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Abstract An increasing body of neuroimaging and

electrophysiological studies of the brain suggest that the

insular cortex (IC) integrates multimodal salient informa-

tion ranging from sensation to cognitive-affective events to

create conscious interoception. Especially with regard to

pain experience, the IC has been supposed to participate in

both sensory-discriminative and affective-motivational

aspects of pain. In this review, we discuss the latest data

proposing that subregions of the IC are involved in isolated

pain networks: the posterior sensory circuit and the anterior

emotional network. Due to abundant connections with

other brain areas, the IC is likely to serve as an interface

where cross-modal shaping of pain occurs. In chronic pain,

however, this mode of emotional awareness and the mod-

ulation of pain are disrupted. We highlight some of the

molecular mechanisms underlying the changes of the pain

modulation system that contribute to the transition from

acute to chronic pain in the IC.
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Introduction

In rodents, the insular cortex (IC) is a portion of the

cerebral cortex folded deeply within the lateral sulcus

surrounding the rhinal fissure - hidden by the frontal and

temporal opercula [1]. Based on its cytoarchitecture, the

IC has been artificially divided into three main subre-

gions [2], the agranular IC surrounding the rhinal fis-

sure, the dysgranular IC situated dorsal to the rhinal

fissure, and the granular IC located just ventral to the

secondary somatosensory cortex. Along the ventro-

dorsal and rostro-caudal axes, the cortex ranges from

agranular to granular, the middle region representing

transitional dysgranular cortex [3]. This cytoarchitecture

of the IC corresponds with its connectivity patterns and

functions in an internal disassociation in pain process-

ing. The posterior IC (PI) participates in the

somatosensory features of pain, while the anterior por-

tion (AI) preferably mediates its affective aspects [4].

Despite its engagement in multiple types of information

processing, the contribution of this region to pain

modulation through bottom-up stimulus input or top-

down conscious anticipation has been neglected. Yet

disruption of the pain modulation circuitry in chronic

pain involving the insula may in turn affect its

involvement in cognitive and affective disorders. In

parallel with our understanding, accumulating clinical

evidence shows that chronic pain can lead to anatomical

and functional alterations in the IC which are correlated

with cognitive and affective disorders [5]. Furthermore,

interventions such as meditation have significant pro-

tective effects on grey matter and the connectivity

within these circuits [6, 7]. Particularly in the IC, altered

grey matter is almost reversed to normal after effective

therapy for trigeminal neuralgia [8].
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To date, however, no insular functions have been asso-

ciated with macroscopic changes in the emotional network

and modulatory circuitry, and neural or molecular events

that drive chronic pain. Here, we propose that ongoing

noxious inputs lead to a series of molecular events that

result in a quantitative imbalance of modulatory receptors

such as GABAergic and dopamine receptors. Our previous

study showed that persistent pain can bring about a series

of neural plastic changes mediated by the synaptic GluA1

subunit of a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-

onic acid receptors (AMPARs) [9]. These molecular

alterations may underpin the disturbance of modulatory

circuitry in the insula.

Functional Profile of the Posterior Insular Cortex
in Pain Sensation

The PI mainly receives nociceptive and thermoceptive

afferents from the ventral posterior inferior nucleus and the

ventromedial posterior nucleus of the thalamus, which

receive input from spinothalamic neurons of lamine I [10].

