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Abstract Human functional MRI studies in acute and

various chronic pain conditions have revolutionized how

we view pain, and have led to a new theory that complex

multi-dimensional pain experience (sensory-discriminative,

affective/motivational, and cognitive) is represented by

concurrent activity in widely-distributed brain regions

(termed a network or pain matrix). Despite these break-

through discoveries, the specific functions proposed for

these regions remain elusive, because detailed electrophys-

iological characterizations of these regions in the primate

brain are lacking. To fill in this knowledge gap, we have

studied the cortical areas around the central and lateral

sulci of the non-human primate brain with combined

submillimeter resolution functional imaging (optical imag-

ing and fMRI) and intracranial electrophysiological record-

ing. In this mini-review, I summarize and present data

showing that the cortical circuitry engaged in nociceptive

processing is much more complex than previously recog-

nized. Electrophysiological evidence supports the engage-

ment of a distinct nociceptive-processing network within

SI (i.e., areas 3a, 3b, 1 and 2), SII, and other areas along the

lateral sulcus. Deafferentation caused by spinal cord injury

profoundly alters the relationships between fMRI and

electrophysiological signals. This finding has significant

implications for using fMRI to study chronic pain condi-

tions involving deafferentation in humans.
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Introduction

Pain is a somatic sensation with unique characteristics.

Human functional MRI (fMRI) studies in acute and various

chronic pain conditions have revolutionized how we view

pain, and have led to a new theory that complex multi-

dimensional pain experience (sensory-discriminative,

affective/motivational, and cognitive) is represented by

concurrent activity in widely-distributed brain regions

(termed a network or pain matrix). Within this network,

the primary somatosensory cortex (SI) has been proposed

to subserve a more general sensory discrimination role

[1–5], whereas the operculo-insular region, including the

secondary somatosensory cortex (SII) and the posterior

insula (pIns) of primates, serves as the earliest pain-

encoding region. This region is responsible for the

subjective recognition of pain, encoding of pain intensity,

learning and memory of pain-related events, and possibly

the generation and maintenance of chronic pain states in

humans. Despite these breakthroughs and discoveries, the

specific functions proposed for these regions remain

elusive, because detailed electrophysiological characteri-

zation of these regions is lacking in the primate brain, and

only a limited number of nociceptive neurons have been

isolated. The circuits subserving the representation of

different aspects of pain information in primates, and the

neuronal encoding mechanisms of the different aspects of

nociceptive inputs remain to be established.

Modern brain imaging, such as fMRI, has revolutionized

our view of pain, allowing the opportunity to investigate the

neural mechanisms of pain by simultaneously measuring

& Li Min Chen

limin.chen@vanderbilt.edu

1 Departments of Radiology and Radiological Sciences and

Psychology, Institute of Imaging Science, Vanderbilt

University Medical Center, Nashville, TN 37232, USA

123

Neurosci. Bull. February, 2018, 34(1):165–177 www.neurosci.cn

https://doi.org/10.1007/s12264-017-0133-2 www.springer.com/12264

http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0133-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0133-2&amp;domain=pdf
https://doi.org/10.1007/s12264-017-0133-2
www.springer.com/12264


across multiple brain regions while they are engaged in

functions related to the perception and modulation of pain in

healthy and disease states. The fundamental tenet in these

imaging studies is that the fMRI signal (e.g., Blood

Oxygenation Level Dependent, BOLD) changes in parallel

with neural activity. The precise relationships between the

fMRI signal and neuronal activity (also called neurovascular

coupling), however, are not fully understood and remain

active topics of research. We do know, however, that

neuronal spiking and synaptic activity, whether excitatory or

inhibitory, contribute to the blood-flow demand detected by

fMRI signals. Much of the existing knowledge stems mainly

from studies of the monkey visual system under physiolog-

ical conditions, which assess the relationships between

changes in neuronal electrophysiological signals (spiking

and local field potentials, LFPs) and MRI signal amplitudes

[6]. Recent evidence indicates that the relationships between

fMRI BOLD and electrophysiological signals indeed vary

across different brain regions and task conditions, perhaps

due to differences in the functional organization of neurons

within the specific imaging volume and/or differences in the

neuronal engagement during each task [7, 8]. Few studies

have directly compared the precise spatiotemporal relation-

ships between these two types of signal, especially in

pathological conditions. The widespread application of

fMRI has not only identified brain regions that are

responsible for the multi-dimensional experience of pain

perception, but has also revealed widespread alterations in

brain function and structure in various chronic pain condi-

tions. However, accurate interpretations of these MRI

findings and a full appreciation of their clinical and

behavioral implications require knowledge of the neuronal

constituents underlying the MRI signal, given that the

BOLD fMRI signal indirectly measures the ensemble

properties and activity of relatively large neuron populations

[6, 9, 10]. Such information is difficult, often impossible, to

obtain in human subjects for both technical and ethical

reasons, but it is possible to acquire from animal studies. In

contrast, fMRI in animals allows us to directly compare

neuronal and MRI activity, and ultimately provides the

much-needed information about the physiological basis of

the fMRI signals.

