1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuron. Author manuscript; available in PMC 2022 November 17.

-, HHS Public Access
«

Published in final edited form as:

Neuron. 2021 November 17; 109(22): 3576—3593. doi:10.1016/j.neuron.2021.08.036.

Cellular activity in insular cortex across seconds to hours:
sensations and predictions of bodily states

Yoav Livnehl”, Mark L. Andermann2*
1Department of Neurobiology, Weizmann Institute of Science, Rehovot, Israel 76100.

2Division of Endocrinology, Diabetes and Metabolism, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA, 02215

Abstract

Our wellness relies on continuous interactions between our brain and body: different organs relay
their current state to the brain and are regulated, in turn, by descending visceromotor commands
from our brain and by actions such as eating, drinking, thermotaxis, and predator escape. Human
neuroimaging and theoretical studies suggest a key role for predictive processing in insular cortex
in guiding these efforts to maintain bodily homeostasis. Here, we review recent studies recording
and manipulating cellular activity in rodent insular cortex at timescales from seconds to hours.

We argue that consideration of these findings in the context of predictive processing of future
bodily states may reconcile several apparent discrepancies and offer a unifying, heuristic model for
guiding future work.

Abstract

Livneh and Andermann review recent studies of cellular activity in insular cortex at timescales
from seconds to hours. They discuss these findings in the context of predictive processing of future
bodily states to provide a model for guiding future work.
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Opening remarks

There is something for almost every neuroscientist in the insular cortex. Whether you are
fascinated by decision-making, emotions, social interactions, sensory processing, bodily
physiology, or have a more translational focus on addiction, chronic pain, anxiety, obesity,
eating disorders or autism spectrum disorders, the insular cortex (InsCtx; also called
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‘insula’) has probably come up on your radar. InsCtx is likely to play a prominent role in all
these processes and many others. But how does one part of the cerebral cortex contribute to
so many diverse processes? Does it have one underlying computation and function, or is it
merely a hub connecting many distributed functional networks?

In this review, we present our perspective on InsCtx function. This review is not meant to
be a comprehensive survey of the state of the InsCtx literature, as several excellent and
thorough reviews of InsCtx exist (Craig, 2003a; Gogolla, 2017; Naqvi et al., 2014; Uddin,
2015). Rather, we will present a synthesis of older and newer work that together forms

a conceptual working model of InsCtx function, in an attempt to synthesize diverse and
seemingly disparate parts of the InsCtx literature, as well as to motivate future experiments
and research directions. This working model is based on a combination of recent work from
our lab and others using animal models, together with theoretical and cognitive neuroscience
studies in humans. We start with an overview of the sensory function of InsCtx, which we
view as important for interpretation of its activity in diverse contexts (Section 1). We then
describe InsCtx activity on short and longer time-scales, and how it relates to the sensory
function of InsCtx (Sections 2-3). Finally, we present a conceptual model linking activity
patterns in InsCtx on short and long time-scales (Section 4).

InsCtx as a sensory cortex

1.1 Visceral and gustatory

Pioneering experiments stimulating the proximal end of the cut cervical vagus nerve,
combined with electrophysiological local field potential recordings, revealed that InsCtx in
monkeys, cats, and rats receives vagal afferent input (Bailey and Bremer, 1938; Ogawa et al.,
1990; Saper, 2002; Yamamoto et al., 1980). This led to its designation as the vagal receptive
cortex, or the primary visceral cortex. The seminal studies by Penfield and colleagues,
using electrical stimulation to map the cortex of awake human neurosurgical patients,
further confirmed the importance of InsCtx for conscious visceral sensations (Penfield

and Faulk, 1955). These experiments revealed that electrical stimulation of different parts
of InsCtx produces different sensations and autonomic changes (Fig. 1A). These include
taste, oropharyngeal, esophageal, and gastrointestinal sensations, as well as changes in
blood pressure, heart rate, and respiration. Later studies extensively replicated these results
(Mazzola et al., 2017a; Mazzola et al., 2017b; Oppenheimer et al., 1992; Ostrowsky et al.,
2002; Pugnaghi et al., 2011).

Subsequent anatomical work in animal models provided further support for InsCtx’s

role as the primary gustatory and visceral sensory cortex. InsCtx encompasses three
cytoarchitectonic subdivisions, distinguished by the presence, absence, or diffuse nature

of cortical layer 4 (granular, agranular, or dysgranular cortex, respectively; Fig. 1B). The
mid-posterior portions of granular and dysgranular InsCtx were found to be the main
cortical sites that receive direct sensory input from the gustatory and visceral thalamic
sensory nuclei — ventroposterior medial parvicellular nucleus (VPMpc) and ventroposterior
lateral parvicellular nucleus (VPLpc; (Allen et al., 1991; Cechetto and Saper, 1987; Norgren
and Wolf, 1975; Pritchard et al., 1986)). The more anterior parts of InsCtx have been
suggested to function as a higher-order association sensory cortex, based on brain-wide
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and intra-InsCtx connectivity patterns ((Barrett and Simmons, 2015; Evrard, 2019; Mufson
and Mesulam, 1982; Saper, 1982); Fig. 1C-D). Notably, the most anterior part of InsCtx
transitions into the orbitofrontal cortex, and the distinction between these two regions
remains somewhat ill-defined. Based on newer human functional imaging results, the view
of anterior InsCtx as an association cortex has been recently refined to posit that it computes
sensory predictions, while mid-posterior InsCtx integrates these predictions with incoming
visceral and gustatory inputs to compute prediction errors ((Barrett and Simmons, 2015); see
below).

The functional topography of insular cortex remains poorly understood. However, similar
to other primary sensory cortical areas that demonstrate topographic organization of
representations of the sensory epithelium (e.g., somatotopy, retinotopy, tonotopy), InsCtx
is thought to be organized topographically. Specifically, sensory inputs from the tongue
(tactile and chemosensory), esophagus, gastrointestinal tract, lungs, and cardiovascular
system appear to be coarsely organized from anterior to posterior in InsCtx, albeit with
substantial overlap between these representations in rodents (Aleksandrov et al., 1996;
Bagaev and Aleksandrov, 2006; Cechetto and Saper, 1987; Hanamori et al., 1998), and
potentially in humans (Avery et al., 2017). The observed overlap between visceral and
gustatory representations in InsCtx suggests that there is no clear anatomical separation
between the primary visceral and gustatory cortical regions in InsCtx.

Similar anterior-posterior organization has been suggested for representations of distinct
gustatory features in InsCtx (Accolla et al., 2007; Chen et al., 2011), but this is still a matter
of ongoing debate (Chen et al., 2021; Fletcher et al., 2017; Lavi et al., 2018; Levitan et al.,
2019). High-resolution human neuroimaging studies have failed to find such topographic
organization (Avery et al., 2020; Canna et al., 2019; Chikazoe et al., 2019). Moreover,
results from InsCtx manipulation experiments in rodents across the anterior/posterior axis
have suggested that this topographical organization should not be described in gustatory
terms, but rather in terms of positive/negative valence or appetitive/aversive sensations
(Gehrlach et al., 2019; Peng et al., 2015; Wang et al., 2018). These results are consistent
with the view that InsCtx may be part of a larger brain system for determining valence (Tye,
2018).

We propose that at least some of this observed gustatory and valence topography may be
explained by viscerosensory and visceromotor topography. More specifically, by the distinct
autonomic and visceral changes anticipated from, or induced by, sensation of specific
tastants. For example, the oral and post-oral effects of sweet vs. bitter substances may have
distinct effects on anticipatory visceromotor functions such as gastric motility (bitter foods
may be rejected after initial tasting, thereby precluding ‘cephalic phase’ gastrointestinal
actions in preparation for digestion; e.g. (Avau et al., 2015; Eguchi et al., 2016; Harada et
al., 2019; Waluga et al., 2018; Wicks et al., 2005); see Fig. 2E and related discussion below).
Appetitive vs. aversive tastants also differentially modulate many other bodily processes
including esophageal muscle contraction (Leow et al., 2007), heart rate and heart rate
variability (Muroni et al., 2011), each of which can, in turn, influence distinct sets of InsCtx
neurons. Furthermore, the aforementioned positive/negative valence effects observed upon
manipulations of anterior/posterior InsCtx (Gehrlach et al., 2019; Peng et al., 2015; Wang
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et al., 2018), respectively, may result from the different visceral sensations that these InsCtx
stimulations mimicked, and/or the visceral changes they caused. For example, electrical
stimulation of InsCtx in animal models and humans can cause either a decrease or an
increase in blood pressure and heart rate, depending on whether the stimulation is targeted
to mid-anterior or posterior InsCtx, respectively (Chouchou et al., 2019; Yasui et al., 1991).
The well-established activation of posterior InsCtx in pain perception (Craig, 2003c) could
be partially explained by the associated autonomic and visceral changes induced by painful
stimuli (Sharvit et al., 2019).

