Interoception: probing internal state is inherent to perception and cognition
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In brief Interoception, i.e. the perception of the organism physiological state, jointly operates with perception and cognition, including when homeostatic balance is not particularly challenged. Studying interoception offers new leads to understand the link between internal state, neural activity and behavior.

Interoception refers to how the brain is informed on the internal state of the organism. The interoceptive regulatory loop is key to keeping the organism alive. It includes an ascending interoceptive branch as well as a descending reactive (i.e. homeostatic) or pro-active (i.e. allostatic) control. Interoception covers a large domain, from cardio-vascular parameters, gastro-intestinal tract activity, to metabolic state, with boundaries that remain discussed, and uses a variety of anatomical pathways. The aim of this NeuroView is to lay out arguments for why interoception should be fully integrated with perceptual and cognitive neuroscience, which focuses more often on how the brain detects and processes information from the external environment, rather than from the internal environment.

Of signal and noise: beyond imaging artefacts, interoceptive signals contribute to spontaneous neural variability and internal state fluctuations

Bodily activity is a nuisance to most experimenters in cognitive neuroscience. When the heart beats, when lungs expand, when the blood pulses in vessels, the whole body moves, the brain moves within the skull and locally tissues move with pulse. Such interoception-related movements have long been recognized as a source of noise when measuring neural signals, from electrophysiology to magnetic resonance imaging or two-photon imaging. An unfortunate consequence is that the true neural activity related to interoception is often discarded. For instance, in functional magnetic resonance imaging, signals locked to respiration are considered artefactual, although some are likely to reflect neural activity: invasive electrophysiology in both human and rodents consistently reveals a large network in which neural activity is coupled to the respiratory cycle. In electrophysiology, it is well known that the electrocardiogram, i.e. the electrical activity of the heart itself, is recorded by scalp EEG electrodes, generating the so-called cardiac field artefact. This has long hampered efforts to characterize the transient neural response elicited at each heartbeat, or heartbeat evoked response. This response is thought to result from the detection of cardiac contraction and blood pulse by mechanoreceptors in the heart wall, blood vessels or skin, relayed up to the neocortex.

Even when isolated from imaging noise, interoceptive neural activity is most often discarded as task irrelevant. There is now considerable evidence that behavioral and neural variables display a large variability not predicted by task parameters, and those variations are often referred to as fluctuations in "internal state" -i.e., spontaneously occurring changes, of mostly unknown origin. Neural activity related to interoception might be an important but under-appreciated source of such fluctuations. For instance, heart rate significantly accounts for firing rate fluctuations in one neuron out of three in medial temporal lobe regions [START_REF] Kim | Resting-state neural firing rate is linked to cardiac cycle duration in the human cingulate and parahippocampal cortices[END_REF] . Another example is the coupling of neural activity with the gastric rhythm, which accounts for up to 15% of signal variance in large cortical territories, including all exteroceptive sensory cortices 2 . The coupling between interoceptive signals and spontaneous brain activity might mediate at least part of the impact of vagus nerve stimulation 3 , a technique employed in a number of neurological and psychiatric disorders.

Interoceptive signals and reward: interrogating internal state is part and parcel of the valuation process

To perform a task in laboratory settings, most animals are food-or liquid-deprived. The fact that the animal stops working when sated is considered a nuisance, and the evolution of thirst or hunger (and conversely motivation) are rarely studied per se. However in a Go/NoGo olfactory task [START_REF] Allen | Thirst regulates motivated behavior through modulation of brainwide neural population dynamics[END_REF] , i.e. a simple case of perceptual decision making, thirst affects not only spontaneous baseline firing, but also sensory responses to the water-predicting olfactory cue. Interoceptive state thus affects sensory processing. More generally, the value of primary rewards such as food and liquid is dependent on bodily states, and computing reward value entails forecasting what would be the state of the body if the rewarding item was obtained. It follows that interrogating interoceptive variables is part and parcel of the valuation process. Because secondary rewards such as money or social bonding are considered to build upon the neural machinery of primary rewards, the valuation of items seemingly unrelated to bodily needs might entail interrogating interoceptive state as well, an hypothesis that has received little experimental attention yet [START_REF] Azzalini | Responses to Heartbeats in Ventromedial Prefrontal Cortex Contribute to Subjective Preference-Based Decisions[END_REF] .

