxious the mouse
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Fig. 2| The pIC processes and regulates anxiety bidirectionally. 8. Optic Lber placement and virus used for fber photometry. b, Example GCaMP6s
fuorescence (F) trace from piC excltatory neurons during 4 men of EZM exploration. Periods in the open arms are shaded in blue, piC actinty decreases
in the open arms. €. Mean piC activity is significantly higher in 3l mice in closed versus open arms in two similar paradigms, the EZM and the EPM (n=11;
two-talled paired t-test: t = 3.510, degrees of freedom (d.1) =10, **P=0.0056; data combined from 3 mice on the EPM (pluses) and 8 mice on the EZM
(circles). The mean = s.e m is shown in black. d, Left: mean closed-aem activily as 2-scored area under the curve (AUC) in the piC in both tests correlates
with the anxiety of indwidual mice (time spent in the open arms). Linear regression: £, = 8574, "P= 00168, R = 0.4879. Right: mean open-arm actnity
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was, the higher the closed-arm activity was, while, in the open
arms, the more anxious the mouse was, the lower the open-arm
activity was (Fig. 2d). When we analyzed the data from the perspec-
tive of a mouse’s movement in the maze (see Methods; Fig. 2¢ and
Supplementary Fig. 5a.b), we found that pIC activity correlated with
the mous<’s approach into or retreat from the open arms (Fig. 2(g).
Retreats from the open arms were consistently accompanied by
activity increascs, whereas approaches were reflected by decreases
in activity (Fig. 21)). Notably, we did not find consistent correlations
between plC activity and movement velocity (Supplementary Fig.
Sc-¢), Together, these data suggest that high pIC activity may pre-
vent exploration of and approach into anxiogenic compartments,
while activity decreases permit exploration. Furthermore, these

findings raise the possibility that high pIC activity may signal states
of anxiety.

piC controls anxicty-related behaviors, To test
directly whether high pIC activity is necessary to maintain anxiety-
related behavior, we next examined whether optogenetic activity
manipulations in the pIC would cause changes in EPM exploration.
Mice were bilaterally injected in the pIC with the same

viruses described above (Fig. 2i). Informed by the previous activity
measurements, we selectively triggered optogenetic silencing of pIC
activity when mice occupied the closed arms (Fig, 2j) and activity
was expected to be high (Fig. 2¢). When compared to controls, mice
in which the piC was silenced entered and spent more time in the
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@ Data from n=27 NpHR- and n =19 e YFP-sxpressing mice receiving shocks in | fear conditioning. Constant piC inhidition does not affect
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Fig. 4 | Sensory, emotional and bodily stimuli elicit insular activity. a, Two-photon calcium imaging of the plC in awake, head-fixed mice. b, Schematic
showing postioning of the chronic window implant (blue circle) above the plC (red) on the Ixteral brain surface with respect 10 two major blood vessels,
the medial cerebral artery (MCA) and the rhinal vein (RV). ¢, imaging window position llusirated on a coronal section. d, The experimental timelines for
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open arms of the EPM without changing their locomotion, in line
with an anxiolytic effect (Fig. 2k). Similar effects were also observed
when the pIC was silenced via an inactivating DREADD strategy
in an open-field test (Supplementary Fig. 6d.¢). However, optoge-
netic pIC inhibition in alternating 2-min laser on/off epochs was
not sufficient to robustly induce anxiolysis, and only a trend toward
increased time spent in the open arms was observed (Supplementary
Fig. 6b). Together, these data suggest that pIC silencing is efficient
when sustained for long periods of time.

We next assessed whether selectively optogenetically increasing
pIC activity while mice explored the open arms, where pIC activity
was expected to be Jow, would result in retreat from these compart-
ments. We did not observe any difference in exploration between
eYFP- and ChR2-expressing mice in the EPM (Fig. 2k). This lack of
effect may be due to the already high anxiety levels under the cho-
sen settings. We therefore tested the same mice under low-anxiety
settings in an equivalent test, the EZM (Fig. 2i). Indeed, in the EZM,
ChR2-mediated pIC activation in the open arms resulted in stron-
ger avoidance, as demonstrated by fewer entries into and less time
spent in the open arms (Fig. 21), corresponding to an anxiogenic
effect. Interestingly, under these low-anxiety settings, plC silencing
was not able to significantly increase open-arm exploration further.
Because we observed real-time place aversion upon plC stimulation
(Fig. 1), the observed effects in the EZM could be due to aver-
sion rather than increased anxicty. To address this possible con-
founder, we performed optogenctic pIC stimulation in a 2-min laser
on/off paradigm and in a separate experiment with an activating
DREADD strategy in the EPM. Both experiments confirmed that
enhancing pIC activity resulted in increased anxiety-like behavior
(Supplementary Fig. 6<.f).

Taken together, our results demonstrate that the plC exerts &
strong and bidirectional influence on anxicty-refated behaviors,
Furthermore, owing to the slow emergence and sustained cffects
observed, our data collectively hint at a role for the piC in process-
ing anxicty states,

Activity in the pIC is sufficient and necessary to mediate sus-
tained anxiety. The experiments described above showed dynamic
transitions in pIC activity between approach and avoidance behav-
ior and thus possibly in the spontancous transitions between
low- and high-anxiety states. To explore more directly whether
the pIC is involved in the emergence of anxiety states, we tested
whether transient activity manipulations in the pIC had sustained
behavioral effects.

First, we applied ten 1-s-long photostimulations at 20Hz 1o
the pIC of ChR2- or eYFP-expressing mice in an open field.
Immediately following this, we tested the animals’ behavior on the

ARTICLES

EPM without further activity manipulations (Fig. 1a). Intriguingly,
following this treatment, ChR2-expressing mice entered the open
arms less frequently and spent less time there than ¢YFP-expressing
controls (Fig. 3b.c), especially during the first 2min of the experi-
ment (Fig. 3c.d). Thus, transient pIC stimulation induced a sus-
tained anxiety-like state.

We next addressed the necessity of the pIC in the emergence
of anxiety states. To this end, mice underwent unsignaled foot
shocks in a conditioning chamber. In one group of mice, the piC
was silenced through constant NpHR illumination during the foot
shock period. The efficiency of long-term inhibition was confirmed
by optrode recordings (Supplementary Fig. 7a-c). When subse-
quently tested on the EPM (Fig. 3b-d), eYFP-expressing control
mice having experienced the foot shocks exhibited a significant
decrease in open-arm exploration when compared to non-shocked
controls (Fig. 3c.d). NpHR-expressing mice exhibited a significant
rescue of this phenotype (Fig. 3b-d), behaving similarly to non-
shocked eYFP-expressing controls. Conversely, previously ChR2-
stimulated mice behaved very similarly to controls that had received
foot shocks.

To exclude the possibility that the effects of pIC silencing were
due to a reduction in pain or fear experienced during the foot
shock period, we compared freezing, as a behavioral measure of
fear, expressed during the shock period and several days later in the
conditioning chamber during contextual fear recall. We found that
freezing was not different either during foot shocks (when plC was
constantly silenced) or during recall of the contextual condition-
ing between ¢YFP- and NpHR-expressing mice (Fig. Je.f). These
results were confirmed in an independent auditory fear condition-
ing experiment performed under constant pIC inhibition, which
showed no effects during the conditioning or subsequent fear
recall from the context or the conditioned stimuli (Supplementary
Fig. 8b-d). Furthcrmore, we verified that no differences occurred
in the pain thresholds of piC-inhibited mice in a hot plate test
(Supplementary Fig. 8a). In sum, these data suggest that pIC inhibi-
tion does not impair acute reactions to painful stimuli or the expres-
sion of fear through freezing or prevent Or cue associath
Instead, they support the notion that the pIC has an important role
in the emergence of sustained states of anxiety.

tation of aversive stimuli and states in single neurons of
the pIC. Our data collectively suggest a role for the pIC in mediat-
ing aversive emotion states such as anxiety. However, it is unclear
how negative emotion states arise and are processed within the
1C. Bodily as well as sensory stimuli are potent triggers of affective
states, and the IC is known to receive highly diverse information
streams . We therefore sought to investigate how diverse stimuli

>

Fig. 5 | Whole-brain tracings of direct pIC inputs and outputs. ab, Sch

ics of the

de () and anterog) (b) tracing strateg

Ll 5

employed to identify piC inputs and oulputs, ¢, Example images of input and output pattems in representative piC-connected brain regions. Findings

were rephcated in three other mice for each input and output. d-i, Dats from n=3 mice lor inputs and n=3 mice for outputs. de. Direct comparison
between inputs and outputs of piC propection neurons from larges brain areas, divided into cortical (d) and subcortical (@) connectrnty. £ Analysa of the
reciprocity of input and output connectivity between singie beain regions and the piC (25 data points representing cortical brain regicas (f) and 49 data
points representing subcortical brain regions (g) are mean values from n= 3 mice). £, Most cortical regions have reciprocal connections with the plC, as
shown by the significant correlation between inputs and outputs (n =25, Pearson’s r=0.63 (95% confidence interval {C1) =0.31 to 0.82); inear regression
showed significant deviation {rom rero, two-tailed P=0.0008). g Many subcortical regions do not shaw stroeg reciprocity. For some regions, the plC
Irputs are dominating (top-down > bottom-up: red), whille for others the inverse is true (boltom-up > top-down; blue). Altogether. the input and output

were not correlated for subcortical regions (n=49, Pearson's r=017 (95% Cl=~012 to 0.43); linear regression showed no significant deviation from zero,
two-tailed £=0.2520). h. Analysis of inputs and outputs from functionally grouped regions, such as sensory, newomodulatory, prefrontal and intra-insular
areas. |, Density of pIC innervation in select top-down target regions. ACC, cingulate cortex; AD, dorsal thalamic rucleus: AIC, ageanular
Irsular cortex; AID, doesal agranular insular cortex; AlP, postedior agranuiar insular cortex: AV, ventral agrasuilar insular cortex; BNST, bad nucieus of the
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area; VP, ventral palidum. Bar graphs show mean & sem
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relevant to affective and bodily states might be processed in single
newrons of the pIC, To this end, we developed an approach for cellular-
resolution imaging of the plC in awake mice using two-photon

microscopy (Fig. 43). The ficld of view was positioned above the
posterior half of the IC, including visceral, multisensory and gusta-
tory regions (Fig, 4b). Expression of the calcium indicator GCaMPés
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Fig. 6 | Largely non-overlapping piC neuronal subpopulations project to the CeA and NAcC. a CTE retrograde labeling of piC projections to the CeA
(CT8-555) and NACC (CTE-488). b, Representative images of CTB injection sites in the CeA (top) and NACC (bottom). Simvlar results were obtained

in three mice. ¢ Representatve image of retrograde labeling of piC neurons projecting to the CeA (magenta), NACC (green) or both (yellow). d-f, Data
from n =3 mice. d, Quantification of retrograde labeling of pIC newons. pIC—CeA projections (4,863 = 9967 (s.em) cells in total) and plC—-NAcC
pulations,

projectors (2,050 £ 642.0 cells in tolal) were mostly non-overlapping, with <6% of cells (4057 £ 2146 cells) peojecting to both. e, The twe
when normalized 10 total cell counts, were distributed simlarly in the diferent piC subregions (absolute celt counts (mean £ 5.e.m ) Gt CeA projections,
702.7 £ 50B.2; NAc projections 120.7 2 25.9; Di: CeA projections, 1161.0 £ 572 4. NAC progections, 310 £ 70.3; AIP: CeA peojections, 20513 £ 7411, NAc
projectsons, 618 £ 102.8). £, Distribution of CeA and NACC projeciorns along the anlenor-postenior aus of the insular cortex (+2.4 10 -1.22 mm with respect
to the bregma). In the anterior insula, we found more NACC projectors than CeA peopctorns. In contrast, in the postenior insula (dlue box), CeA projectons

were more abundant than NACC projectors. g Schematic of anterograde labeling of plC axons. h Representative images of eYFP-labeled piC axons in
the amygdala (left) and nucleus accumbens (right). Note the strong innervation withen patches in the NACC. Semilas results weee obtained in three mice
1) Quantification of the inmervation densities of piC axons (n=3 mice) in the amygdala (1) and nucleus accumbens (J) along the anterior-
identifyng the sites with the highes! innervation densities. Sites of optic fiber implant for the experiments described in Figs. 7 and £ are marked with
arrows, Line and bar graphs show mean £ s.e.m. Scale bars, S00pm. Gl, granular insular cortex; DI, dysgranular insular cortex; AlP, posterior agranular

DOSIENOr Jus,

irsular cortex; CeC, central amypdala, capsular part. Cel., contral anwygdala, lateral part: CoM. central amygpdala, medial part; DEn. dorsal endopirifrom
nucleus, C), claustrum, LA, lateral amygdala: BLA, basolateral amygdala
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Fig. 7 | pIC input to the CeA governs defensive reactions, avoidance and aniety-related behaviors, ab, Viral injection and optic her placernent
for piCCeA (@) and pIC <NACC (b) projection-specific genetics. ¢-f, Stimulation-elcited behavioral reactions upca 20-Hz stimulation of the
pIC ~CeA or plC—<NAC pathway. ce Reactions over time to i imulations in six repx ative mice for each pathway. Stimulations of the

pIC~CeA pathway elicited promenent reactions (¢), whereas very few stimulations of the piC <NACC pathway elicited reactions (e). d. Quantification of
the reactions upon piC—CeA stimulation in n=11 mice per group. Two-way RM ANOVA: group (opsin) effect, ... = 9241 P <0.000L behavior effect,
Fou oo = 28.64, P < 0.0001; group x behavior interaction, £, ., =29.30, P<0.0001; Bond post hec analysis d trated significant differences
between eYFP- and ChR2-expressing mice for jaw movements and stopping (both ****P < 0.0001) and freezing (*P = 0.0126). No differences were found
for grooming (P=0.3727), paws to mouth and salecation (both P> 0.9999), while a trend was observed for escapes (P=0.0503). f, Quantification of
the reactions upon piC-NACC stimulation in n =13 mice per group. Two-way RM ANOVA: group (opsin) effect, £, »12.67, P = 0.0016; behavior eMect,
Fiu = 24.82, P < 0. 000 group x behavior interaction, £, ., = 5282, P < 0Q.0001; Bonferroni past hoc analysis demonstrated signficant differences
between e YFP- and ChR2-expressing mice for grooming (**P= 0.0095) and jaw movements (****P <0.0001). No differences were observed for escapes,
paws to mouth, sakvation, freezing or stopping (all P> 0.9999). g pIC—CeA stimulation results in real-time place aversion behavioe (nw 7 ChR2- and

n w6 eYFP-expressing mice: two-way RM ANOVA demonstrated significant differences for group (opsin) effect (F,,, » 2115, P 0.0008) and laser
effect (F, = 5531, Pm0.013) as well 35 for opsin xlaser interaction (F,; ., w 5368, Pw0.0126); Bonferroni post hoc analysis demanstrated significant
differences between habituation (day 1, laser off) and the laser-on day (day 2) (***P« 0.008) as well as between the laser-on day (day 2) and the
memory test (day 3, laser oft) (**Pw 0.0017) for the ChR2-expressing group but no diflerence for the e YFP-expressing group (Comparisons between
light-on and light-off days, P> 0.9999)). e YEP- and ChR2-expressing mice exhibited a different preference only under light stimulation (P <0.0001). h,
Laser stimulation of the piC—NACC pathway does not influence place preference (n= 7 ChR2- and nm 10 eYFP-expressing mice; two-way RM ANOVA
demonstrated no significant differences for group (opm)dlcd (i, .‘,-05608. P=04655), ight elfect (F, ., =1208, P=0.2890) or opsin x laser
interaction (F,,, = 06262 P=0441)). 1, pIC~CeA stimulati n iratory rale in thetized mice (n= 5 ChR2- t\dncaem
expressing mice; one-way ANOVA: F., = 5,098, P=0.0093; Bonferroni multipl isons test for comparison to eYFP-expressing ¢ :SHz,
P=00214; 10Hz, *P=0.0296, 20 Hz, *P=0.0172). ] pIC~NAcC stimulation does not alfect respiratory rate (ChR2: n =6 mice stimulated at 5 and