Consistent with a role in representing visceral sensory stimuli, InsCtx activity on longer
time-scales in humans and animal models has been shown to reflect bodily states such

as hunger, thirst, and satiety (de Araujo et al., 2006; Egan et al., 2003; Gehrlach et al.,
2019; Livneh et al., 2020; Meier et al., 2018; Tataranni et al., 1999). Gradual rehydration
has been used in animal models and in humans to dissociate the physiological aspects

of thirst from the motivational or subjective experience of thirst (Livneh et al., 2020;

Meier et al., 2018). The dissociation between objective dehydration and the subjective
sensation of thirst is possibly due to the fact that anticipatory signals of quenching (e.g., the
presence of water in the mouth) reduce sensations of thirst long before the physiological
state is restored by fluid absorption (Stricker and Hoffmann, 2007). We and others have
found that mid-posterior InsCtx is a rare example of a cortical site whose activity tracks
bodily physiology (in this case, degree of hydration), and not subjective sensations or
motivation (i.e., “subjective water satiety”; (Livneh et al., 2020; Meier et al., 2018)). These
representations of physiological states in InsCtx likely reflect multiple visceral, autonomic,
as well as hormonal inputs that are differentially active across hunger, thirst, and satiety
states (e.g., stomach stretch, blood pressure, and hormones such as cholecystokinin and
angiotensin I1). Nevertheless, it remains unclear how these patterns of cortical activity relate
to peripheral sensory inputs — do they reflect integrated, highly processed sensory signals
(integrated upstream of InsCtx), or a mixture of many ‘labeled lines’ of specific visceral
sensory signals? Future studies relating InsCtx cellular activity to specific visceral changes
could answer these questions.

In addition to the function of InsCtx as the primary gustatory and visceral sensory cortex, it
also receives input from other sensory cortical areas, including the auditory, somatosensory,
and olfactory cortices (Fig. 1C-E; (Augustine, 1996; Gehrlach et al., 2020)). Accordingly,
many studies in humans and animal models have found responses to multi-modal sensory
stimuli in InsCtx (de Araujo and Simon, 2009; Gogolla et al., 2014; Rodgers et al., 2008;
Rolls, 2016; Small, 2012; Vincis and Fontanini, 2016). Based on these and many other
observations, InsCtx has been suggested to be a central node in the “salience network”,
identifying the most homeostatically relevant among multiple competing internal and
external stimuli ((Uddin, 2015), see below). Such multi-sensory integration in InsCtx is also
thought to play a central role in social behaviors (Rogers-Carter and Christianson, 2019),
consistent with a role for InsCtx in representing bodily and visceral changes associated with
territoriality, aggression, courtship, food-sharing, and other social behaviors.
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1.2 Comparison with other sensory cortices

InsCtx microcircuit cortical connectivity (i.e., between layers and different neuronal
subtypes) has not been studied as extensively as in other sensory cortices (Harris and
Shepherd, 2015; Maffei et al., 2012). Furthermore, InsCtx local microcircuit connectivity

is likely to vary across InsCtx cytoarchitectonic subdivisions (granular, agranular, and
dysgranular), which also differ in their brain-wide connectivity (Evrard, 2019). Future work
in genetically accessible animal models will enable the use of more precise molecular tools
to target specific cell-types in each subdivision, thereby revealing how different patterns of
connectivity give rise to distinct functions.

While InsCtx adheres to some of the hallmarks of sensory cortex connectivity, such as
reciprocal connectivity with sensory thalamic nuclei (Allen et al., 1991; Holtz et al., 2015),
its connectivity patterns also differ in interesting ways (Fig. 1D-E). For example, the
cortico-striatal projections of InsCtx are mainly to the central amygdala (CeA, a striatal-like
structure) and nucleus accumbens (NAc, in the ventral striatum) (Gehrlach et al., 2020;
Schiff et al., 2018; Stern et al., 2021). Because CeA and NAc are key to consummatory
and other motivated behaviors (reviewed, e.g., in (Fadok et al., 2018; Floresco, 2015)), this
further emphasizes InsCtx’s role in directly regulating such behaviors. Additionally, InsCtx
has strong reciprocal connectivity with the basolateral amygdala (BLA, a non-laminated
cortical-like structure), a connection which we and others have shown to be important for
regulating consummatory and other motivated behaviors (Kayyal et al., 2019; Lavi et al.,
2018; Livneh et al., 2017; Livneh et al., 2020; Piette et al., 2012; Samuelsen et al., 2012;
Schiff et al., 2018; Wang et al., 2018).

In summary, despite some unique properties of InsCtx, we suggest that considering it

as a classical cortical module processing specific sensory information (i.e., gustatory and
visceral) will be critical for understanding its function, and how local computations within
InsCtx contribute to this function. Analyses of interoceptive processing in InsCtx should
build on our current knowledge of feedforward and feedback processing in other better-
understood exteroceptive sensory cortices, in combination with the currently more advanced
understanding of gustatory (as opposed to visceral) sensory processing. Accordingly,

we suggest that answering the following questions will be important for bettering our
understanding of InsCtx function: Which interoceptive sensory inputs reach InsCtx, and
into which layers? How is sensory information processed in the local cortical microcircuit
(e.g., by distinct populations of interneurons in different layers)? How do long-range inputs
into InsCtx interact with sensory processing and in which layers? How do different cortico-
cortical, cortico-thalamic, cortico-striatal, and cortico-brainstem outputs of InsCtx mediate
its function?

2. InsCtx activity on short and long time-scales

InsCtx neuronal activity has been shown to change in meaningful ways that reflect both
salient changes in the external environment, as well as changes in the internal environment
of the body. These changes occur on various time-scales, ranging from milliseconds to
minutes and even hours. Below, we consider two broad categories that span this wide
range of time-scales — short time-scales ranging from milliseconds to seconds, and long
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time-scales ranging from minutes to hours. The rationale for these two broad categories

is that the short time-scale category encompasses fast changes in the external and internal
environments (potentially reflecting predictions of bodily changes across longer time-scales,
see below), while the longer time-scale category captures distinct internal processes such as
changes in physiological bodily state (e.g., satiation), changes in motivation and arousal, and
changes related to circadian rhythmicity.

2.1 Short time-scales

Consistent with a role in sensing of bodily changes, InsCtx neurons in animal models
display short time-scale responses (~seconds; Fig. 2A-B). These include responses to
gustatory and interoceptive sensory stimuli such as intra-oral tastants and intra-gastric
pressure (Cechetto and Saper, 1987; Katz et al., 2001), as well as to learned cues that
predict these stimuli (Gardner and Fontanini, 2014; Livneh et al., 2017; Samuelsen et

al., 2012). Responses to tastants convey multiple types of information including tactile
and chemosensory signals, as well as temperature and palatability (de Araujo and Simon,
2009; Jones et al., 2006; Kadohisa et al., 2005), which together comprise the multi-modal
experience of flavor (Small, 2012). Additionally, consistent with its multi-modal saliency-
related function, InsCtx neurons display short time-scale responses to other external
sensory modalities including visual, auditory, and somatosensory, as well as licking-related
and orofacial movement-related activity (de Araujo et al., 2006; Kadohisa et al., 2005;
Livneh et al., 2017; Rodgers et al., 2008; Stapleton et al., 2006; Vincis and Fontanini,
2016; Yamamoto et al., 1988). Importantly, similar results have been observed in humans
(reviewed, for example, in (de Araujo and Simon, 2009).