Functional imaging data have shown that the caudal

granular part of the PI is functionally connected to primary

and secondary motor and somatosensory cortices in the

macaque and this is consistent with its anatomical con-

nectivity [11, 12]. It is worth noting that the PI also has

intimate connections with the medial operculum. Neu-

roimaging and lesion studies have demonstrated that the

two regions function as a whole, especially in thermo-

nociceptive sensation [13, 14]. The connectivity profile

between the IC and the cingulate cortex further demon-

strates that the PI plays a role in the sensory dimension of

pain. Distinct anatomical connections identified in non-

human primates have shown that the PI is mainly con-

nected with the mid-cingulate cortex [15], which is

involved in pain sensation. In addition, brain imaging

studies have revealed co-activation of the PI and the pos-

terior mid-cingulate cortex across specific pain conditions

[16, 17], suggesting that the PI is part of the cortical net-

work specifically devoted to the sensory features of pain

(Table 1). It is likely that the extent of activation of the PI

reflects the intensity of a noxious stimulus independent of

its quality [18]. In addition to evoked pain, it seems that the

PI is also involved in chronic pain. A recent study tracking

the evolving course of chronic pain in humans found that,

among many pain-related areas, the degree of activation of

the PI was most consistent with the progress of chronic

pain [19]. Furthermore, the caudal granular IC (CGIC), a

subregion of the PI, has been demonstrated to be a key

supraspinal site that participates in the maintenance of

persistent pain [20]. A lesion study has shown that

lesioning the CGIC results in the long-term alleviation of

allodynic manifestations in the rat [20]. Electrophysiolog-

ical explorations have further suggested that a spinal-

CGIC-primary somatosensory (S1)-spinal positive-feed-

back loop contributes to the maintenance of allodynia.

However, since the spinal-insula pathway differs between

rodents and humans, more clinical evidence is needed to

determine whether such a positive-feedback loop applies to

humans. Taken together, the PI is part of the pain-related

cortical networks with a preference for the sensory aspect,

and studies of both the development of chronic pain and the

sequelae of lesions have demonstrated that the PI plays a

fundamental role in the chronicity of pain. Nevertheless,

the specific mechanisms by which pain emerges from

nociception in the PI need further investigation.

Functional Profile of the Anterior Insular Cortex
in Pain Perception

The AI is a portion of the insula that lies in the anterior part

of the central sulcus in humans. The AI is divided into two

subregions: an agranular region of the ventral AI and a

dysgranular region of the dorsal anterior to middle IC. In

general, the dysgranular area is gustatory cortex [21],

whereas the agranular area is proposed to be involved in

the regulation of physiological changes associated with

emotional states [22]. Neural connections between the

rostral agranular IC (RAIC) and nociception-related sites

have been systemically explored using neural tracing

methods [22]. Unlike the PI, of which the main connections

are confined to thalamic nuclei (the ventromedial posterior

nucleus) and somatosensory areas, most connections of the

RAIC are with multiple sites involved in the affective

Table 1 Connectivity profile and functional network of the posterior insular cortex (PI).

Brain level Specific regions Fiber connections Possible functions

Thalamus ventral posterior inferior and ventromedial

posterior nuclei [4]

Afferent fibers from thalamus to PI Path for nociceptive input

Supraspinal Operculum [13, 14, 17] and mid-cingulate

cortex [13, 14, 17]

Reciprocal fibers between mid-cingulate

cortex/operculum and PI

Gating system involved in general

salience and response selection

Cortices Primary and secondary somatosensory

(S1, S2), and motor [11, 12]

Reciprocal fibers between S1, S2/motor

cortices and PI

Pathological function in persistence of

allodynia
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aspects of pain as well as the descending inhibitory system

(Table 2). The RAIC mainly receives input from the

medial nuclei of the thalamus associated with the affective

components of nociceptive processing [23]. A tracing study

has also revealed that the RAIC is extensively intercon-

nected with the ventral prelimbic and infralimbic cortices,

which mediate both somatic nociceptive and visceral input

[22]. In addition, the RAIC is cytoarchitectonically close to

limbic cortex [7]. All this morphological evidence strongly

indicates that the AI, especially the rostral part, is inti-

mately associated with the emotional processing of

nociception.

As stated in the James-Lange theory of emotion, our

emotions are caused by our interpretation of bodily reac-

tions [26]. That is, our nervous system responds to physi-

ological changes, primarily mediated by the autonomic

system, with emotional experiences. What are the specific

processes underlying such emotional responses to painful

experiences? Several brain regions are involved, among

which the AI seems to be the critical site where emotional

awareness and autonomic responses are represented corti-

cally. However, the AI has to cooperate with other regions

contributing to emotion to accomplish the emotional aspect

of pain. The amygdala is one candidate structure; it inter-

acts with the insula and shares many functions with the AI

[24]. The AI possesses such extensive reciprocal projec-

tions with the basal nucleus of the amygdala that the two

regions form the insula-amygdala circuit [24]. In this cir-

cuit, the IC receives nociceptive thalamic inputs to create

emotional awareness and then sends its modulatory signal

to the amygdala, which is in turn connected to the

hypothalamic nuclei and the periaqueductal gray (PAG).

