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Abstract: In this commentary, the notion of sentience is appraised 
from the perspective of affective neuroscience. Following Denton’s 
formulation of primordial emotions, we consider interoceptive and 
motivational feeling states as foundational to core sentience emerging 
from allostatic regulation. Drawing on evidence regarding human 
brain substrates implicated in the expression of air hunger and 
psycho-immunological responses, we conceptualize representations 
within, and interactions between, neural regions that support 
emergent higher-order allostatic ‘policies’, wherein sentience may 
serve as a bridge between the signalling of salient deviations within 
homeostasis and intentions-to-act. The role of glia in mediating the 
adaptive functions of reactive neural architectures is increasingly 
appreciated within a broader formulation of brain biology across 
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spatio-temporal scales and arguably grounded on the governance of 
energy metabolism. The relevance to psychiatry of Pereira Jr.’s 
formulation of sentience, as expressed through the filter of affective 
neuroscience, is reviewed with reference to emerging evolutionary-
informed models of psychopathology. 

Keywords: affect; allostasis; consciousness; emotion; feelings; 
intention; interoception; motivation; glia; primordial; sickness 
behaviour; psychoneuroimmunology. 

1. Introduction 

In the target paper of this special issue of the Journal of Conscious-
ness Studies, Alfredo Pereira Jr. argues for a definition of sentience as 
a dynamic feature of living organisms. More specifically, the argu-
ment postulates that sentience represents the capacity of a complex 
living system to control the process of recovery from perturbations of 
homeostasis. A simplified version of this definition is that sentience 
corresponds to the capacity of allostasis. Further, the paper argues that 
the biomedical scientific community should give greater attention to 
proposed neural correlates of such sentience in the development and 
application of medical diagnostics and in the delivery of therapies. 
Here, we examine and extend Pereira Jr.’s proposal, taking a neuro-
scientific perspective of affect and emotion and its relevance to 
psychiatry; a discipline within medical practice in which sentience and 
perturbations of consciousness are at the forefront of the symptomatic 
expression of disorders with complex biopsychosocial aetiopathology. 

We commend Pereira Jr. for his long-standing exploratory work into 
the conceptualization of sentience and its operational structure. This is 
an important and worthy endeavour. Also, the proposal that sentience 
corresponds to the capacity of allostasis is both interesting and power-
ful, not least because it may enable the precise empirical exploration 
of the biological bases underlying sentience. Historically, sentience 
has been defined as the ‘capacity for feeling’, which may represent a 
convenient and meaningful concept for philosophical enquiries yet, 
without further more specific operationalization in scientific terms, 
this definition risks being too vague and subjective to gain a 
functional understanding of its biological correlates or impact on other 
psychological processes. 

Pereira Jr.’s theoretical proposition is built upon two important 
assumptions, whose validity is determinant for the arguments 
proposed: 
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156 A.  COLASANTI  &  H.D.  CRITCHLEY 

A) that neural correlates of sentience can correspond to specific bio-
markers suitable to quantitative measurement; 

B) that these biomarkers are relevant for medical practice. 

In this commentary, we offer some considerations regarding the neural 
correlates of sentience. We also provide some empirical arguments 
related to the above assumptions, and we present examples from the 
fields of clinical neuroscience and neuropsychiatry to illustrate and 
support our perspectives. 

2. Allostasis and Primordial Emotions  

Allostasis concerns the maintenance of stability (health) through 
change. Homeostasis, via regulatory reflexes and closed feedback 
loops, serves to deliver constancy in the internal physiological 
environment of an organism, holding temperature, glucose supply, and 
oxygen levels to cells and organs within the narrow ranges supportive 
of function and survival. In contrast, allostasis can temporarily over-
ride these homeostatic parameters, changing the tolerated range of 
homeostatic deviations over the short term in order to meet, with flexi-
bility and immediacy, challenges to survival from the external 
environment and, in parallel, to enact behaviours that meet longer-
term survival goals. Allostasis thereby represents a set of crucial 
adaptive, survival-oriented, orchestrated ‘policies’ based on the 
integrative representation of the organism and its desired/desirable 
interoceptive state. When considered primarily from a biological per-
spective, the addition of the specifier ‘allostasis’ to the definition of 
sentience intrinsically endows the concept with critically important 
characteristics: a model representation of the self, survival value, a 
motivational nature, and an executive element. 