20 Hz and n= 4 mice stimulsted at 10 Hz: eYFP: n=9 mice; one-way ANOVA: F, . = 0.02645, P=09940). k-a, Assessment of effect of pathway-specific
optogenetics on aniety. k, pIC—CeA inhibition has anniolytic etfects in the EPM (n =10 ¢YFP-, n=7 NpHR- and n =9 ChR2-expressing mice). Open-
e time: one-way ANOVA: £, = 11,87, P= 0.0003; Bank post hoe analysis: NpHR versus eYFP, ***P=0,0006; ChR2 versus eYFP, P> 0.9999;
NpHR versus ChR2, ***P=0.0009. Open-arm entries: one-way ANOVA' F,, .., = 1348, P=0.000); Boferroni post hoc analysis: NpHR versus eYFP,
***P=0.0004; ChR2 versus eYFP, P=09704; NpHR versus ChRZ, ***P=0.0003. Distance travelled in the entire maze was not affected by optogenetic
mampulations of pIC~CeA: one-way ANOVA: 7, ,, = 06430, P=05349.1 Stimulation of piC—~CeA has anxiogenic effects in the EZM, whie nhibstion
only increases entries into but not time spent in the open arms (n=10 eYFP-, a=7 NpHR- and n=7 ChR2-expressing mice). Open-srm time: one-way
ANOVA:F, .. = 6,343, P=0.0070; Bonk post hoc analysis: NoHR versus eYFP, P> 09999, ChR2 versus eYFP, "P=0.0221; NpHR versus ChR2,

*P =001 Open-arm entres: one-way ANOVA:F,, . =9533 P=0.001k Bonferroni post hot analysis: NpHR versus eYFF, ‘P=00276; ChR2 versus
eYFP, P=0.2498; NpHR versus ChR2, ***P=00009. Distance travelled in the entire maze is not alfected by cptogenetic manpulations of plIC—CeA:
one-widy ANOVA: £, ., = 0.9968, P=0.3859. mn, Optogenetic piC-+-NAcC manipulations do not atfect anxiety-related behaviors in the EPM or EZM
(n=10 eYFP-, n=10 NpHR- and n=6 ChR2-expressing mie). m_EPM open-arm time: one-way ANOVA: £, ., =1465, P=02519 EPM opan-arm entries:
one-way ANOVA: £, ., = 00173, P=09883. Distance travelied in the EPM: one-way ANOVA: £, . =05072. P=06088. n, EZM open-arm time: one-
way ANOVA: £, .. = 0006972, P=09931 EZM open-arm entries: one-way ANOVA: £, ., =1544, P=0.2349. Distance travelled in the EZM: one-way
ANOVA. £, .. =1244, P=0.3068. Bar graphs show mean = s.e.m. Box-and-whisker plots display the median (center fine), 25th to 75th percentie (box),
and minimuem to maximum values (whiskers)
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(see Methods) allowed us to simultancously and repeatedly image
the activity of 100-200 neurons in layer 2/3 of each moase (Fig. 4¢).
The imaging was divided into three different experiments (Fig. 4d:
see Methods).

We first examined neural responses 1o sensory stimuli of strong
innate valence, such as painful stimuli (tail shocks) and pleas-
ant or unpleasant tastants (sucrose and quinine, respectively). We
found substantial fractions of pIC neurons responding readily to
tail shocks or quinine (28% and 49%, respectively), whereas cells
responding to sucrose were more sparse (10%) (Fig. 4¢), in line with
previous studies ™.

To address whether responsi of insul was also
elicited by the behavioral expression of emotions, we determined
the activity of insular neurons during freezing responses, which
occurred spontancously following the delivery of tail shocks (see
Methods for details on freezing detection and Supplementary Fig.
9a-¢). We found that a small fraction (79%) of pIC neurons was acti-
vated by freczing (Fig. 4¢).

Interestingly, when analyzed across different sensory stimuli,
many pIC neurons were found to be multisensory. In particular, cells
responding to both quinine and tall shocks were observed (Fig. 41).

Given our results implicating the pIC in regulating anxicty, we
investigated how anxiety is represented within the pIC on a single-
cell level. To this end and to bring mice into high- or low-anxiety
states, we compared the spontancous activity of insular neurons
1h after fear conditioning (high anxicty, referred to as "before
extinction) or directly after fear extinction learning (low anxiety).
Because mice had their heads fixed, the context stayed the same
during the entire fear and extinction procedure. We therefore used
tones as conditioned stimuli and extinction cues to achieve better
extinction results. We found a marked increase in the spontancous
activity of insular neurons 1 h after fear conditioning as compared
to habituation or extinction (Fig. 4g, left, and Supplementary Fig.
10a). These results were not due to fluorescence bleaching or habit-
uation of the mice, as we imaged throughout the sessions and plC
activity increased with fear conditioning but decreased with exting-
tion learning (Supplementary Fig. 100,g). Furthermore, although
fluorescence was also decreased upon contextual extinction (no
tones), activity decreases were not as pronounced as when condi-
tioned auditory stimuli were used to extinguish fear, in agreement
with the idea that global pIC activity levels scaled with anxiety levels
(Supplementary Fig. 10b).

Given the known function of the pIC as a visceroceptive cor-
tex, we next examined how changes in bodily states are repre-
sented in the pIC. We used lithium chloride (LiCl) injections to
induce malaise’ or water deprivation to elicit thirst, and compared
the spontan activity of insul before and after these
manipulations. We found increased activity in large fractions of
insular ncurons during these aversive bodily states (malaise and
thirst) when compared to equivalent baseline periods (before LiCl
injection or after drinking) (Fig. 4g. middle and right), extending
carlier ¢-Fos studies"". Notably, we observed activity changes in
opposite directions when aversive states emerged (LiCl) and sub-
sided (after drinking or extinction; Fig. 1g) and no increased activity
upon intraperitoneal injections of saline solution ( tary
Fig. 10¢), arguing for highly specific correlations between high pIC
activity and internal states.

When using puptliometry as a measure of general arousal”’, we
detected no strong correlations between pupil diameter and neuro-
nal firing in the pIC (Supplementary Fig. 9d), arguing that increases
in pIC activity during aversive states cannot be explained by arousal.

To assess the extent to which single neurons in the pIC responded
to more than onc sensory stimulus or internal state, we quantified
the overlap of responses in the three different experiments. We
found that 23.5% of single ncurons in the pIC were multisensory,
responding to more than one of the acute stimuli tested (Fig. 4h.

NATURE NEUROSCIENCE | VOL 22 | SEPTEMBER 2009 | 1424-2437 | woww Adtirv Coon Matssmusosdwnis

ARTICLES

top): >50% of cells were modulated by anxicty, some of which
(12.2%) were also responsive to painful tail shocks (Fig. 4h, middle).
Notably, >99% of cells were modulated by the bodily state of the
mice, such as either thirst or malaise, and 75% of these cells were
mixed coding, exhibiting responsiveness to both states or to a state
and sucrose (Fig. 1h, bottom). Together, these data suggest a very
high level of convergence and integration of acute sensory stimuli
and sustained affective and homeastatic states within the plC,

Comprehensive plC input and output mapping identifies inputs
from diverse functional systems as well as prominent top-down

The observed roles of the pIC in processing aversive
states and in regulating motivated behaviors prompted us to explore
the neuronal circuitry that, first, could give rise to such responsive-
ness (pIC inputs) and, second, could mediate the observed behav-
ioral modulation (pIC outputs).

To explore direct monosynaptic inputs to the plC, we employed
cell-type-specific retrograde rabies tracings™ of CamKlla-positive
neurons in the pIC (Fig. 52 and Supplementary Fig. 11). To explore
the axonal target regions of pIC neurons, we injected AAVs with
Cre-dependent expression of ¢YFP into Camk2a-Cre mice (Fig. 5b).
Our results confirmed and extended carlier studies using conven-
tional tracers in different species showing that the pIC receives
highly multimodal and associative inputs" . Comprehensive
whole-brain analysis (Fig. 5¢c-1 and Supplementary Fig. 12) showed
that the pIC integrates inputs from a large set of areas, induding
sensory, autonomic, motor, associative and limbic structures, which
may underlic its responsiveness to highly distinct stimuli and states.
Furthermore, it sends outputs to a similarly large and heterogencous
collection of target regions (Fig. 5d.c and Supplementary Fig. 12).
When focusing on larger categories of information streams, we
found that the pIC was marked by intensive intra-insular connectiv-
ity (Fig. 54.h). Furthermore, the pIC received heavy sensory input
from both cortical and thalamic sources (Fig. 5¢-h) and sent its
strongest subcortical output to the striatum, the amygdala and the
thalamus (Fig. Se.gi). Next, we analyzed the reciprocity of inputs
and outputs. Interestingly, cortical connectivity was highly recip-
rocal, as demonstrated by strong correlation of inputs and outputs
(Fig. 5t), suggesting prominent associative properties. In contrast,
subcortical connectivity was for many areas not reciprocated and
overall was not correlated (Fig. 5g). Indeed, some regions were
prominently biased toward being mostly top-down projection tar-
gets, such as the central amygdala (CeA), the core of the nucleus
accumbens (NACC) and the bed nucleus of the stria terminalis
(BNST). Others mostly sent bottom-up input, such as the raphe
nuclei, the ventral tegmental area (VTA) and several thalamic nuclel
(Fig. 5g). Finally, we clustered the input and output connectivity
regions into functional groups. This analysis highlighted the mul-
tisensory inputs and diverse neuromodulatory drive, as well as the
strong connectivity within the insula and with other regions of the
prefrontal cortex (Fig. 5h). Taken together, our comprehensive input
tracings identify various information streams from sensory, limbic
and associative brain regions that may underlie the highly complex
responses observed in the pIC. When comparing the projection
densities of axons in potential top-down target regions (Fig. 51), we
identified the CeA and NACC among the subcortical target regions
receiving dense innervation (confined to reproducible patches in the
NACC; Figs. 5¢ and 6h). Because both the amygdaloid complex and
nucleus accumbens are major brain hubs regulating positively and
lwguivﬂy motivated bcluviors and have been implicated in anxi-
ety aversion and reward ", we hypothesized that the pIC—CeA
and pIC~+NAcC pathways mngh represent important candidates to
mediate pIC top-down control over motivated behaviors,

Separate pIC ncurons project to the CeA and NAcC. To under-
stand the organization of the circuit from the plC 1o the CeA and
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Fig. 8 | Distinct piC outputs inhibit consumption upon the detection of homeostatic adversity or predator threat. a-e, Sucrose preference and drinking
behavior upon pathway-specific optogenstic manpulations. a, Illustration of the open-loap sucrose peek e pacadigm. b, Sucrose pred )
wnalected by plC—CeA manipulations (n= 7 eYFP-, n=6 ChR2- and a= 5 NpHR-expressing mice; two-tailed paired -lests comparing Lser-on and
laser-of! days: eYFP 1=02939,d! =6, P=07788; ChR2: 1 =1529.d! =5, P=01869. NoHR: 1 =0 8977, d1 =4, P=04201). ¢ pIC~CeA stimulation at
10 Hz imerrupts ongoing drinking, Drnking bouts are reduced in leagth to the 4-s nterstimulus interval (ISI) (n =301 bouts lor e YFP, 316 bouts for ChR2
and 248 bouts for NpHR; one-way ANOVA: r.,.,n-nzs.koooot‘ U post hoc analysis: ChR2 versus e YFP, ****P < 0,000 NpHR versus
eYFP, P> 0.9999; ChR2 versus NpHR, **P=0.0012) 4. § pr is unaffected by pIC~NACC manipulations (a= 11 eYFP-, n=7 ChR2- and
n=9 NpHR-expeessng mice; two-tailed paired Hlests comparing laser-on and laser-off days: ¢YFP. 1 =1538 d1 =10, P=01550: ChR2: t=1176,d [ = 6,
P=02842; NpHR, 1 =106, df =8, P=03008). & piC-NACC stimulation at 20 Hz interrupts ongoing drinking. Drinking bouts are reduced in length
to the 4-5 151 (n= 700 bouts for aYFP, 780 bouts for ChR2 and 334 bouts for NpHR; one-way ANOVA: £, . = 5826, P <0.000Y, Bonferroni post hoc
analysis: NpHR versus eYFP, Pu 0 2974; ChR2 versus eYFP or NpHR, both ****P < 0.0001). 1. Experimental design for clased-loop manpulations during
feeding bouts. g piC—CeA stimulation inn= 8 e YFP- and n= 11 ChR2-expeessing mice reduces food consumption (left: two-taded unpaired -test:
1=2973, dl.=17, "' P=0.0085) and reliably interrupts ongoing feeding bouts (right; two-tailed unpaired flest {1312, dL =17, **"*P<00001). A
pIC=NACC stimalation in n =6 eYFP- and n = 10 ChR2-expressing mice strongly reduces food consumption (left. two-taded unpaiced t-test: tm 7271,
df =14, **""P<0,0001) and reliably nterrupts ongoing feeding bouts (right. two-tailed unpasted !-test: te 2151, df = 14, ****P <0.0001), |, Experimental
Gesign for chosed-loop manipulations during social interactions. | Although piC ~CeA stimulation in aw 6 ¢YFP- and ne 9 ChR2-expressing mice does
not affect the overall time the mice interact (left: two-tailed unpaired tlest: tw 1048, df w13, Pw 0.3138), stemulation acutely interrupts ongoing social
Interactions, as demonstrated by a significant reduction in the duration of individual | lon bouts (right; two-taded unpaired -test 1w 6908, 41 =13,
*P<0.0001) k plC—NACC stimulation does not affect social interactions (nw 9 eYFP- and nw 10 ChR2-expressing mice; left, total interaction time
(two-taded unpaired -test: t w 0.5167, d L = 17, Pw 0.6120); right, bout length (two-tailed unpaired f-test: [ 0.8693, d 1 =17, P= 0.3568)). L Experimental
design for constant pathway inhibition during feeding under vi i malaise. ma, Food nplion in hungry mice is reduced under the influence

of LiCl, whether or not the pIC~NAcC or piC —CeA pathway is inhibited. m. pIC-+CeA groups: food consumption is reduced by LiCl under constant
orange light in both eYFP-expressing (left; n =10 mice; two-tailed paired 1-test: t= 5143, df =9, ***P=0.0006) and NpHR-expressing (right; n=7 mice;
twortailed paired t-test: t = 6844, df =6, ***P=0.0005) mice. n. Food P is also reduced under the same conditions when the piC—~NAcC
pathway is manipuiated (left: n =10 eYFP-expressing mice; two-1ailed paired I-test: t=9517, 4L =9, ****P < 0.0001; right: # = 10 NpHR-expressing mice:
two-tailed paired t-test t=4629,df =9, **P=00012), 0, In the same mice (same color code) as in m and n, however, piC—~NACC inhibition reduces
the anorexigenic effects of LiCl on food consumption (for piC—=CeA, n=10 eYFP-expressing and n= 7 NpHR-expressing mice; for piC—<NACC, n=10
eYFP-expressing and n = 10 NpHR-expressing mice; one-way ANOVA: F,, , =16.36, P < 0.0001; Bonderroni post hoc analysis demonstrated significant
differences (****P < 0.0001) for NpHR-pIC ~NACC versus NpHR pIC—~CeA, NpHR pIC—~NACC versus eYFPpIC~CeA and NpHRpIC~NACC versus
eYFP.piC~NALC; no differences (P> 0.999) were detected for NpHR pIC—~CeA mm eYFPPIC - CeA, NoHR plC—CeA versus eYFPpIC-NAcC or
eYFPpIC—NACC versus eYFPpIC—CeA). p, Experimental design for constant p y inhibition duting feeding under predator threat (synthetic fox
odovTMT)QYMomﬂl1MMM¢C~CMMM(--9¢Y‘PWmn-7MWm)nmemo'IMY
is unaltered (left; two-tailed unpaired t-test: 1=1089, df =14, P=02944), however, inhibited mice perform more feeding bouts than controls in the
presence of TMT (right; two-tailed unpaired f-lest 1= 2434 di =14, *P=00289). r, piC—~NAC inhibition (n=6 eYFP-expressng and n=10 NpHR-
expressing mice) has no effect on the amount of consumed food (left; two-taled unpaited t-test: 1=05998, d1 =14, P=0.5582) or on the number of
feeding bouts (rght: two-tailed unpared !-test 1 =0.4547, 44 =14, P=06563) in the presence of TMT. Bar graphs show mean £ s.em,
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NAcC, we examined whether the same pIC neurons would send
collateralizing axonal projections to both regions or whether dis-
tinct subpopulations of plC innervated these two targets.
Retrograde tracings generated following injection of red and green
fluorescently tagged cholera toxin subunit B (CTB) into the CeA
and NAcC, respectively, of the same mice (Fig. 63 -<) showed mostly
non-overlapping populations, with <6% of plC neurons sending
divergent projections to both structures (Fig. 64-1). Interestingly,
we observed increased numbers of CeA projections and decreased
numbers of NACC projectors along the anterior-posterior axis of
the IC (Fig. 6f). Within the pIC, CeA projectors were more frequent
(Fig. 61). Next, we determined the distribution of pIC axons within
the target regions by injecting cYFP-encoding AAVs into the pIC
and determining the subregions of both structures that exhibited
the densest pIC innervation (Fig. 6g- ). These regions were targeted
in subsequent experiments via optic fiber implants for terminal.
specific optogenetic manipulations (Figs. 7 and 8).