Through this path, salient noxious information would

arouse emotional responses and activate the descending

pain modulatory system. This emotion-related circuit can

partly explain some of the common autonomic reactions in

daily life. As pain is a complex perception in which sen-

sation, emotion, and cognition interweave, conscious per-

ception and the unpleasantness of pain are mirrored by

behavioral reactions (e.g. escape or sweating due to

suffering), which require activity in wide brain regions.

The cortex is a densely-connected network of regions, with

reciprocal information flow between multiple hierarchi-

cally-organized groups of cells [27]. By analyzing the

functional connectivity of resting-state activity, researchers

have identified networks such as the task-negative network

[i.e., the default mode network (DMN)] and anti-correlated

task-positive networks [i.e., the central executive network

(CEN)] that can be activated by salient stimuli such as a

painful event [25, 28, 29]. Besides, there is another net-

work called the salience network (SN), in which the AI and

anterior cingulate cortex (ACC) comprise core nodes. It has

been revealed that activation of these networks reflects

specific types of sensory and cognitive functions [30].

Using Granger causality analyses, researchers have found

that the right AI plays a core role in initiating the causal

signal of switching between major networks [25, 31],

which usually display competitive interactions in cognitive

information processing. That pain is intrinsically salient

(i.e., stands out relative to other stimuli) implies autonomic

involvement of the SN. The process of filtering nociceptive

information to higher levels involves the SN and CEN,

during which the AI facilitates information of great vali-

ance (e.g. a painful cue) access to attentional control and

memory resources by activating the CEN and deactivating

the DMN [32]. In this way, an individual can form a proper

emotional awareness of pain.

Neural Mechanisms of Pain Modulation
by Bottom-Up and Top-Down Information
Modalities

As the IC has abundant connections with other limbic

areas and primary sensory areas, and is involved in

empathy, attention, and pain [33], it is reasonable to

speculate that it is also involved in the modulation of pain

by various attention-demanding sources of information

ranging from top-down cognition to bottom-up tactile

input (Fig. 1).

Table 2 Connectivity profile and functional network of the anterior insular cortex (AI).

Brain level Specific regions Fiber connections Possible function

Thalamus central lateral and submedial

nuclei [23]

Afferent fibers from

thalamus to AI

Receive emotional nociceptive and visceral input

Subcortical

limbic areas

Amygdala [24] and accumbens

[22]

Efferent fibers to

amygdala and

accumbens

Modulation of pain through direct (accumbens) and indirect

(amygdala) impact on descending pain modulation system

Prelimbic and

infralimbic

cortices

Anterior cingulate (ACC) and

medial prefrontal (PFC) [25]

Reciprocal fibers

between ACC/PFC

and AI

Gating nociceptive thalamic input to ventral prelimbic/

infralimbic cortex [7]
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A pain-tactile interaction was previously thought to

occur in a gate-control mechanism at the spinal level.

Recently, using magnetoencephalography, researchers

have found that cortical responses to noxious stimuli are

inhibited by innocuous tactile stimuli [34]. They recorded

cortical magnetic responses to paired noxious (intra-epi-

dermal electrical stimulation, IES) and innocuous (tran-

scutaneous electrical stimulation, TS) stimuli. Activity in

the dorsal insula that creates the major magnetic compo-

nent evoked by IES is almost completely suppressed by TS

[35]. Apart from the interaction of touch and pain, clinical

studies have shown that chronic post-stroke pain can be

reduced by caloric vestibular stimulation [36]. The anal-

gesic effect is attributed to vestibular activation of the PI,

leading in turn to inhibition of the ACC and other pain-

related regions. This bottom-up modulation of pain per-

ception by other somatosensory modalities (e.g. touch) is

common, and the IC serves as an interface for the inter-

action between pain and other bottom-up sensory modali-

ties. Initial nociception is more or less weakened by tactile

or vestibular stimuli in the competition for access to

attentional and cognitive resources.