In my laboratory, we have taken such an approach by

combining high-resolution fMRI (at 9.4 T), multichannel

microelectrode recording, and histological investigation.

Our studies focus on understanding how different types of

nociceptive and innocuous touch inputs under normal and

pathological conditions (deafferentation) are processed in

early somatosensory cortices (i.e., areas around the central

and lateral sulci) in lightly-anesthetized squirrel monkeys.

Information provided by each method is independent and

complementary, and provides a more comprehensive view

of cortical processing. In this paper, I mainly review

findings derived from studies in the SI cortex (areas 3a, 3b,

and 1/2) in two experimental settings: nociceptive and

tactile processes under normal conditions (input-intact) and

tactile processes in deafferentation conditions (input-

deprived). The deafferentation study was motivated by

the inconsistently-detected SI activation in chronic pain

conditions, along with numerous reports on plastic changes

in the somatotopic map of SI cortex. In our studies,

deafferentation is introduced by a unilateral dorsal column

lesion (DCL) at a high cervical level, a procedure that

selectively disrupts the pathway important for fine dis-

criminative touch. We started our study with this model

system, because it has been well studied using other

invasive methods (e.g., microelectrode mapping and

immunohistological evaluation). Although we have not

specifically tested the effects of disruption of the nocicep-

tive pathways on the pain response, we believe that

understanding the effects of deafferentation on the fMRI

signal and its relationship with neuronal activity has

implications for other deafferentation conditions, including

some types of chronic pain. In the following sections, I

briefly state our motivation, summarize the findings, and

discuss the potential implications.

FMRI Study of Nociception in Non-human
Primates: Missing Link Between Animal
and Human Data

We use the primate as an experimental model to study

nociception due to its unique advantages. First, the monkey

brain closely resembles the human brain, compared to

those of rodents. For example, rather than the single SI and

SII areas in rodents, the SI and SII cortices in primates

(including humans) are composed of several functionally

and anatomically distinct sub-regions. Out of the four well-

established sub-region structures in primates, only area 3b

is regarded as homologous to SI in rodents [11]. Similar

differences in functional organization are known to exist in

other high-order pain processing regions, such as those

along the lateral sulcus [12–14], including area 7b (part of

the inferior parietal cortex in humans), retro-insula, and

pIns (which is hard to distinguish from SII in human fMRI

images). Thus, information derived from monkey studies

provides the important missing link between rodent and

human data. Second, the high spatial resolution of fMRI

images achievable in monkeys [15–19] allows examination

of the pain network at the submillimeter scale [15, 20–24].

This achievement is critical for understanding brain

function and pain processing [20, 25], as fine-scale

columnar structures are believed to be the building blocks

of basic information-processing units for cerebral function.

FMRI activation maps not only allow us to examine the
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nociceptive responses at various network scales (e.g.,

modular organization within one area and across areas), but

they also help tremendously when selecting target regions

for the time-consuming electrophysiological mapping and

recording studies, particularly in areas of which we have

little prior knowledge.

FMRI and Optical Imaging of Intrinsic Signals
Reveal Differential Cortical Representations
of Mechanical and Thermal Nociception and
Innocuous Touch Within SI and Other Cortices
Along the Lateral Sulcus

The SI (composed of four sub-regions in primates) and the

SII cortices (composed of parietal ventral (PV), S2, and

ventral somatosensory sub-regions) are early somatic

regions responsible for functions including fine discrimi-

native touch, tactile shape perception, and proprioception,

as well as temperature and pain sensing. The roles of these

regions in touch processing and perception are much better

established than their roles in encoding temperature and

pain. We now know that higher primates have four strip-

like representations of skin and muscle receptors corre-

sponding to areas 3a, 3b, 1, and 2 of the anterior parietal

cortex. Areas 3b and 1 receive cutaneous information from

the thalamic ventroposterior nucleus, while the ventropos-

terior superior nucleus provides areas 3a and 2 with

information from muscle receptors. Area 3b provides most

of the activating cutaneous inputs to areas 1 and 2. Further

processing in S2 and the PV area allows tactile recognition

of objects (e.g. shape or surface features). Both S2 and PV

receive activating inputs from areas 3a, 3b, 1, and 2, and S2

also projects to PV and to a parietal rostral area where

further connections with the amygdala and hippocampus

may occur to allow the formation of tactile memories (for a

review on this topic see [12]).