CeA mediates pIC top-down control of anxiety and autonomic
responses. To address the functional roles of the plC—CeA and
pIC=NACC pathways, we transduced pIC projection neurons
as previously described with viruses encoding ChR2, NpHR or
¢YFP and placed optic fibers bilaterally above the CeA (Fig. 7o
and Supplementary Fig. 13) or NACC (Fig. 7b and Supplementary
Fig. 14). We confirmed that backpropagation of terminal stimu-
lation was limited, as behavioral effects were potently disrupted
upon blocking glutamatergic transmission within the target region
(Supplementary Fig. 15).

Photostimulation of plC-derived axon terminals in the CeA
increased immobility at high frequencies (20Hz; Supplementary
Fig. 16a), but did not affect locomotion at 5 or 10Hz. In contrast,
activation of the pIC—=NAcC pathway had no cffects on locomotion
at any frequency tested (Supplementary Fig, 16¢).

We next examined whether high stimulation frequencies would
elicit dircct behavioral reactions, as seen when stimulating pIC cell
bodies. In comparison to plC cell body stimulations, pIC—CeA
stimulation at 20Hz dicited a more restricted response pattern,
including stopping, freezing and jaw movements (Fig. 7c.d). In con-
trast, many stimulations above the pIC terminals in the NA¢C did
not prompt any reaction and only occ lly elicited grooming or
jaw movements (Fig. 7e.f). These data suggest that a subset of the
defensive reactions observed upon piC stimulation are mediated
via glutamatergic projections to the CeA as the emotional output
region.

Given the strong effects observed upon 20-Hz stimulation
of pIC—CeA projections, all subsequent tests were carried out
at 10Hz. In the absence of strong effects at 20Hz in pIC—NAcC
projections, we stimulated this pathway at 20 Hz in all subsequent
experiments.

We next examined whether cither of the two output pathways
would mediate the avoldance behavior observed upon pIC stimula-
tion in the RTPA assay. While stimulation of the pIC—CeA pathway
elicited robust aversion (Fig. 7g), as reported in previous studies”,
inhibition of cither pathway (Supplementary Fig. 16b,f) and stimu-
lation of pIC~NAcC projections (Fig. 7h) did not affect real-time
place aversion.

pIC=CeA stimulation also increased respiratory rate (Fig. 71
and Supplementary Fig. 16¢), whereas the same stimulation of
the pIC—NAcC pathway did not affect breathing (Fig. 7) and
Supplementary Fig. 16g). In line with our findings in the plIC,
heart rate was not affected by projection-specific stimulations
(Supplementary Fig 16d.h).

We next determined the influence of pathway-specific activity
manipulations on anxiety by using the same experimental
as for the pIC (Fig. 2). Interestingly. manipulating the activity of
the pIC—CecA pathway evoked behavioral alterations that were
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similar to those obscrved upon pIC manipulation: pIC~CeA inhi-
bition had strong anxiolytic effects in the EPM under high-anxiety
settings (Fig. 7k), but did not affect exploration of the EZM under
low-anxiety settings (Fig. 71). Inversely, plC—CeA activation had
no effects under high-anxiety settings in the EPM (Fig, 7k) but
had strong anxiogenic cffects in low-anxiety settings of the EZM
(Fig. 71). Notably, the same manipulations did not influence anxi-
ety-related behaviors in the EPM or EZM when the activity of the
pPIC—NAC pathway was targeted (Fig. 7m.n). These results sug-
gest that the pIC—CeA but not the plC—NAcC pathway mediates
pIC control over anxiety-refated behaviors.

pIC—=NAC projections mediate top-down inhibition of con-
summatory behaviors. The absence of behavioral changes upon
pPIC—=NACC manipulations in the context of autonomic functions,
avoidance and anxiety-related behavior suggests a high specializa-
tion of top-down projections from the pIC to subcortical target
regions. Because both the nucleus accumbens and CeA are known
1o regulate reward and consummatory behaviors™ ", we carried
out a sequence of experiments aimed ot dissecting their specific
functions in the context of appetitive behaviors.

First, we found that neither photoactivation nor photoinhibi-
tion of cither IC projection pathway altered mice’s preference for
sucrose (Fig. $a.b.d), nor did the manipulations affect aversion to
quinine (Supplementary Fig. 17ab). However, when cither of the
two pathways was stimulated while a mouse was actively drinking
(water or sucrose solution), the mouse immediately interrupted
ongoing drinking, as demonstrated by a significant reduction
in the length of drinking bouts (Fig. 8¢.c). To assess the specific-
ity of these effects on consummatory behaviors, we next assessed
feeding behavior (Fig, 81). Activation of both projection pathways
clicited immediate interruptions in feeding and an overall reduc-
tion in food consumption (Fig. Sgh). We wondered whether the
interruptions in feeding and drinking might generalize to other
rewarding behaviors and tested mice while they socially interacted.
Interestingly, we found interruptions of ongoing social interactions
when the plC~CeA but not the pIC~NACC projection pathway
was stimulated during interactions (Fig. 8:-k). However, the total
interaction time remained unchanged upon plC—~CeA activation,
which may be explained by unaliered social motivation. Indeed, the
number of interaction bouts showed a trend toward increasing upon
plC~CeA stimulation (Supplementary Fig. 17¢). Thus, the behav-
ioral inhibition scemed to be more generalized upon plC—CeA
stimulation, in line with an anxiety signal that may transiently stop
ongoing behaviors.

To address what the physiological roles of cach of these projec-
tion pathways might be, we used optogenctic inhibition experi-
ments to assess the necessity of activity in these pathways when
feeding behavior was naturally interrupted or reduced.

The existing literature and our own findings strongly suggest a
role for the pIC in representing aversive bodily and emotional states,
such as malaise and anxiety" . Because both of these states power-
fully inhibit feeding, we next tested the necessity of the two plIC-
emergent pathways in mediating the feeding inhibition experienced
under these aversive states.

We first focused on malaise-induced anorexta in hungry mice
(Fig. 81). All mice exhibited significant reductions in feeding in
comparison to bascline when LiCl was administered before feeding
(Fig. Sm-0). However, mice in which the pIC~+NAcC pathway was
silenced exhibited a smaller reduction in feeding than control mice
or mice in which the pIC-+CeA pathway was inhibited (Fig. 80),
suggesting that pIC~+NAcC projections transmit information about
the aversive state of malaise to the NAcC to clicit feeding inhibition.
In a second set of experiments, we addressed whether anxiety, as
another potent inhibitor of consumption, might also be transmitted
through cither of the two pIC pathways. When hungry mice were
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allowed to feed in the presence of anxiety-evoking synthetic fox
odor (TMT), all mice exhibited a strong reduction in the number of
feeding bouts (Fig. 8p-r and Suppl y Fig. 17d). I ingly.
mice in which the pIC—CeA but not the plC-NAc(. pathway was
inhibited exhibited a significant increase in the number of feeding
bouts during anxiety-induced anorexia (Fig. $q.r). These data alg

gest that pIC—CeA silencing helped mice to overcome p

NATURENEUROSCIENCE

Because our present findings uncover negative-valence process-
ing in the pIC, it is interesting to note that previous studies advo-
cated for the existence of a valence map for neurons in the gustatory
IC, which, when separately activated, drive aversion or attrac-
tion "', While our pIC region partially overlaps the "bitter’ portion
of the gustatory cortex™, our anatomical, behavioral and imaging

odor-mediated avoidance of the food source, without aﬂrdmgfood
consumption itsell.

Notably, inhibiting the pIC—=NAcC or pIC—=CeA pathway in
hungry but otherwise naive mice did not alter the amount of food
the mice consumed, suggesting that the plIC specifically transmits
the aversive states of malatse, disgust or fear to its subcortical targets
(Supplementary Fig. 17¢).

Taken together, our results demonstrate highly specialized func-
tions of two separate top-down projection pathways emerging from
the pIC. While the plC—CeA pathway mediates anxiety-related
behaviors and has a gencralized role in Hive
behaviors upon the detection of threat, the pIC<NAcC pathway
contributes to the inhibition of ongoing consummatory behavior
upon the detection of homeostatic adversity, such as malaise.

Discussion

Internal states powerfully modulate behavior. Our study shows how
a subregion of the IC, the posterior visceral or “interoceptive’ insula,
represents aversive emotional and bodily states and exerts top-down
regulation of ongoing behavior. We comprehensively map the mul-
timodal convergence of pIC inputs and the top-down projections to
subcortical targets mediating emotional and motivated functions.

While human imaging studies have suggested a role for the IC
in processing negative emotions, such as anxiety or low mood in
depression™"', our study provides a comprehensive description
of neuronal circuit mechanisms that underlie the detection and
processing of diverse aversive states within the pIC by using mice
as a modiel organism. Notably, our findings underline the extent to
which the pIC should be regarded as a multimodal hub, processing
stimuli and states of very different temporal dynamics and origins:
sensory, emotional and bodily.

Although we observed that subsets of pIC neurons were read-
ily activated by acute sensory stimuli, such as painful 1ail shocks,
silencing of the pIC did not affect acute reactions to pain or pain
thresholds, similarly to findings reported in a recent study .
However, the same study”’ reported that inhibition of the pIC when
foot shocks were applied during fear conditioning reduced acute
freezing behavior and weakened the formation of threat memories
during later auditory fear recall In contrast to these findings, we
were unable to detect any changes in acute freezing behavior or in
the formation of contextual or cued fear memories upon constant
pIC inhibition during aversive foot shocks. Instead, we found that
pIC silencing impaired the emergence of sustained states of anxiety.
Furthermore, we found that persistent anxiety states were repre-
sented in large fractions of pIC neurons, and our results show that
both diverse acute sensory stimuli and sustained aversive intermal
states are processed within single neurons of the pIC. Interestingly,
our own work and the aforementioned study describe different
aspects of fear and anxiety regulation as being medtated by strong
projections from the plC to the lateral and central amygdalae. Thus,
while much remains to be understood about the aversive coding
properties of the pIC, it is clearly a crucial brain region in process-
ing and modulating aversive emotions.

Our study further dissects the contribution of distinct output
pathways mediating the behavioral consequences of multiple inter-
nal aversive states, such as reductions in exploration and feeding
upon bodily and affective adversity, thus highlighting that multiple
facets of aversive state processing are mediated at the level of segre-
gated subcortical pIC projections.

data provide evidence for a much more general role in the process-
ing of aversive stimuli and states within the pIC. As previous studics
have identified appetitive regions at more anterior sites in the [C*~,
an important open question is whether positive internal states are
represented within a different phical region of the 1C and
how such a circuit would interact with the pIC.

While the neural substrates of aversive states are likely to be
found at the level of extended neuronal networks rather than iso-
lated brain regions’ ', we here provide a mechanistic basis for
behavioral top-down regulation caused by the detection of aversive
emotional and bodily states in the pIC. Notably, the IC has been
suggested to be a neuroanatomical hub underlying various forms of
severe neuropsychiatric conditions in humans™' =, Our find-
ings thus provide an entry point for mechanistic investigation of
the insular contribution to a varicty of neuropsychiatric conditions.,
including but not limited to anxiety disorders, major depression,
addiction and cating disorders.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
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Methods
Mice. Mice from 2-6 months of age were used in dance with the
&mﬂwwmumdt&wmuﬂccsm‘&-umu«lh
de rabies tracings and axonal AAV
mﬂqﬁmﬂrchﬂe&u&t&ﬂ“@;ﬁyuﬂb‘mﬂ”—lﬁmm
Is wsed in behavi were howsed in peirs of two. All mice
mhﬁumlmlzlwuhmmmdlllmnk\‘m
mﬁdwﬂhdm-«ubwdﬂdml‘wm:ﬁm
£ test and quén test, mice were deprived of water foe 24h. Foe
hhdmmmmumtmudwl«“n&r-&mw
were acutcly food restricted for 24 b before teting.

Viral For in vive
and de ralves tracin
&cUNC\‘mu(.on((‘m'annCcua umdmuwn-
Chapd Hill): AAV2/5-Cank2u-hChR2(H1 34R)-€YFP (6.2 X 10" pasticles per
eal), AAVY5- Camk2a-cNpHRI 0-¢YFP (5.2 107 partiches per mil), AAV2/5.
Camk2a-cYFP (4.3 107 vieal gencencs (vgdml *), AAV2/5-EFla-DIO-<YFP
(506 10" vl ) and helper vinaes for retrograde rabics raciegs: AAV2S-EFla-
FLEX-TVAmCherry “)xlﬁ‘v[nl “Fand AAV2SE-CA-FLEX-RG (25 x 10¢
vgml ') For de rables we used ghyvop (G)-dedeted EnvA-
rabies-GFP (RABVAG -4 ~GFP(EnvA ) 3 x 107 focus-formaing wnits

anulMV ""‘"0

Lt o

For avonal AAV traci i 4 80-100 nk of AAVY/S-FFla-
mo«wvu—u,ocao-u.c.m Fv-rwd-dlnhmﬂmum
were kalled.

For CTH double labeling. CS7BLIONR) mice were unidaterally injected with
1500l of 2 0.5% CTH.555 sodution (in PBS) in the CeA (AP =1 3 mm, ML
225 men, DV. ~4.7 mm) and 30001 of 2 0.5% CTH-458 sodation in the NACC (AP
409 men, ML 1.35mun, DV =4.7 mm). Mice were killed 7d after CTB injections.

For crasmial window surgery for calcrum lesaging, 2 weeks after
Mvmq«mmteﬁt;csmm\wmm-umha)
were amesthetized with a din and fe |
(Sqmwﬁsqwuﬂmmwuﬁwﬁﬂwmm

2mg per kg). Lidocal
# the Incision site. AMMWM»O&MMC&DMM
(Sun Medical), Tissue above the left IC was removed. and the skull was deaned. A
cranioteany was creased by asing a 3-oam blopsy pusch (Miltex) and pesitioned
weith the rhinal vein as the ventral limit and the medial cerebeal artery slightly
anterbor to the center of the window, as seen through the skull. Becaase the cortical
uuﬁ«hanad.lhkmm'cu«hdfm&u‘ﬂmbymamcﬂ

amount of tramsparcnt polymser, 4 ly described . A 3-mm lip was
Mwnwammwmmwwwm
d skull was d with C&E Super-Bood.

mmmmmwm«mmu«mmm
d with 2008 of virus per hembsphere in the piC as described above.

erl All mice were handled by the experimenters and
wnmu}am»«qummmuumumww

(FFU)ml ), which was kindly provided by K K. Conrelmana (Max von Pettenkod
Instivute and Gene Center. Ladwig M. lians Un *Fw-‘ Y. we
MAAVDMG&“MWPI&S\N(RIX”"V;H ') ebeaimed from
(viral prepasation 107790-AAV). For two.. we used
an AAVE hSym GCaMPos WPRE SVAD vector (21 % 10" vgml ) ebesined from
the University of Pen Vextor Core, For DREADD we wned

AAVE-BSyn-DIO-hMIIXG ) -mCherry (4 107 vgml ', Addgene, 44361), AAVE-
Camk2a-hMAD(G)-mCherry (264 % 10" GCml *; Addgene, 50477) and AAVY5-
Camk2a-cYFP (4.3 %107 vgml *; UNC Vector Coee).