The subjective perception of painful stimulation can also

be affected in a top-down pattern by emotional events that

distract attention. It is known from animal studies that the

AI is connected to brainstem structures such as the PAG,

rostral ventromedial medulla, and parabrachial nucleus

[22], which provides a morphological basis for how

attention might influence pain perception. Anatomically,

the SN is closely linked to the frontoparietal attention

network [37]. Evidence for involvement of the frontoparietal

attention network in the cross-modal shaping of pain

comes from a recent fMRI study, which showed that

pain-related modulation of hemodynamic responses by

affective pictures involve interactions between the IC and

other cortical structures, including the frontoparietal

attention network [38]. An electrocorticographic study

investigated the functional connectivity between the

somatosensory cortex and the IC during the processing of

attended and unattended noxious stimuli [39], during which

the former is likely to involve both the attention [37] and the

salience [40] networks. BOLD responses in the AI have a

significantly shortened latency to painful laser stimuli versus

non-painful laser stimulation, suggesting that the AI

responds preferably to pre-noxious cues [41]. This antici-

pation of nociception often elicits analgesic effects that

imply a process of cognitive–attentional integration in the

AI. A recent study of top-down modulation of pain-induced

oscillations suggests that attention to pain induces an

increase in gamma band power, localized in the insula [42].

However, the analgesic effect depends largely on cognition

and belief of the individual. For instance, in an

Fig. 1 The anterior insular

cortex (AI) and the posterior

insular cortex (PI) are involved

in different pain circuits that

mediate different aspects of

pain. The AI serves as an

interface where attention,

anticipation, or belief shape

pain perception by activating

cognitive areas such as the

prefrontal (PFC) and anterior

cingulate (ACC) cortices and

attention areas such as the

frontal-parietal cortex and

amygdala (AMY). Through the

AI, the modulatory signal

reaches the descending pain

modulation system, whereas the

PI plays a fundamental role in

chronic pain maintenance

through a spinal-CGIC-S1-

spinal positive-feedback circuit.

CGIC caudal granular insular

cortex, LC locus coeruleus,

Spinal spinal cord, PAG

periaqueductal grey, PB

parabrachial nucleus, RVM

rostroventral medulla, S1

primary somatosensory cortex.

194 Neurosci. Bull. April, 2016, 32(2):191–201

123



experimental setting, the insula may encode a safety signal

that tunes afferent sensory processing mechanisms to reflect

the prior information that the noxious stimulus is safe and

well-controlled.

Converging lines of evidence from studies of pain

anticipation suggest that the IC may play a role in pain

modulation by tuning the responsiveness of other areas via

cortico-cortical interactions [43]. When a noxious stimulus

is sensed by vision, pain-related regions and structures of

the top-down attention network are recruited in an antici-

patory manner through interactions with the visual cortex.

Compared with the processing of unexpected pain stimuli,

this leads to enhanced local oscillatory activity as well as to

increased functional connectivity within pain-related

regions among the sensorimotor cortex and the SN. Pre-

vious morphological studies have also shown that the

dorsal visual system has direct anatomical projections to

the AI [44]. This pathway may help to generate signals

reflecting the saliency of visual stimuli in extrapersonal

space. This pattern of pain modulation by the IC is also

applicable to the analgesic effect of hypnosis, which has

been confirmed by electrocorticographic studies investi-

gating functional connectivity between the somatosensory,

medial frontal, and IC during the processing of attended

and unattended noxious stimuli [39]. However, whether

anticipation produces analgesia or exacerbation of pain

depends on the individual’s expectation of the upcoming

noxious stimulus according to cues in the context of their

own values. Apart from anticipation, it is likely that com-

plex cognitive information like mood, maladaptive expe-

rience, and expectation may flow from various brain

networks involving the amygdala, hippocampus, ACC, and

PFC to the AI to be integrated with nociceptive information

[3, 45, 46]. In such a way, the individual creates a com-

prehensive emotional awareness of the pain-related aver-

sive state.

Taken together, both the bottom-up (touch-pain inter-

action) and top-down (anticipation-pain interaction) mod-

ulation of pain perception involve the IC [47]. In this

process, the IC serves as an interface where multimodal

information is synthesized and integrated with nociception.

