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Abstract

The intensity and submodality of pain are widely attributed to stimulus encoding by peripheral and
subcortical spinal/trigeminal portions of the somatosensory nervous system. Consistent with this
interpretation are studies of surgically anesthetized animals, showing that relationships between
nociceptive stimulation and activation of neurons are similar at subcortical levels of
somatosensory projection and within the primary somatosensory cortex (in cytoarchitectural areas
3b and 1 of SI). Such findings have led to characterizations of Sl as a network which preserves,
rather than transforms, the excitatory drive it receives from subcortical levels. Inconsistent with
this perspective are images and neurophysiological recordings of SI neurons in lightly
anesthetized primates. These studies show that an extreme anterior position within SI (area 3a)
receives input originating predominantly from unmyelinated nociceptors, distinguishing it from
posterior Sl (areas 3b and 1), long recognized as receiving input predominantly from myelinated
afferents, including nociceptors. Of particular importance, interactions between these subregions
during maintained nociceptive stimulation are accompanied by an altered Sl response to
myelinated and unmyelinated nociceptors. A revised view of pain coding within Sl cortex is
discussed, and potentially significant clinical implications are emphasized.
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1. Introduction

Wide agreement exists about the spinal dorsal horn, thalamic, and cerebral cortical targets of
afferent drive triggered by noxious environmental stimuli. Pioneering studies established
that dorsal horn neurons with thalamic projections maintain or combine the stimulus
preferences and response characteristics of distinguishable classes of peripheral nociceptors
[136-138]. Those studies also showed that the response properties of nociresponsive
ventrobasal thalamic and primary somatosensory cortical (SI) neurons correspond to those
of dorsal horn neurons [33;51;142]. These findings do not, however, permit rejection of the
possibility that nociresponsive neuronal activity undergoes functionally significant alteration
in its projection from spinal dorsal horn to SI. Most observations from CNS nociresponsive
neurons have been obtained under surgical levels of anesthesia known to: (i) decrease the
number of stimulus-activated neurons at both spinal and supraspinal levels of the
somatosensory nervous system; and (ii) not only reduce, but fundamentally alter a neuron's
response to stimulus-evoked excitatory drive (e.g., convert the response from tonic to phasic
— from slowly to rapidly adapting) [42].

Recent studies using vibrotactile [103; 111; 133] or skin brushing [111] stimulation have
shown that neurons in Sl of lightly anesthetized animals respond to stimulation of a skin
region far more extensive than the strict somatotopy of functionally segregated inputs
observed under surgical levels of general anesthesia [99-101]. Moreover, in lightly
anesthetized or unanesthetized subjects, subpopulations of SI mechanoresponsive neurons
are distinguishable on the basis of patterns of spike firing that signal/encode behaviorally
relevant sensory attributes [111]. While existing information does not allow unambiguous
identification of subpopulations of SI neurons [18;112;113] which signal/encode
perceptually distinguishable attributes of nociceptive sensations, Sl is parcellated into
anterior and posterior regions preferentially activated by functionally distinct nociceptors, as
detailed below.