The precise role of SI cortex in pain perception has long

been debated [1, 26–28]. The doubt comes mainly from

three observations: inconsistent detection of fMRI activa-

tion in human SI cortex, particularly in chronic patholog-

ical pain conditions; the small number of nociceptive

neurons identified in corresponding areas 3a, 3b, and 1/2 in

monkeys [29–32]; and failure to evoke or diminish pain

sensation by stimulating or ablating SI cortex. Based on our

own data, we believe that several factors have contributed

to these observations, the first being the use of relatively

large fMRI signal voxels on sampling signals that originate

from functionally heterogeneous neuronal populations. The

second factor relates to the compromised fMRI response

detection in pathological conditions, such as deafferenta-

tion. Findings derived from our high-resolution fMRI

studies support our speculation about the first factor. Our SI

studies benefit greatly from the fact that the SI cortex of

new-world monkeys is a flat cortical region that allows

detailed spatial comparison among maps obtained with

fMRI, microelectrode mapping and recordings, and

histology.

Under light anesthesia (0.5%–1% isoflurane), we found

that nociceptive-heat stimulation of digits (47.5 �C) evokes
robust (*0.8% BOLD signal change), widely-distributed,

and reproducible fMRI activations in topographically

appropriate regions of areas 3a, 3b, and 1/2 of SI, and

anterior M1 cortex (Fig. 1A, D, E, H) [33]. In contrast,

fMRI activations elicited by innocuous tactile stimuli are

more constrained spatially; they are located in somatotopi-

cally appropriate but different regions of areas 3b and 1

(Fig. 1B and F, see the color-coded microelectrode pene-

trations in Fig. 1D and H). These differential activation

patterns to nociceptive heat versus touch are present across

monkeys (for details, see Figure 4 in [33]). Occasionally,

we also detected tactile stimulus-related BOLD signal

changes in area 3a (Fig. 1B). By characterizing the

receptive fields and preferred stimulus properties of

neurons at each microelectrode penetration site (colored

dots in Fig. 1C and G), we determined the cortical

territories of each digit representation in each cortical area

and their inter-areal borders (dotted line in Fig. 1C and G).

Careful examination of the activation maps and BOLD

time-courses in each cortical area led to two main findings

in the SI cortex. First, the spatial relationships between

heat-nociceptive and tactile fMRI activations vary across

areas. In area 3b, heat fMRI activation does not overlap

with tactile responses, and is centered at inter-areal borders

(areas 3b–1, areas 3a–3b, and areas 1–2). In areas 1/2, heat

nociceptive activation foci only partially overlap with

tactile activation foci. Different from areas 3b and 1/2, area

3a responds preferentially to nociceptive heat stimuli.

Second, BOLD signal changes to heat stimulation in areas

3a and 1 peak earlier than that in area 3b. The areas 3a and

1 to area 3b information flow direction is reversed to a flow

from area 3b to area 1 for processing tactile inputs.

Mechanical nociceptive stimuli of digits, however, elicit

optical signal increases in areas 3a, 3b, and 1/2 regions that

co-localize with those to innocuous tactile stimuli [2]. Thus

far, targeted microelectrode recordings conducted in our

lab have identified nociceptive neurons in each of the fMRI

activation clusters we examined ([2, 33] and unpublished

observations).

In addition to the SI cortex, cortical areas that reside

along the lateral sulcus (the Sylvain fissure in human

brain), particularly the insula (Ins), have been proposed as

the primary pain-specific processing regions [34, 35]. The

lack of adequate understanding of how different aspects of
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nociceptive information are processed and integrated by

individual neurons and populations of neurons in these

areas has led to heated debates on the functions of cortical

areas, and the location(s) or even existence of a primary

nociception-specific processing region in the cortex of

primates [1, 36, 37] (see most recent discussions on this

topic in [37, 38]). To date, only a limited number of

scattered nociceptive neurons (primarily wide-dynamic

range nociceptive neurons) have been identified in this

poorly-defined region [2, 30, 39–42]. To fill in these

knowledge gaps, we also mapped the lateral sulcus regions

(homologous to the parieto-insula region in human brain)

during nociceptive stimulation and discovered complicated

fine-scale networks for nociceptive processing [43–46]. For

example, robust and reproducible nociceptive stimuli-

evoked fMRI activations were identified in posterior SII,

pIns, area 7b, and the retro-insula (Fig. 2) [33]. The last

two are considered part of the posterior and inferior parietal

cortex in humans, an area connecting sensory and limbic

regions [47–50]. It is important to note that these regions

are not readily distinguishable in human fMRI studies.