Given that the AI is the key node of the SN, the modulation

of pain is indeed a process of enhancement or attenuation

of the salience and quality of pain. One distinguishing

feature of the IC is that it contains a special group of large,

spindle-shaped neurons referred to as von Economo neu-

rons (VENs) [48] in its anterior part. VENs are projection

neurons *4.6 times larger than neighboring pyramidal

neurons and are proposed to be well-suited for the rapid,

long-distance integration of information [49, 50]. A clinical

lesion study of patients with damage to the IC found

increased pain ratings relative to normal controls [47],

indicating that the cognitive modulation of pain through

top-down signal modulation may be disrupted by insular

lesions. While the evidence on the lateralization of pain

modulation is controversial, a lesion study in rodents has

demonstrated that lesioning the RAIC produces a signifi-

cant decrease in pain-related behaviors, regardless of the

side of the lesion [51]. In humans, however, laterality is

common in insular functions. Right AI activation is absent

in empathy for positive emotions and is present only in

empathy for negative emotions such as pain, whereas the

left AI is activated by all valence categories [52]. Yet

further investigations using causal modeling of neu-

roimaging data are needed to determine whether asym-

metrical information flow between the left and right AI

occurs.

Disruption of the Insula-Mediated Functional
Network in Chronic Pain

A recent meta-analysis suggests that clinical pain pro-

cessing differs from experimental pain processing [53], and

the question arises whether the perceived intensity of

clinical and experimental pain is differently encoded or

modulated. Some clinical studies have suggested that

clinical pain is represented significantly more rostrally in

the insula [54], and the neural representation of aversive

emotion is located close to that of clinical pain in the IC.

Intriguingly, in healthy volunteers, pain can be shifted to

the right AI only when there is either a cognitive or emo-

tional modulation of the experience: for example, explicitly

paying attention to a painful stimulus.

Essentially, this abnormal activation pattern of the IC in

clinical chronic pain is associated with the disruption of

networks involving the insula. Studies have described

selective alterations in white matter connectivity between

atrophied regions (including the AI) in complex regional

pain syndrome [55]. However, gray matter volume in

patients with trigeminal neuropathic pain is reduced in the

AI, but an increased volume has been noted in the PI [56].

The abnormalities in local gray and white matter restruc-

turing under chronic pain conditions may underlie disrup-

tions of the intrinsic system that maintains normal pain

modulation. Just as distinct neurodegenerative diseases

involve the atrophy and degradation of their corresponding

resting state networks [57], the specific condition of

chronic pain results in unique patterns of network reorga-

nization. Data adapted from Cauda et al. show that the

DMN displays increased connectivity to the AI and PI in

patients suffering from diabetic neuropathic pain [58].

Similar results have been reported from lab research on the

resting state in patients with chronic back pain [59].

However, other results show that female patients with

irritable bowel syndrome (a chronic pain condition) display
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greater negative functional connectivity of the dorsal AI

with the medial PFC [60]. The discrepancy here is largely

attributable to differences in techniques and methods, but it

remains to be determined whether aberrant functional

connectivity between the DMN and the insula reflects

increased attention on pain. If so, uneven activation of

CEN and DMN from the insula may partly account for the

altered encoding of nociception in chronic pain.

With the chronification of pain, individuals are likely to

develop mood disorders such as depression. The affective

component of pain includes feelings of anxiety and

depression in response to a noxious stimulus, and depres-

sion is one of the most common disorders in chronic pain

patients [61]. In particular, depression and pain share a

high degree of comorbidity. A recent review covering

emotional impact of neuropathic pain addresses the ques-

tion of whether the anxio-depressive consequences of

neuropathic pain result from a long-lasting exposure to

aversive emotion [62]. However, the functions of the insula

in pain aversion and the anxio-depressive consequences of

chronic pain are still unclear. Nevertheless, neuroimaging

evidence has shown that the functional connectivity of the

nucleus accumbens, core to the IC, and the primary and

secondary somatosensory cortex (S1/S2) is significantly

decreased in depressive rats, in parallel with its functional

connectivity to the insula and the S1/S2 cortices in neu-

ropathic pain model. In fact, the process of pain chronifi-

cation is associated with a shift of brain activation from

sensory to affective-emotional circuitry [63]. In a study on

patients with neurogenic pain, enhanced EEG power has

been reported in the high theta (6–9 Hz) and low beta

frequency ranges (12–16 Hz) localized to the insula and

other pain- and emotion-associated cortical areas [64].