At a neurobiological level, an important homology should be recog-
nized between the conceptualization of sentience as the capacity for 
allostasis, and the formulation of ‘primordial emotions’ as put 
forward by the Australian physiologist Derek Denton in his seminal 
neurophysiological and anatomical explorations of the subjective 
elements of survival instincts (Denton et al., 1999; Denton, 2005). It is 
both conceivable and highly likely that the biological substrates 
underlying primordial emotions and those underlying sentience (as 
operationalized by Pereira Jr.) are largely overlapping. By extension, 
it is useful to extrapolate the knowledge and insight derived from the 
neurobiological study of primordial emotions to the general con-
ceptual context of sentience. 
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 PRIMORDIAL  EMOTIONS 157 

Primordial (or primal, as initially described by Denton in earlier 
work — Denton, McKinley and Weisinger, 1996) emotions are the 
subjective experiential elements of the instincts. These primordial 
emotions represent imperious states of (psychophysiological) arousal 
associated with a compelling intention to act. In primordial emotions, 
there are two distinct experiential components, a subjective repre-
sentational element (sensory afferent mapping of physiological per-
turbation and arousal) and an intentional element (subjective feeling 
of intention and compulsion-to-act). Although the representational and 
intentional elements of experience are phenomenologically diverse, 
they typically cannot occur independently from each other. 
Characteristically, the powerful arousal engendered during the experi-
ence of primordial emotions is triggered by alerting interoceptive 
signals, which are responses to a significant perturbation in the 
physicochemical composition of the internal milieu sensed by intero-
ceptors, a distributed network of sensors acting as a surveillance 
system for the internal state of the body. In this context, interoceptive 
signals convey urgent and directive information indicating a challenge 
to survival, and therefore these breach and dominate sensorial aware-
ness. Here, a deviation beyond a broader allostatically-determined 
homeostatic range announces an immediate existential threat to the 
whole individual that is both intrinsic and internal; it is the signal of 
an immediate, unavoidable, and potentially inescapable danger to 
health. Thus, primordial emotions require an overwhelming subjective 
representation, of exceptional intensity and insistence, up to a level 
where the feelings of motivational urgency occupy the entire experi-
ential state and cannot be ignored or suppressed. The motivational 
element of primordial emotions reflects their crucial adaptive value: 
these ancient biological systems enable prompt detection of survival-
related needs to prioritize and select appropriate behavioural 
strategies. The value of these biological systems and associated 
affective states is evident through phylogenesis; their selection has 
enabled animals to adapt successfully to a changing evolutionary 
environment. 

Among primordial emotions, Denton lists hunger-for-air, thirst 
(Denton et al., 1999), hunger-for-food, pain, sexual arousal, and 
orgasm (Georgiadis et al., 2010), alongside sensations related to 
visceral function, for example, micturition or defecation, and the 
desire for sleep after severe sleep deprivation (Denton, 2005). Air 
hunger is a particularly compelling example with which to examine 
parallels between primordial emotional systems and the substrates for 
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158 A.  COLASANTI  &  H.D.  CRITCHLEY 

sentient capacity. Air hunger illustrates the mechanisms underlying 
the genesis of a primordial emotion and its ability to permeate and 
dominate conscious awareness (Liotti et al., 2001). 

3. Air Hunger 

Air hunger describes the psychological accompaniment of physiol-
ogical responses to elevated CO2 levels in the blood and tissues. These 
rising CO2 levels signal a dangerous perturbation to the homeostatic 
control of two basic elements of aerobic life, oxygen supply and acid–
base balance. The allostatic response to the rising CO2 starts as a 
matter of reflex adjustments initiated by chemosensitive neurons 
within ‘autonomic centres’ located in the phylogenetically ancient 
brain structures of the rhombencephalon. These stimulate breathing, 
increasing ventilation (if the lungs are intact). In general, this reflexive 
process will remain implicit, below levels of conscious access, until 
there is some awareness of somatomotor sensations with recruitment 
of accessory muscles of respiration. However, if CO2 levels rise 
sufficiently, they can evoke an overwhelming emotion of an intensity 
that has a phenomenology similar to the experience of panic attacks 
(Griez et al., 2007; Colasanti et al., 2008; 2012). 