Sl is known to receive abundant projections from spinal and brain stem neurons that receive
their input from myelinated afferents. The spinal terminals of myelinated (AS) nociceptors
do not ramify extensively, and the pain percept that accompanies their activation is
experienced as sharp and well localized (as first/fast/discriminative pain). Reflex
adjustments to nociceptive stimulation depend upon myelinated afferent input to the spinal
cord and occur before a conscious reaction is initiated [128]. Collaterals of spinothalamic
axons that terminate in brain stem nuclei can initiate a stereotypic fight or flight response
that includes orientation to the stimulus [77]. The noxious afferent drive to cell columns in
areas 3b and 1of Sl is interspersed with a substantially more dense input from non-
nociresponsive thalamic neurons whose activity encodes features of the stimulus such as the
location and extent of skin contact, the direction of stimulus motion across the skin, the
roughness, softness or texture of the stimulus object, or the frequency of vibrotactile
stimulation [111]. Considered collectively, the dorsal horn projection of myelinated afferent
input to areas 3b and 1 appears to support abilities of normal subjects to localize skin stimuli
and discriminate between sensory attributes that include pain intensity. Associated activation
of other cortical regions is requisite not only for attention to a stimulus [84;92], but also for
determination of whether the stimulus is behaviorally salient [71].
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In contrast to widespread agreement about the Sl processing of afferent drive arising in
myelinated afferents, no consensus exists about the cortical mechanisms responsible for
sensations evoked by stimuli that activate unmyelinated (C) nociceptive afferents. In
multiple respects the pain experiences evoked by input from C-nociceptive afferents (i.e.,
the “slow”, “2"%” or “burning” pain percept) differ strikingly from those elicited by
activation of myelinated nociceptive afferents. The slow conduction velocity of peripheral C
nociceptive afferents renders information provided to the CNS useless for rapid reactions to
the onset of a painful stimulus; selective C nociceptor activation does not elicit behavioral
reflex responses; conscious reactions to nociceptor activation can occur before input from C
nociceptors reaches the cerebral cortex; not only do the peripheral terminals of C
nociceptors ramify extensively, but their central terminations within the substantia
gelatinosa access the diffusely conducting propriospinal system [146]; C nociceptor activity
occurs at a slow rate and does not adapt rapidly; and C nociceptors do not track rapid
changes in stimulus intensity. These attributes of C nociceptors are incompatible with the
fast detection and localization of a nociceptive stimulus. Consistent with the slow
progression and poor localization of second pain, they appear ideal for detection of
inflammatory injury [65] and for tracking a slowly progressing insult such as protein
denaturation of the skin during prolonged or repetitive heat stimulation.

The perspectives of this review are that (i) posterior and anterior areas within Sl (areas 3b/1
and 3a) are the sites of the initial cortical activations attributable to A8 vs. C nociceptive
afferent drive, respectively; and (ii) when a nociceptive stimulus is maintained, neuronal
activation within Sl switches from predominantly A8 to C nociceptor mediated.
Accordingly, during maintained cutaneous heat stimulation the initial sensation of sharp
pain that accurately reflects the increase in stimulus temperature at the site of stimulus
contact converts to an aching, poorly localized pain that increases in magnitude with
continuing stimulation (i.e., temporally summates; C. Vierck, A. Mauderli and J. Riley,
unpublished observations). More generally, SI nociceptive cortical processing of different
combinations, magnitudes and durations of myelinated and unmyelinated input could
account for many of the subjective characteristics (qualitative features) of pain [83;144],
such as those categorized by the McGill pain questionnaire [45]. Also, interactions between
those SI neurons that receive input from specific A8 and C nociceptors may determine the
submodality of a variety of aversive sensations (e.g., cold, heat or mechanical pain and itch).

The following sections delineate what the authors regard as the neuromechanistic bases for
such interactions. We attempt to do this by comparing and contrasting the SI neuronal
activation triggered by precisely controlled environmental stimulation of myelinated vs.
unmyelinated cutaneous afferents. Experimental findings obtained using high-resolution
imaging approaches and neurophysiological recordings in lightly anesthetized or awake
subjects are emphasized.

2. Sources of nociceptive input to SI

Myelinated nociceptive input to SI involves transmission of the activity of laminae | and V
neurons in the spinal dorsal horn via the spinothalamic tract and subsequently via the
contralateral thalamus (nucleus ventralis posterolateralis; VPL) to areas 3b/1
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[12;16;18;22;57;69;91;109]. Thalamically-projecting nociceptive-specific (NS) neurons in
lamina | of the dorsal horn respond to input from myelinated nociceptive afferents [27;31].
Responses of lamina V wide dynamic range (WDR) neurons are graded in magnitude by
input from myelinated non-nociceptive (AB) and nociceptive Ad and C afferents, exhibiting
a low rate of firing to non-nociceptive input and a progressively higher rate as stimulus
intensity increases over the range experienced as painful [67]. Both the NS lamina I and
WDR lamina V neurons respond to nociceptive input with short latencies and an initial
discharge rate that grades with the intensity of stimulation - attributes consistent with
characteristics of the first pain experience.