In summary, extending previous neuroimaging findings

in the monkey SI cortex [2, 51, 52], our high-resolution

fMRI studies have revealed a spatially complex and

segregated fine-scale cortical network around the central

and lateral sulci for processing nociceptive information.

This network includes subregions of SI, SII, pIns, area 7b,

and retro-insula. Based on these observations, we hypoth-

esize that there is a distinct nociception-specific network

around the central and lateral sulci. These regions likely

work together to encode information on the quality,

intensity, and location of painful stimuli. We are currently

investigating the neuronal basis of these nociceptive

stimuli-evoked fMRI responses and their functional

connections.

Implications of the Segregated Nociceptive
and Innocuous Tactile Responses within SI
Cortex of Monkey Brain for Human fMRI Studies

We think that the complexity of spatial and temporal

features very likely contributes to the variation in fMRI

signals, therefore resulting in inconsistent detection of

pain-related fMRI signal changes in SI cortex in human

studies, in which the functionally and anatomically

distinct four-region structure (areas 3a, 3b, 1, and 2) is

treated as a single entity of SI cortex. For instance, from

the detection point of view, if a large proportion of fMRI

voxels are sampling signals originating from a mixture of

different SI subregions or regions containing a mixture of

nociceptive and innocuous neurons, then the net

detectable fMRI signal changes would likely change

drastically depending on the location of those voxels and

the composition of neuron clusters with different preferred

stimuli across subjects. The editorial by Dr. Davis [9]

illustrates very well one aspect of the aforementioned

complex: the possible relationships between a single fMRI

Fig. 1 Comparison of nociceptive-heat and tactile fMRI activations

within SI cortex in two representative monkeys. A, E Color-coded

activation probability maps illustrate the frequency of detected

activations (in each run) in response to 47.5 �C nociceptive-heat

stimulation of digits within each imaging session. Activation in each

run was thresholded at P\ 0.0001 (uncorrected). B, F Composite

digit tactile activation maps in the same animals. Letters indicate the

stimulated digits associated with the activation. C, G Digit represen-

tation maps as determined electrophysiologically by microelectrode

mapping. Receptive field properties of neurons at each penetration

(colored dots) are color-coded for different digits. Dotted lines

indicate the estimated inter-areal borders. D, H Overlays of nocicep-

tive heat and tactile fMRI activation patterns and electrophysiological

maps in each animal. Color-coded scale bars indicate the number of

activated runs of the total of scanned runs (far right). a anterior,

p posterior, m middle, l lateral. Scale bars 1 mm. Modified from Chen

LM, et al., Pain 2011 [23].
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voxel and the underlying anatomical and functional

constituents. As expected, if we reduced the fMRI voxel

size to a fine scale (e.g., submillimeter scale in our study),

allowing activities that originate from distinct functional

cortical columns or regions to be separated, then the

detection and reproducibility of fMRI activation evoked

by painful stimuli would increase drastically. In fact, these

were our findings in both monkey and human high-

resolution fMRI studies. In monkeys, fMRI signal changes

in response to nociceptive heat, cold (unpublished data),

and innocuous touch were consistently detected across

imaging runs, sessions, and subjects. In humans, by

applying high-resolution fMRI (1 9 1 mm2 in-plane res-

olution) at 7 T, we consistently detected touch-evoked

fMRI signal changes in individual digit regions [53], as

well as pain-related signal changes in area 3a and other

sub-regions in SI cortex [Stringer EA, Gore JC, and Chen

LM unpublished observation].

Differential Intrinsic Inter-areal Functional
Connectivity of Areas 3a and 3b of SI Revealed
by Resting-State fMRI Signals

Building upon the evidence for segregated nociceptive

versus tactile activation processing circuitries within SI, we

further asked the question of whether and how these

nociceptive regions are functionally connected. We used

the well-documented indicator of functional connectivity,

inter-regional correlation of low-frequency fMRI signals in

a resting state, to probe the functional connections among

areas 3a, 3b, and 1/2. Numerous studies have demonstrated

the power and usefulness of resting-state fMRI signals for

probing intrinsic resting-state functional connectivity

(rsFC) among brain regions in humans and monkeys

[54–56]. Using this measure, we found that area 3b and

area 3a exhibited differing connectivity patterns (Fig. 3).

Area 3b connects strongly to area 1/2, but not area 3a,

whereas area 3a connects strongly to area 1/2 (Fig. 3).

Importantly, the inter-areal functional connectivity pattern

is somatotopically specific (e.g., D2 tip to D2 tip), a feature

indicating its functional relevance for spatial localization

and the discrimination of sensory inputs. Subsequent

microelectrode recording studies indeed revealed synchro-

nized spiking activity among those regions exhibiting

strong resting-state fMRI signal correlation [57, 58].