In order to understand how ‘allostatic sentience’ might work, it is 
useful to outline the neural mechanistic details of air hunger: increased 
CO2 levels (hypercapnia) are sensed by central and peripheral CO2/H+ 
chemoreceptors. These provide rapid feedback to the brainstem 
respiratory control system to reflect the adequacy of alveolar ventila-
tion relative to metabolism and also monitor the balance of arterial 
CO2 with relevance to both cerebral blood flow and cerebral metabol-
ism. From the brainstem respiratory centres, afferent pathways project 
to neighbouring brainstem nuclei (including ascending neuromodula-
tory [e.g. monoaminergic] projections), cerebellum, hypothalamus, 
thalamus, insular cortex, and medial temporal, cingulate, and pre-
frontal regions crucially involved in emotion regulation. Recent 
findings demonstrate that central chemoreception is a distributed 
property of specific subgroups of midbrain neurons, including seroto-
nergic neurons that are not principally involved in ventilatory control 
(Severson et al., 2003). These neurons project rostrally to forebrain 
structures that may mediate non-respiratory responses to hypercapnic 
acidosis, not least the intense feeling of anxiety. The amygdala itself, a 
keystone structure modulating affective responses, directly senses 
CO2-induced acid–base changes through dedicated ionic channels 
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(Ziemann et al., 2009). However, air hunger and fear evoked hyper-
capnia may nevertheless be engendered in people with no viable 
amygdala (Feinstein et al., 2013). Thus, CO2 sensitivity is not just a 
component of a reflex mechanism and purely a parameter of ventila-
tory control, but also it directly generates specific neuronal signals 
represented at multiple interacting levels within the central nervous 
system. 

The overall resulting neuronal response to hypercapnia-induced air 
hunger is the sum of two integrated processes: (1) the representation 
of direct afferent signals encoding raised CO2 blood levels sensed by 
chemoreceptors, and (2) the neural representations of the subjective 
sense of distress encoding the motivational drive and intention-to-act 
action in response to air hunger. We argue that it is the latter that is the 
primary basis to sentience. 

By delivering CO2 through a mouthpiece or a facemask, neuro-
imaging experiments can dissociate neural correlates of these two 
components (i.e. hypercapnia vs. subjective breathlessness distress) of 
CO2-induced air hunger (Brannan et al., 2001; Liotti et al., 2001). The 
two different ways of CO2 administration result in similar blood CO2 
levels but the facemask delivery evokes a stronger sense of breathless-
ness than delivering CO2 through the mouthpiece. Together, the con-
current action of CO2 and breathlessness produces changes in cerebral 
blood flow (reflecting neuronal activation) across a set of brain 
structures associated with the control of emotions and the expression 
of motivational states. This network of activations includes ‘auto-
nomic centres’ within the brainstem and midbrain (pons, 
mesencephalic tegmentum, parabrachial nucleus, and periaqueductal 
grey), ‘motivational’ subcortical centres in the hypothalamus and 
caudate nucleus, and forebrain regions implicated in affective and 
motivational behaviours (amygdala and periamygdalar cortex, anterior 
insular, and cingulate cortices) (Brannan et al., 2001). Importantly, the 
comparison of facemask (high breathlessness) vs. mouthpiece (low 
breathlessness) conditions highlighted, in particular, the engagement 
of the anterior cingulate cortex in the conscious representation of 
breathlessness, wherein activation correlates with experience of sub-
jective air hunger distress (Liotti et al., 2001). Interestingly, the neural 
response pattern observed during air hunger is strikingly similar to 
patterns identified in association with other primordial emotions; for 
example, rapid intravenous infusion of hypertonic sodium chloride 
evokes thirst and activates a very similar network of brain regions 
(Denton et al., 1999) to those activated by direct effects of CO2 in the 
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160 A.  COLASANTI  &  H.D.  CRITCHLEY 

air hunger experiments. Moreover, the strongest correlate of the 
evoked subjective experience of thirst is activation within the anterior 
cingulate cortex, which is diminished after drinking water has 
engendered a sense of satiation. 