Conceptualization of the role of Sl cortex in somatosensory coding has long been based on
the conviction that the projection of nociceptive, thermal and tactile information to Sl
requires a synaptic relay in nucleus ventralis posterolateralis (VPL) [139]. Anterograde
neuroanatomical tracing and neurophysiological recordings have established that the afferent
drive triggered by non-noxious mechanical skin contact is conveyed to the thalamus in the
dorsal column-medial lemniscal (DC-ML) pathway and spinocervicothalamic pathway,
whereas information about noxious and thermal stimulation is conveyed via axons in the
spinothalamic tract (STT). These projections terminate on neurons in the contralateral VPL
[95] which, in turn, project to areas 3b/1 in SI (blue-colored path in Figure 1). As a
consequence, areas 3b/1 contain many non-nociresponsive neurons and a sparse
representation of nociresponsive neurons whose response properties closely resemble those
of NS or WDR neurons in the spinal dorsal horn (as suggested by the blue-colored pathway
in Figure 1; [59]). These findings constitute the basis for the widely-held belief that the
thalamic nucleus VPL is both a necessary and sufficient source of the nociceptive afferent
drive that reaches SI.

Neuroanatomical tracing studies have identified an alternative thalamic projection to Sl (see
red-colored path in Figure 1) which conveys nociceptive information very different from
that conveyed by the VPL projection to areas 3b/1. Anterograde and retrograde tracing
methods have demonstrated axonal projections of a unique class of dorsal horn lamina |
neurons to nucleus VMpo (the posterior part of the ventral medial nucleus) [29;32;97].
These VMpo neurons project to insular cortex and to area 3a within SI [33]. While area 3a
has been recognized as a recipient of information contributing to fine control of
skeletomotor functions via corticocortical connections with motor cortex [53;56], the
possibility that area 3a contributes to pain perception was raised by the demonstration that
selective activation of unmyelinated (C) nociceptors is accompanied by a robust activation
of area 3a neurons [134] (described below).

C-nociceptive afferents terminate directly on a distinct category of lamina I dorsal horn
neurons whose axons enter the spinothalamic tract and project to VMpo [30;31;78]. These
lamina I neurons: (i) receive abundant input from neurons in the substantia gelatinosa
(laminae 11 and I11) — a dorsal horn region comprised of densely packed interneurons that
receive peptidergic nerve terminals and respond to inflammatory mediators; (ii) respond to
cold (35°C to <10°C), pinch and heat (35°C to 53°C) and are referred to as HPC or
polymodal neurons; and (iii) like the C-nociceptive afferents that provide their input, are
exquisitely responsive to prolonged thermal stimulation with prominent after-discharge
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following stimulus termination. The lamina | neurons that receive input from unmyelinated
nociceptors have been shown to be relevant not only to normal nociceptive transmission, but
also to the development of chronic pain [6;74;110].

A CNS neuron that receives cutaneous C nociceptor input typically exhibits slow temporal
summation of spike firing in response to repetitive heating of its receptive field [93].
Similarly, brief cutaneous contact with a preheated thermode is accompanied by a late (post-
stimulus) sensation that progresses from warmth to strong pain when the contacts occur
repetitively [121]. Important features of slow temporal summation of second (“slow”) pain
are that it; (i) is dependent upon activation of C-nociceptors, (ii) requires repetition of the
contact stimulus at intervals of 3 sec or less, and (iii) “resets” (i.e., ratings are restored to
low values observed at the onset of repetitive stimulation) if an interval greater than 3 sec is
interposed in a series of stimuli delivered at intervals of 3sec or less. Each of these features
of the second/slow pain percept is characteristic of lamina | HPC neurons [27].