Interoceptive signals interact with the perception of external stimuli

Hunger or thirst are powerful interoceptive states, associated to conscious feelings in humans, that motivate behavior to restore homeostatic balance and that are mediated by the hypothalamus. Other types of interoceptive signals, such as heartbeats or gastro-intestinal motility do rarely reach conscious perception -fortunately for our peace of mind, since the heart always beats and the gastro-intestinal tract always generates slow endogenous rhythms, even outside digestion. Cardiac or gastric interoception mostly relies on the vagus nerve and spino-thalamic pathways and subcortical relay nuclei such as the nucleus tractus solitarius and parabrachial nucleus, while respiratory interoception and control involves additional pathways. The relationship of such signals with brain activity has long been associated with autonomic control functions, which were historically called "vegetative", to maintain the organism alive and in a stable state. Vegetative functions were contrasted with to "relational" characteristics, such as the ability to voluntarily orient and move in the environment -in a more modern terminology, the perceptioncognition -action loop. As a result, "vegetative" interoceptive functions and "relational" cognitive functions have been studied mostly separately -with the major exception of emotions. However, the mere act of identifying an emotionally neutral stimulus in a visual, auditory, or tactile task induces subtle, but systematic, changes in heart rate. Exteroception thus impacts heart rate regulation. Interestingly, the connection goes also in the other direction: interoceptive neural activity at the time when an external stimulus is presented influences the fate of the external stimulus, making for instance a visual 6 or somatosensory [START_REF] Al | Heart-brain interactions shape somatosensory perception and evoked potentials[END_REF] neutral stimulus more or less likely to be detected. What is the nature of the interaction? Different hypotheses have been put forward to understand the nature of this link, some of which I detail below.

Interoception, a complex sense that combines or competes with exteroception

On the one hand, interoception can be considered as an additional sense -or rather as an additional series of senses given the variety in types of interoceptive signals, transduction sites and anatomical pathways involved. By extrapolation from the exteroceptive senses (vision, audition), interoceptive senses (cardiovascular, gastro-intestinal, …) would generate neural signals encoding specific information about peripheral physiological state. Pushing the parallel further, interoceptive inputs might either combine or compete with external inputs. Let us consider two external senses, audition and vision. They can compete for attentional resources (e.g., concentrate on what you are reading and suppress the noise of an ongoing conversation nearby) or be combined as in the multi-sensory integration of auditory and visual inputs for speech comprehension. Following the same logic, interoceptive signals could compete, or combine, with exteroception. Experimentally, explicitly paying attention to internal signals does dampen responses to exteroceptive stimuli. Conversely, in an externally-oriented task, interoceptive responses sometimes appear smaller, which has been interpreted as an attentional suppression [START_REF] Al | Heart-brain interactions shape somatosensory perception and evoked potentials[END_REF] , but this finding is not systematic [START_REF] Park | Spontaneous fluctuations in neural responses to heartbeats predict visual detection[END_REF] .

Interoceptive signals induce distributed temporal correlations

On the other hand, interoceptive signals might act as carrier waves with a role in large-scale coordination of cortical activity. This hypothesis stems from the observation that gastric, respiratory, or cardiac rhythmic coupling with neural activity is observed across large cortical territories. Interoceptive signals might thus induce a rhythmic modulation of neural excitability, with a potential link to the binding-bysynchrony and communication-through-coherence hypotheses, but also to arousal and neuromodulation. A slightly different but nevertheless related option is that interoceptive modulation constitutes a source of temporal correlations between neurons. Temporal correlations have a profound impact on information processing at the neuronal population level, but their origin remains often unspecified. Under those tentative hypotheses, interoceptive signals do not carry relevant information per se, they rather act as a clocking mechanism: what matters is that the clock is shared across regions, but whether it is ticking fast or slow (e.g., fast or slow heart rate) might be of little importance. Whether and how the different time scales of cardiac (~1s), respiratory (~5s) and gastric (~20s) cycles would be taken into account has not been described. Besides, how interoceptive coupling affects the population-coding of external inputs is not known yet.

Interoception: a new string to the bow of computational neuroscience?

Models of biologically plausible neuronal computations consider for instance ion channel characteristics, neuron type and micro-circuit organization when going from the algorithmic level to the biological implementation level. Could we, or should we, assign computational properties to, for instance, vasculature? Let us consider the following scenario: at each heartbeat, the pulse induces a mechanical stimulation of astrocytes which in turn triggers spiking activity in pyramidal cells and interneurons, an hypothesis derived from experimental findings in in rodent slices [START_REF] Kim | Vasculo-Neuronal Coupling: Retrograde Vascular Communication to Brain Neurons[END_REF] . Such pulse-triggered firing could be a source of correlated activity embedded in the population code. A change in local vascular tone (in reaction to local metabolic demands or in anticipation of an event) could then act as a modulator of local neuronal activity. While obviously highly speculative, such reasoning opens new leads to reconsider the biological implementation of information processing in a living brain, where physiological signals might play a computational role beyond homeostatic regulations.