Investigations of the functional organization of the IC in

depressed patients complicated by the allodynia sign have

revealed that emotion-related activation peaks are shifted

to the dorsal AI that are associated with physical pain in

healthy individuals [65]. This result suggests that emo-

tional processing in the IC of patients with major depres-

sive disorder is topologically shifted towards the area

involved in pain processing, which makes this group of

patients feel as if they are in pain—‘‘emotional allodynia’’.

However, whether this shift in emotional processing cir-

cuitry towards pain-processing circuitry within the IC is a

vulnerability factor for the development of psychiatric and/

or psychosomatic disorders remains to be investigated.

Taken together, whether in the dynamic evolution of

pain chronification or the emotional consequence of

chronic pain (depression, anxiety), the IC displays dis-

crepant activation pattern and anatomical changes. Essen-

tially, these alterations largely reflect dysfunction of pain

modulation system involving the insula that encompasses

its connectivity with the CEN and DMN. Recently, some

studies on chronic pain suggest that anatomical changes in

the brain can be partly reversed by psychological inter-

vention [8]. Pain perception has been shown to be modu-

lated by cognitive measures such as cognitive behavior

therapy [66] through a modulation system mediated by the

AI. Using real-time functional magnetic resonance imaging

(rt-fMRI), volitionally influencing activation of the AI by

operant conditioning has been shown to result in a decrease

of subjective pain perception [67]. A clinical study found

that among the changes in gray matter in the ACC and PFC

across numerous chronic pain conditions, the ventral AI is

the only region returning to normal following effective

treatment of trigeminal neuralgia [8].

The Neurochemical and Molecular Mechanisms
Underlying Pain-Related Changes in the Insular
Cortex

As noted above, pain can be altered by mood, attention,

and cognition. However, the neurochemical basis of the

cortical modulation of pain are obscure [68]. Synthesizing

recent study on the cerebral modulation of pain, we con-

jecture that a ventral tegmental area (VTA)/SN-insula-

amygdala/PAG circuit may participate in this process

(Fig. 2).

The presence of D1 and D2 dopamine receptors in the

RAIC has been documented [69, 70]. Morphological

studies have shown that the RAIC has a close relationship

Fig. 2 Neural mechanisms underlying pain modulatory circuits

involving the rostral agranular IC (RAIC). Neurons in the RAIC

receive dopaminergic fibers from the VTA/SN. In the RAIC, there are

close appositions between dopaminergic fibers and GABAergic

interneurons. Then, GABAa neurons project to the locus coeruleus

(LC), while GABAb neurons project to the amygdala (AMY).

Altogether, by the activation of D1 and D2 receptors, dopaminergic

modulation of the RAIC occurs through different types of GABAergic

interneurons. The circuit provides potential access for reward-

motivation information to pain modulation system. PAG periaque-

ductal gray, RVM rostroventral medulla, SN salience network, VTA

ventral tegmental area.
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with the mesolimbic dopaminergic system and it receives

projections from the VTA [71]. Also, this dopaminergic

system is involved in the modulation of chronic nocicep-

tion [72, 73]. A previous study investigated the specific

effects of D1 and D2 in modulating neuropathic pain and

found a pro-nociceptive opponent role of insular D1 and

D2 receptors in the development of neuropathic pain.

Application of antagonists and agonists of D1 and D2

receptors in a rat modal of neuropathic pain showed that

D2 receptor activation and D1 receptor blockade in the IC

both diminish the score and incidence of autotomy due to

neuropathic pain and delay its onset.

Another known modulatory element is the GABA

receptor. GABA receptors in the RAIC act on at least two

independent subcortical systems to modulate the nocicep-

tive threshold [68]. The first, from the RAIC to the locus

coeruleus, influences the noradrenergic bulbospinal pro-

jections and is modulated predominantly by GABAa

receptors. The pyramidal neurons in the RAIC send exci-

tatory projections to the ventrolateral PAG, through which

the modulation signal arrives in the spinal via the

descending pain modulatory system [74]. The second, from

the RAIC to the amygdala, is modulated predominantly by

GABAb receptors. Because GABAb receptors are meta-

botropic, their function is probably to keep cortical affer-

ents to the amygdala under prolonged inhibition.