3. Nociresponsive Sl neurons

Demonstrations of the projection that synaptically links NS and WDR neurons in the spinal
dorsal horn with thalamic nucleus VVPL have led to the expectation that neurons in areas 3b/1
of Sl would be responsive to noxious environmental stimulation. Subsequent
neurophysiological recordings obtained in anesthetized monkeys [60] revealed a sparse
distribution of nociresponsive 3b/1 neurons confined to the middle layers and interspersed
among pyramidal neurons that respond solely to non-noxious mechanical stimulation of a
spatially restricted skin region. The functional properties of these nociresponsive 3b/1
neurons are as follows: (i) short response latencies consistent with afferent drive arising in
myelinated peripheral afferents; (ii) little or no tendency for after-discharge; and (iii) faithful
signaling, via a mean rate firing code, of the intensity of noxious skin heating stimulation
(43°C to 50°C). These area 3b/1 neurons are widely regarded as an initial neocortical stage
in the encoding of first pain (i.e., the well localized, stimulus-locked sensation evoked by
activation of AS nociceptors) [84].

The functional properties of area 3a nociresponsive neurons differ considerably from those
of the nociresponsive neurons in areas 3b/1. Single-neuron recordings and high-resolution
near-infrared optical intrinsic signal imaging of area 3a during noxious skin stimulation have
revealed activity consistent with the response of lamina I HPC neurons. Specifically,
delivery of multisecond-duration noxious skin heating is accompanied by a gradually
increasing activation within the topographically appropriate region of area 3a.
Simultaneously, activity in areas 3b/1 undergoes a profound suppression that persists
following removal of the stimulus [113]. Activation of area 3a neurons by stimulation of
unmyelinated nociceptors is particularly robust, and direct interactions between activities of
nociresponsive neurons in area 3a and mechanoresponsive neurons in 3b/1 parallel the sign
and magnitude of interactions that occur between pain and touch in conscious subjects [3;4].
Optical intrinsic signal (OIS) images showing the status of Sl activation during and after
noxious skin heating are shown in Figure 2.
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Consistent with the imaging observations illustrated in Figure 2, extracellular microelectrode
recordings in lightly anesthetized squirrel monkeys (Figure 3) have revealed that brief (1-7
sec duration) contact of the skin with a preheated thermode (49-56° C) elicits vigorous, but
delayed spike discharge activity in area 3a neurons. Importantly, this spike firing attains a
maximum after the stimulator probe is retracted from the skin [134]. Also, in response to
repetitive application of a noxious thermal stimulus to the skin, both the optical intrinsic
signal and spike discharge responses of individual area 3a neurons temporally summate
(*wind-up”). This prominent slow temporal summation of area 3a neuronal activity closely
matches that of both lamina | HPC cells [27] and ratings of second pain sensation by
humans in response to the same stimulus [121]. Additional support for the role of area 3a
nociresponsive neurons in the signaling of slow/2"d/burning pain derives from
demonstrations that intradermal injection of capsaicin is followed by: (i) prolonged
activation of an extensive region within area 3a; (ii) concurrent suppression of neurons
within the corresponding topographic region of areas 3b/1; and (iii) sensitization to
mechanical skin stimulation of nociresponsive neurons within the activated region of area 3a
[134]. Viewed collectively, these observations raise the possibility that area 3a participates
in the encoding of slow/2"? burning pain and temporal summation of second pain. In
addition to area 3a [7], cerebral cortical activation by peripheral stimulation of unmyelinated
nociceptors includes SlI, the insula, anterior cingulate cortex, prefrontal cortex and
hippocampus [7] [91;94;118]. This review does not attempt to compare the nociceptive
sensitivity of SI neurons with those of neurons in other cortical regions.