Surgeries. We d mice with (Mmm\g.-tcw)
foe periop pesia and carprofen (5 mg per ky, seb

daily for 3 ) for ponsop Pain care. A ) veas i ed
o 5% and mai d at 1-2.5% through muh«-mm‘-

a sicrcotaxic frame (Stociting) and placed on & heating pad (37°C). and ey
oimtment (Bepanthen, Bayer) win applied. We performed two sl trepanations
hmdﬂc«lmdfawlmhmm
> we wied pulled-glaws pipettos

mbnmnm(!-ﬂnm&lnm Hamilton) via a glass noodle
compression fisting (5575001, Hamilten ). mounted on a syringe pump controlled
»,.«uaommmu:(umsm.mmwm

For in vive optoge msce were b tected with 150a1
Of virus at a rate of 30 nl min * hnhﬁ(mmmu-usm
ML 24.05mm, DAL =405 mim). Custoss made opitic fibees 1200 pm core, 0. 22NA,
1.25-mm rirconia ferrule from Thorlabn) were implasted 0.5 mm shove the
Erpection sites.

Foe fiber photometry, 200n) of AAVY. Camd 2a- GCaMP6s virus was injoctod

ilaterally into the piC (coondt AP ~0.5mm. ML: 24 mm, DV: —4 mm)
and a fiber optic canawala (custoen made optic fiber of 200 pm, 048 NA. guod o

d during the durk phase of the light cycle between 12,00
and 2030,

Stimesdition evoded boharion. Mice were tethered 1o optic pach
conds and placed in a behavioral arena (20X 50 x M0 cm’) with

pleniglass walls and recorded with a CMOS camera at 100 ps, (DMK 33UP1 300,
MMIWMWMWhIMW
a1 random intcrvals o when beh ibsided dering the 5-min
w(mn-.u.mu.smy-hem&h.»s-wmm-mTh

P was P cly if we odnerved scvere reactions hike

Jumsping of chi I evoked beh 1 were By scored.
DREADDs. Mice bilaterally 2 the y DREADD receptor hMIDg

oTWl—e in the pIC were injected with b N-oxide (CNO; 10mg per kg,

-Mhdﬂaum&ymﬂu«imuu@mw
arena The mikce were video ded for 15 pan. $
mmmlmmﬂybynhudn«mlumhv\dmpouhum‘

with Blinding o the underlying condution.

Roal-time plece avoidance anays. The RTPA assay was perfornsed on three
consecotive days tn custom bailt chambers (30X 40 X 25 cm’, transparent
plevighass, distinct metal floor grids, distinet vissal patierns presented in
chambers). We tracked the mice with a webcam (c930¢, Logitech) that was
-«w-uhmmmrmcwmmmaq
mice were trackod for 20min to establish their p hamber. The foll
day, the peeferred chamber became the ‘stimulated b ber’ The trial started

sirconia ferrules (2.5 mm)) was insersed 0.2 mm above the | wate. Cannul.
mmndmlkummyikﬂu

ndx-n stimulited chamber and lanted 20 min, Crossing into the stsulated

Foe projection-speciflc op L mice were b ly
q«dmhl”ﬂdww&ﬁt'xummbﬁo’&fbe'sm
bilsterally lmplanted over the CeA (AP: =1 3men, ML: 22 Smm, DV =43 mm) o
above the NACC (AP +0.9 mm, ML: 2205 men, DV =39 mm; 10° outward angle
i the corvmal plase).

Foe the backpropagation experiments, we bilaserally ijected 1500l of AAV-
CambZa-hCAR2(HT HR)-¢YFP inso the piC s descrided above and then imgdanted
opeo-fluid cannulac (IOFC_M3_32N430 u‘ D‘)IC_I..ZF_)]J&MD. Deoric
Lenses), which are l guide heough whach optic fibers and
mmmkwmmmmmr =1 3mm. ML
+2 8 mm. DV: 4.0 man; with an opeic insert at DV: ~4.3 mm or an infusion insert
# DV: =4.7mm) or NACC (AP: +0.9man, ML £ L 4mn, DV, ~4.0max; wich an
opeic insest at DV: ~4.2mm or an infusion insert at DV. ~4.6mm).

We sealied the space hetween the fiber and the trepanstion with bone wax to
protect the underlying brain tiswse from the cysnoacrylate ghoe (Ultea Gel, Patiex)
that secured the optic fiders 1o the dodll. Additionally, we added 2 laver of Mack dental
mwf-ﬂmmikq&mnmdhmumlnwu

For two-photon cal pected a total of 4500l of AAVY-hSyn-
&mmhrnwﬁl”dﬁwamdwnw‘-dm
(distances from the bregma: AP ~0.45mm, ML 44.05mm. DV: =37, <35 and

-wsm-)

de rabies tracings, mace were first undlaterally
m«‘dwﬁlﬂ-lwddubl(mwumdh&cmuh
PIC. The WMMMMM&G:&“MW
I-dweeks, 3500l of RABVAG GFI(EavA) was injected at the samse
Mice were killed 7d after infinson of the rabies viras.

b Jied i delivery of Ught of 473 nem (2 cither 10H2, 3-5mW (pIC-
CBR2 and pIC~CeA) or 20 Hz, 7-10mW (PIC—NACC); all with 3 5-ms pulic
width and & paradigm s which the Easer was on for |+ Sollowed by a 4.5 IS1).
Mwﬁmm-cwmmmmmumaumw
Exiting the s ely switched off the laser. On day 3, we
tested whether the mice displayed an with the 1 hamber (no
Raser). Data were analyzed with custom written MATLAB scriges.

Real-time control of pIC activity during clevated plus maze exploration in o high-
ancxiety setting. The custom-built EPM had the Sollowing dimensions: 5-cm-wide
arms, cach of which was 35.cm long: a $.-mm ridge on the open arms to prevest
falls; and chosed walls 15cm high; the maze was elevated 60cm from the floor.
EPM testing was performed for 10min in a room to which the mice had never
been exposed. The mice were iy handled (3d with tethering 1o optic
fibers). We ilamimated the center of the EPM with 450hux. The environment

wias nolsy ewing 1o 3 cooling fan. We used ANYeaaze (Stoclting) to track mice in
eeal tisne, analyze dats and optogenctsc o the basis of the
location of the mice. Guided by our fider photossetry data (Fig. 1ab), we inhibited
the pIC o s pregections 10 the CeA and NACC when 2 mouse was located in the
chosed arms of the EPM, but not in the open srms. In contrat, we optogrmetically
stimudated the pIC or its projections 1o the CeA and NACC when 2 mouse was in
the open arms of the EPM, bat not in the dosed arms. The stimedation

were set 20 10 Hz, 3-5mW (plC.ChR2 and piC~+CeA) or 20Hz, 7-10mW
(pRC~+NACC), all with a 5.ms pulse width and a paradigm in which the laser was
on for | 5 followed by a 4.5 1S1). NpHR expressing mice were subjected to constant
594-nm Wusination at 12mW.
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M-em«ulvda[ﬂcmmwmmuwhaw
envirowmien?. The custom - bedt EZM had the following i

of a standand (how pellet. The weights of the peliet hefore and after the test were
J with hon fime scales.

anxiety
hmd”m)mwﬂtmn&_w“lh‘qmwwm
falls; and 20-cm- high closed walls: the maze was elevated 60cm above the floos. To
create & Jow-anviety setting, we performed the task on well handled mice (handled
for ~6-7d) In a quict and dundy lit room (6hax on the open arms) to which the
mice were habituated. We used ANYmare 1o track mice in real tine, analyze data
wnd trigger oplogenctic manipalation on the basis of the location of the mice, 4
dewcribed above for real-time oplogenetic control in the EPM.

Optogemetsc sthmulation ollowed by EPM. CBR2:pIC mice or ¢YFPpiC controls

were optogenctically stimulated for 505 in an open-ficld arena at X0 Hz, 3-5mW
with a 5-ms pulse width. Afier | min of ¥, mice were dis d from the
optical patch cord and subseguently tested for 8 mis on the EPM. We placed mice
In the center 2one of the EPM facing a closed arm. EPM behavior was analyred
with ANYmaze.

Atsermation of swstaimed anciety. To indce am anxiety state. mice were placed in
Behavior boses (Ugo Basile) consisting of # metal grid flooe and plexiglass walls

WWMMMMIMSmmamMM
(30X 50 30¢cm") dindeical cage. After habituation, male
Mm-wmﬂudmﬂtdwq%wlws-m&wy
socal i o foed in 1s laser il @ above, po ISI)
-_ﬂrwmdh-m Clwrwrdmohhmumhmm
manusally scored

wader amxicty. Furst, we tested whether inhibstion of the plC In the absence
of TMT would affect feeding in food-deprived mice. Mice were tethered 10 optic
patch conds and habituated 10 28 empty cage for 5min, after which a standand food
pellet and 2 2.5-cm plastic Petrt dish with saline-soaked filler paper were placed on
one side of the cage. We comtantly illumsinated the plC with 594-am light (12mW)
for 10min and recosded behavior from the top and the side. Following this comtrol
cxperiment, we repeated the tost, but this tume soaked the filter paper with 7yl of
a%0% 235 thyl- } thiazoline (TMT) sol (BioSRQ). Again. the plC was

>

with distinct visual cues. The Bloor and walls were cleaned with 0% ethamal before
and after cach sessivn. FMMWMMAM Mice were
comsidered to be frozen if no except b ag was & ‘kutku
hMmthueﬂkp«hm-ﬂMu&ch’
box, where they were admsinistered five unsignaled shocks (15, 0.4 mA) through
the metal grid floar over & 20-min time period with an IS] of 1602905

inhidition (594 nm, 12mW) was delivered over the entire 20 min.
Mhmhﬁxﬂhm&ww&““ph«dhmmm
of the EPM facing the chosed arms and tested for 8 mis. Foe testing of

hibited by defevering 594-nm bight as described above. After cach test run, we
M&Mﬂmh&wmmlmﬁndwwﬂ
doors. Videos from the side were manually scored for flat-back approaches, reaning
and grocening events by an observer blinded 10 the experimental conditions.

dependent & We d mice to optic patch conds
MMMhnqmn(”lel!Sm') After a 1-min acclimatization
period, mice ! a5, 100r 20Hz (473nm, 15
Muﬂ’ .\- -wnau-m.z-mmmmmemm

fear memory Tecall, mice were placed in the same behavior boxes for 15min 7d
after fear conditioaing and freezing behavior was analyzed over the whole session.

Tt plate test. The sensperatore of the plate started a1 32°C and wan

mpdqbyltmyumwmwm*mmm

ded by an exp blinded 10 ot at s00n a8
mWMpnNerﬂCMmeqﬂthMn‘
wmhmmwemlnhwmmmhm
and Rats. Campds for a of 5main. Lach mouse was tessed
a total of 12 thmes (6 times with the light on and 6 times with the Bight off) on two
separate days. Vadoes are presented as the aversge of these 12 repeats.

Sucrose preference tog and quinine avoidence tet. Mice deprived of water for
24h were trained for M min daily over 5d to consume cither a sucrose solution
or only water, from two tubes presented in 2 custom - bullt chamber
(30 50 % 30cm’), until they reached 2 stable preferemce for sucrose. Because
e sucrose pref assays used vicrose comcomtrations of 1-10%
(nk ).wrd«-u dsam sucrose of 5%, The sucrese prefesence
index wis caloalatod as (acrone Boks - water lcks){sucrose Bcks + water ficks).
The bocatsons of the sucrone sodution and water aliernated duily, snd licks were
reconded via a castom-busk Bckometer 1hat was interfaced with MATLAR On
tewt days, we dedrvered an open- lation pattern in which the laser was
on for 1 followed by a 4.3 151 for 20min. pIC-+CeA mice were tested at 10 He on
dmmdplC-NMC-hwnmdublﬁ For NpHR-cxpressing
lﬂn‘\n“‘ imation (12mW) for 20min. For the quinioe
1. test, we finst established stable avoid of quinine (0.5mM in
wm)h&utmﬂnky&%umm-‘m‘t‘m
as described above. Quinine

quency P were analyzed with ANYenaze,
Rackpropapation comtrol To test whether the behavioral effocts lndaced
by stimadation of pIC termimals over the CeA and NAKC were indoed mediated by
monosynapti ghitamatergic inpats from the piC 10 the CeA or NACC rather than
wmdmaMmkmmdﬂmeMleh
MMWMIMIW

We bl d opto flud cannval mudunk(.eAuWC-
mw(ﬂ)homhmm(hhktumumw
canmalac, see Surgerses’). Fing, we tested wheth,
de&muhMMmm&thquM
the optic inscrts (Dork Lenses; CeA, O1IOFC-M)_200/240_022 FIT 4.3
NACC, OL INOFC-L-ZF_200/240_0.22_FLT_4.2) through the opto-fluld cannulae,
connocted mice 20 optic pach cords and performed foeding under the closed-
loop optogenctic timsdation as described above, Every o foed
fod 10 13 stimlation (473 an. 5 ms, 3-5mW, 10Hz (CeA) or 20Hz (NACC),
w1811 To assess effects within the same ndividuals, after 24 h of refending, the
mice were again food deprived for 24h. We then repeated feeding under closed-
loop optegenctic stimlation. This time, 1-1.5 h before testing, mice were briefly
anesthetized and 3000 of the AMPA recepsor antagonist NBQX (NBQX disodum
sadt, Enro Life Schences: Smagml ' in sterile 0.9% saline) was infused through the
Dald inserts (Doric Lenses; CeA, FI_KOFC-MI_100/170_4.7: NAC, FI_DIOFC-
L-ZF_100/170_4.6). For infistionn, we connected the fluid imerts to 3 5-pl
microsyringe (modcl 75 RN, Hamilson) with PE tebisg and inscried them into the
tmplanted guide canaclac. The flow rate (150n] min ') was controlled by a wyringe
pesmp (UMP3 pussp with a vys-Microd controlles, WPI),

WMMWMNC Six weeks after

s (quisine licks - w-mldt)l(qnnhtkhowuukhl. Dunhqbeln\-
was analyzed with custom-writien Python code. For analysis of bout length, we
grouped licks o a bout i the sext interval between licks was grester than 035,

Feedimg under dosed-loop of dation. Wo hab: 4 food-
hﬂw\lﬂl-h)nkualkw:hmuox”xma')& Smin,
Then, a standard chow pelict was secured to the floor with double-sided tape. We
observed behavior and massally triggered laser stimulation once mice started
on the food pellet. This led to laser stimulation for 15 at 473nm, 10 or
20 Mz, and 7+ 10mW with a 5.ms pulse width, as measared at the tip of the fiber
The experimenter stimulated the mice 8 every attempt to feed (no 4.3 1S1). The
trial was recorded for 5min at 100£p s and manually scored with AN Ymaze.
A ssccessful interruption was scored If laser stimslation could stop chewing or
eating for 2 beast | 5. Food Intake was messured by weighing the food pellets and
crumbles with peecisson flne scales hefore and after the trial

Feading snder malaise. First, we tested whether inhibition of the piC-+Ced or
PIC+NACC pathway for 20min (594 nm. 10-12mW) influcoced feeding in acutcly
food-deprived mice. Aﬁua&ydn‘u&;mmwﬁ»‘&wﬁh
24h and were | 1 with 2 LiC] solation (0.3 M in 0.9% saline;
I.hn‘bodywd*(hmpk.”ﬂdhabg-el)‘u”mk‘ar
the test. Termanals of the pIC~+CeA or pIC—+NACC pathway were mhibited for
20 mus (594nm, 10-12mW, as measured at the tip of the fiber) in the presence

NATURE NEUROSCIENCE | cravas mliong o Mutin b urnsd since

o -‘um(mhMJune\"FPM)hulheplC.m
were hab d to ly for three days with
madanmmaquum 10 g per kg CNO
solution (in sterile saline with 2 final DMSO concentration of 2.5%; Sigma, COR12)
was injected intraperitoncally 30-40 min before testing, Mike were then placed
cither on an EFM facing a dosed arm or o the center of a circular open field
maze and observed for 15 mim. Bebavior in the mazes was recorded for 15min,
and anxiety. Kie behavioral paramseters were quamtified afterward with ANYmaze

software.

Constant K piC snkeibition during ooy of awditory fear conditioning,
ummnu«uam&-mmqm.mmu;m.w
fear ber (Ugo Baside of 3 behavior box with

W-ﬂunmwmwmmdwm
wias wored with ANYeare, Mice were considerad to be frozen If 8o movement
except bevathing was detectod for at least 26 On day 1, mnkce were habwtuated in
the g bo four p of the later condk d Bas (O3 pips at
7 5kHz, 2%0ms and 2 Hr for 304) and a control toave {CS ; white noise for 10s)
with random [Sls over a pertod of 15min. Fear conditioning was performed on
umaqubymhcs-mmmmm
(04mA, s in & asan Jus, USL The CS t00e was
pmnldniu«dc ~US asseciation but was never reinforced, and the ISIs
were of ramd lasting b 50 and 1405, During the entise fear
conditioning phase (21 min), the pIC was inhibited (593 na, H0mW), On day 2,
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fear recall was tested without plC inhibition in the sane context, via four CS* and
fouar G5 p with rasdom [S1s (tetal exp § of 16min).