In summary, air hunger elicited by hypercapnia provides a canonical 
example of a primordial emotion driving allostasis, and serves as an 
experimental model for characterizing and segregating brain sub-
strates of interoceptive viscerosensation and intentional/motivational 
drive that together colour experiential sentience at the whole-
individual level. 

4. Neuroimmunology and Sickness 

Sickness, a constellation of symptoms consequent upon systemic 
inflammation, is not included among those primordial emotions 
originally listed by Denton. Nevertheless, we propose that sickness 
represents another important example of an interoceptive-driven, 
survival-oriented, hardwired primordial emotion, in which feeling 
state is intimately linked to an instinctual urge. In fact, sickness 
represents a highly regulated motivational reorientation strategy aimed 
at prioritizing whole-body resources to fight the infecting agent and 
promoting recovery (Hart, 1988). Such a strategy must have provided 
an evolutionary advantage in the supposedly highly pathogenic 
environment in which early humans evolved. Sickness behaviours 
achieve this adaptive advantage by shunting energy resources towards 
an effective response to infection and the facilitation of wound 
healing, while simultaneously promoting social withdrawal to mini-
mize risk of attack from predators and limit within-group contagious 
spread (Kluger, 1979; Dantzer, 2004). The administration of an 
inflammatory challenge, such as the lipopolysaccharide (LPS) endo-
toxin or a typhoid vaccine, to a human participant can induce a short-
lived yet robust systemic inflammatory response accompanied by 
sickness behaviours and feeling states (Dantzer, 2004). This has 
enabled the neural correlates of sickness to be studied experimentally. 
In one such study, LPS-induced release of the cytokine interleukin-6 
(IL-6) was associated with increased activity within the dorsal anterior 
cingulate, insular cortex, and mediodorsal prefrontal cortex and 
posterior superior temporal sulcus, a pattern typically implicated in 
processing of social information including the emotions of others 
(Eisenberger et al., 2009). Relatedly, in a study using the typhoid 
vaccine as an inflammatory challenge, sickness-related depressive 
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mood changes evoked by systemic inflammation was observed to 
correlate with changes in activity of the subgenual anterior cingulate 
cortex and also with the strength of cingulate functional connectivity 
to the amygdala, nucleus accumbens, medial prefrontal cortex, and 
superior temporal sulcus (Harrison et al., 2009a). The subgenual 
anterior cingulate’s role in the pathophysiology of idiopathic 
depression is well-established (Drevets, Savitz and Trimble, 2008), 
hence its recruitment in inflammation-induced mood changes is worth 
noting since it links the neurobiology of a primordial emotion (sick-
ness) to a psychiatric disorder that fosters social withdrawal, under-
mines behavioural motivation, and ultimately compromises core 
aspects of self-representation. 

Consideration of the neurobiological correlates of air hunger, thirst, 
and sickness reveals a remarkably consistent anatomical and func-
tional neurobiological organization, an apparently distinct network of 
brain regions implicated in social processing that subserves the 
emergence of primordial emotional states. This organizational con-
sistency contrasts with the diverse nature, characteristics, response 
modalities, and localization of interoceptors that trigger the unique 
and specific pattern of signals to engender each of these distinct 
emotions. The motivational antecedents that trigger the behavioural 
responses of primordial emotions may also be viewed as unique and 
specialized: the feeling of air hunger elicits desperation for air and 
oxygen, and certainly does not drive the affected individual in search 
of water, or food, or social isolation. Similarly, the lethargy, anorexia, 
and social withdrawal of acute sickness induced by systemic 
inflammation does not stimulate the consummatory drive character-
istics of air hunger or thirst. Thus, primordial emotions, evoked by 
signalling from distinct interoceptors, retain their individual character 
despite sharing a common organizational neural architecture for the 
representation of ascending afferent signals. 