At the population level, InsCtx activity on short time-scales displays transitions in
population activity patterns on the order of hundreds of milliseconds (Jones et al., 2007).
These transitions likely result from recurrent local InsCtx connectivity (Mazzucato et

al., 2019). Interestingly, tastants and learned distal sensory cues drive state transitions in
population activity between different attractor states (Jones et al., 2007; Mazzucato et al.,
2019; Sadacca et al., 2016). Such state transitions are necessary for behaviors such as gaping
in response to an aversive tastant (Mukherjee et al., 2019).

2.2 Long time-scales

Longer times-scale changes in InsCtx activity that are not directly linked to immediate
motor actions (herein termed ‘ongoing activity’) have been shown in our studies and others
to represent slow changes in the physiological state of the body (Fig. 2C-D; (de Araujo
etal., 2006; Egan et al., 2003; Gehrlach et al., 2019; Livneh et al., 2020; Meier et al.,

2018; Tataranni et al., 1999)). Additionally, longer time-scale changes in ongoing InsCtx
activity have been associated with specific positive and negative emotional states (Fig. 2D;
(Dolensek et al., 2020; Gehrlach et al., 2019)), though it remains unclear whether the InsCtx
activity patterns explicitly reflect valence or whether they reflect sensory representations
that then acquire valence via recruitment of downstream amygdalar and striatal circuits
(Klawonn et al., 2018; Wang et al., 2018). Accordingly, InsCtx inhibition experiments have
also pointed to an important role for InsCtx ongoing activity on longer time-scales in
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feeding, anxiety, and drug addiction (Contreras et al., 2007; Gehrlach et al., 2019; Stern et
al., 2020; Wu et al., 2020).

Behavioral effects of InsCtx inhibition have often been interpreted in our studies and others
as a consequence of disruption of short time-scale responses in InsCtx (e.g., (Livneh et

al., 2017; Peng et al., 2015; Schiff et al., 2018)). Importantly, however, the methods we
and others employed in these studies lack the temporal precision to determine whether the
observed behavioral effects were due to effects on short and/or long time-scale activity.

In contrast, other studies have elegantly demonstrated that temporally precise inhibition

of InCtx can yield different results when applied during different behavioral epochs
(Kusumoto-Yoshida et al., 2015; Mukherjee et al., 2019; Vincis et al., 2020). Thus, in

light of recent work demonstrating robust long time-scale activity (Gehrlach et al., 2019;
Livneh et al., 2020), we suggest that inferences on behavioral roles of InsCtx will greatly
benefit from experiments involving precisely timed silencing. More specifically, transient
optogenetic perturbations should reveal whether the aforementioned behavioral effects of
sustained disruption of InsCtx are due to perturbations of short and/or long time-scale
activity. However, even transient inhibition of InsCtx activity could alter ongoing activity
patterns after inhibition has ended. Thus, combined optogenetic perturbations and cellular-
level recordings of neural activity /n vivowill be crucial for proper interpretation.

2.3 Relating InsCtx activity across short and long time-scales

One of the most consistent findings regarding InsCtx is its importance for learning

and remembering to avoid a novel taste associated with visceral malaise. This is

modeled behaviorally using ‘conditioned taste aversion’ (CTA; reviewed in (Yiannakas

and Rosenblum, 2017), see also (Schier et al., 2014)). CTA has provided a useful model
system for investigating the molecular mechanisms of associative learning and memory
(Bermudez-Rattoni, 2004). From the perspective of short and long time-scales of InsCtx
activity, CTA presents an interesting challenge. Short time-scale InsCtx activity patterns

in response to the novel taste become associated with a delayed and prolonged change

in InsCtx activity, driven by subsequent induction of visceral malaise (Fig. 2D; (Aguilar-
Rivera et al., 2020; Gehrlach et al., 2019)), beginning as long as 30 minutes after the

taste experience. This taste-malaise association is then remembered for many weeks. This
learning process modifies the InsCtx response to the malaise-associated tastant such that it
becomes more similar to innately aversive tastants (Accolla and Carleton, 2008; Grossman
et al., 2008; Lavi et al., 2018). It remains unclear whether a pattern of persistent activity
exists in InsCtx that bridges the extremely long gap in time between the taste and the
subsequent malaise. However, several neuromodulatory systems potentially affect InsCtx
(e.0., Qu et al., 2020; Rogers-Carter et al., 2018)), and some have been directly implicated
in CTA learning (e.g., acetylcholine, norepinephrine, and dopamine, (Berman and Dudai,
2001); reviewed in (Yiannakas and Rosenblum, 2017)). Neuromodulatory systems may
bridge this long gap in time, as recently shown for delayed tone-shock conditioning (Guo et
al., 2019). Alternatively or in concert with neuromodulatory actions, offline reactivations of
cortical activity patterns associated with recent novel sensory experiences (e.g. (Sugden et
al., 2020)) may overlap with the activity patterns driven by subsequent induction of malaise,
thereby providing a substrate for plasticity between temporally disparate events.
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Associating short time-scale sensory stimuli with longer time-scale post-ingestive events
guides our everyday decisions regarding food consumption. CTA is but one extreme
example of this phenomenon. Specifically, our food choices are governed not only by
conscious perception of flavor, but also by unconscious associations between a flavor and
the post-ingestive consequences of consumption of associated nutrients (reviewed in (de
Araujo et al., 2020)). These consequences include gut-driven striatal dopamine release,
which reinforces future consumption of a certain flavor if it is associated with post-ingestive
absorption of calories in animal models and in humans (de Araujo et al., 2008; Thanarajah
et al., 2019). Furthermore, such associations are important for maintaining normal peripheral
metabolism (Dalenberg et al., 2020). The visceral neural underpinnings of post-ingestive
reward are beginning to be revealed (Han et al., 2016; Han et al., 2018; Kaelberer et al.,
2018; Tan et al., 2020). Importantly, InsCtx is necessary for using these visceral signals for
behavioral conditioning (Oliveira-Maia et al., 2012). As such, InsCtx is likely a central site
in which conscious flavor perception is associated with unconscious post-ingestive events,
whether good (e.g. calories) or bad (e.g. malaise), to guide future behavior ((Dalenberg et
al., 2020; de Araujo et al., 2020); see below). The precise neural mechanisms by which these
associations occur remain to be revealed.

2.4 Relating ongoing activity to ongoing behavior in InsCtx and throughout the brain

While Section 1 described the specific visceral and limbic inputs to InsCtx, this region

also receives dense connectivity from other cortical, neuromodulatory and subcortical inputs
(Fig. 1D). To investigate potential representations of ongoing physiological states in InsCtx
of behaving animals, it is important to first consider more global contributions to ongoing
cortical activity. Recent advances in large-scale, cellular-resolution recording technologies
(both imaging and electrophysiology) have led to the observation that coordinated changes
in ongoing neural activity are ubiquitous throughout the mammalian brain, including InsCtx.
These observations are in line with many previous investigations of “resting state” activity
using human neuroimaging (Northoff et al., 2010). However, these advances also highlight
long-standing challenges in the interpretation of neural activity in behaving animals. For
example, do changes in ongoing activity throughout the brain reflect physiological states,
emotional states, arousal, unobserved motor actions, and/or other unobserved ill-defined
‘internal states’? Recent studies have started to shed light on this issue by combining large-
scale extracellular electrophysiology recordings with concurrent measurements of other
behavioral and physiological parameters, such as orofacial movements, pupil diameter (as
a proxy for arousal), whisking, and locomotion. Ongoing activity throughout the brain was
found to be largely associated with spontaneous and goal-directed motor actions, which
may collectively reflect so-called “internal states” or “behavioral states” (Allen et al.,
2019; Grundemann et al., 2019; Musall et al., 2019; Salkoff et al., 2019; Stringer et al.,
2019). Importantly, cortical action-related activity throughout sensory cortex may not be
necessary for executing concurrent behaviors (Zatka-Haas et al., 2020), particularly when
the behaviors and associated contexts have become routine. This suggests that the function
of motor-related activity across the cortex and associated brain regions might be to create
sensory-motor associations, thereby contextualizing sensory information. These can then
guide future behavior based on generation of more accurate sensory-motor predictions and
prediction error signals (Keller and Mrsic-Flogel, 2018).
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Recently, we were able to dissociate InsCtx representations of slow changes in bodily
physiology from the aforementioned activity patterns related to motor actions, motivation,
and arousal. To achieve this goal, we combined neural and behavioral measurements with
manipulations of bodily physiology, as well as bidirectional manipulations of distinct
hypothalamic neurons that drive hunger or thirst. We found that InsCtx ongoing activity
contains faithful and specific representations of distinct bodily states associated with caloric
deficiency (hunger) or fluid deficiency (thirst). These representations were independent of
concurrent behavior or arousal levels (Livneh et al., 2020). We speculate that the function
of these representations may be to provide a specific interoceptive context in which a cue-
outcome association is learned (Euston et al., 2012). They may also be used for regulation
of bodily functions via descending projections to vagal motor neurons and other brainstem
targets (Shipley, 1982).