Generally, the cerebral cortex modulates pain by acting on

both pro-nociceptive and anti-nociceptive circuits. This

dual effect is a defining feature of endogenous pain mod-

ulation system [75, 76].

Intriguingly, GABAergic and dopaminergic modulatory

systems are not isolated. Using immunocytochemistry and

path-tracing techniques, researchers have found close

appositions between dopamine fibers and GABAergic

interneurons in the RAIC. This suggests that part of the

dopaminergic modulation of the RAIC occurs through

GABAergic interneurons. This crucial connection provides

a promising link between the reward and pain modulation

systems. However, more evidence is required concerning

their functional connections under specific conditions.

Under chronic pain conditions, however, the RAIC

mainly modulates pain perception through GABAb pro-

jections to the amygdala, which belongs to a pro-noci-

ception (pain-facilitating) circuit [53]. Do persistent

noxious inputs alter modulatory systems in insula? There is

now accumulating evidence that some brain abnormalities

may indeed develop as a consequence of ongoing noci-

ceptive input [77]. Neuroplastic change in chronic pain is a

type of aversive learning, which drives changes in brain

structure and function in the long run. Just like hip-

pocampal neuroplastic changes during learning, the insula

undergoes analogous synaptic changes in pain chronifica-

tion. Our previous study suggested that activity-dependent

plasticity occurs in the IC after nerve injury [78]. The

plastic changes are associated with a long-term increase in

the amount of synaptic N-methyl-D-aspartate receptors

(NMDARs), which initiate the long-term potentiation

(LTP) of AMPAR-mediated synaptic responses. Such

plasticity triggered by nerve injury shares common mech-

anisms with electrically-induced LTP. Nevertheless,

NMDARs cannot account for all the plasticity after nerve

injury, as application of the NMDAR antagonist AP-5 does

not completely block LTP in the insula. Moving forward,

our work has shown that peripheral nerve ligation triggers

the enhancement of AMPAR-mediated excitatory synaptic

transmission in the mouse IC. And this enhancement relies

on an increased amount and sensitivity of the synaptic

GluA1 subunit of AMPARs, but not the GluA2/3 subunit

[9]. The specific process may be phosphorylation of GluA1

at the Ser845 site attributable to the activation of adenylyl

cyclase 1 and protein kinase A (PKA) that may enhance

synaptic AMPARs by inhibiting their endocytosis [79] or

increasing the exocytosis of GluA1 to extrasynaptic sites

on the plasma membrane and priming AMPARs for

synaptic delivery [80].

In central synapses, AMPAR-mediated responses

undergo rapid and long-term increases or decreases in an

activity-dependent manner, whereas NMDAR-mediated

responses are relatively stable [81–83]. Recent reports have

suggested that NMDA receptor activation results in a rapid

decrease in the affinity of GluR2-containing AMPARs in

chronic pain models [84, 85]. Collectively, both an increase

in GluR1-containing AMPARs and the absence of GluR2-

containg AMPARs at the postsynaptic membrane boost the

synaptic permeability of Ca2?. This enhanced synaptic

transmission cannot completely account for the changes

caused by chronic pain, however, as chronic pain may alter

the cognitive and emotional modulation of pain.

A previous study on the organization of dynamic

mechanical allodynia processing in the rat IC under neu-

ropathic conditions showed that an innocuous air-puff

induces a dramatic increase in the number of pERK-1/2-

immunopositive neurons in the IC on both sides [86]. The

results indicate that trigeminal nerve injury significantly

alters the IC processing of tactile stimuli and that ERK

phosphorylation contributes to the mechanisms underlying

abnormal pain perception. It has been demonstrated that

pERK signaling is involved in the affective dimension of

pain disorders as well as the pathophysiology and treatment

of anxio-depressive disorders [87]. Thus, hyper-reactivity

of pERK in the IC may reflect the enhanced signaling of

insular neurons, which causes altered processing of normal

tactile stimuli as aversive. Furthermore, neuronal ERK-1/2

phosphorylation is confined to layers II–III of the rostral

dysgranular IC and agranular IC, where nociception-

specific neurons are found. In parallel, clinical human
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imaging has also revealed that brush-evoked allodynia

mainly activates the RAIC in patients with neuropathic

pain. However, possible implications of activating this

pERK signaling on neurotransmitter release and function

remain to be investigated.