5. Neuronal and Neural Substrates 
of Affect-Laden Sentience 

One of the ideas proposed by Pereira Jr. relates to the putative 
importance of measuring specific markers of glial activation (he refers 
in particular to astrocytes) as correlates of sentience relevant for 
clinical practice. Exciting recent findings demonstrate that research in 
the field is progressing in this direction, with the suggestion that glial 
cells, involving both astrocytes (Wahis et al., 2021) and microglia 
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(Yirmiya, Rimmerman and Reshef, 2015), as well as their interaction 
(Yang et al., 2020), act as central modulators of emotional states. 
However, we express some reservations about this position, and 
suggest that the focus should instead be on the shared ascending 
viscerosensory pathways supporting an interoceptive, and by exten-
sion an affective, representation of the internal bodily state, and the 
associated efferent and predictive drive for visceromotor control of 
internal bodily states supporting homeostasis and the physiological 
expression of allostatic control (Critchley, 2005). 

Over the past two decades, progress in the development of novel 
radiotracers has presented the exciting opportunity to use positron 
emission tomography (PET) to quantify accurately both glial density 
and glial activation in vivo within the human brain with a degree of 
cellular specificity (Colasanti et al., 2014; Wilson et al., 2019). Never-
theless, an exclusive reliance on the sensors of the biological perturba-
tions per se (whether they are ion channels on astrocytes, cytokine 
receptors on microglial cells, chemosensors on neuronal cells) may 
only provide insight on the magnitude of the actual allostatic reaction. 
However, we would still seek a comprehensive and meaningful neuro-
biological correlate for the quantitative assessment of processes under-
pinning the sentient element of allostasis. 

Studies assessing neuroinflammatory changes in glial activation 
using translocator protein (TSPO) radioligands in combination with 
PET imaging have provided illustrative examples in support of our 
argument. In studies of depressed individuals, widespread increases in 
TSPO measures of increased glial activation are found to correlate 
with subjective levels of depression (Setiawan et al., 2015). Studies 
inducing experimentally sickness behaviours in healthy participants 
through the administration of LPS also show an acute increase in 
TSPO PET signal throughout the brain (Sandiego et al., 2015). Less 
consistent results have emerged from TSPO PET studies of other 
psychiatric conditions; with unexpected widespread reductions in 
TSPO expression reported in PTSD (Bhatt et al., 2020), and highly 
heterogeneous findings in schizophrenia (De Picker and Morrens, 
2020), amongst others. These glial markers per se could reflect 
activation of either a harmful or protective phenotype of the glial cells 
involved (Owen et al., 2017). Alternatively, inconsistent results in 
TSPO expression reflect heterogeneity of the underlying highly 
dynamic glial responses (De Picker and Morrens, 2020). Hence it is 
impossible to distinguish the precise biological meaning of such 
findings without direct access to the brain tissue. 
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A promising approach, relying on multimodal neuroimaging 
methodologies, is to integrate direct measures of biological perturba-
tions (including TSPO PET measures of glial activation) with the 
quantification of the neural response to afferent interoceptive signals. 
In an innovative proof-of-principle study (Colasanti et al., 2016), 
patients with the neuroinflammatory condition multiple sclerosis 
showed increased TSPO indices of glial activation within the hippo-
campus, a medial temporal region with high susceptibility to neuro-
inflammation. This increased glial activation correlated with the 
strength of neural functional connectivity between the hippocampus 
and subgenual anterior cingulate cortex. Moreover, both the magni-
tude of glial activation and strength of cingulate–hippocampal 
connectivity correlated with the severity of depressive symptoms. 
These findings indicate a mechanism that links the origin of intero-
ceptive inflammatory signalling (the inflamed hippocampus), to more 
distributed neural substrates involved in subjective representation of 
conscious distress (encompassing emotional feelings and compro-
mised motivational drive), resulting in the phenomenological mani-
festation of depressive symptoms. These findings extend earlier MRI 
evidence linking depressive mood symptoms, induced by an experi-
mental inflammatory challenge (typhoid vaccine), to perturbed sub-
genual anterior cingulate cortex activation and connectivity across 
distributed functional networks, including medial temporal structures 
(Harrison et al., 2009a).  