4. Experimental bias in published studies of the nociceptive representation

in Si

The concept that nociceptive processing within Sl occurs solely in areas 3b/1 has existed for
decades and continues to dominate the literature. This focus has been sustained by
constraints imposed by SI morphological features on observations obtained in human
cortical imaging studies. As shown in Figure 1, area 3a is relatively inaccessible at most
mediolateral levels of human cerebral cortex, occupying a narrow 5-6mm wide region deep
in the fundus of the central sulcus. This location is highly problematic, given the limited
spatial resolution achievable using currently available human imaging methods.
Furthermore, in the cerebral cortex of most primates: (i) the fundus of the central sulcus is
occupied by major blood vessels, making insertion of an electrode into this region not only
difficult but risky; (ii) area 3a is much narrower in anteroposterior extent than either area 3b
or area 1; and (iii) inter-individual variation in the size and position of area 3a within the
central sulcus [43;44;96;131] makes the use of a “standard atlas” difficult, if not misleading.

An additional barrier to understanding the contributions of SI to somatosensory perception
derives from the fact that surgically anesthetized animals provide estimates of neuronal
responsivity that differ from those obtained from lightly anesthetized laboratory animals or
awake humans. Recordings from S| of anesthetized animals typically isolate responses only
from middle-layer neurons which reflect the properties of thalamocortical axons [42;114]. In
addition, although the axonal projections of NS and WDR dorsal horn neurons to VPL are
dense [140], few neurons in the middle layers of areas 3b/1 respond to noxious stimulation
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[57;59]. This apparent contradiction is resolved by the demonstration that the STT projects
to neurons in a fringe region of VVPL [98;145] with axonal terminations primarily in the
superficial layers of 3b/1, on the distal dendrites of pyramidal neurons. Neurons in a core
region of VVPL receive non-nociceptive input from the dorsal column—medial lemniscal
(DC-ML) pathway and project, mostly to the middle layers of area 3b/1[10]. Thus,
pyramidal neurons in area 3b/1 of anesthetized animals respond primarily to non-nociceptive
input conveyed via the DC—-ML path and much less robustly to the nociceptive drive
conveyed to their distal dendrites. However, recordings from each of the six cortical layers
in lightly anesthetized animals reveal novel representations of stimulus features presumed to
reflect between-layer and intercolumnar interactions [132].

5. Intracortical interactions: the Sl encoding of nociception involves both

area 3a and areas 3b/1

Horizontal intercolumnar interactions within SI accompany both non-noxious and noxious
stimulation, but published imaging and neurophysiological studies have primarily revealed
the contributions of these interactions to the SI encoding of non-noxious sensations. A
spatially extensive region in SI becomes activated within a very short time (~15-30 msec)
following the onset of a gentle tactile stimulus. However, if the stimulus is maintained or
applied repetitively, the activated Sl region shrinks (beginning within <50 msec after
stimulus onset) to multiple, radially-oriented foci of activity uniquely determined by the
physical characteristics of the stimulus [19;103;114] . The changing activation pattern over
time is attributable to stimulus-specific dynamic intracortical excitatory and inhibitory
processes [66;132]. Within each focus, features not explicitly represented in the
thalamocortical input are dynamically constructed by intracortical influences. For example,
information about direction of tactile motion is extracted from precisely timed sequential
inputs to a spatial array of 3b/1 cell columns. These sequential inputs derive both from the
thalamus and from neurons in the multiple cortical columns whose receptive fields are
traversed by a moving skin stimulus.