This discussion touches upon an important open issue regarding the neurobiological
investigation of interoception and emotions in animal models: how do we distinguish
between the neural underpinnings of such internal states and those of their autonomic and
motor correlates (see e.g., (Barrett et al., 2007; Salzman and Fusi, 2010))? As mentioned
above, InsCtx ongoing activity has been associated with anxiety and other emotion states
(see also recent related work on the BLA; (Grundemann et al., 2019; Lee et al., 2017)).

The visceral and multi-modal sensory nature of InsCtx, together with the aforementioned
motor-related brain-wide activity, raises an important issue regarding interpretations of
InsCtx activity patterns correlated with anxiety-like behaviors. Is it possible that such InsCtx
activity actually reflects concurrent changes in co-varying physiological parameters such as
heart rate, blood pressure, and motor actions such as orofacial changes and locomotion (Fig.
2E)? For example, heart rate varies with anxiety-like behavior in the elevated plus maze, a
well-established assay for anxiety in rodents (and potentially in humans; (Biedermann et al.,
2017; Okonogi et al., 2018). As such, does related activity in InsCtx represent an emotion
state, a sensory readout of changes in heart rate and other autonomic changes, or descending
regulation of autonomic tone? Can these two alternatives even be dissociated (Cannon,
1987)? Furthermore, autonomic sensory and descending motor information, conveyed via
the vagus nerve, may be necessary for expression of anxiety-like behaviors in rodents
(Klarer et al., 2014). The crux of the matter is that the nested set of brain-body sensorimotor
loops is not easily untangled. While these questions have yet to be answered, recent work,
based on a cross-species, neurobiologically-motivated conceptual framework (Anderson and
Adolphs, 2014) has made important progress in this direction (Dolensek et al., 2020). The
tools now exist to make substantial advances in overcoming this challenge and addressing
these questions by using large-scale neural recordings and manipulations in combination
with tracking and modeling of a much larger number of physiological and behavioral
parameters.

3. Circuit mechanisms for short and long time-scale activity in InsCtx

3.1 Mechanisms of short time-scale changes

Our understanding of the circuit mechanisms of InsCtx activity has significantly advanced
in recent years, especially that of short time-scale activity. As mentioned above, gustatory
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and visceral sensory responses arise from dedicated thalamic inputs (Saper, 2002). Recent
work has also revealed circuit mechanisms of InsCtx responses to learned salient external
cues (e.g., auditory or visual cues; Fig. 2F). Specifically, we and others used pharmacology
and pathway-specific chemogenetics, combined with electrophysiology and somatic and
axonal calcium imaging, to show that BLA is a central source of salient learned cue
responses for InsCtx (Livneh et al., 2017; Livneh et al., 2020; Samuelsen et al., 2012).
Further work demonstrated the dissociation between the sources driving InsCtx responses
to tastants vs. responses to learned taste-predicting cues. Specifically, InsCtx learned cue
responses arise from BLA inputs and are independent of gustatory thalamic inputs. In
contrast, InsCtx chemosensory taste responses are largely independent of BLA and arise
from gustatory thalamic inputs (Samuelsen et al., 2012, 2013). Notably, InsCtx palatability
encoding (occurring ~1 sec after chemosensory coding; (Katz et al., 2001)) is dependent on
BLA inputs (Piette et al., 2012). At the synaptic level, a subset of InsCtx neurons receive
direct/indirect input from both BLA and from gustatory thalamus (Stone et al., 2020).
Intriguingly, for the subset of InsCtx neurons that are responsive to both learned predictive
cues and their predicted tastants, both types of responses depend on intact BLA inputs
(Samuelsen et al., 2013). In these experiments, liquid tastants were voluntarily consumed by
thirsty animals. This suggests that the subset of BLA-dependent taste responses may actually
reflect reward encoding, rather than taste per se. This further supports the idea that multiple
types of information are represented by InsCtx neurons, including sensory cues and more
general information regarding saliency and valence.

The saliency of learned cues depends on the animal’s need state. For example, a food-
predicting cue is more salient during hunger, while a water-predicting cue is more salient
during thirst. We have recently used a combined imaging and circuit-mapping approach to
investigate the neural circuits that gate biased responses to salient cues in InsCtx (Livneh
etal., 2017; Livneh et al., 2020). We leveraged the recent discoveries of molecularly
distinct hypothalamic neurons that drive either hunger or thirst (reviewed in (Andermann
and Lowell, 2017; Augustine et al., 2020; Sternson and Eiselt, 2017)), and used them as
specific entry points for the investigation of the underlying neural circuits. We uncovered a
functionally relevant neural pathway from hypothalamic hunger and thirst neurons to InsCtx
via paraventricular thalamus (PVT) and BLA (Fig. 2F; (Livneh et al., 2017)). Interestingly,
individual PVT—BLA neurons in this pathway received convergent inputs from both hunger
neurons and thirst neurons (Livneh et al., 2020). PVT is also a site of convergence of

other hypothalamic populations that promote specific behaviors during distinct motivational
drives, such as temperature regulation, aggression and parental behavior (Hashikawa et

al., 2017; Kohl et al., 2018; Tan et al., 2016). Thus, the PVT may be a major hub that

routes and/or integrates information from multiple hypothalamic populations to modulate
processing of need-relevant predictive cues in InsCtx and other cortical areas (Fig. 2F). This
modulation may scale with the relative urgency of various need states (Sutton and Krashes,
2020).

3.2 Mechanisms of long time-scale changes: visceral-sensory

Much less is known regarding the circuit mechanisms underlying long time-scale activity
in InsCtx. Ongoing visceral sensory inputs from the thalamic sensory nuclei VPMpc
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and VPLpc may relay real-time changes in physiological parameters such as heart rate,
blood pressure, gastric nutrients, gastric stretch, and temperature (Fig. 2F; (Saper, 2002)).
However, the nature of the central sensory representation of these stimuli is currently largely
unknown. For example, do sensory responses adapt quickly and mostly report changes? If
so, what is the threshold for detecting such changes and does it vary, for example, based on
the current state of caloric and fluid balance? Furthermore, intrinsic local InsCtx circuitry
likely underlies some level of ongoing activity, and long-range inputs may thus shift the
activity between different attractor states (Mazzucato et al., 2019). The understanding of the
gustatory system, from the sensory periphery to InsCtx and beyond, has greatly advanced

in the last two decades (Jones et al., 2006; Simon et al., 2006; Vincis and Fontanini, 2019;
Yarmolinsky et al., 2009). A similar investigation of peripheral, brainstem, thalamic and
InsCtx visceral sensory properties would shed new light on the role of ongoing visceral
sensory inputs in driving ongoing activity in InsCtx, and would thus help answer the above
questions. Recent work has begun to make important progress in this direction (Bai et al.,
2019; Campos et al., 2016; Han et al., 2018; Kim et al., 2020; Tan et al., 2020; Williams et
al., 2016). It will be important to overcome two major challenges to make rapid mechanistic
progress. First, the study of slow time-scale activity in InsCtx will benefit from methods that
can track activity in many neurons across hours and days with greater precision, such as
long-term electrophysiological recordings from the same population of neurons (Okun et al.,
2016; Steinmetz et al., 2021). Second, recording of InsCtx activity concurrent with precise
tracking and manipulation of (i) activity in specific viscerosensory vagal and spinal afferent
neurons, and (ii) hormonal signals, will be important for linking slow-timescale changes in
the cortex and periphery.