While Pereira Jr. makes the case for glia (astrocytes) as a proximate 
biological proxy for sentience, we propose that in the quest for bio-
markers of sentience we should not purely focus on specific markers 
of glial cells function. Instead, we propose that these data should be 
integrated with the study of interoceptive pathways and the cortical 
substrates of allostatic control that are associated with conscious 
feelings. In a model proposed by Craig (2002) and Critchley 
(Critchley et al., 2003), among others, the anterior cingulate is 
denoted as the efferent visceromotor cortex, while the insula is 
denoted as the viscerosensory cortex, supporting the representation of 
interoceptive afferents. Moreover, both regions are implicated in the 
conscious expression of human emotional feelings linked to changing 
physiological states (Lane, 2008; Pollatos, Kirsch and Schandry, 
2005; Critchley et al., 2004; Harrison et al., 2009a,b). Importantly, the 
interaction between these regions likely supports the predictive allo-
static control and representation of internal bodily states (Critchley, 
2005; 2009; Medford and Critchley, 2010). In this context, anterior 
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cingulate engagement is more closely linked to the top-down prepara-
tion and facilitation of action (central command) and the accompany-
ing motivational aspects of experiential sentience, while insular 
engagement encodes more a dynamic bottom-up representation of 
unintended and unexpected fluctuations in physiology. 

6. Cortical Substrates for Sentience 

The idea of the insula supporting consciously accessible aspects of 
interoception comes from a series of functional neuroimaging studies, 
demonstrating that the insula provides a critical contribution to sub-
jective feeling states arising from representations of bodily responses 
(Critchley et al., 2004; Harrison et al., 2010). The insular cortex, 
particularly in posterior and mid regions, reflects interoceptive 
signalling (Craig, 2003) and within the anterior insula integrates such 
representations with other sense-data and contextual information into 
consciously accessible sensory experiences including affective states 
(Critchley, 2009; Critchley and Harrison, 2013). Here the insula’s role 
is to provide rich and accurate mapping of internal bodily states and to 
make them available to conscious and subjective awareness, therefore 
having an instrumental role in the genesis of first-order representa-
tions of self. However, it is the conjoint activity of the insula with the 
anterior cingulate cortex that is required for the genesis of full second-
order representations necessary for allostasis, capable of drawing on 
representations of salient stimuli and events for a dynamic integration 
and re-mapping of the physical state of the organism in response to 
current behavioural and environmental contexts. 

The anterior cingulate cortex is implicated in nearly all aspects of 
emotional regulation. As the visceromotor cortex, the anterior 
cingulate is engaged in efferent autonomic drive, mediating autonomic 
arousal responses in the context of affective cognitive and motoric 
behavioural demands (Critchley et al., 2004). Nevertheless, anterior 
cingulate activation, particularly in its dorsal extent, may also be 
elicited by many low-level, powerful physiological and homeostatic 
challenges that provoke or evoke autonomic (sympathetic) arousal, 
without the necessary involvement of specific cognitive demands 
(Critchley et al., 2003). Relatedly, the subgenual region of the anterior 
cingulate, with evidently (compared to the dorsal anterior cingulate) a 
greater concentration of efferent projections into the amygdala, 
hypothalamus, brainstem, and periaqueductal grey, is implicated in 
parasympathetic states of diminished physiological arousal and 
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motivational quiescence, putatively through those brain regions 
typically involved in affective, motivational, and autonomic process-
ing (Critchley, 2004; 2005; Wager et al., 2009). The subgenual 
cingulate thereby plays a key role in efferent bio-regulatory control 
and in the precise executive control of emotion-related physiological 
and behavioural reactions. Together, regions of the anterior cingulate 
cortex, informed by interoceptive representations and dynamic inter-
action with the viscerosensory insular cortex, can support a ‘second-
order’ (whole organism level) representation of self (Critchley, 
Mathias and Dolan, 2001) that is at the centre of allostatic policy 
selection to subserve intentional, executive, and motivational adapta-
tion of behaviour for the genesis of adequate responses to otherwise 
insurmountable homeostatic perturbations. 