Fiber photometry. Filer photomerry during the devasad phes maze and devased
2ero maze, Mice were handled for 3 Jesst 34 and hadituated 10 being tethered.

On the day of the experiments, mice were tethered 1o optic patch conds (Jow-
atolluorescence fibers, 048 NA; Doric Lenses) and connected to the Sher
pheotometry setup via a rotary joint. After Ymin of acclimatization in their home
cage, the mice were tested for 15min on the EZM or EPM. Videos of the mice were
acquired and were analyzed with ANYmaze and synchroatzed to photometry data
with TTL (transistor-to- transissor logic) pulses.

—MVWMDMW‘I«W‘) For short- mdﬂ-mnn
g mice J ten 53
ydo-(”! -nlﬂlﬂ.-llmW)vmhulSldlh fwhq-lmldlhm
after 2 bascline was recorded for Smin. NpHR expressing mice recetved constant
m:n;mm&»mwh.;mmuwr«
ook

analysis of LFP actmity during od bebs in ChR2-expressing
e, laser stimulation (473 nm) was lly triggered by the ina
eandom fashion over mahuumusmwm»s:m mniniowem 151
of 43). The exp was cly i we obacrved severe scirure-
ke activity. Stismul Sadacalt s R By scoced and clamified

MMM&WM\A&WW«Q&MI

2501z and referenced by subtracting the wide-band signal for one channd from

Pha i vignad ooy wnd analysis. As described § Iy, we tased alll other channds. Spike detection and sorting were performed with Offlioe Sorter
GCaMPs bealk i heough 2 single optical fiber (cuntoen lwn.wm(m.)ﬂwmmmhmﬂmﬂll(&
m&.mnmm.o.am;humdmmad Nogies). Waveforms were By defined with guidance fros three-

of emitted {) For both d l of the principal compoments. timang and voltage features
wundnmmdﬁmwym(mm.mdwbukm of the waveforma. A single unit was defined as & chuster of waveforms constieting
with two 1 gths, 405 nm (isob point of the GCaMP signal adiscrete, bolated chater in the feature space that did pet contain spikes with &

MW)&NM(MP“MMT&M

MW«I“M!M«\M&.JW“L\!

excnation LEDs were fiber coupled into patch conds. Ex, y was
meanured at the end of these patch cords as ~20uW for 465 nam bght and -7 pW
lados mmmmm-nnwuwommmmm
d fibers were tested Defore implantation to trandmit

zmdlhrmln;w

Photometry were ded ot 12kH2, demodulated and
1o 30 Hr for amalysa. Al pb y data were analyzed with custom writlen
MATLABR To remave the strongest photobleaching artifacts, we

vgnal

the #65-nm sigaal, by using & procedure developed by Lerner et al. (herps /github
oo /ablalermer/Photomsetry - Analysts Shared Sobvmaster/ Dropbas/ MATLAW
Shared % 20phatometry%icode/contrelFit m).

The i Al (AF/F) was calcul.
signal - firted 405 mm signal)/fitsed 405 am wignal

For the correlation analysis in Fig. 24, we built 2 scoves by using the macan and
sl calculated acroms the entine bebavioral session 1 make comparisons hetween
mice Seantble. We then computed the AUCs of the = scores for time spent in cither
the open or clowed arm and plotied them on the y aver.

d 3 AF/F w (465-nm

Approuch and retreat analysts. Foe the EPM, we defined an appeoach as movement
froen the corner of 3 dlosed arm soveard an open anm. Comversely, a reteeat was
defined a5 movensent from an open arm toward the corner of 3 closed arm (sex Fig
Sa.b for schematica), Additsonally, we also considered movement from the cormer
of a closed arm toward the center as an approach, even when the mouie &id not
manwmhkﬂnw Muhmﬁcmd

d wean verificd with auto- and i To anadyre

u«a«ndmmmmmummm»m
for cach ncuron with 105 bios and a 2 scoee was caloulatod by comparing

ummmwmmmmmmmsmww
ot The average firing rates of ol were the bght-on
and Mght-off phases In 5-min bins. For short - mwmumw
for each neveon with S00-ms buss and a 2 soore was caloulated by comparing the
mumma&mmwmmmms.mm
ot Furthermoee, the averape firing retes of ol were
the light oo and hght -off phascs in 5- »muummmmmmmn
Wide band data from cach mouse were referenced by sobtracting the signal of
oo chanad from all ether channch. Light-stimulation-induced artifacts were
mmmwnmml MMMWM
occurred. LFP activity was quantified foe obscrved behavior by extracting 2-3
mmasmma«amumu the abuolute
values. Scinare activity was classified as LFP activity of lange amplitede {absclute
smplitude of >0.2mV) that lasted & boast §3.

Heart and respls Y Im anesthetized mice. Anesthest
(isolleranc) was initisted &t 5% and d at 1-1.5% dusing experiments.
Mice weee placed in 2 stercotanic frame, and heart rate and breathing rate were

MIISIMMQMMM(qume‘LM

M&M)wﬁtm“ i nip For ChR2.
img mdce, thin d of 2 30-5 basline foll dbya 20 lath

q-od!o‘&. 10 or 20Hz a1 475 nm. 3-5mW with a 5 ms pulse width, Different

frequencics were tested within the same mouse after a 2-min break. For NpHR-
ing mice, we ded 2 30-3 baseline folkowed

Ehe mosie was i from Cartesan o angular dugl (&
kammdlhmwnmwwakhrdxld
o vecton, namely, 3 vector extending from the center of the EZM to the starting
point of the mouse, which was defloed as a chosed arm-open arm transition (0,
in Sapplementary Fig. Sb), and a vector extending from the center of the EZM
0 the position of the mouse on the EZM. The position (0) was then converted
o ~sin( 200, such that the mouse’s angular displacement was zero when the mouse
was at the border betwoen an open and closed arm, negative when the mhouse was
hmwﬂmﬁjﬂmuﬁm\kmmhnd&dw The angulas
s ot its of | when the mouse was at the extreme of 2
cosed arm and ~ ~ 1 when the mouse was most exponed on an open arm.
Tonk&kt’wchwhﬂf.ﬂuldh& h, we first anmotased
and retreats lly. Apy were only considered if they started
ldntminladondum‘mﬁhduuymluﬂq
open arm. We firet calculased the mean derrvative of AFIF for cach approach and
retreat for each mouse. We then averaged all approaches and retreats made by a
single animal 10 plot thens as shown in Fig. 25

In vivo ok
the same as for the for op
nﬁmdedwhmmbdwlnw&u \‘lnaaamqmm
(AAVY'S Camk2a-HChR2{H I HR)}-<YFP) or NpHR (AAVYS Cami 20 eNpHRY.0-
€YFP) were unilaterally lngected into the piC, and a custom: buit optrode was
imnplanted above the injection site, Optrodes consisted of 2 16 wire o de array
(Nichrome wires, 13pm i dlameter, impedance of 30- 100 K62, Kanthal) combined
with an optic fiber {2004 in Slameter, 022 NA), 2 the chectrode array wai
artached 1o an 18- pin connestor {Ommeticn ). The 16 electrode wises were cut 3t
-mmmmmm»wmmmm«,«
fiber. Additionally, optrod ! dod via a silver wize (127 pm
hhmhMM)phmlMdumMun For recondings, mice
were tethered to an optical patch cord, connected 10 3 laser (475 or $93nm) and to
EMWWII* placed in a beh ] arena with P

gla dod with 2 webcam at 30Ep.s. Ny l activity data were
MMMMOSMZSU&MMH”MMA!W

physiology. Coondi “"_‘-_'.

-&tplCuu!

a diedivery for
2rmin of 593- nm light (12mW). 2 scores were calculated from the mean and s.d. for
the fint 204 of the baseline recording.

Awake head-fived two-photon imaging. Two-photon intaging was carried out
Of & rotating rexomant scanning two- photon mi pe (Bscope. Thoelabs) with
# 16x water-imanersion objective (Nikoa, N16XLWD-PF, 0.8 NA) set to am angle
perpendicular 10 the 1C surface (75-55"). This provided a 415415 un’ field of
view that wis scansed at 7695 Hz with a sesolution of 512 x 512 ploets. Al imaged
Bekds of view were imapoed at 2 depth of 150250 pn below the brain surface,

by wsing 3 Mal Tai DeepSec laser (Newport Corp) st 10 960 nm and a power of
12-30mW 1 the from aperture of the objective.

Expervmental tomelines. All mice were bandied by the experimenter for a period of
at beast 3 before amy surgical procedures. We used a comib of CH7BLIGNRy
mice (12~ Ilw@dthG&M&mMMMﬁM
GCaMPés vizal vector injectod by siereotaxic surgery 2 weeks before crasiotomy
dmm(wwmxmﬂmmmmm
cxcitasory nearons (CaMKlla®). After crastotomy and head post

described above, -kcmenuhuWoﬂ IOAMI«IN\M
were haadied by the nd habd d 10 e two-photon Unaging
wuwmu-mauwmuwww«mw
setup, mvkce were briefly L d with 5% ivedl Afer any bead fixation,
the mace were always allowed at beast 30 min 80 recover and habituate. Mice were
allocated to ExpA, ExpB oe ExpC.

ExpA. Mice in this experiment underwent 20 addational 3d of habitaatson 1o tail
shock dectrodes and training to lick from 2 spost positioned close 10 their mouth
On day 4, the plC was imaged while mice were presented with a randomized
wtofg and sucrose solu and tail shocks. To be comsistent
with previous stodies that used 30-50mM sucrose solutions' ~ and at the same
time R0t miss possibl we chose a of 60 mM (or
M)mmm()-mummmumnmwm
experiments (0.5 mM).

NATURE NEURDSCIENCE | worm Aafire COMMML Mmoo mocs
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ExpB (fear conditioning). Mice in this experinsent wnderwent an addtionsl 34

of habituation o tall shock clectrodes. On day 4, activity in the pIC was insaged
while mice underwent a fear conditioning progocol. This consisted of an inkial
habituation phase in witich mice were presented with 2 305 C3° tome (7.5 kHz pips
of 250 ms in length at 2 H2) 5 imes. Five to 10min later. 2 tralsing phuse followed
in which mice were presented with the C5* tone 6 times. with each tone colnciding
with & 0.5 tail shock #t the end of the stimub Siaty after
the conclusion of the training phase, .mwwmm
or without teses, Fot extinction with 4 tose, wa‘mmmu«lamm

PRS followed by 4% paraformaldchyde (PFA) In PBS. Beains were postfined for
an addiional 1-2d in 4% PFA at 4°C. Then, braios were shiced with a vibrasome
040 70-pm coronal sections. We collected all Ty in simgle wells
aummmmwmmwuxwﬁm
a modified epifluocescence microscope equipped with a controllable stage (Ludl)
oechestrated by pManager 20 beta, and sections were stisched with the Grid/
StinchCallection plugin in Fifs (1 1) We do d the pl of the optic
Muﬂnhmdﬁd%huﬁmlnnmhﬂa&n‘
Only mice with correct fiber placement and viral spread confined to the pIC were
cluded in the srady

but it was not paieed with any tail shocks. No issaging was p the
fear comditionsng phases.
MMHMWW:MMMM»MM
a spoat positioned close 5o thelr mouth and hub to d saline

Quaatification of anatomical tracimgs. Rebics analysis. Images were preprocessed
with the trainable Weka segmentation plugin for FijL GEP' cells were

tegections. On day 4, wmxﬂymWhl&mhnﬂum
umﬂcmwwwmwmmmm.w
5 Tice were thuolmm‘uu-h

ntified with 2 castom-writien Fiji macro. We created a collection of ROls

for each cesvaal section with from & mouse reference atlas. Rabies-

pﬂwmhcndh‘mouma-l-&znnm:up«lbm
) were d and d Data aee

MmMndethw‘ e ng ¥ n«lmmﬁmﬂbuﬂluﬂm(me‘uﬂm) TVA

25 mim later. Fifteen after the thirst! W we expeession can be leaky , s starter cells might be confased with input cells,

luﬂd Ihc-lhwﬂp«m err Smin of baneline mice were In contrel experiments (; of AAV.FLEX-TVAmCherry and AAV-FLEX.
iy with 3 LICI sodation (0.15M LIC in 0.9% RG followed by RABVAG-GFP(EavA) imto CS7BLA/NR) mice and injection of

saline. N‘Mw@u(hwwﬁha»;m)luuﬂy“
They were then imaged for a period of 30 mén to visualize plC activity upon the
development of malaise.

Taste dediveries. Tastants were presentod o mice through » round-ended reasable
feoding needle (Fine Science Tools) for 1.5 3 at a time, controlied by using a
solencid pinch valve (225PNC2-21, NResearch). Delivered tastants were as
fodlows: 20% sacrose solution of 0.5 M quisine solutson (Sigma- Aldrich) and
deinking water (from our ankmal facility).

Shocking Painfud stimuls were delivered via 2 weak dectrical thock (056, 04mA)
1o the tail generated by a Precision asimal shocker {Coulbourn Instrusncnts).

Two 0.5-mm sdver-costed copper wize colls (Conrad), custom made for each
mouse, were soldered 10 2 light - weight isolated cable conmected to the shocker and
positioned appraximately | cm apart af the conter of the tail

Pupll ard orofacial videograply. We acquired data by using two usan
monochrome cameras (BFS-U3- ISY)MC.NNG'W‘ h) d

AAV-FLEX-TVAmCherry followed by RABYV AG . GFNEnvA) into Camb2a-Cre
mdce). we observed a few dozen to 2 hundred GFP® cells around the injection site
that were confined to the pIC (<011 to < 1.22mm). No loag-range lnpats were
observed. As we wese onlly d in Jong: range y and not i bocal
microckrcuitey of the postorior inaula, we excluded all inget cills of the pIC and
laustrum betwoen <011 aad <122 s feom analysis

mmm Images of coronal sections were acquired with

shde scanmer, 2 described above. CTH-positive cells were
wmummmnmmuwmumm
separate dlassifiers for the 488 am and 555 nm signal. We determined cell counts
withis the tostso-candal extent of the FC (AP #2.45mm to <122 mm) by using the
s cantom-written Fai script 2 for the rabies analysis. Double-labeled cells were
mantaally quantificd with the Fisl ool counter phagin.

Axonal AAV tracing analysis. Axonal AAV tracings were acquired on a Lesca SPS
confocal microscope. For each brain, we determined the densest efferents outside
the IC (usually in the VPMpe o¢ femdus of striatum (IPAC)) and adjusted the

in front of the mouse and the ether Mb&tn‘tdm
head, contralaterally to the cranial window. Tllumination was provided by theee
§75.nm infraced LED arrays (Kemo Electronsc, M120). Each camera was fitsed
with a near- infrared shoet-pass filter with 4 900-nm cutoff (FESOS00, Thorlabs)
1o filter out two-photon excitation light. To reduce bascline pupll size, mice were
comstamtly and (ndurectly weakly Sluminated from beband by 2 470-am fiber-
coupled LED (MJ70F3, Thorlabs)

MM#MHW*MMMM‘
ocofacial movements as previoudy described

Frovzing detection. All periods of insmobility Lasting st beant 25, where 2-scored
pupdl area was at least 1 s.d abowve the 2-scored orofacial movement, were clasified
s freezing episodes.

Ne Two-photon d ncural dats were analyzed with
hm-phmuad,mwub-h&lp(hnyx /githab com/corsex - AebvSalne 2%,
sce also ref, 7). which was used 10 perfoens motion correction, neuson detection,
cell and fly ever time for each ol For each
field of view. the celf u Ry reviewed and d when

s
y. Respomding d uwm Spexifically,
‘erdua(mw AHFMMM&MU FVE, whete Fwas
mamentary cell fluoeescence and F, was the mean bascdine fhocrescence during
nlo.wmmwmtuwmmaw
were consid nmi&u

acquisition settings to cbeain a nearly saturated sagaal foe this seglon. We acquired
 simgle opeical  section of 10pm in thickness and positioned it in the middic of
the coronal ke (2 axis). Every second brain section from 428 to ~6.2 mm with
FOUpect to the beogima wan &g mages were prep d with Hessdan ridge
muaxnumm*mmum‘nwwmwr
axoon while ol These Mnarined images were
mm.mmwunwnwmmm
we used our cunsom ROL atlas synthestzed from a mouse brasn reference
MMMM“A&MWW‘MWMWW
of the ROIs and determined the total pised count per ROL Data are reported as
the ‘peecent of total outpat] which is the plael coumt of an ROI mormalized to the

mdn“uﬂ*dm‘m-mmulu I presesa. We
exchaded pasiang fibvr bandles
WNMMMMDMWWWWN
Iadectod cell bodies in the pIC was Setermined and excloded from analyis of the
PC or clavstrum.