Such a heightened signal level in the RAIC can also be

elicited by aversive stimuli such as stress. A study on

stress-pain interactions showed that the expression of

pCREB and c-Fos is increased in the rat AI after forced

swimming (FS), and this increase is correlated with the

enhancement of CFA (complete Freund’s adjuvant)-

induced thermal hyperalgesia [88]. It has been suggested

that the higher the signal level in the AI before stimulus

application, the more likely the subsequently applied

stimulus is to be perceived as painful [89–91]. As the AI

has access to information on the emotional aspects of an

experience [92], neuroplastic changes in the AI after FS

enhance the CFA-induced hyperalgesia. Here, activation of

pCREB and c-Fos in the AI after FS elevate the signal level

of pre-stimulus anxiety, which enhances the thermal

hyperalgesia after injection of CFA [88]. In addition, the

activation of pCREB is mainly confined to the RAIC [88],

local changes in gamma-aminobutyric acid (GABA) and

dopamine levels can alter the nociceptive threshold in

awake animals [68, 93]. Thus, it is tempting to believe that

in the process of stress-induced hyperalgesia, the RAIC

may undergo neuroplastic changes via activation of

pCREB and c-Fos in the AI after aversive stimuli, which

leads to dysfunction of the endogenous pain modulatory

system.

Altogether, continuous aversive inputs (pain) trigger

NMDAR/AMPAR-dependent LTP, which results in

synaptic permeability to Ca2?. The increased levels of

intracellular Ca2? activate spinal PKC and indirectly lead

to the activation of PKA through increased calmodulin and

cAMP [94]. Subsequently, cAMP activates PKA. PKA

then translocates to the nucleus and phosphorylates CREB.

The activation of PKA and PKC contributes to ERK acti-

vation, which is coupled to phosphorylation of CREB at the

serine 133 site [95] and expression of c-Fos. Studies in

patients with chronic pain have shown that altered neuro-

chemistry in brain systems (including the insula) may be

involved in psychologically-modulated analgesia [96]. We

speculate here that the altered neurochemistry may be

elicited by NMDAR-mediated neural maladaptation,

because it has been shown that NMDAR activation is

involved in trafficking of D1 receptors at the neuronal

surface in striatal neurons [88, 97–99]. Hence, stress/per-

sistent painful input-induced hyperalgesia through activa-

tion of pCREB and c-fos in the RAIC may affect pain

modulation by remodeling local GABAergic and

dopaminergic receptors.

Conclusions and Implications

In summary, evidence from animal, preclinical, and clini-

cal studies suggests that the IC is involved in both the

sensory and affective dimensions of pain. Particularly, in

the shaping of pain perception, the AI serves as a critical

site where multimodal information competes and integrates

with nociception to create an awareness of the body state.

The progression to chronic pain reflects not only impair-

ment of the normal functional activity of the insula, but

also the disruption of specific circuits that modulate pain-

related emotional awareness involving the IC. It is likely

that plastic changes involving glutamatergic receptors

touch off the onset of pain chronification, and subsequent

pERK signaling pathways underpin the abnormal activa-

tion of the pain-processing system through dysfunction of

pain-modulating receptors such as GABAergic and

dopaminergic receptors. However, this mode of action of

the IC in pain requires longitudinal studies involving more

preclinical studies based on clinical observations. Besides,

although most studies propose involvement of the AI and

PI in isolated functional networks of pain, as there are

intimate reciprocal links between AI and PI, evidence on

functional interactions within the insula is imperative for a

deeper insight into the role of the insula in pain. Clinically,

whether reversing changes within the IC can alleviate

chronic pain is not yet exactly known, however, targeting

this point might provide new therapies for chronic pain.
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