Following surgical section of one dorsal column (DC) the usually robust ability of primates
to perceive direction of tactile motion is lost contralaterally, as is their ability to discriminate
between frequencies or durations of repetitive tactile stimulation [119;120;123]. In contrast,
spatiotactile localization and discrimination remain normal [122;124]. This sparing of spatial
discrimination, coupled with the loss of cortically derived functions dependent upon
stimulus movement, repetition or duration is compatible with high resolution 2-
deoxyglucose metabolic maps of Sl responses to tactile stimulation [113]. For example, a
repetitive tactile stimulus normally triggers maximal neuronal activity within areas 3b/1,
whereas activity in the bordering regions of 3a and 2 is suppressed. Following DC
transection, repetitive tactile stimulation now evokes activity within areas 3a and 2,
accompanied by powerful suppression/inhibition of activity within the 3b/1 region that is
particularly deprived of afferent drive by the DC lesion. These abnormalities of the Sl
response account for the inability of a subject with a DC lesion to discriminate between
opposing directions of tactile motion, and also for a progressive loss of sensitivity to
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repeated presentation of a tactile stimulus [9;35;82] — functions dependent upon the
activation of areas 3b/1.

Functionally meaningful intracortical interactions between areas 3a and 3b/1 have been
demonstrated with imaging of SI during combined vibrotactile and thermonoxious skin
stimulation [112;113]. As shown in Figure 2, a vibrotactile stimulus leads to vigorous
contralateral activation of areas 3b/1, but not of area 3a. When the temperature of the
vibrating probe is 52°C, however, area 3a is activated, and the topographically
corresponding region of areas 3b/1 is progressively inhibited as stimulation continues. These
observations indicate that full appreciation of the contributions of Sl to somatosensory
perception requires neurophysiological recording and/or imaging methods sensitive to
interactions that occur between the different layers and cytoarchitectural fields that comprise
the responding cortical territory.

Electrophysiological recordings of neuronal responses to simultaneous 25 Hz flutter and
47°C-51°C stimulation of the skin have supported the results obtained in imaging studies of
SI [133]. As illustrated (Figure 4A), when a flutter stimulus is near-threshold for activation
of rapidly adapting (RA) neurons in 3b/1, simultaneous application of noxious heat to the
same skin site suppresses the 3b/1 responses to flutter. Similarly, human psychophysical
tests demonstrate that reduced sensitivity to flutter stimulation occurs during concurrent
nociceptive thermal stimulation [3] — an effect accompanied by suppression of blood flow in
the responding sectors of 3b/1 [4]. However, concurrent application of noxious heat does not
suppress activation of 3b/1 neurons by a suprathreshold flutter stimulus [133]. Surprisingly,
the flutter-evoked response under this condition can be substantially larger than when the
stimulus is applied with the probe at a non-noxious temperature. These outcomes appear to
account for otherwise difficult-to-explain reports that experimental or clinical pain is
accompanied by increased sensitivity (hyperesthesia) to strong cutaneous stimulation, but
hypoesthesia occurs when the cutaneous stimulus is near-threshold [5;40;107;133].

According to Whitsel et al. [132], interactions between input to areas 3b/1 and C-nociceptive
input to area 3a are dependent upon interareal connections provided by long-distance
collaterals of pyramidal neurons (Figure 5) [15]. These interareal connections are
glutamatergic, but their overall effect on target neuronal populations is balanced between
influences on local excitatory and inhibitory neurons [50]. Because an area 3a response to
activation of C nociceptors is delayed relative to the 3b/1 response to Ap/AS input, the 3b/1
response to a stimulus that simultaneously activates Af, AS and C afferents develops rapidly
and without restraint at the onset of stimulation. When such a stimulus remains in contact
with the skin or is applied repetitively, however, the nociresponsive area 3a neurons become
increasingly activated and convey a progressively increasing inhibitory influence to neurons
in areas 3b/1. Thus, nociceptive heat applied to the skin by a thermode or water bath
activates areas 3b/1 within a few seconds of the onset of such a stimulus [17;18;23;80], but
no activation is detected in the same regions of 3b/1 after prolonged exposure to noxious
skin heating [4;37;39;54,84,88]. A8 afferent inhibition of responses to C afferent stimulation
has been demonstrated with cortical recordings [14;81;116] and also with spinal recordings
[47;68;76;104]. Inhibitory interactions that are reciprocal for AS and C afferent input [116]
may be unique to the cortical processing of nociception.
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6. Cortical encoding of sensation intensity