1 '

y- Mice were il d with 1500l of
MVZISWWW&M”CMMMMAMZMMMM
perfused with ~50m) of coom - temperatiare 1 PES with heparin (10000 U mi ‘),
followed by SOml of 4% PFA in 1x PBS. Brains were removed and postfined for
48h 21 4°C. Coronal sections were cut with a vib at 50-pm thick:
Mmmwuddm&“m:mdnn agent”.

FIan«ddlSld(OiMF during a stienuh for
Mzunthhﬂmm&ﬁhmwnm
whose mean 2-scored laorescence was significantly higher or lower in a relevant
state than the baseline mean £l (after before LiCH injection
2nd after drinking). The significaace of the ddfference was determined by noa-
parameteic Mann- Whitney U test with the significance theeahold placed 2t
<0001 by asing the appeop oo sadad 2 Bypothesis

A of overlappeng rep Al cells activated by quisine, vocrose
nd-m(él\m@)mmwm&hm-m

of d were excluded from the quinine- and sucrose-
mdm;aﬂm-}‘gl

mumum«um-‘whmm-m
5 & with k y 1 dlally with Ix

4
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permeabdlizing
were blocked for 2 h in blocking butfer (3% normal goat serum and 5%
l&AuM)udldewnhmmmﬂM?mM(lmde
chone 1G10.2, Merck Millipore) at rocen temperatare for 48 h. After three washes
-Ixmmww-mmmmw-mm

MM(IMM“ lecular Probes). S were

and imaged oa a0 Axkood d pe (Zetss) with a 20
By (PLAN neoflusr 20x ‘, O.SNA; hh)qquwllha(tsu
X1 ing dis confocal unit (Yokegawa Electric O : led

by VisiView software (Visitron Systerm) and 2 (nolan-"Q! OCD camera
(Photomeirics).

Statistical analysis. Analyses weee performed with GraphPad Prism (GraphPad
mmsxmmsw)«muwmm
made by either onc way or two way ANOVA followed by Bonferromi post hoc tests
M a significant maln effect or interaction was observed (P < 0.05). Single-variable
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comparioes were made with two-tailed unpaired or paired 1-tests. Corrclation
analyses were made using lincar regression. Responding cells in two- phaton
experiments were detected by using 3 2-score threshold (3554 FxpA) or a Mann-
Whitney U test for lomger lasting states (ExpB and ExpC) with the significance
threshold set at #<0.001. Numbers of mice for all experinsents are reported i the
Figwres and their legends. Data distribution was assumed to be noemal, bt this
was not foemally tested. Only for two-photon and celated pupil analyses &id we mot
wsvame poemality and tosted the distribution by Masa-Whitscy Utest.

Sample sizer. No stathstical smethods were wned 1o predetermine sample siee for
single experiments, but the sample wwees wore similar 1o or greater than thow
reportad in previoas studies refated to our experimental asapn

Data exchusions. We excluded mice post boc when optic fiber placemsent or viral
expression patterns were st appropriate {catside the larget reghon, viral expression
100 weak) or when | wmhﬂhnumhﬂw‘mmb’\likc
that fell off the EPM or EZM were excluded. Mice In fiber phy

Data availability
The data that suppert the findings of this study arc available from the
corresponding author wpon reasonable request.

Code availability
All custons-written asalysis code is availabl
reasonable request.

from the sponding asthor wpon
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Supplementary Figure 1
Histological verification of injection- and implantation sites for pIC-ChR2 and pIC-NpHR mice.

Related to Figures 1-3. Schematic visualization of ChR2 or NpHR expression (green-shaded regions). eYFP expression
is not shown. Poocled data of three independent cohorts for each condition. Colored dots (blue: ChR2; orange: NpHR)
represent the center of tip of the implanted optic fibers for ChR2 or NpHR expressing animals. Implantation sites for
eYFP control animals are shown in grey.
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Supplementary Figure 2
Histological verification of CaMKlla-promoter-specificity.

injection of 150 nl AAV2 5-CaMKlla-eYFP into piC followed by antibody staining aganst Gadé7 (1:200 anti-Gads7,
clone 1G10.2, Merck Melipore) 10 control for the specificaty of the CamKila (1.2 kb) promotor used in this study. a,
Represemative image of the Gad67 staining, White arrows point at double positive neurons, Scale bars: 50 um. b,
Magnification of nserts a' and a” of images in panel a, Scale bars: 25 um bottom. ¢, Quantification of co-labelling. 4.4
% % 0.5 s.e.m. of eYFP+ neurons stained for the inhibitory marker GAD67. Data was collected from 12 ROIs (n = 12
images) from four histological sections of two mice. In total 2175 cells were counted out of which 100 cells were double
positive. Bar graphs indicate mean + s.e.m
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pIC activation control experiments, RTPA and physiclogical measurements.

a, To tirrate optogenetic stimulations we tested for frequency-dependent effects on locomotion. At 5 Hz, but not a1 10
or 20 Hz, there was a significant increase in distance travelled (n = 8 ChR2 and n = 10 eYFP mice, two-way RM
ANOVA, F(1,16) = 5.283, p = 0.0353, Bonferroni post-hoc analysis, eYFP vs ChR2 *p = 0.0411). We did not detect any
overall change in the time spent immobile between the opsin and eYFP-expressing control group (two-way RM ANOVA,
F(1, 16) = 1.442, p = 0.2473). b, To test whather stimulation-elicited behaviors as described in Figure 1 b-c also occur
upon DREADD-mediated piC activation, mice expressing the excitatory DREADD-receptor hM3Dq (n = 8) or eYFP (n
= 9) in the piC were Injected with clozapine-N-oxide (CNO). Upon CNO injection, DREADD expressing mice displayed
increased freezing (two-taded unpaired ftest, t = 2.425, df = 15, *p = 0.0284) and back escapes (unpaired two-tailed ¢
test, t = 2.165, df = 15, *p = 0.0469), whereas the number of rearing events was reduced in comparison 1o control mice
(two-tailed unpaired t tost, t = 2.959, df = 15, **p = 0.0098). Paws-to moth movements were elicited in a subset of
DREADD-expressing mice and never in controls, however these changes were not significant (two-tailed unpaired ¢
test, t = 1.627, df = 15, p = 0.1246). Grooming remained unaffected (two-tailed unpaired ftest, t = 0.2308, df =15,p=
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0.8206). ¢, Inhibition of the pIC did not affect real-time place preference. Time spent in the laser chamber on the day
of laser stimulation was not significantly different between eYFP- and NpHR- expressing animals (n « 8 mice / group,
two-tailed unpaired fest, t = 0.584, df = 14, p = 0.5685). a-c, bar graphs indicate mean + s.e.m. d, Analysis of additional
locomotion parameters of the RTPA assay (n = 8 ChR2, n » 10 eYFP mice). Left: stimulation of pIC increased velocity
in the stimulated chamber (two-way RM ANOVA. F (1, 16) = 5,225, p = 0.0362. Bonterroni post-hoc, **p=0.0099 eYFP
vs. ChR2 on laser ‘on’ day). but not in the unstimulated chamber (two-way RM ANOVA, F (1, 16) = 0.8818, p = 0.3617),
Micdle: Stimulation does not affect the number of entries into the stimulated chamber (two-way RM ANOVA, F (1, 16)
=2.124, p = 0.1844), Right: stimulation of pIC did not affect the distance travelled in the stimulated chamber (two-way
RM ANOVA, F (1, 16) = 0.2085, p = 0.6540), but increased the distance travelled in the unstimulated chamber {two-
way RM ANOVA, F (1,16) = 9.772, p = 0.0065, Bonferroni post-hoc, **p=0.0056 eYFP vs. ChR2 on laser 'on’ day).
Lines are mean + s.e.m, e-g, Data from (n = 6 ChR2, n = 4 eYFP, n = 4 NpHR mice). e, Timeline of respiratory
responses upon 5, 10, or 20 Hz stimulations or NpHR mediated inhibition of anesthetized mice as quantified in Fig. 1e
Line graphs are mean with shaded areas s.e.m. 1, Heart rate measurements upon ChR2-, or NpHR-mediated activity
manipulations in the same animals as in panel e. Data are normalized to a 20-second baseline period for each
Individual. Line graphs are mean with shaded areas s.e.m. g, Quantitative assessment of the same data as in panel 1,
No significant difference between groups was detected (one-way ANOVA F (4, 33) = 2.872, p = 0.0381). Box-whisker

plots display median, 25 to 75 percentiles, and min to max values.

80



473 nm, 15, 20 Hl 5 ms puise v.:d‘h

Elvaian . e O v 00 6h abuee S 4b) e, A W

w |

£

8

@

3

“

=

3

2

& O grooming [ stopping B jumplerouch -
[ jaw movements B back escape
[l paws to mouth B ireezing

1 mV S0pping chmaoq freezing grooming
c _ d Seizure actvily / beharior Cbservations.
seizure achvity .
Animal® | ¢ | 2 |
BBl o [ - |
.u'::n- "°‘l <2l |
m 'noI no ’
tmVv | no
| ‘ oo | - |
S5s yos | - H
0 02 04 08
Average abs LFP
ampltude (mV)

Supplementary Figure 4
In vivo electrophysiological LFP recordings of the piC during photostimulation-elicited aversive behaviors.

a, Example LFP trace from one ChR2-expressing animal during unilateral photostimulation-induced behaviors. Laser
activations (473 nm, 1 s, 20 Hz, 5 ms pulse width, minimum of 4 s ISI) are indicaled above the trace (blue) and observed
behaviors are shown in color code below. Note the high amplitude LFP signal towards the end of the trace. b, Example
LFP traces from different photostimulation-induced behaviors. ¢, Only during crouching behavior, LFP recordings
showed high amplitude (>0.2 mV absolute) signal with long durations (< 5 s) (“seizure-like” activity). d, Quantification
of LFP recordings in three ChR2-expressing animals. LFP amplitudes were significantly increased during crouching but
not during any other observed behaviors (data from 3 independent mice collectively exhibiting n « 6 grooming, n « 9
jaw movement, n = 9 paws-1o-mouth, n = 9 slopping, n = 8 back escape, n = 6 freezing and n = 5 crouching episodes;
one-way ANOVA, F (6, 45) = 15,16, p<0.0001, Bonferroni post-hoc analysis revealed that LFP amplitudes were
significantly higher during crouching behavior compared to any other behavior, each comparnson: *™"p < 0.0001. Bar
graphs indicale mean + s.e.m.
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Supplementary Figure 5
Analysis of fiber photometry data by mobility in the elevated mazes.

a, Schematic illustration of approach / retreat behaviors in the elevated plus maze. Left: To segment behavior into
approaches or retreats, we plotted the distance of an animal to the center point of the elevated-plus maze. On the open
arms, the values would be negative, in the center zero, and in the closed arms positive. We defined approaches as
movements from a closed arm towards an open arm. Conversely, a retreal was defined as movement from an open
arm towards the closed arm, Right: example trace with annotated approaches (blue) and retreats (red). b, Left: In order
to segment approaches and retreats on the elevated-zero maze (EZM), the position of the animal was transiormed
from Cartesian coordinates to angular displacement (-sin28). The position of the animal (8) was computed from the dot
product of the two vectors, namely, the vector between center of EZM to the starting point (define as point 01), and the
vector between the center of EZM to the position of the animal on EZM. Right, top: The position(8) was then converted
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to -sin26, so that when the animal was at the borders between open and closed arms, it's angular displacement is zero,
negative when in the open arms, and positive when in the closed arms. The angular displacement is at its maximum of
1 when the animal is at the extremes of the closed arm and (-1) when it is most exposed on the open arm. Right,
bottom: Example trace of an animal exploring the EZM over ime. Annotated approaches (blue) and retreats (red) are
displayed. ¢, Example trace of the relationship between piC fluorescence and velocity in the elevated zero maze. d,
Pearson's correlations of piC fluorescence as a function of position in the maze (left) and velocity (right) in one example
animal. Left: Note that the activity is higher in closed arm and is posilively correlated. Right: Velocity is very weakly
correlated to pIC activity. e, There is no consistent correlation of piC activity and velocity across animals (n = 11 mice,
circles tested in EZM, pluses tested in EPM (same as in Fig. 2g), two-tailed one sample f test revealed no significant
difference from zero, t = 0.8450, df = 10, p = 0.4179).
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Supplemental Figure 6
Influence of optogenetic and chemogenetic pIC Inhibition or activation on innate fear behavior.
a, Experimental strategy and timeline for optogenetic piC activity manipulations using a fixed regimen of aternating 2-

min laser ‘'on” and 'off epochs. b, Data from n = 8 ¢YFP- and n = 11 NpHR-expressing mice. Left: inhibition of pIC
activity did not significantly alter the time spent in the open arms, only a trend towards anxiolysis was observed (two-
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way RM ANOVA, group (opsin) effect, F (1, 17) = 3.881, p = 0.0654; time effect, F (1.585, 26.95) = 24.73, p < 0.0001,
group x time interaction F (4, 68) « 0.5624, p « 0.6907). Right: Also the overall time spent in the open arms showed a
trend to more exploration upon pIC inhibition (two-tailed unpaired ! test: 1 = 1.970, df = 17, p = 0.0654). Neither the
entries into the open arms (two-tailed unpaired 1 test, 1 = 2,008, df = 17, p = 0.0608), nor the total distances travelled
within the maze (two-talled unpaired ¢ test, 1=0.4976, df«17, p = 0.6251) diflered between the groups. ¢, Data from n «
8 eYFP and n = 11 ChRR2 -expressing mice. Left: Increasing plC activity in alternating blocks of 2 min laser ‘on’ and “off’
epochs decreased the overall time spent in the open amms gradually and in a sustained manner (two-way RM ANOVA,
group (opsin) effect, F (1, 17) = 7.243, "p = 0.0155; time effect, F (4, 68) = 12.74, p < 0.0001, group x time interaction

F (4, 68) = 0.8126, p = 0.5215; Bonferroni post-hoc tests revealed significant differences between groups in the 2" on

and 2™ off epochs, *p = 0.0450 and "p = 0.0235 respeciively). Right: The overall time spent in the open amms throughout
the ‘on’ and ‘off’ periods was significantly reduced (two-tailed unpaired ftest, t = 2.691, df « 17, *p « 0.0155). Neither
the entries ino the open arms (two-tailed unpaired fest, t » 0.4832 df » 17, p » 0.6351) nor the 1otal distances travelled
within the maze (two-tailed unpaired (1est, | « 1.254, df = 17, p « 0.2267) differed between the groups. d, Viruses and
sirategy used to maniputate piC activity using DREADDs. e, Constant silencing of the piC throughout the exploration
of the circular open field using DREADD-hM4D resulted in anxiolytic effects (n = 9 mice / group) as revealed by
increased time spent in the center (two-taded unpaired 1 1est, t = 2.165, df = 16, "p = 0.0459), but no difference in the
total distance travelled (two-tailed unpaired f test, t = 0.5524, df = 16, p = 0.5883). 1, Constant activation of the piC
throughout the exploration of the elevated plus maze using DREADD-hM3D resulted in anxiogenic effects (n = 9 eYFP
mice, n = S DREADD mice) as revealed by a decrease in the total tme spent (two-taded unpaired ftest, t = 2.263, df
= 12, "p = 0.0430) and fewer entries into the open arms (two-tailed unpaired tlest,t » 2.612, df » 11, *p = 0.0242), but
no difference in the total distance travelled (two-tailed unpaired f test, 1 = 1.565, df = 12, p = 0.1436). Line graphs
indicate mean + s.e.m. Box-whisker plots display median, 25" 10 75 percentiles, and min to max values, as well as
individual values.
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Supplementary Figure 7
In vivo electrophysiological single-unit recordings in the piC during long- and short-term optogenetic
inhibition.