Examination of local intrinsic anatomical connection

patterns also identified preferential connections of area 3b

and area 1 [57, 59, 60]. For the first time, our study

established an anatomical and electrophysiological basis

for resting-state fMRI (\0.1 Hz) networks within SI cortex

at a local mm-based scale. The robustness of this rsFC

measure motivated us to explore the fine-scale whole-brain

functional network of each of the nociceptive regions

identified. We started by probing the rsFC of SII and the

pIns, which resulted in the identification of distinct

functional networks of nociceptive regions in these areas.

A schematic is shown in Fig. 5.

Proposed Cortical Processing Circuits for Noci-
ception and Touch Within SI Cortex

We proposed an inter-areal and inter-regional selective

circuitry model for heat and touch input processing within

SI cortex based on the findings from stimulus-evoked and

resting state fMRI experiments (Fig. 4). This model

suggests the following information-processing features

within SI: (1) heat-pain processing circuitry within SI is

composed of regions in areas 3a, 3b, and 1/2 (red circles),

and in a topographic manner. Touch circuitry is indepen-

dent of the heat-pain circuitry, and consists of areas 3b and

Fig. 2 fMRI activation in lateral sulcus areas of SII, posterior insula

(pIns), area 7b (ar-7b), and retro-insula (Ri) in response to nocicep-

tive-heat stimulation (left column) and corresponding VGlut2-stained

tissue sections. Modified from Chen LM, et al., Pain 2012 [33].
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1 (blue circles). (2) There is a general anterior to posterior

information-processing hierarchy for both heat-pain and

touch. (3) The area 3a to area 1/2 connection is the

dominant pathway for pain within SI cortex. Area 3a could

be one of the early relay stations for processing heat-

nociceptive inputs as proposed by Dr. Craig [36]. We

recognize that more in vivo microelectrode recording and

mapping studies in monkeys are needed to fully construct

the circuitry and to understand the flow for nociceptive

information integration within SI cortex. Further studies in

humans are also needed to determine the functional

relevance of these inter-areal local networks within SI

cortex in pain perception.

To summarize, evidence obtained from our fMRI and

optical imaging experiments supports the involvement of

areas 3a, 3b, and 1/2 of SI cortex in processing heat

Fig. 3 Resting-state fMRI connectivity within SI cortex of squirrel

monkeys. One case is shown in A–B and D–F, and population data in

C and G–I. A Electrophysiological map of digit region. Colored dots

see legend, digits 1–4, palm. Dotted lines estimated borders between

areas 3a, 3b, and 1, and between hand/face. White arrows central and

lateral sulci. Blue boxes areas 3a, 3b, and 3b face seed regions. White

arrowheads vessel markers used for alignment with image in F (pink

arrowheads). B BOLD activation in response to vibrotactile stimu-

lation of D2 tip. Activated voxels occur in areas 3a, 3b, and 1.

Correlation maps were thresholded at r[ 0.7 with a peak correlation

value of 0.9. C Box plot of correlation coefficient values between

areas 3b and 1 (3b–ar1), 3b and 3a (3b–3a), and 3a and 1 (3a–ar1),

with control locations (3b–cntr, 1–cntr, and 3a–cntr). D–F BOLD

correlation maps in the resting state. Seed voxels (solid blue boxes in

D and E) were placed in the digit regions in areas 3b (C), 3a (D), and
the face regions in 3b (F) for voxel-wise correlation analysis. G–I
Cross-animal (or population) correlation maps of seeds in areas 3b

(G), 3a (H), and face (I) regions. Correlations are a summary of 18

runs (i.e., each map is based on 18 seeds, seeds overlay D2, D3, or D4

digit tip) conducted in 10 animals. To average across animals, seed

voxels were used to align all the cross-animal images. Correlation

maps are centered on the seed region. Because the seed location is

relative to the imaging field of the view across animals, there are

some deviations in spatial location between the average correlation

map and individual cases. Adapted from Wang Z, Chen LM, et al.,

Neuron 2013 [57].

170 Neurosci. Bull. February, 2018, 34(1):165–177

123



[33, 39, 41, 51], mechanical [2], and cold nociceptive

inputs. Local heat and cold nociceptive processing net-

works within SI appear to be separate from those of

innocuous tactile processing. Based on our observations of

spatial segregation of heat and tactile fMRI activations and

the early-peaked heat fMRI signal changes in area 3a, we

propose that nociceptive heat and tactile inputs are

processed by different inter-areal circuitries within SI

cortex. Specific area 3a to area 1/2 and area 3b to area 1/2

circuitries are engaged in nociceptive heat versus innocu-

ous touch information processes. Based on observations of

overlapping mechanical and tactile activations within areas

3b and 1 [2], we also hypothesize that mechanical and heat

nociceptive inputs are likely processed by different groups

of neurons and local circuitries within and across SI sub-

areas. To date, however, clear experimental data for

specialized nociceptive processing are only available for

the peripheral system (for a recent review, see [61]). Thus,

whether the different circuitries identified within and

across SI sub-areas are nociception-specific and/or receive

functionally-specific thalamic inputs remains to be deter-

mined. More neuronal electrophysiological and anatomical

connectivity data are necessary to support (or disprove) the

proposed networks for the differential representation of

heat and mechanical pain in primates [26, 62–64].