Notably, additional mechanisms also likely regulate activity at slow timescales. For example,
as discussed above, arousal and motor actions affect neural activity throughout the brain,
including in InsCtx (Allen et al., 2019; Livneh et al., 2020; Musall et al., 2019; Salkoff et al.,
2019; Stringer et al., 2019). Brain-wide neuromodulatory systems, such as acetylcholine and
norepinephrine, underlie some of these affects in other sensory cortices (McCormick et al.,
2020). Similar mechanisms may act in InCtx to shape long time-scale activity.

3.3 Mechanisms of long time-scale changes: hypothalamus to cortex

Several genetically distinct populations of hypothalamic neurons that sense and drive
distinct need states have been identified. Two prominent examples are hypothalamic hunger-
promoting neurons expressing agouti-related peptide (AgRP neurons), and thirst-promoting
glutamatergic subfornical organ (SFO) neurons. These neurons are commonly referred to
as “hunger neurons” or “thirst neurons”, as they are thought to act both as sensors of
physiological imbalances and as actuators of relevant behavioral and physiological counter-
regulatory responses (Andermann and Lowell, 2017; Augustine et al., 2018b; Sternson

and Eiselt, 2017; Zimmerman and Knight, 2020). We and others have recently shown

that artificial activation of these neurons mimics the natural deficiency state not only
behaviorally, but also in the pattern of neural responses to need-relevant cues throughout
the brain, including in InsCtx (Allen et al., 2019; Livneh et al., 2017; Livneh et al.,

2020). Notably, hypothalamic neurons could potentially also modulate the feed-forward
flow of gustatory and visceral sensory information to InsCtx via direct projections to
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the paraventricular thalamus (Livneh et al., 2017; Livneh et al., 2020), to the hindbrain

(e.g., nucleus of the solitary tract and parabrachial nucleus), and to other hypothalamic
populations that modulate hindbrain activity (Fig. 2F; (Saper and Lowell, 2014)). Indeed,
recent work has shown that direct and indirect hypothalamic projections to the hindbrain

can regulate appetite, taste, visceral malaise, peripheral glucose homeostasis, and pain (e.g.,
(Alhadeff et al., 2018; Brandt et al., 2018; Campos et al., 2016; Cheng et al., 2020; Essner et
al., 2017; Fu et al., 2019; Garfield et al., 2015; Kim et al., 2020; Steculorum et al., 2016; Wu
etal., 2012)). As such, hypothalamic modulation of visceral sensory inputs to InsCtx could
potentially occur for both short and long time-scales of activity in InsCtx.

Despite the above examples of hypothalamic modulation of visceral processing in the
hindbrain, it appears that at least some aspects of the visceral sensory inputs to InsCtx

are not regulated by the hypothalamus. Specifically, we have recently discovered that
hypothalamic neurons that drive hunger or thirst bidirectionally control learned cue
responses, but not the ongoing activity representation of physiological need states (i.e.,
caloric or fluid deficiency), in InsCtx (Fig. 2C; (Livneh et al., 2020)). In contrast,
rehydration by peripheral injection of isotonic saline did modify ongoing activity in thirsty
mice (Livneh et al., 2020). Thus, hypothalamus may control the sensitivity of InsCtx
neurons to motivational signals but not to visceral signals of fluid and energy balance.
Future experiments could address these questions directly by combining InsCtx neural
recordings with carefully controlled visceral stimulation and manipulations of relevant
brainstem and hypothalamic populations. This would allow dissection of the different routes
for context-dependent flow of visceral sensory information to InsCtx.

3.4 Mechanisms of short time-scale changes: cortex to hypothalamus

One of the recent developments in hypothalamic and interoception research is the discovery
that hypothalamic neurons controlling various aspects of bodily physiology are not only
sensitive to physiological changes but also sensitive to feedforward anticipatory signals such
as cues predicting food or water availability (Allen et al., 2017; Augustine et al., 2018a;
Betley et al., 2015; Chen et al., 2015; Gizowski et al., 2016; Mandelblat-Cerf et al., 2017,
Mandelblat-Cerf et al., 2015; Zimmerman et al., 2016). This confirms earlier ideas inspired
by the theory of adaptive control systems (Carpenter, 2004; Somjen, 1992; Woods and
Ramsay, 2007), and suggests that forebrain control of motivated behaviors acts not only

in parallel with but also through the hypothalamus. Subsequent work has made progress

in revealing the different mechanisms of feed-forward regulation (Augustine et al., 2019;
Beutler et al., 2017; Garfield et al., 2016; Su et al., 2017). Nevertheless, the “top-down”
sources of these cognitively processed, learned responses have yet to be discovered. We
recently investigated the pattern of InsCtx population activity in response to feed forward
signals of food or water availability (i.e., food/water cues, and their immediate ingestion).
Intriguingly, we found that these patterns of activity (but not average levels of activity)
share some prominent features with the feedforward learned cue responses of hypothalamic
neurons, including their timing and sensitivity to current physiological state (Chen et al.,
2015; Livneh et al., 2017; Livneh et al., 2020). Therefore, we speculate that hypothalamic
feed-forward signals might originate, in part, from InsCtx and/or from the BLA, which

is also a key source of predictive cue inputs to InsCtx (Livneh et al., 2017; Livneh et
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al., 2020; Samuelsen et al., 2012). Such signals could reach the hypothalamus via inputs
from InsCtx and other cortical areas to targets such as the lateral hypothalamus (Wu et al.,
2020), which has a well-established role in the regulation of cue-driven motivated approach
behaviors including feeding (Petrovich, 2018; Stuber and Wise, 2016). Nevertheless, it is

as yet unclear how the state-dependent specificity of this top-down regulation is achieved
(e.g., selective effects of food cues vs. water cues on hypothalamic hunger vs. thirst circuits).
Future work combining precise cortical manipulations with recordings of hypothalamic
neurons could reveal the specific circuit mechanisms underlying distinct hypothalamic
feedforward signals.

4. Towards a unifying framework: short time-scale activity as a prediction
of long time-scale activity in InsCtx

The above sections have considered InsCtx activity across a range of paradigms and time-
scales, with a focus on recent cellular-level studies in animal models. We have argued

that InsCtx activity tracks slow changes in the current state of the body across long time-
scales, above and beyond arousal-related changes that affect all cortical areas. We have also
reviewed evidence that at least some short time-scale activity in InsCtx, such as responses
to learned, motivationally salient visual or auditory cues, is relayed by limbic inputs rather
than bottom-up viscerosensory sources. Can findings regarding these two time-scales be
incorporated into a unified heuristic model of InsCtx function? Below, we review recent
progress in this area, and consider how ideas from human cognitive neuroscience models of
predictive coding in InsCtx might provide a unifying framework for understanding various
and sometimes conflicting studies of rodent InsCtx.

4.1 Interoceptive predictions

In recent decades, theories and empirical evidence increasingly suggest that a key role of
cortex in sensory perception and motor behaviors is in building associations that are then
used to predict changes in the external world and in our musculoskeletal movements. An
early application of these theories involved perception of visual and other external sensory
stimuli (Barrett and Simmons, 2015; Friston, 2010; Keller and Mrsic-Flogel, 2018; Rao
and Ballard, 1999). It was argued that high-level cortical areas predict the current state of
the external sensory environment and relay predictions back to neurons in earlier sensory
cortical areas that may be involved in detailed filling-in of the percept of the sensory world.
If this prediction matches the external sensory input, then the resulting activity pattern
does not change. However, if a sensory stimulus unexpectedly appears or disappears, then
a prediction error signal is generated. In this way, only unexpected sensory signals are
then propagated forward to higher-order cortical areas to drive learning and updating of
predictions.