a - ¢, Long-term oplogenetic inhibition in mice expressing NpHR. a, Reduced firing rate of a representative piC neuron
during 20 min inhibition (bin size « 30 s). b, Average z-scored firing rates from 37 single units recorded in 5 mice reveal
significantly reduced activity during 20 min inhibition (bin size = 10 s, two-tailed one sample f test with theoretical mean
0,1« 4295, df « 119, ****p < 0.0001). ¢, Average and individual firing rates of 37 pIC neurons in 5 min bins are
significantly reduced during 20 min inhibition (n = 37 neurons, cne-way RM ANOVA F{1.814, 65.29) = 1237, p <
0.0001, Bonferroni post-hoc analysis revealed significant differences pre- or post-inhibition: 1st Off vs. 1st On, *p =
0.0178; 1% Off vs. 2°° On *p = 0.0400; 1* Off vs. 3 On *p = 0.0272; 1% Off vs. 4" On "p » 0.0348; 1 On vs. 2™ Off
"9.00018 2"’Onvs 2% O#f **p = 0.0029; 3% On vs. 2 Off **p = 0.0023; 4™ On vs. 2 Off **p = 0.0017). d-1, Short-

inhibition in mice expressing NpHR. d, Peri-stimulus time histogram (PSTH) reliably indicates
redtmnolﬁdngmoso!ammmprCnoamdunng 10 repetitions of 5 s long inhibitions (bin size = 500 ms).
e, Average z-scored firing rates from 13 single units recorded in 2 mice reveal significantly reduced activity during 5 s
long inhibitions (bin size = 500 ms, mmﬁodwsanuletmwﬂhmwmmn-o 1=5967,d/=9, *““p=
0.0002). f, Average and individual firing rates of 13 pIC neurons in § s bins are significantly reduced during 5 s
photoinhibitions (n = 13 neurons, one-way RM ANOVA F(1.295, 15.54) = 11.10, p = 0.0026, Bonferroni post-hoc:
significant for pre vs. during inhibition, *p = 0.0115, and post versus during inhibition, *p = 0,0142). Line and bar graphs
indicate mean + s.e.m.
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Supplemental Figure 8

Constant pIC inhibition does not affect pain thresholds, nor does it affect acute fear expression and
subsequent contextual or cued fear recall.

a, Ramping hot plate test (nociception control for effects in Fig. 3b-f). Temperature thresholds did not change for NpHR-
expressing or eYFP-expressing mice (N = 5 mice / group tested twice each) between light 'off and ‘on' conditions (n =
10 trials in 5 eYFP mice: two-tailed paired ttest, t = 0.02949, df = 9, p = 0.9771; n = 10 trials in 5 NpHR mice: two-tailed
paired [tesl, t = 1,967, df = 9, p = 0.0807). Data is shown as means + s.e.m. b, Protocol for a separate auditory fear
conditioning experiment conducted under permanent inhibition of the piC during the conditioning phase. ¢-d, Data from
n =11 eYFP and n = 10 NpHR expressing mice. ¢, Constant piC inhibition during auditory fear conditioning does not
change freezing behavior (two-way RM ANOVA, group (opsin) effect, F (1, 19) « 0.6106, p = 0.4442, time effect, F
(4.944, 93.93) = 36.17, p <« 0.0001, opsin x time interaction, F (10, 190) = 0.8369, p « 0.5937. d, Neither contextual
(during baselne) nor cued fear (during CS+ presentations) recall are altered subsequently to constant pIC inhibition
during the conditioning (two-way RM ANOVA, group (opsin) effect, F (1, 19) = 0.001852, p = 0.9661, time effect, F
(5.462, 103.8) = 37.83, p < 0.0001, opsin x time interaction, F (8, 152) = 1.110, p = 0.3593. Line graphs indicate mean
+s.em.
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Supplemaentary Figure 9
Detection of freezing in head-fixed mice.

a, CS+ onset specifically during fear recall (right) but not during habituation (left) results In a strong increase in pupil
size and intermittent stopping of orofacial movements (lines = mean z score; shaded areas = s.e.m.; two-taded Mann-
Whilney U test: pupil size versus orofacial movement score after CS+ onset (30 s), Habituation: U = 12, p > 0.9999;
recall: U=0, **p = 0.0079; n = 5) which taken together define freezing in the described method. Lines are mean, shaded
areas = s.e.m. b, Simultaneous tracking of running (blue), pupil size (green) and standardized orofacial movement
score (red), and the resulting detected freezing episodes (biack) for one representative mouse undergoing fear recall,
Presentations of the conditioned auditory stimuk are shown in yellow. ¢, Freezing detected in head-fixed animals by
our described novel lechnique, detects similar freezing levels under head-fixed conditions as In a conventional
conditioning chamber using the commercial (ANY-maze, Steelting) freezing detection module (4CS+ presentations in
3 head-fixed mice, n =12, two-tailed paired  test pre-CS+ versus CS+, 1 = 5874, d! = 11, ***p = 0.0001; n = 12 lreely-
moving C57BLE/N mice, two-tailed paired ! test pre-CS+ versus CS+, t = 9483, df = 11, ****p < 0.0001). d, Moment-
by-moment analysis of neuronal activity in the plC and pupil size. Non-freezing spontaneous arousal episode after 4 s
(as indicated by pupil dilation: green trace) is not associated with pIC activity. Bottom: mean population fluorescence
standard deviations (sd). All neurons whose fluorescence was at least 3.5 sd above baseline during increasing pupd
size were considered as responding (N = 2 mice, n = 352 cells). e, Field of view in two-photon imaging of piC. Bar
graphs indicate mean + s.e.m

88



o

All cells across all animals

Timeline of imaging periods during Exp8 (Fear Conditioning)

Extinction
70 men

.
Z0x @ 1
~Senind
23
.« .
60 mn
pr——y N acTedy HON ety Low anwedy
v Extinction without fones ¢ c Saline control injection
only contex! exposure {
e J A d N .
: " Benin 4
b33 1 28
«—e BN 2
H
60 mn 5 »
> QO
: s ¥
1E
453
ereased set (30%) (4 NalD resg (V2%
Sarme of mcreased act (70N Gh Juresp (85%)
2
Tallshock Gunine Sucrose e

W

(PS) 4/4V PeTyeuLON
Responsive neurors (%)

=74
-
®
o
630
—

89

(p%) yIVpezyeuucN

(P%) 4/ 4Vperywuson




Supplementary Figure 10
Supporting data for 2P calcium imaging.

Related to Figure 4. a, Top: Visualization of the imaging periods during ExpB. The animals stayed on the setup (same
context) during the entire time. Imaging pericds are white boxes with duration in minutes mentioned above. Arrows
indicate which fragments of the imaging sessions are shown in the four heat maps below, representing 5-minute-long
neuronal fluorescence traces (rows are individual neurons) from within a single ROl in an exemplary animal undergoing
ExpB. Imaging breaks during which animals stayed on the setup but the laser was shut off are marked with red two-
sided arrows, Comparing the end of habituation (when anxiety is low) to the end of the fear conditioning (training, when
anxiety is high) reveals a strong increase in overall activity. Note that this activity is still elevated 60 minutes later in the
absence of extinction training, but rapady decreases towards the end of extinction, when anxiety levels have decreased.
All heat maps were taken from periods of the experiment when no stimuli were delivered. b, Top, no-tone extinction
control. Animals were treated as for anxiety in Fig. 4g (see imeline above) but no tones were delivered during extinction.
Heat-maps show the activity of 451 single neurons from 2 animals (rows) in the pIC during 5 minutes, one hour after
training (left) and 60 minutes later (right) exposed only to the context. Note, that activity upon context exposure
decreases much less than when tones are used to drive extinclion leaming (see panel a and Fig. 4g). Bottom, while
the activity of many neurons (30 %) decreased significantly, the decrease was substantially smaller than after extinction
with tones, where 59 % of neurons significantly decreased their activity (lone extinclion as shown in Fig, 4g). Line graph
illustrates the activity decrease in the responsive population, shaded area is s.e.m, ¢, Top, saline conirol injection
equivalent to the lithium chlonde injection shown in Fig. 4g. Bottom, only 2% of neurons significantly increase their
activity and 1o a lesser extent when saline is injecled intraperitoneally. Line graph illustrates the activity decrease in the
responsive population, shaded area is s.0.m. d, Heat maps (not binned) showing response ampltudes of all 630 single
neurons recorded in all 3 animals that participated in ExpA. Neurons sorted by response strength to each of the stimuli.
e, Proportions of responding neurons for quinine, shock and sucrose. Each dot shows the proportion of responsive
cells for a single animal (n = 3 mice). 1, Example fluorescence traces of 12 piC neurons in response to 3 tailshock
presentations. Note the consistency of response for the responsive neurons. g, Example fluorescence traces for 4
neurons from Figure 4f containing the whole 70 min long recording without any cutouts. Note the lack of downward
direction of the baseline fluorescence which would indicate bleachingMluorescence rundown effects, Bar graphs
indicate mean + s.em,
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Supplementary Figure 11
Starter cells of monosynaplic retrograde rabies tracings.

a, Confocal images of starter cells in the piC of a CamKlla-Cre mouse (scale bar: 100 ym). Small panels 1-3 are
magnifications of starter cells highlighted with white arrowheads in the merged panel (Scale bars: 10 um). Small panel

4 shows a TVA' cell that is not a starter cell, as it was not infected by rabies virus and lacks the GFP signal. Similar
results were obtained in 3 independent animals. b, Quantification of starter cell populations. Left: Comparison of
distribution of starter cells within sub-regions of the pIC. Right: Convergence index for CamKlla-Cre rables tracings.
Data points are average cell % (left) and the convergence index (right) from n = 3 mice. ¢, Quantification of absolute
starter celis and total input cells of the rables tracings. Data are pooled from n « 3 mice. Bar graphs indicate mean +
s.e.m

91



i
sggsi {
g §

i
gl
T
i

iie
i
5§§

i
!
|

+
-
Vet sl wgrertad aus N
gmn‘- 4
Uhctran rebe b rocies el
Sugenier colioa -
Ieteroe coMeuhs -
Pariteschal ot v..
-
0

PO Jugontne s
K of sabtary bt

Supplementary Figure 12
Whole brain input - output tracings of the pIC.

Comprehensive list of monosynaptic inputs (left) to glutamatergic (CamKlia-Cre, in blue, n = 3 mice) and direct outputs
from glutamatergic projection neurons (right, in red, CamKlla-Cre n = 3 mice). Bar graphs indicate mean ¢ s.e.m.
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Supplementary Figure 13

Histological verification of injection- and implantation sites of pIC-CeA-ChR2 and pIC-CeA-NpHR mice.

Related to Figures 7 and 8, a, Representative coronal sections showing the injection site (left, AP -0.47 mm) and fiber
placement (right, AP: -1.23 mm) of a piC-CeA ChR2 animal. b, Left/Right: Schematic visualization of ChR2 (left) or
NpHR (right) expression in the pIC. Middle: Colored dots represent the center point of the tip of the optic fibers implanted
above the CeA for ChR2 (blue) or NpHR (crange) expressing animals. Implantation sites of eYFP conlrol animals are
depicted as grey circles and are partially omitted for better visibility of ChR2 and NpHR implantation sites. Pooled data
from 2 independent cohorts.
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Supplementary Figure 14
Histological verification of injection- and implantation sites of pIC-NAcC-ChR2 and pIiC-NAcC-NpHR mice.

Related to Figures 7 and 8. a, Representative coronal sections showing the injection site (left, AP:-0.47 mm) and fiber
placement (right, AP: +0.97 mm) of a piC-NAcC ChR2 animal. b, Left/Right: Schematic visualization of ChR2 (lef) or
NpHR (right) expression in the piC, Colored dots in the migdle panel represent the center points of the optic fibers
implanted above the NACC for ChRR2 (blue) or NpHR (orange) animals. Implantation sites of e YFP control animals are
depicted as grey circles, Pooled data from 2 independent cohorts
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Supplementary Figure 15
Feeding interruption is not mediated via anti-dromic spikes or fibers of passage.

a, Two opto-fluid cannutas were bilaterally implanted over the CeA 1o test if feeding interruption is caused by giutamate
release of insular terminals. Indeed, blocking glutamate signaling within the CeA with the AMPA-Antagonist NBOX (5
mg/ml) abolished the effect mediated by optogenetic stimulation (n = 4 mice, two-tailed paired {test, t = 9.162, df = 3,
**p = 0.0027). b, We applied the same strategy for the pIC>NACC pathway and bilaterally infused NBQX 1 h prior 10
optogenetic stimulation during feeding. Again, blocking AMPA-Receptors was sufficient to abolish the feeding
interruption (n = 3 mice, two-tailed paired t1est, t = 8.668, df = 2, *p = 0.0131). This suggests, that interruption of feeding
is not mediated by passing fibers expressing ChR2 or by back propagation of action petentials, but by monosynaplic
glutamate release from piC terminals in the CeA and NACC.
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Supplemental Figure 16
Optogenetic manipulation of pIC->CeA, but not piC - NAcC, influences locomotion and breathing.

Related to Figure 7. a, Test for frequency-dependent effects on locomotion, Activation of pIC terminals in the CeA (n =
6 eYFP mice, n = 9 ChR2 mice) did not affect the distance travelied (two-way RM ANOVA F (1, 13) = 0.07393, p =
0.7900), but activation increased the time spent immobie (two-way RM ANOVA F (1, 13) = 7.464, 'p = 0.0171,
Bonferroni post-hoc analysis revealed significant differences between 5 and 20 Hz in the ChR2 group *p = 0.0266). b,
Inhibition of pIC terminals over CeA did not affect the animals' preference for the stimulated chamber (n = 7 NpHR
mice, n = 6 eYFP mice, two-way RM ANOVA laser (F(1,11) » 2.959, p = 0.1134), group (F(1,11) = 0.1724, p = 0.6860)..
¢, Timeline of breathing rate responses upon 5, 10, or 20 Hz stimulations of the pIC-CeA pathway as quantified in Fig.
7i. (5Hz:n =4 eYFP and n = 5 ChR2 mice, 10 Hz: n = 3 eYFP and n = 3 ChR2, 20 Hz: n = 4 ¢YFP and n = 6 ChR2),
Animals were excluded that were in a ditferent anesthesia range. Data are z score mean & s.em. d, Heart rate
measwrements upon ChR2-mediated activity manipulations of the pIC-CeA pathway. No significant efects over time
or between groups were detected. Left: representative timelines from 5 Hz: n = 4 eYFP and n = 6 ChR2 mice, 10 Hz:
n=4eYFP and n=7 ChR2, 20 Hz: n = 4 eYFP and n = 7 ChR2 mice. Right: Averages of normalized heart-rates during
the 20 s laser stimulation (n « 8 @YFP mice, n « 6 mice for 5 Hz, n « 7 mice for 10 Hz, n « 7 mice for 20 Hz; one-way
ANOVA F(3,24) = 0.08556, p = 0.9673). Data is presented as min-max whisker box-plots. e, Activation of the piC-NAcC
pathway dud not affect locomotion at any frequency (n = 6 eYFP mice, n= 7 ChR2 mice, distance: two-way RM ANOVA
for frequency: F(2,48) = 2.306, p = 0.1106; and for opsin (F(3,24) = 0.4337, p = 0.7309; tme immobile: two-way RM
ANOVA for frequency: F (2, 22) = 1.887, p = 0.1753; and for opsin F (1, 11) = 1.592, p = 0.2331), 1, Inhibition of piC
terminals over NACC did not affect the animals’ preference for the stimulated chamber (n = 10 mice / group, two-way
RM ANOVA, opsin (F (1, 18) = 2,546, p = 0.1280). g, Timeline of respiratory responses upon 5, 10, or 20 Hz
stimulations of the pIC-NAcC pathway in representative animals (5 Hz and 20 Hz: n = 3 eYFP and n = 6§ ChR2 mice,
10 Hz: n = 3 @YFP and n = 4 ChR2). Animals were excluded that were in a different anesthesia range. h, Heart rate
measuwrements upon ChR2-mediated activity manipulations of the piC-NACC pathway. Left: representative timelines
from n « 3 eYFP and n « 6 ChR2 mice recorded in a siméar anesthesia range. Right: Quantification of normalized heart-
rates during the 20 s laser stmulation for 5, 10 or 20 Hz. No significant differences could be detected (n = & mice /
group, one-way ANOVA, F(3,20) = 2.870, p = 0.0621, Bar and line graphs indicate mean + s.e.m. Box-whisker plots

display median. 25 to 75" percentdes, and min to max values, as well as individual values.
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Supplementary Figure 17
Supporting data for consummatory behaviors upon pIC projection-specific optogenetic manipulations.