The Functional Connectivity Circuits of Nocicep-
tive Regions in SII and Posterior Insula

Beyond the SI cortex, we have also observed separate

nociceptive heat and cold processing regions within the SII

and the pIns cortices. To date, our fMRI and preliminary

electrophysiological evidence support the existence of

Fig. 4 Proposed inter-areal circuitry within SI cortex.

Fig. 5 Schematic summary of

inter-regional relationships

among pain networks of squirrel

monkeys. A, B Nociceptive

processing regions on a flat-

tened view of the entire neo-

cortex (A), and on a lateral view

of the intact monkey brain (B).
Modified from Kaskan PM,

et al., Front Neurosci 2007 with

permission [66]. S1 the primary

somatosensory cortex, S2 the

secondary somatosensory cor-

tex, 7b Brodmann area 7b, pIns

posterior insula cortex, Ri retro-

insula, PCC posterior cingulate

cortex, ACC anterior cingulate

cortex.
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separate (from core tactile processing regions) nociceptive

heat and cold processing circuits within SI and between SI

and SII cortices. We hypothesize that nociceptive modality

(heat and cold) information is extracted and integrated in

early somatosensory areas. Figure 5 shows a schematic of

the established functional organization of the whole region

along the lateral sulcus based on anatomy, functional

organization, neuronal receptive fields, and stimulus

response features [65].

Effects of Differentiation on BOLD, LFP,
and Spiking Activity in the SI Cortex and the Im-
plications for Detecting SI Nociceptive Responses
in Chronic Pain Conditions

Deafferentation is quite common in chronic pain states,

such as pain associated with stroke and spinal cord injury.

Thus, a better understanding of the effects of deafferenta-

tion on fMRI signals, neuronal electrophysiological activ-

ity, and the relationships between these two types of signal

is critical to accurately interpret fMRI findings involving

deafferentation. Toward this goal, we started our study

with a well-established deafferentation model in monkeys:

unilateral DCL of the spinal cord at the cervical level. This

model provides a relatively clear experimental condition,

because it selectively disrupts ascending afferents carrying

discriminative fine touch information to SI cortex without

affecting motor pathways and other ascending pathways,

allowing us to quantify the effects of deafferentation on

fMRI signal changes in activation size and magnitude,

neuronal spiking, and LFP activity, and the spatial and

magnitude correlations between changes in these two types

of signal in a very well-controlled deafferentation condi-

tion. One novel aspect of this model is that the level and

percentage of dorsal column afferent disruption can be

confirmed histologically and quantified by calculating the

number of spared tracer-intake fiber terminals in the dorsal

column nuclei in the brainstem (for details, see [67, 68]).

Typical changes in deafferented cortex are illustrated in

Fig. 6 [67, 68]. Compared to the fMRI map of pre-lesion

digit activation (colored outlines in Fig. 6A), there were

apparent spatial shifts in the remaining digit responses

toward the palm (open black outlines in Fig. 6A–C) and the

inter-area border of areas 3b and 1. D1 (dark blue outline),

D3 (dark red outline), and D4 (orange outline) fMRI

activations were located at somatotopically appropriate

sites, but the activation sizes were larger than normal

(Fig. 6B). Unlike the post-lesion fMRI digit maps, the

post-lesion optical imaging maps of the digits exhibited

close spatial correlations with the post-lesion digit maps

defined electrophysiologically (Fig. 6C). The electrophys-

iology and optical imaging maps of D3 and D4 were in

close agreement (Fig. 6C). Portions of the D1 and D2

activations, as well as the second patch of D4 activation,

were determined to be in area 3a, as indicated by the border

between areas 3b and 3a (dotted lines in Fig. 6A–C). We

do not know whether the responsive patches in area 3a are

expansions of area 3b digit territory or if they represent

newly-acquired responsiveness of area 3a neurons to low-

threshold tactile stimuli.