There have been compelling arguments for applying similar theories of predictive coding
to understanding the activity patterns in insular cortex and its role in interoception. Indeed,
predictions of action-driven changes in the future state of body organs may be particularly
valuable to the organism. This is because the delay between current actions (e.g. eating)
and visceral outcomes (e.g. arrival and digestion of nutrients) can be several minutes (much

Neuron. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Livneh and Andermann Page 14

longer than for most other sensorimotor loops). Further, interoceptive predictions about slow
changes in the body may sit atop a hierarchy of predictions regarding any given sensory state
(Kiebel et al., 2008), as most sensory predictions may ultimately serve to preserve current
and future bodily homeostasis and survival.

As reviewed above, descending projections from insular cortex neurons can have potent
effects on visceromotor functions involving control of smooth muscles and glands, such

as regulation of gastric motility, heart rate, breathing, and salivation (Aleksandrov et al.,
1996; Bagaev and Aleksandrov, 2006; Cechetto and Saper, 1987; Chouchou et al., 2019;
Maeda et al., 2014; Yasui et al., 1991). Several cognitive neuroscience groups have posited
that collaterals from neurons in agranular InsCtx generate interoceptive predictions and
send these to granular and dysgranular regions of InsCtx where they are compared to
ascending viscerosensory inputs from spinal, vagal, and possibly humoral pathways (for

an overview, see (Barrett and Simmons, 2015)). Such theories have garnered empirical
support, for example, from well-controlled neuroimaging studies of anticipated and actual
pain stimuli (Fazeli and Buchel, 2018; Geuter et al., 2017). Specifically, these studies reveal
that activity in more anterior agranular regions of human InsCtx more strongly reflects
anticipation of expected pain, whereas activity in posterior granular regions more strongly
reflects the actual intensity of painful stimuli. Notably, these studies provide evidence that
these predictions are modality-specific and involve expectation of pain per se, rather than

a general expectation of an aversive outcome. This further supports a role for InsCtx in
anticipation of specific bodily sensations, rather than general valence. Below, we discuss
how this consideration of InsCtx through the lens of predictive coding may help unify many
of the apparently conflicting observations from the cellular-level studies of insular cortex
reviewed above.

4.2 Anticipation of future physiological states in InsCtx

We recently linked long and short time-scale activity patterns in InsCtx using two-photon
calcium imaging in behaving mice. As discussed above, we found that InsCtx activity
patterns gradually changed across tens of minutes as food-restricted mice became sated
(Livneh et al., 2020). By tracking the same neurons across sessions, we observed a

largely similar hunger-related pattern of ongoing activity across multiple days, with similar
transitions to a satiety-related activity pattern across days (Livneh et al., 2020). Notably,
dehydration-related patterns of ongoing activity differed from those during food restriction,
and gradually transitioned to a quenched pattern following repeated ingestion of drops of
water. While these three slow time-scale patterns reflecting calorie restriction, dehydration,
and satiety were composed of activity of hundreds of neurons, the patterns could be
represented as three points in a two-dimensional space (Fig. 3A) with one axis reflecting
water deficit/surfeit, and the other axis reflecting calorie deficit/surfeit. Note that while these
axes are distinct, they are not necessarily orthogonal in reality, due to shared encoding of
interoceptive changes that are common across different deviations from homeostasis (e.g.
those reflecting increased arousal, blood pressure or heart rate).

This deliberately simplified representation of two axes representing states of hydration and
energy balance, respectively, provides a useful heuristic framework for reconsidering how
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fast cue response patterns may relate to slow changes in activity in InsCtx. Specifically, we
found that when a mouse detected a learned cue predicting water or food, and began to drink
a single drop of water or food, the InsCtx activity pattern transiently changedto the pattern
reflecting the state of satiety that was only experienced by the mouse tens of minutes later,
after repeated ingestion (Fig. 3B; (Livneh et al., 2020)). As discussed in greater detail below,
we suggest that this satiety-related pattern may reflect a kind of ‘set point’ reflecting the
state of the animal after completing all voluntary ingestion of available water and food. In
the sated and quenched state, we did not observe fast InsCtx responses to food or water cues
(Livneh et al., 2017; Livneh et al., 2020), consistent with many reports in human insular
cortex (Becker et al., 2015; Cornier et al., 2009; de Araujo et al., 2003; LaBar et al., 2001).
This lack of responsiveness is consistent with the idea that any shift in the InsCtx pattern
from that associated with the sated state would reflect a prediction of a deviation away from
homeostasis, and would thus not occur. In other words, once the ongoing InsCtx activity
pattern indicates that the body is at or near its set point, actions involving ingestion of food
or water and associated preparation of the body for ingestion are unlikely to be pursued.

We then considered what would happen if sated mice were compelled experimentally to
ingest water or food via stimulation of hypothalamic SFO glutamatergic neurons or AgRP
neurons, respectively (Fig. 3C-D). We had found that these hypothalamic manipulations
did restore water- and food-cue responses in InsCtx, but did not restore the slow time-scale
ongoing activity patterns to those observed during dehydration or food restriction. A unified
explanation for the above findings emerged when we considered them in the context of

this predictive coding framework: InsCtx coding of slow time-scale visceral sensory signals
is not restored by this hypothalamic stimulation, and thus the InsCtx ongoing activity
pattern should remain at the current interoceptive set point. However, because the mouse

is artificially compelled to ingest more water or food, this drives an InsCtx prediction

that renewed ingestive behaviors will push the state of the body from the current set

point to a new state reflecting a surplus of water (i.e. a hypervolemic/hypoosmatic state)

or of food (e.g. high stomach distension and glucose concentration, etc.; Fig. 3C-D).
Below, we consider previous studies in rodents in the context of this framework of InsCtx
representations of distributed interoceptive predictions.

The notion that multiple need states are represented by distinct patterns of activity

in insular and other cortical regions (e.g. orbitofrontal and cingulate cortex) has been
modeled in recent theoretical studies of ‘homeostatic reinforcement learning’ (Juechems
and Summerfield, 2019; Keramati and Gutkin, 2014), based on extensions of the classic
drive reduction theory of Hull (Hull, 1943). These studies posit that anticipated increases
in proximity of the state of the body to the homeostatic set point should drive decisions
and actions. In the two-axis plot in Fig. 3A, this theory predicts that anticipated decreases
in negative energy balance or in dehydration should guide decision-making and reinforce
actions that enable the seeking and consumption of food or water, as well as the preemptive
reduction of compensatory mechanisms of homeostasis such as gluconeogenesis by the
liver (Diaz-Munoz et al., 2000) or the restriction of water excretion from kidney to bladder
(Mandelblat-Cerf et al., 2017).
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This theory is readily extendable beyond hunger, thirst, and other ingestive drives to other
perturbations from homeostasis including deviations in respiratory rate and resistance, air
hunger, heart rate and blood pressure, body temperature, bladder volume, and visceral pain
(Fig. 3E). The increases in heart rate and blood pressure during states of anxiety or fear
may also be seen as perturbations from body homeostasis, albeit adaptive ones (Nadine
Gogolla’s lab, unpublished data, https://www.crowdcast.io/e/nadine-gogollas/1). If, as in
the case of calorie restriction vs. dehydration (Livneh et al., 2020), these other axes of
deviation from homeostasis are also represented by the relative firing rates of distributed but
partially intermingled neurons in InsCtx, this could facilitate decision making in situations
where actions have multiple consequences that push the body towards homeostasis along
some axes but potentially away from homeostasis along others. For example, a hungry yet
quenched individual that prepares to consume a cold, salty, high-calorie drink might predict
a decrease in caloric deficit but also departures from homeostasis in the form of a decrease
in body temperature and an increase in blood osmolarity.

This geometric model of InsCtx population activity allows one to empirically measure
different axes and then project InsCtx activity onto them. This then allows one to

describe quantitatively how population activity represents multiple physiological parameters
simultaneously. Equally important, it allows one to describe specific predictions along

these empirically defined axes. This is an important advantage of this model, as it allows

a concrete description of multi-dimensional population activity in relation to multiple
physiological parameters simultaneously. Of note, future work using such a framework
could also reveal whether these representations map onto InsCtx topography and/or
cytoarchitectonic subdivisions.