To summarise, we propose here that allostatic sentience is grounded 
on the experience of affective feelings that arise from reactive repre-
sentation of interoceptive information, as prediction errors represented 
within the insula, in conjunction with the proactive selection and 
representation of prospective visceromotor policies that engender 
embodied experiences of intention-to-act, and behavioural and moti-
vational drive. The latter, we suggest, arises from the interplay of 
dorsal and subgenual cingulate cortices with efference projections to 
the insula and ventromedial/orbital prefrontal cortices, and output to 
motor pathways (premotor, supplementary motor, and motor cortices 
and basal ganglia) and brainstem control of autonomic response. Thus, 
the anterior cingulate is responsible for integrating allostatic responses 
into sentient representations. The executive emotional-bioregulatory 
activity of the anterior cingulate thereby represents the neurobiol-
ogical correlate of sentience as defined by Pereira Jr. We propose that 
the anterior cingulate provides the whole organism with a coherent 
and compelling self-centred sense of intention necessary to support 
the prioritization of behavioural strategies with exceptionally high 
survival value. The emblematic shift from existential biological 
threats to the prevalent psycho-socio-economic challenges of modern 
life has led to the reframing of these same mechanistic substrates for 
sentient experience and an integrated self-model. This shift is possible 
since these representations are ultimately mediated through neuroglial 
interaction and the regulation of energy balance across the brain. In 
particular, recent decades of research on the regulatory system of 
brain metabolism have started to reveal the crucial adaptive function 
of astrocytes, the key players of delivery, production, utilization, and 
storage of brain energy substrates. The cooperation between astrocytes 
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and neurons (Magistretti and Pellerin, 1999) and their functional 
complementarity is an example of proximate coordination of complex 
fine-tuned neurobiological responses (Bélanger, Allaman and 
Magistretti, 2011), including neurovascular and neurometabolic 
coupling, which is necessary to meet the exceptional energy require-
ments of higher-order brain processes, encompassing those supporting 
consciousness (Kann, 2016). From an affective neuroscience per-
spective, it is fascinating to note the close relationship that exists 
between cycling mood states and fluctuations in the rate of brain 
glucose metabolism (Baxter et al., 1985). This is one of many con-
verging cues pointing to a conceptualization of mood syndromes as 
disorders of brain neuro-energetics (Allen et al., 2018; Colasanti et al., 
2020). 

7. Relevance to Psychiatry 

To further extrapolate and generalize on the clinical implications of 
these considerations, our proposal suggests a framework for under-
standing psychiatric disorders in terms of a balance between affective 
and motivational feelings and their correlates in homeostatic intero-
ceptive regulation and allostasis. The cumulative effect of allostatic 
states may cause progressive damage to the regulatory systems within 
the brain and body; neuropsychiatric syndromes emerge as an 
inevitable result of this ‘wear and tear’ process. According to this 
perspective, affective psychopathology embraces the phenomenol-
ogical manifestations of this allostatic overload and its resulting 
impact on motivational systems and associated feelings. In parallel, 
some recent neurobiological models conceptualize affective disorders 
as evolving out of phylogenetically ancient adaptive behavioural 
repertoires. In general, these models fit well with our proposed frame-
work for understanding the emergence of psychiatric syndromes, as 
they illustrate examples of how psychiatric disorders are the end result 
of imbalance between allostatic regulation and corresponding 
affective and motivational feelings. 

For example, Klein (1993; Preter and Klein, 2008) proposed that 
panic disorder might be the result of a maladaptive overdriven CO2-
sensitive inborn suffocation alarm that erroneously signals a lack of 
breathable oxygen and the threat of imminent suffocation. This theory 
is challenged by the notion that the ventilatory response to central 
chemosensor stimulation typically appears normal in patients with 
panic disorder (Zandbergen et al., 1991). However, it is possible that 
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biological alterations involve chemosensitive serotonergic neurons 
that are not primarily involved in the ventilatory response (Severson et 
al., 2003) yet nevertheless disrupt the function of ascending intero-
ceptive pathways. The propensity to panic attacks may therefore result 
from a dysfunctional biological alarm system activated in the absence 
of a true biological threat. The consequent occurrence of non-
provoked, spontaneous panic attacks can be explained as the mal-
adaptive and psychopathological representation of the primordial 
emotion of air hunger that we have previously described (Liotti et al., 
2001). 