To summarize, after DCLs that result in 78%–99%

afferent disruption in monkeys, we found in the input-

deprived area 3b that (1) the detection rate of fMRI

responses to identical tactile stimulation drops *30%; (2)

the fMRI-responsive region is enlarged; (3) the fMRI

activation center shifts spatially, away from its original

location, resulting in a reorganization of the digit maps; (4)

the response magnitude of fMRI and multi-unit firing

activity to 8-Hz stimulation declines significantly [68]; and

Fig. 6 Comparisons of fMRI, optical imaging, and electrophysio-

logical maps of digit activation in contralateral and ipsilateral areas

3b and 1 in one monkey after a dorsal column lesion. A Overlay of

pre-lesion fMRI and post-lesion electrophysiological maps of digits.

Colored outlines location and size of fMRI activations; colored

patches location and size of neuronal responses. B Spatial comparison

of post-lesion fMRI and post-lesion electrophysiological digit maps.

C Spatial comparison of post-lesion optical imaging (OI) and post-

lesion electrophysiological digit maps. D Overlay of optical imaging

and electrophysiological maps of digits D1–D4 in the ipsilateral areas

3b and 1 of the same animal. CS central sulcus. Dotted black lines

estimated inter-areal borders. Scale bars 1 mm. a anterior, p posterior,

l lateral, m medial. Modified from Chen LM, et al. J Neurosci 2012

[68].
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(5) the fMRI response in the input-deprived region is larger

than the digit representation maps determined by neuronal

activity. Together, these findings indicate that the previ-

ously unresponsive palm region now re-gains responsive-

ness to spared digit afferent inputs (or ascending via

different pathways in the spinal cord [67]) after a spinal

cord lesion. In the input-deprived (deafferented) cortex, the

responses evoked by tactile stimuli are weaker, spatially

shifted, and more diffuse. Most importantly, not only is the

spatial extent of fMRI response larger than that defined by

neuronal activity, but also simultaneous recordings of the

spiking and LFPs from those input-deprived (but reacti-

vated, definition described in [69]) regions reveal dissoci-

ated changes in fMRI signal amplitudes, LFPs, and spiking

activities. Reduction in multi-unit spiking activity does not

occur in parallel with similar changes in LFPs, suggesting a

disproportionately enhanced synaptic contribution (re-

flected by LFP activity) to fMRI signal changes in input-

deprived cortex. Specifically, a significant reduction in

spiking rates, particularly to high frequency stimuli, but not

in LFPs (Fig. 7) suggests that the functional changes

occurring in the deafferented cortex are functionally

specific, such as the tactile frequency-encoding in our

DCL model. The loss of frequency-encoding capacity of

spikes in area 3b after DCL may explain contributions to

the impaired ability of patients with dorsal column injury to

determine the temporal sequence of tactile events.

Altogether, the finding of dissociated spike-LFP in

deafferented cortex has important implications for studies

using fMRI to infer neuronal activity in pathological

conditions. There has been a growing recognition in recent

years that LFPs and spiking activity reflect different

aspects of neuronal processing at different spatial and

temporal scales. The LFP integrates predominantly

synaptic input signals from a population of neurons in a

relatively larger cortical region, while spiking activity

carries the output signal. In general, fMRI signal changes

align well with LFP signal changes. To date, the precise

relationships of these three different types of signal (fMRI,

LFP, and spiking) remain elusive [6, 70–74]. There is

evidence for a functional or task-specific relationship

between these signals [8, 75, 76]. Our data suggest that,

under certain circumstances such as cortical deafferenta-

tion, the BOLD signal change, given its dominant contri-

bution from subthreshold synaptic activity, may likely

underestimate the changes in spiking activity (for reviews

see [6, 75, 77, 78]). To accurately interpret functional

imaging findings, one should take into account the specific

conditions and states of the cortex and the local circuitry

involved in the task. On the other hand, if the integrative

subthreshold activity and output spiking activity are

dissociated (as in our experimental condition), spiking

activity alone very likely would underestimate the degree

of ongoing local integration and, by this reasoning, the

extent of cortical reorganization. Given what we have

shown regarding the dissociation between subthreshold and

spiking activity, we believe that systematic investigation of

specific pathological brain functions using combined

electrophysiological and functional imaging methods is

necessary to establish quantitative relationships between

fMRI and the underlying activity of populations of

neurons.