Another potential use of this multi-dimensional geometric representation is that it allows
testing of whether reinforcement signals in the brain, such as release of dopamine in
ventral striatum, will increase if there is a netincrease in the proximity of the state of

the body to the homeostatic set point, when considered across multiple axes of homeostatic
perturbation. Conversely, actions or experiences that involve unexpected departures from
homeostasis should actually drive aversion and a decrease in such reinforcement signals.
Chronic recordings should allow testing of these hypotheses, via mapping of these various
axes of homeostatic perturbation in the same InsCtx neurons across days, together with
concurrent monitoring of reinforcement signals. Several disynaptic pathways could link
neurons encoding predictions in InsCtx to reinforcement-related dopamine neurons in VTA
and SNc, including pathways via vVBNST (Girven et al., 2020), lateral hypothalamus (Wu
et al., 2020), central amygdala (Kim et al., 2018), orbitofrontal cortex (Namboodiri et al.,
2019), and parabrachial nucleus (Boughter et al., 2019).

The above theory suggests that downstream brain regions can extract either general or
need-specific reward values from InsCtx activity patterns. General value is extracted as the
overall reduction in net distance from the set point following a given course of action,
whereas need-specific values are extracted as the reductions in distance from the set point
along specific need-related axes (Fig. 3F). Specific values could be read out by different
subsets of hypothalamic neurons, such as those controlling fluid balance and energy balance,
which respond predominantly to the need-specific rewards (Allen et al., 2017; Augustine et
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al., 2018a; Betley et al., 2015; Chen et al., 2015; Gizowski et al., 2016; Mandelblat-Cerf
etal., 2017; Mandelblat-Cerf et al., 2015; Zimmerman et al., 2016). As mentioned above,
general value could be read out, for example, by VTA dopamine neurons that project to
ventral striatum.

Interoceptive predictions in InsCtx could be used for both model-free and model-based
reinforcement learning (Drummond and Niv, 2020). In situations involving high uncertainty
(a highly palatable food that in some contexts might also cause extreme malaise, e.g., if not
prepared from fresh ingredients), InsCtx might represent distinct interoceptive predictions
(e.g., gastric, cardiovascular, respiratory, etc.), which could then be used for fine-grained
model-based learning and decision-making. In situations involving less uncertainty (e.g.,

a candy bar that always generates the same taste and interoceptive outcome), InsCtx
interoceptive predictions could “merge” or “average” into a single integrated interoceptive
value that can guide model-free learning. This merging or averaging of expected
interoceptive outcomes into a single prediction could involve anterior agranular InsCtx,
which receives specific information from mid/posterior granular InsCtx. Alternatively, this
merging could involve downstream effector nuclei such as the CeA or NAc that might
receive convergent input from InsCtx neurons representing specific predictions.

A different yet related question is whether and when InsCtx interoceptive predictions reach
consciousness to form explicit conscious interoceptive predictions. Predictive processing
theories, applied to interoception (Barrett and Simmons, 2015; Owens et al., 2018), have
postulated that predictions themselves usually do not reach consciousness, unless they are
extremely precise and reliable, and that conscious interoceptive sensations usually arise
from strong prediction errorsignals (Quadt et al., 2018). While most InsCtx interoceptive
predictions are likely unconscious, we speculate that InsCtx does form explicit conscious
interoceptive predictions in certain circumstances. One example is interoceptive mental
imagery (Wilson-Mendenhall et al., 2019), which could be used for decision-making and
action selection (Nummenmaa et al., 2018). In the following sections, we consider how the
distributed nature of putative representations of predictions across InsCtx may help us better
understand previous neural recordings and stimulation experiments in rodent InsCtx.

4.2 Neuronal recordings in InsCtx through the lens of predictive coding of interoceptive

States

As discussed above, previous studies have shown that InsCtx responses to initially

pleasant tastes become more similar to responses to aversive cues and outcomes following
conditioned taste aversion (CTA; (Accolla and Carleton, 2008; Grossman et al., 2008; Lavi
et al., 2018)). We hypothesize that this involves taste-evoked anticipatory activation of

the InsCtx activity patterns predicted to occur during actual states of sickness or malaise.
This likely involves changes in many organs (e.g. Gl tract, breathing, heart rate) and thus

is expected to be broadly distributed across millimeters of rodent InsCtx representing
various body organs, not just the subregion receiving gustatory thalamic input. Indeed, it
has long been recognized that tastes can act as distal cues (Woods, 2009) that predict
different changes throughout the body in preparation for ingestion of a given substance (e.g.
anticipatory changes in gut motility, blood glucose) or bodily changes related to anticipated
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removal of the tastant (e.g. salivation during gape responses, vomiting during sickness).
Thus, during learned food-seeking behaviors in awake animals, predictive circuits become
engaged such that different tastants should drive distinct yet highly distributed patterns of
activity throughout InsCtx. The distributed nature of neural response to various tastes across
diverse regions of insular cortex is consistent with observations from several groups (Chen
et al., 2021; Fletcher et al., 2017; Lavi et al., 2018; Levitan et al., 2019). In contrast, other
studies in anesthetized animals have suggested much more spatially segregated responses
to different tastants, predominantly in the gustatory thalamo-recipient regions of InsCtx
(Accolla et al., 2007; Chen et al., 2011). Thus, differences in the degree of distributed

vs. topographically restricted responses to tastes may reflect state-related differences in the
degree of subsequent anticipatory activation of representations of the upcoming state of
various organs.

4.3 Neuronal stimulation of InsCtx and reinforcement learning through the lens of
predictive coding of interoceptive states

Several recent studies have shown that bulk stimulation of broad regions of posterior InsCtx
is aversive (Gehrlach et al., 2019; Peng et al., 2015; Wang et al., 2018), while stimulation of
broad regions of anterior InsCtx appears to be rewarding (Dolensek et al., 2020; Gehrlach et
al., 2019) (Wang et al., 2018 ADD Gogolla REF). Below, we offer a possible interpretation
of these studies in the context of predictive coding. The anterior regions of InsCtx that

were stimulated contain not only portions of gustatory cortex with potential biases towards
representations of sweet tastants, but also representations of the Gl tract (see Section 1.1).
Thus, following the logic from the previous section (Section 4.2), voluntary tasting of a
sweet substance is typically followed by swallowing, and thus should also drive changes in
activity of Gl-tract representations in anterior InsCtx that reflect predicted changes in the
Gl tract (e.g. gut stretch and nutrient absorption). In contrast, tasting of a bitter substance

is typically followed by rejection, and thus should not drive predictions of major changes

in the state of the Gl tract. In rare cases, predictions of deviations of the state of the Gl

tract away from homeostasis may occur in this more anterior region of InsCtx (e.g. during
food poisoning or following CTA). However, standard home-cage housed mice experience
a lifetime of reliable daily associations between food ingestion (e.g. mouse chow) and
confirmation by interoceptive feedback signals that the ingested food was nutritive, restored
energy balance, and did not cause malaise. Thus, we speculate that in home-cage housed
mice, the dominant prediction in anterior gustatory and GI tract representations is one

in which food availability and consumption will ultimately drive an increase in calories,
thereby addressing current energy deficits. If bulk stimulation of anterior InsCtx activates
this common prediction of relief of energy deficit more than other predictions, it stands

to reason that this manipulation should be rewarding. This hypothesis may also apply to
stimulation of anterior InsCtx in a sated mouse, as sated mice will nevertheless consume
highly palatable sweet foods such as chocolate (Chen et al., 2015), thereby addressing not
only current but also anticipated energy deficits.