Getting subjective

The psychophysics of interoception

When one feels that one does not see or hear well, one undergoes a basic vision or audition test. Similarly vision and audition in animals can be probed by manipulating sensory stimuli and measuring either neural or behavioral output. There is no such test for interoception yet, because interoceptive signals are related to internal variables which are, by definition, difficult to measure and control experimentally. For instance, in humans, the ability at detecting one's own heartbeat has been measured by asking participants to count their heartbeats, to tap a finger at each heartbeat, or detect whether a sound is presented in synchrony or out of synchrony with the heartbeats. Each of this test has advantages and drawbacks, but more fundamentally, the experimenter has very limited control over heartbeats -their mean rate, their precise timing, the volume of blood ejected at each heartbeat. One can of course ask participants to exercise, or use pharmacological treatments, but none of those manipulations is as specific and precise as the modulation of the contrast or spatial frequency of a visual stimulus for instance. Gastric interoception has been probed by asking participants to ingest a balloon which is then inflated -a rather stressful procedure -, or by ingesting specific amounts of water, which obviously interacts with thirst. As a result, none of these tests of interoception is entirely satisfying. New developments aim at reaching the quality and precision of psychophysics achieved in vision or audition by using novel means of selective perturbation of cardiac, respiratory or gastric states.

Interoceptive feelings and interoceptive beliefs

In humans, interoceptive signals sometimes evoke a conscious experience, that participants can rate on questionnaires or describe verbally. As for the psychophysics of interoception, this domain is burgeoning, with attempts at getting more specific by separating interoceptive feelings per organ or system, and at disentangling emotional feelings from interoceptive percepts. The tendency to experience consciously interoceptive signals seems to vary quite a lot from one individual to the next, some people reporting mostly no experience while for others such experiences are frequent. It is also often suggested that interoceptive signals might be misinterpreted in several psychiatric disorders [START_REF] Khalsa | Interoception and Mental Health: A Roadmap[END_REF] . Anyone working in this field has heard anecdotes, often made in confidence, that would warrant further investigation. Some reports of experiences combining interoceptive signals with the external senses have been made public -for example, the artist Jack Coulter associates his own heartbeats with pulses of colors, a form of synesthetic experience reminiscent of the well-established grapheme-color synesthesia were people see a halo of color around written letters or numerals. In this case, it is unclear whether the association with color is mediated by interoceptive pathways or by the sound of the heartbeats detected through auditory pathways. Finally, in healthy participants, participants' belief in their own average heart rate plays an important role: a participant who believes to have a fast heart rate reports more heartbeats than actual ones. Interestingly, the practice of meditation seems to influence beliefs and confidence in one's own interoceptive abilities, rather than actual interoceptive perception.

Pushing further the integration of interoceptive signals with exteroceptive inputs: unity and firstperson perspective of experience

We perceive the external world from a single egocentric viewpoint, centered on the body, and this constitutes an important aspect of both the unity and first-person perspective inherent to conscious experience. Over the last fifteen years, a series of experimental data in humans revealed a link between neural interoceptive activity and different aspects of conscious experience in humans. Conversely, overactivating cardio-vascular and gastric interoceptive pathways leads to sleep-like patterns in mammals. The link between interoceptive pathways and loss of consciousness was recently elegantly confirmed using modern and controlled techniques [START_REF] Yao | Cardiovascular baroreflex circuit moonlights in sleep control[END_REF] . The mechanisms required to generate the unity and first-person perspective of conscious experience remain to be established, but several hypotheses have been considered. As mentioned above, interoceptive signals induce temporal correlations between distinct regions, which could contribute to binding the information encoded in different regions in a unified conscious percept. Interoceptive signals could also contribute to generating first-person perspective. Exteroceptive inputs are encoded in different sensory maps, organized along different coordinate systems (e.g., gaze-centered, eye-centered, body-surface centered, etc.). How those different coordinate systems are combined in the single egocentric reference frame of conscious experience is not known. Because interoceptive signals appear quite distributed over cortical regions, they might provide a common reference point across exteroceptive sensory maps, a useful feature to integrate the different coordinate systems of external senses into a single egocentric reference frame. As for the temporal correlation hypotheses, how the different time-scales of interoceptive signals would be combined is not known.

Concluding remarks

There are multiple reasons to pay attention to interoception. Interoceptive state can be a strong motivational drive for behavior, and is a key parameter to compute reward value. Interoception accounts for part of spontaneous and task-evoked neural activity, fleshing out the notion of "internal state", and could contribute to the coordination of neuronal population dynamics, with implications extending up to some of the properties of conscious experience. More generally, studying how interoception interacts with cognition suggests new leads to understand how neuronal computations are implemented. In an era where the brain-as-computer metaphor is challenged, and where the comparison between biological and artificial intelligence is a matter not only of scientific debate but also of public interest, hypotheses on the role played by life-sustaining physiological systems in neuronal information processing are worth taking seriously.
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