To summarize, our studies showed that deafferentation

alters several aspects of cortical processing. The weakened

and diffuse fMRI signal changes to stimuli likely compro-

mise the detection of fMRI activation. This observation

calls for more cautious interpretations about failed detec-

tion of pain-related activations in SI cortex, particularly in

Fig. 7 Group quantification of spiking (A) and LFP (B) responses in
area 3b as a function of stimulus frequency, and summary of

percentage of spike-LFP dissociation in control and input-deprived

deafferented cases (C). A The mean response efficacy (RE, solid

lines) to different stimulus frequencies declined progressively in

deafferented area 3b (red), and was significantly lower than in normal

cases (blue) (*P\ 0.05, except for 2-Hz stimulus). The firing rates in

normal cortex were also significantly higher than in deafferented

cortex. B The mean power of evoked LFPs in area 3b also decreased

with increasing stimulus frequency. The LFP signal was persistently

and robustly modulated by tactile stimulation under all conditions,

and there was no difference between signals in normal versus

deafferented cortex (*P[ 0.05). C Summary of spike-LFP dissoci-

ation as a function of stimulus frequency in area 3b of normal and

input-deprived subjects. With increasing stimulation frequency, the

LFP response was more often dissociated from spiking activity in the

input-deprived cases (*P\ 0.05). Modified from Wang Z, et al., Exp

Neurol 2013 [69].
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conditions where deafferentation is suspected. The finding

of high-frequency-dependent dissociation of LFPs and

spiking activity also indicates that the plastic changes that

occur in the brain develop in a function-specific manner.

Thus, to fully appreciate the role of SI in chronic pain

conditions, the uses of appropriate forms of painful stimuli

and paradigms are necessary.

Effects of Anesthesia on Nociceptive Stimuli-
Evoked and Resting-State fMRI Signals

Although the awake preparation is desirable for studying

nociception in animals, anesthesia is necessary for submil-

limeter resolution fMRI due to technical constrains and for

the delivery of prolonged suprathreshold nociceptive

stimuli in a controlled manner due to animal welfare

concerns. In this context, however, the effects of anesthesia

on the systems investigated need to be taken into account in

interpreting the findings. In general, anesthesia suppresses

neuronal activity, but in a dose-dependent and system-

specific manner (for a recent review, see [79]). In our

experiments, the effects apply to both stimulus-evoked and

resting state fMRI signals. For fMRI activation studies, the

use of anesthesia (a low dose of isoflurane in our cases)

indeed increases the fMRI signal-to-noise ratio by reducing

motion and physiological signal-related noise, which then

enhances the detection and magnitude estimation of fMRI

signal changes caused by nociceptive stimuli. Anesthesia is

expected to alter the neuronal receptive field sizes, stimulus

tuning curves, and dynamic features according to observa-

tions from somatic and other sensory systems [80, 81].

Since no study has systematically examined the effects of

anesthesia on nociceptive neurons, the specifics remain to

be determined. From our own experience, nociceptive

neurons have been isolated from cortical regions showing

nociceptive stimulus-evoked fMRI signal changes under

light isoflurane anesthesia. The effect of anesthesia on

resting state fMRI signals, particularly within the nocicep-

tive system, is a completely open question.

In a resting state, existing evidence from other sensory

systems indicates that anesthesia alters the frequency com-

positions of the fMRI signal fluctuation and likely neuro-

vascular coupling [82–85]. Thus, anesthesia likely affects the

dynamics of communication between nociceptive regions.

Nevertheless, our observations demonstrate that under light

isoflurane anesthesia, robust fMRI signal changes are

detectable across the entire brain, including prefrontal cortex

(unpublished data). The core and base processes of nocicep-

tive inputs are retained. Moreover, beyond the brain, strong

horn-to-horn resting-state functional connectivity has been

reported in the spinal cord of monkeys [86], a finding similar

to that reported in awake humans [87, 88].

Conclusions and Future Directions

By taking advantage of submillimeter fMRI in a strong

MRI field, we provided fMRI evidence supporting the

differential engagement of areas 3a, 3b, and 1 of SI cortex

in the processing of heat-nociceptive versus tactile inputs.

Analysis of resting-state fMRI signals revealed differing

inter-areal functional connectivity among the sub-regions.

We proposed a model of separate inter-areal processing

circuitry for pain and touch within the SI cortex. Our

observations of the profound effects of deafferentation on

fMRI signals, neuronal electrophysiological activity, and

the relationships between the two types of signal highlight

the importance of a better general understanding of the

neuronal basis of fMRI signals and of nociceptive signals

in particular. Our data demonstrate that we now have the

tools necessary to start addressing a number of important

questions. For example, (1) what specific aspect of

nociceptive information is extracted and integrated in each

individual cortical region? (2) How do different brain

regions communicate and work together to relay nocicep-

tive information to higher-order brain regions? (3) How do

cortical nociception-processing regions connect and inter-

act with subcortical pain modulatory regions? And (4) how

do sensory pain networks interconnect and interact with

affective/emotional and psychological/motivational net-

works during pain processing and modulation? A combined

approach using high-resolution fMRI, electrophysiology,

and histology in non-human primates is very well suited to

address these remaining key questions in pain research.

New knowledge gained will have direct implications for

pain studies in humans.
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