In contrast to bulk stimulation of anterior InsCtx, stimulation of specific subsets of neurons
in posterior InsCtx neurons — those encoding predicted departures away from homeostasis
— may drive aversive responses. Further, bulk stimulation of posterior InsCtx neurons in a
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sated mouse in the absence of imminent threats is aversive (Gehrlach et al., 2019; Wang et
al., 2018). The posterior regions of InsCtx that were stimulated contain not only portions of
gustatory cortex with potential biases towards representations of bitter tastants, but also
neurons sensitive to painful stimuli and perturbations in breathing and heart rate (see
Section 1.1). Thus, aversive reactions to stimulation of this region are consistent with the
framework of InsCtx predictions of future bodily states. Random deviations in the pattern of
InsCtx activity from the pattern associated with a current homeostatic state, along axes of
breathing, heart rate, and/or pain (cf. Fig. 3E-F), are all expected to be aversive. In contrast,
if an animal is already in an extremely aversive state, then certain random patterns of

bulk stimulation may indeed become appetitive (Nadine Gogolla, unpublished observations,
https://www.crowdcast.io/e/nadine-gogollas/1), as such patterns may represent states that are
more proximal to the homeostatic state.

Implications for disease research

Several excellent reviews discuss implications of predictive coding models and the role of
InsCtx in substance abuse and various psychiatric and neurological disorders (Barrett and
Simmons, 2015; Craig, 2003b; Critchley and Harrison, 2013; de Araujo et al., 2020; Khalsa
et al., 2018). As our own studies on predictions in InsCtx focused on energy balance and
hydration, we briefly consider how aberrant predictions may contribute to these processes

going awry.

A key cause of greater obesity in modern societies is the increase in energy intake (Swinburn
et al., 2009). One driver of this behavior is our obesogenic environment, which provides
affordable access to processed, high-calorie foods and beverages. Here, food-related sensory
cues may not allow accurate prediction of caloric outcomes (Block et al., 2013; Franckle

et al., 2016). Critically, the notion of a set point pattern of activity in InsCtx need not

reflect what the optimal state of the body should be, but rather what the #ypical state

of the body is after meal consumption is complete. It is worth considering this idea in

the context of the “active interoceptive inference” framework proposed by Friston and
colleagues. Here, the state of overconsumption in obese individuals would become the most
expected state, and thus the “goal state” (Pezzulo et al., 2018). Similarly, in eating disorders
such as anorexia nervosa, there might be a shift in the expected post-meal “set point” in

the opposite direction. Such shifts in set point may, in turn, drive overly strong or weak
motivation to consume food. In the context of active inference over previously experienced
interoceptive states, the “set point” representation in InsCtx may be more analogous to
anticipation of a homeostatic seft/ing point (Lowell et al., 2021). This is because settling
points passively reflect the steady state achieved after countering homeostatic deficits, but
will rarely reflect an optimal state in which all bodily threats are removed (Pezzulo et al.,
2018). Using cellular-level manipulations in insular cortex, it should be possible to test
whether modification of prediction-related activity can help normalize aberrant behaviors
across a range of animal models of compromised motivational drives.
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Figure 1: InsCtx as a Sensory Cortex — Function and Connectivity
A. lllustration of some of the different organs and systems that are thought to provide direct

or indirect sensory information to InsCtx (highlighted in red): mouth and tongue, stomach,
intestines, liver, pancreas, blood, kidneys, heart, and lungs. Note that several additional
relevant organs, such as the urinary bladder, esophagus, and genitals, are not shown.

B. Schematic side-view of the rodent brain, highlighting the different cytoarchitectural
subdivisions of InsCtx (purple), and their neighboring cortical regions. A: anterior, P:
posterior, D: dorsal, V: ventral.

C. Spatial organization of some of the prominent inputs to InsCtx. Purple and grey regions
receive or lack these inputs, respectively.

D. Summary of the brain-wide connectivity of posterior, mid, and anterior InsCtx. Note
increasing sensory cortical input and decreasing motor output from anterior to posterior
regions. Modified with permission from Gehrlach et al., 2020.
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E. Schematic view of the primate InsCtx and the general organization of its inputs. Based on
Evrard, 2019. Connectivity in human InsCtx is considered to be very similar.
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Figure 2: InsCtx Activity on Short and Long Time-Scales
A-B. Examples of InsCtx activity on short time-scales.

A. Single-trial responses of a single InsCtx neuron (spike rasters) to intra-oral infusion of
different tastants, and to an air-puff to the whisker region. Modified with permission from
Vincis et al., 2016.

B. Top: Single-trial responses of 3 different InsCtx neurons (CaZ* imaging of fluorescence
changes) to a visual food cue (gray bar at bottom), lick bout onsets (white ticks) and liquid
food reward (Ensure; pink ticks). Heatmaps sorted by lick bout onset. Bottom: average
response. Modified with permission from Livneh et al., 2017.

C-D. Examples of InsCtx activity on long time-scales.

C. Ongoing activity of a population of simultaneously imaged InsCtx neurons (calcium
imaging of fluorescence changes in a subset of inter-trial intervals, see Livneh et al., 2020
for details) during gradual quenching of thirst. After a quenched state was reached, the
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hypothalamic thirst system was stimulated to induce an artificial motivational drive. Note
that despite restoration of behavior (e.g., resumed water consumption), InsCtx ongoing
activity maintains a faithful representation of the true (isosmotic, euvolemic) hydration state.
Modified with permission from Livneh et al., 2020.

D. Calcium activity of a population of simultaneously imaged InsCtx neurons. Left. activity
after initial fear conditioning and then following extinction, potentially reflecting anxiety
levels. Right: activity before and after induction of visceral malaise by systemic injection of
LiCl. Modified with permission from Gehrlach et al., 2019.

E. Schematic model suggesting that the activity of InsCtx in different behavioral contexts
could be explained by its interoceptive sensory function. A salient stimulus (bitter taste,
appetitive/aversive predictive cue) first activates a small subset of InsCtx neurons. The
salient stimulus then induces autonomic changes (heart rate, anticipatory gastric motility,
etc.), which in turn activate a larger population of InsCtx neurons. From the experimenter’s
perspective, interpretation of InsCtx activity is challenging in the absence of concurrent
recording of other bodily signals.

F. Schematic model summarizing the pathways by which information from the body, as well
as salient information from the outside world, affect InsCtx activity. MnPO: median preoptic
area, POA: preoptic area, VMH: ventromedial hypothalamus.
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Figure 3: Short Time-Scale Activity as a Prediction of Long Time-Scale Activity in InsCtx
A. InsCtx population activity patterns are multi-dimensional. Within this multi-dimensional

activity space, activity can move along many different axes of deficit/surfeit (e.g. axes in
panel ‘E’, below). We first consider only 2 axes of activity in the multi-dimensional activity
space: caloric and fluid deficit.

B. Similar to “‘A’, but for short time-scale activity. During caloric or fluid deficit, cue-driven
consumption of a very small food/water reward (0.1-1% of the amount needed for satiety)
transiently drives activity patterns along the relevant deficit axis towards the sated state. This
potentially reflects a transient prediction of the future satiety state that will be reached in 1-2
hrs following repeated consumption of such rewards.

C. Experimental data supporting the model in ‘A’ and ‘B’. Modified with permission from
Livneh et al., 2020. Note that artificial activation of hypothalamic “hunger neurons” in sated
animals drives cue-driven consumption, but does not affect InsCtx ongoing activity. During
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AgRP activation, cue driven consumption drives activity patterns along the caloric deficit
axis beyondthe pattern associated with satiety. This potentially reflects a transient prediction
of the future state associated with over-consumption.

D. Similar to ‘B’, but now showing the results of activation of hypothalamic “hunger
neurons” and “thirst neurons” (which evoked no change in activity pattern on their own) and
of the dynamics of InsCtx activity patterns following food or water cue presentation (purple
trajectory; cf. panel C).

E. Schematic of InsCtx multi-dimensional population activity space, illustrated along three
axes for simplicity. Activity can move within this space along different axes, simultaneously
representing the broad range of visceral physiological states.

F. Example states caused by two physiological perturbations (gray circles) that each induced
varying levels of both caloric and fluid deficiency. A cue predicting the availability of both
food and water, and thus a return to the homeostatic ‘set point’, will have a general reward
value that is proportional to its net distance from the ‘set point’. Additionally, this cue will
have specific reward values along the two deficiency axes. Note that consumption of dry,
salty food might have negative general reward values in these example states, as it pushes
activity further away from the eucaloric/euhydrated state.
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