Related to Figure 8. a, Optogenetic manipulation of neither the pIC-CeA (n « 9 ChR2, n « 5 NpHR, n = 8 eYFP mice)
nor the pIC-NACC (n = 7 ChR2, n = 10 NpHR, n = 10 eYFP mice) pathway impacts quinine aversion. Quinine aversion
was not altered upon activation or inhibition of neither the pIC-CeA pathway (left: one-way ANOVA, F (5, 38) = 0.4603,
p = 0.8032), nor the piC-NACC pathway (right: one-way ANOVA, F (5, 48) = 2,117, p = 0.0794). b, Expression of quinine
aversion during the entire trial in 5 min bins. Inhibition of the plC-NAcC pathway did not alter the course of quinine
avoidance in comparison to eYFP controls (n = 10 mice / group, mixed-model ANOVA, opsin effect: F (1, 18) = 0.1610,
p = 0.6930). ¢, Under naive conditions, neither NpHR-mediated inhibition of the pIC-CeA (n=7) nor the piC-NAcC
(n=10) pathway changes feeding behavior in 24-h food deprived animals compared 1o controls {controls were pooled:
eYFP:pIC-CeA, n=10, and eYFP:pIC-NACC, n=10; one-way ANOVA, F (2, 34) = 0.1531, p = 0.8586). Trial duration 20
min. d, Feeding bouts are significantly reduced in presence of TMT. Control feeding in absence of TMT (controls wio
TMT, n = 9) was significantly more frequent than in presence of TMT (controls +TMT, n = B), in eYFP expressing
controls as shown in Fig. 8q (eYFPpIC-CeA (+TMT), n = 9), or than in eYFP-expressing controls shown in Fig. Br
(eYFP:pIC-NACC (+TMT), n = 6). One-way ANOVA, F (3, 28) = 24.98, p < 0.0001; Bonferroni post-hoc analyses
comparing all TMT treated conditions 1o the no TMT control revealed significant differences (****p < 0.0001, **'p =
0.0005). e, Stimulation of the pIC->CeA pathway reduced the bout duration of social interactions (see Figure 8j). At the
same time, the total number of interactions was slightly, but not significantly increased (n « 9 ChR2 and n « 6 eYFP
mice, two-1ailed unpaired ftest, t = 1.325, df = 13, p = 0.2081). Bar and line graphs indicate mean + s.e.m. Box-whisker

plots display median, zsnmnhmmnﬁm.aMmhbmxnlm.umlquﬂm.
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5. THIRD MANUSCRIPT

From:

Dolensek, N., & Gogolla, N. (2020). Machine-learning approaches to classify and understand
emotion states in mice. Neuropsychopharmacology 2020 46:1.
https://www.nature.com/articles/s41386-020-00857-8

Reprinted with permission from Springer Nature.
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Machine-learning approaches to classify and understand

emotion states in mice
Nejc Dolensek @' and Nadine Gogolla®'

Neuropsychopharmacology (2021} 46:250-251; hitpsy//dolorg/10.1038/541386-020 008578

Emotions are one of the most intriguing products of brain
function, yet, we still lack a mechanistic understanding of how
emotions arise in the brain [1]. One of the major hindrances to
studying the neuronal mechanisms of emotion lies in the difficulty
to link observable behavior with internal states and ongoing
neural activity (1),

In a recent study, we employed machine-vision and -leaming
approaches to investigate facial expressions of emotions and their
neuronal correlates in mice (2L Our work bullt on prior evidence
that mice use their orofacial musculature to react to sensory
stimubmduuusmumorpdnm.!oasusshcblwusbns
objectively and to detect previously uncharacterized ch. we

processes and gain better definition of emotion states since they
can identify and describe previously uncharacterized emotion-
related changes at high temporal resolution. The use of such
quantitative assessments of affective states further opens new

doors to psychopharmacological research investigating how
substances affoct emotional states. Insights into the and
mechanisms of emotion processing are of uttermost importance
for the clinic, since many psychiatric disorders involve emotional
dysfunction.

While facial expressions constitute only one aspect of affective
states, the current surge of supervised and unsupervised machine-
learning approaches 3, 6] presents an unprecedented opportunity

rumdedmmdheu-ﬁudmkewmm
features from video frames using "histograms of orented
gradients” (HOG), a3 machine-vision technique that represents
the statistics of local image features. This allowed us to compare
facial expressions of mice reacting to emotion events quantita-
tively in an unsupervised manner using hierarchical clustering, We
next asked whether we could separate facial expressions exhibited
upon diverse emotionally salient events into distinct categories by
reducing the dimensionality of our data via principal component
analysis (PCA) followed by t-distributed stochastic neighbor
embedding (t-SNE). This approach separated fadial expressions
into discrete emotions.

Further, we were able to train a random forest classifier, a
supervised machine-leaming algorithm, to distinguish different
facial expressions across mice with >90% accuracy. We next
created “prototypical faces® which enabled us to resolve the
i ity of each at millisecond timescales and confirmed
that facial expressions corresponded to emotional states, rather
than reflex-like reactions. Indeed, exploiting the quantitative
nature of our machine-vision approach allowed us 1o demonstrate
that facial expressi led core properties of emotion such as
Intensity, persistence, flexibilky, and ‘valence [1]. Furthermore, the
same facial expressions that resulted from external sensory
triggers were also evoked by optogenetic manipulations in
emotion-relevant brain circuits. Finally, we aligned facial tracking
with neural activity recordings via two-photon caliium imaging
and identified single in the insular cortex whose activity
closely correlated with specific emotional facial expressions.

Our results establish a framework for quantitative and objective
assessments of distinct emotion features and categories in mice,
one of the most prevalent model organisms in neuroscience.
Machine-feaming approaches, as utifized in our study, hold
promise to unravel the newronal underpinnings of emotion

to create multidimensional models of affect through a combina-
tion of accurately tracked changes in animal posture, behavioral
pattemns and physiological changes along with large-scale neural
recordings. While the relationships between these distingt
parameters are complex, artificial intelligence approaches hold
promise for reducing this high dimensionality and thus overcome
current limitations in creating mechanistic hypotheses of how the
brain generates emotion,
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6. DISCUSSION

Each of the three respective manuscripts, which form the heart of this dissertation,
already contains a detailed discussion of its findings standing on its own. Therefore, | am going
to use this section to focus on the findings, to which | solely significantly contributed, attempt to

synthesize them, and discuss how they fit in the wider field of emotion research.

The main findings of my work presented in this thesis are as follows: first, mice exhibit
stereotyped facial expressions of emotion, which do not depend on, or simply reflect, responses
to physical stimuli, but rather echo internal emotion states. Second, these facial expressions of
emotion can be automatically and objectively detected and quantitatively measured using
machine vision approaches | developed, resulting in a moment-to-moment description. Third,
insular cortex, an understudied brain region known to be strongly involved in emotion
processing, encodes emotionally salient stimuli across modalities. Fourth, while some single
neurons in insular cortex displayed tightly stimulus-locked responses, much of the neural activity
in this region could not easily be explained by sensory stimulus presentation, because of its
duration, timing, and magnitude, indicating encoding of some other process. Fifth and last,
emotional state readouts as derived from facial expressions strongly correlate with activity of
single neurons in insular cortex, a brain region known to be strongly involved in emotion, and

uncovered distinct neural subpopulations associated with different emotions.

My work on facial expressions of emotion and their neural code introduces tools and
findings that make emotions tangible in mice and enables deep dissection of neural circuits
involved in emotion using advanced modern neuroscientific tools available to mouse
neuroscientists. In addition to that it further supports mice as a valid model organism for
studying emotion, with their emotional experience seemingly not unlike that of other mammals
or even humans, which has long been a point of heated contention. However, a traditional view
on facial expressions sees them as mainly having a social role. While recent work has shown that
rodents do experience social transfer of emotion to some degree (Ferretti & Papaleo, 2018), it

has long been known that mice rely on a plethora of olfactory and tactile cues to communicate,
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with facial expressions serving a yet unknown role. Nonetheless, many mammals, including

rodents, do interact using their faces (Brecht & Freiwald, 2012). Leaning on existing literature
and my findings, | propose a potential triple function of facial expressions of emotion, not only
in mice but also in other organisms known to exhibit them, like primates. The three functions |

hypothesize are the defensive, social and feedback roles.

Defensive role has already been proposed by Darwin (Darwin & Darwin, 2009) and to
some degree by Grill, Norgren and Berridge (Berridge & Kringelbach, 2013; Grill & Norgren,
1978a). In this role, facial musculature either exposes, to enhance sensory acquisition, or protects
sensory and vital organs when appetitive or aversive stimuli are presented. For example, a
mouse, but also a monkey, or a baby will retract its tongue and close its mouth immediately after
tasting a bitter substance, preventing further stimulation of taste buds, and blocking the entry of
the potentially dangerous substance. On another hand, tasting a sweet tastant will make an
animal extend its tongue and open its mouth, exposing itself to more of the substance. This might
indicate that facial expressions are rather specific to the modality of the stimulus and selectively
block or expose the sensory organs directly exposed to a specific stimulus. Crucially, | observed
that not to be the case. A painful electric shock delivered to a mouse’s tail, as far away from the
face as possible, caused a profound change in facial expression, with eyes closing and ears being
pressed to the body even though they received no sensory stimulation of any kind. I observed
that all aversive stimuli resulted in facial expressions protecting most sensory organs of the face,
regardless of the modality or location of the stimulation. On another hand appetitive stimuli
caused facial expressions exposing these same sensory organs across the board. A study
(Susskind et al., 2008) performed on humans reported a related finding, where exhibiting facial
expressions of fear or disgust had an effect on the nasal volume and the amount of air inhaled,
with both increasing with a fearful expression (leading to enhanced sensory acquisition in a
potentially dangerous situation) and decreasing with a disgusted expression (leading to reduced
sensory acquisition when in contact with a potentially noxious substance). This might indicate
that facial expressions serve a sort of a heuristic adaptive and protective role, where a stimulus is
almost immediately assigned to be associated with one of a handful of “broader” basic emotions,

triggering a set of less-than-specific orofacial musculature contractions.
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The second role of facial expressions might be the social role. Facial expressions in
humans are known to serve an important role in social interaction, by providing a readout of
one’s emotional state to people nearby. Ability to perceive otherwise hidden internal state of
actors in your surroundings is certainly an evolutionary beneficial trait and has been broadly
observed. Animals, including rodents, were shown to be able to use visual information to detect
emotion in conspecifics and even other species (Albuquerque et al., 2016; Bartal et al., 2011;
Ferretti & Papaleo, 2018; Mason, 2021). However, it has yet to be shown whether mice can
perceive emotional expressions of one another. An interesting initial approach could be to

measure whether mice observe facial features of other mice using eye tracking.

The third and final role of facial expressions of emotion might be the feedback role.
Bodily expressions of emotion have long been proposed to be significant components of
emotion, with James-Lange theory of emotion and Facial Feedback Hypothesis even postulating
a central role (Zych & Gogolla, 2021). Many studies support this position at least to some
degree, with a series of studies showing that facial Botox injections (Vianna et al., 2006), which
impair the movement of facial muscles, result in a diminished emotional experience and a
reduction in activation of brain regions like amygdala (Kim et al., 2014) after emotional stimulus
presentation. A recent literature metanalysis (Coles et al., 2019) reported that effects of facial
feedback in humans are significant, but small. Studies in rodents have shown that especially
breathing and freezing have a strong effect on emotion (Bagur et al., 2018). Curiously, orofacial
movements in resting mice were found to have a significant influence on neural activity in

visual cortex (Stringer et al., 2019), indicating a perhaps global feedback effect.

Importantly, it is possible and probable that facial expressions don’t serve a singular role
but multiple simultaneously. More research work, systematically testing each of the roles
described above is necessary to gain a more complete picture. An especially interesting approach
to answering these questions would be to compare neural mechanisms for facial expressions to
those known to drive other better studied emotional behaviors, for example freezing, escapes,
approaches, and avoidance. Facial expressions might be revealing otherwise hidden (as in not
considered to be directly resulting in outwardly observable behavior) cognitive neural processes,

which could be separate in function and neural implementation from the neural circuitry driving
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classical emotional behaviors. Emotions could be a form of intermediate neural representations,
created in the brain on the path from sensory perception to action, serving mainly to rapidly
modulate both the upstream and the downstream processing, both via direct neural connections,
but also indirectly, by for example exerting influence on the orofacial musculature, where many
sensory organs are located. Insular cortex is an interesting candidate for a such function,
considering its strong bidirectional connectivity with sensory input regions like the thalamus and
brain regions known to drive emotional behaviors like the amygdalar and brain-stem nuclei.
Furthermore, studies (Gehrlach et al., 2019; Livneh et al., 2017) have shown that insula, while
having a profound effect on a wide range of emotional behaviors, likely mainly serves a gating
or biasing role for its downstream regions, which are actually necessary and sufficient to produce
behavior. On another hand, insula is possibly necessary for production of facial expressions of
emotion (Langford et al., 2010; Shepherd & Freiwald, 2018) and their perception (Lin et al.,
2016; Phillips et al., 1997; Terasawa et al., 2015), likely via a form of mirror neurons. Same
circuitry implementing emotional processes themselves, their behavioral indicators in the form of
facial expressions and also their perception fits models long discussed by empathy researchers
(lacoboni & Lenzi, 2002) and elegantly fits existing data, including my findings.

My analysis of facial expressions suggested they are discrete, and only continuous
intensity-wise for each single emotion. This was further supported by the finding of non-
overlapping “face” neurons in insular cortex, activity of which correlated with only a single
facial expression. This is an especially interesting finding, since it relates to one of the oldest
questions in the science of emotion — do emotions exist on a spectrum or are they discrete
categories? However, neural activity of only two emotions was tested in the first manuscript. A
future study would require the use of a battery of stimuli used in the calcium imaging
experiments in the second manuscript, which resulted in strong insular cortex responses, find
“face” neurons for each emotion, and confirm that the “face” neurons across all emotions are still
non-overlapping. Likewise, the discreteness of facial expressions might be related to the analysis
approach used. Principal component embedding indicated that all facial expressions can be
represented on two to three common axes with only some loss of information and thus more
unsupervised analysis approaches might be needed to answer this question. Therefore, evidence

is still inconclusive whether emotions are discrete or continuous.
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Finally, I would like to discuss how my work fits into the broader field of emotion
research and cover some potential pitfalls. Facial expressions are interesting in their own right
but it is important to note that it would be a mistake to deduce that emotional experience can be
completely reduced to expression. While expression might reflect and even significantly affect
neural states related to emotion it likely only reveals a platonic shadow of complex changes in
activity distributed across large parts of the nervous system. Even behavior-wise it is not likely
that facial expressions stand alone, even though they do offer some unique advantages over the
more established behavioral readouts of emotion states. For example, optogenetic perturbations
that elicited facial expressions in manuscript 1 also elicited many other more commonly studied
behaviors, for example avoidance and approach behaviors and changes in pupil size, as covered
in manuscript 2. Furthermore, in a classic study, Grill and Norgren (1978) demonstrated that
even chronically decerebrate rats exhibit some orofacial movements and motor behaviors like
rearing in response delivery of different tastants, indicating that while emotional behaviors can
be driven by activity in high-level brain regions associated with subjective emotional experiences
like insula, these behaviors are not necessarily specific to activity in those regions. In addition to
that, any behavioral measurement is unavoidably at least a step removed from any neural activity
driving it as it relies on observing results of muscular contractions which do not necessarily have
the same dynamics as the neural systems driving them. Instead of suggesting that emotion can be
completely reduced to its behavioral correlates, | believe that these instead offer excellent entry
points to a rigorous study of the neural circuitry in which emotion is actually manifested. The
fact that both the expressions themselves and the related emotional activity in insular cortex
recorded reflected many proposed qualities of emotion (Anderson & Adolphs, 2014) is a

confirmation of this belief.

Taken together, research presented in this thesis presents a significant step forward in the
study of emotions by enabling the use of a rodent model, with all accompanying tools, to
research the neuronal basis of emotion, function of insular cortex and the role of facial

expressions.
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