Similarly, depression might be an exaggerated sickness behaviour 
(Raison, Capuron and Miller, 2006), the result of a maladaptive 
reaction that once promoted host survival in the face of infections (see 
previous references to link between inflammation and depression). 
The social avoidance, anhedonia, and behavioural inhibition 
characteristic of depression serve the adaptive function of shunting 
energy resources to fighting infection and wound healing (Miller and 
Raison, 2016). Consistently, during the clinical manifestations of 
depression, the motivational and reward systems are deactivated, 
while interoception, i.e. sensing the internal state of the body and 
therefore closely monitoring damage to tissues and organs, is tuned 
and fully functional in the context of suppressed arousal (Paulus and 
Stein, 2010; Critchley and Garfinkel, 2017). The corresponding 
neurobiological alterations consist in a hyperfunctional subgenual 
anterior cingulate and normo-active insula, and are supported by 
neuroimaging evidence (Drevets, Savitz and Trimble, 2008). 

We propose also that anxiety and dissociative states (in which 
symptoms of derealization and depersonalization reflect a perturbation 
of self-representation) result from failure in the precision of intero-
ceptive predictions. Chronically anxious patients experience a normal 
baseline interoceptive state associated with chronically exaggerated 
interoceptive expectations. A resulting error signal (the difference 
between veridical and expected bodily state) is generated and propa-
gated. In anxiety the insula is overactivated, plausibly by chronically 
elevated interoceptive prediction error signals, which in turn reflect 
amplified cingulate-derived efferent copies of exaggerative peripheral 
drives, that cannot be adequately suppressed (Paulus and Stein, 2006). 
In contrast, in dissociative states (derealization and depersonalization), 
the integrity of self is arguably disrupted by an excessive and 
undifferentiated suppression, by over-precise top-down predictions 
concerning insular cortical representations of the interoceptive state. 
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These efferent predictions thus relate to both allostatic behaviours and 
autonomic responses to control visceral afferent signals. The end 
result is an uncoupling effect where feelings-related signals (generated 
by an over-suppressed insula) no longer correspond to signals about 
intention (originating from unsuppressed cingulate activity) (Seth, 
Suzuki and Critchley, 2012). 

8. Conclusion 

In summary, referring back to Pereira Jr.’s proposed operational 
model of sentience, we suggest the refinement and expansion of its 
original formulation based on the concepts we propose within this 
paper. Pereira Jr.’s structure of sentience was: Stimulation → Sensory 
processing in neurons → Activation of the astrocyte network → 
Control of the homeostasis of the extracellular ‘chemical soup’ → 
Physiological feelings (sentience) → Feedback on the neuronal net-
work → Behaviour. 

Our proposed restructure (see Figure 1), newly named ‘allostatic 
sentience’, is: Stimulation → Sensory processing through distributed 
neuroglial surveillance network of interoceptors → Activation of 
allostatic neurometabolic response → Primordial emotions and feel-
ings (proper sentience) → Interoceptive feedback → Interoceptive 
predictive control → Behaviour. 

Our conceptual considerations, together with these illustrative 
examples from the field of clinical psychiatry, indicate that progress in 
neuroscientific understanding of the complex and fine-tuned regula-
tory systems in the brain and body, integrated with the unveiling of 
the neurobiological basis of allostatic and interoceptive organization, 
has stimulated the formulation of a novel theoretical framework of 
understanding psychiatric conditions. As such, psychiatric practice 
appears now positioned at the cutting edge of medical practice and 
pioneers the integration of pervading territories of consciousness 
science and biopsychosocial determinants of health. 
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Figure 1. A schematic diagram illustrating elements of the structural and 
functional organization of interoceptive, affective, and control systems 
underlying the emergence of allostatic sentience. Note: the diagram does 
not provide accurate anatomical representation (e.g. the anatomical 
location of the anterior insular cortex is not in the posterior aspects of the 
brain). AIC: anterior insular cortex; ACC: anterior cingulate cortex. 
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