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A Brief Anatomy of Interoception 

To be perceived, internal stimuli relevant to homeostasis (e.g., temperature, pressure, 

osmotic changes, cellular damage) must first be detected, either by free nerve endings, 

specialized receptors (e.g., thermoreceptors, nociceptors, chemoreceptors) on nerve endings, or 

by the hypothalamus (e.g., leptin, released by adipocytes, is detected by the arcuate nucleus; 

Cameron, 2002).  Among the many nerves responsible for relaying afferent information to the 

brain, the vagus (or Xth cranial nerve) figures prominently, as it conveys primary afferent 

information from a number of peripheral organs and systems (the viscera) to the brainstem 

(Cameron, 2002).  The vagus has thus been characterized as a primary conduit for and mediator 

of interoceptive sense (Zagon, 2001).  The primary brainstem site at which vagal afferents 

terminate is the nucleus of the solitary tract (NTS), from which second-order neurons (and 

somatic afferents from Lamina I of the dorsal horn of the spinal cord, in general) project further, 

to the thalamus and a number of other subcortical “limbic” structures (e.g., hypothalamus, 

amygdala; Cameron, 2002; Vaitl, 1996).  Interoceptive afferents then project to a number of 

cortical areas, including the anterior cingulate (ACC), medial prefrontal (particularly 

ventromedial; vmPFC), orbitofrontal (OFC), and insular (Cameron, 2002) cortices.  Although 

each of these is involved in some aspect(s) of processing, integrating and/or “representing” 

interoceptive information, the details of how this is achieved, along with the specific 

functionality of each region (and of the various sub-systems formed by their interaction, e.g., 

between the ACC and anterior insula cortex, Medford & Critchley, 2010), remains largely a 

matter of intensive, ongoing research.   

The insular cortex (or insula), in particular, contains neurons which are responsive to 

apparently every class of somatic and interoceptive stimulus, including those associated with 



Dysphoria in Major Depression    11 

proprioception (Karnath & Baier, 2010), the need for oxygen (e.g., Liotti et al., 2001) and 

arousal8—stemming from exercise, stress (e.g., Critchley et al., 2000) and sexual stimulation 

(e.g., Georgiadis & Holstege, 2005)—in addition to the perception of temperature (e.g., Craig, 

Chen, Bandy & Reiman, 2000; Olausson et al., 2005), pain (e.g., Ploghaus et al., 1999), itch 

(Darsow et al., 2000), and alimentary signals of taste (Small, 2010; and other qualities of food, 

e.g., de Araujo & Rolls, 2004), hunger (e.g., Siep et al., 2009; Tatarrani et al., 1999) and thirst 

(e.g., de Araujo, Kringelbach, Rolls, & McGlone, 2003; Hollis et al., 2008).  The insula is thus 

extraordinarily multimodal (Ibañez, Gleichgerrcht, & Manes, 2010) and, along with portions of 

the operculum (overlying parietal and temporal cortices), considered to be the primary cortical 

region for representing interoceptive information (Craig, 2003).  The insula also appears to play 

a critical role in the disparate domains of temporal perception (e.g., Wittmann, van Wassenhove, 

Craig, & Paulus, 2010), music appreciation (e.g., Blood & Zatorre, 2001), and social cognition 

(e.g., Lamm & Singer, 2010; Singer et al., 2009; Wicker et al., 2003). 

There are currently a number of competing, somewhat overlapping theories of insula 

function, nearly all of which view the insula as being critically involved in the production of 

conscious feelings (emotional and otherwise) and subjective awareness (Ibañez et al., 2010; 

Singer et al., 2009).  Several theories posit that the insula is critical for the integration of 

interoceptive and exteroceptive information (e.g., Ibañez et al., 2010; Uddin & Menon, 2009) 

and an important component of a large scale “salience network” that includes the anterior insula 

cortex (AIC), dorsal ACC (dACC) and OFC (Seeley et al., 2007; Sridharan, Levitin, & Menon, 

2008).  Other models implicate the insula in both the processing of information relevant to risk 

and uncertainty in general (e.g., Heuttel et al., 2006; Paulus et al., 2003), and the prediction of 

                                                
8 “Arousal” is used here and throughout to refer to autonomic activation (not to the CNS detection, processing and 
representation of such activation), which always has affective consequences whether or not they are perceived (cf. 
Russell, 2003). 
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risk and generation of “error signals” based on comparisons with outcomes (e.g., Preuschoff, 

Quartz, & Bossaerts, 2008).   

Singer et al. (2009) put forward a model in which insula activity gives rise to an overall 

“global feeling state” from an integration of disparate representations of modality specific signals 

or feelings, predictions about such feelings, and error signals deriving from mismatches between 

these.  The constant updating of both predictions and error signals, in this model, permits 

autonomic adjustments to be triggered, proportional to the riskiness or uncertainty of a given 

situation, in advance of any actual negative outcome (Singer et al., 2009).  Craig (2002, 2009, 

2010) has put forward what is certainly the most comprehensive model of insula function.  In 

this model, interoceptive stimuli are processed (with some lateral differences) by the insula in a 

posterior-to-anterior direction: the posterior insula being the locus of primary interoceptive 

representations, the mid-insula being critical for the integration of such representations with 

information from other brain regions, and the AIC being the locus of further integrated re-

representations of interoceptive information (Craig, 2009).  It is these later “re-representations” 

of interoceptive stimuli by neurons in the AIC that ultimately underlie the conscious, subjective 

experience not just of feelings, but of a unified metarepresentation of all feelings at a given 

moment—the “global emotional moment,” “sentient self” (Craig, 2010), or “material me” (Craig, 

2004; Damasio, 2003b).  Beyond this, Craig’s model takes the AIC to contain populations of 

neurons that serve as a buffer, in which a finite number of successive “emotional moments” are 

stored temporarily; these including representations of the current moment, immediately passed 

moments, and predictions about future moments (Craig, 2009).  Such a model allows for the sort 

of comparison’s and error detection included in Singer et al.’s (2009) model, while providing a 

ready explanation for insula involvement in temporal and musical perception (see Craig, 2009).  