The attributes of neurons within the spinothalamocortical projection to areas 3b/1 are widely
presumed to underlie the capacities of normal individuals to detect and perceive the intensity
of a noxious skin stimulus [12;20;57;59;80]. However, there has been a long-standing
debate as to whether NS or WDR neurons with axons in the spinothalamic projection
pathway encode the intensity of noxious stimulation, based on the assumption that pain
intensity is represented by the discharge of a single category of dorsal horn neuron with little
or no cortical elaboration of this information. This discussion has been framed in terms of
specificity (NS) versus pattern (WDR) theories [21;33;79], neither of which considers how
or why sensory cortex would ignore input conveyed to it via the central projections of any
category of peripheral receptor .

Itis a virtual certainty that sensation intensity is encoded by an across-areal integration of SI
neuronal responses to a nociceptive stimulus [24;95;111]. The stimulus-response function
that spans the full range of painful intensities evoked by a brief thermal stimulus depends
upon integration of the activity of area 3b/1 NS and WDR neurons that respond to
overlapping (but different) ranges of stimulus intensities. When the stimulus is maintained,
activating C nociceptors and, as a result, nociresponsive neurons in area 3a, nociresponsive
neurons in 3b/1 would make little or no contribution to the coding of pain intensity. This
outcome is expected because thermal stimuli that trigger second pain [121] not only activate
area 3a but also to suppress activity in areas 3b/1 [113].

7. Spinal, thalamic and cortical lesions affecting pain processing by Sl

Early clinical reports indicated that pain sensibility is retained by patients with cortical
infarcts involving somatosensory cortex [48]. However, subsequent clinical literature
contains numerous reports of patients who, after anterior parietal ablations, lost the ability to
experience pain in response to noxious stimulation, particularly if the ablations included the
posterior wall of the central sulcus [36;41;46;52; 72;73;87;90;105;106;117;143]. While
some of the reported ablations were accidental and not well defined in spatial extent, others
were deliberate surgical excisions of defined portions of Sl cortex performed in attempts to
treat epilepsy or chronic pain. These observations were complicated by chronic conditions
that alter central neuronal activity patterns, but they suggest that pain perception requires
participation of a cortical region that either is a component of Sl, or is in close proximity to
Sl. Given current knowledge, a parsimonious interpretation of these clinical reports is that:
(i) this region corresponds to areas 3a and 3b/1; (ii) when both area 3a and areas 3b/1 are
removed, noxious stimulation of the affected body regions ceases to evoke pain; and (iii) if a
postcentral ablation fails to extend deep enough into the central sulcus to remove area 3a,
the loss of pain will at most be transient — until area 3a recovers from indirectly induced
trauma.

Sl cortical lesions in humans validate the idea that area 3a contributes to the coding of pain
sensations and support a critical role for intracortical interactions between areas 3b/1 and 3a.
For example, hyperpathia (increased sensitivity to suprathreshold nociceptive stimulation)
has been observed with large parietal cortical lesions that spare the posterior bank of the
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central sulcus (thus sparing area 3a) [13]. Hyperpathia has also been observed following
parietal cortical lesions of monkeys that spare area 3a [86]. In contrast, latencies for
detection of a small increment in nociceptive thermal stimulation that optimally activates A8
nociceptors are elevated following parietal cortical lesions [61]. Such findings are
compatible with reciprocal and predominantly inhibitory intracortical interactions between
areas 3a and 3b/1 as proposed by Whitsel et al. [118] and illustrated in Figure 5. A lesion
that destroys a sector of 3b/1 would attenuate pain from selective activation of A
nociceptors but would release the neighboring region in area 3a from interareal inhibition,
enhancing pain from C-nociceptor input.

In addition to evidence suggesting that area 3a activation might be necessary for evocation
of 2"d/slow pain by nociceptive stimulation, experimental lesions and/or clinical conditions
that differentially deafferent or deactivate 3b/1 support the importance for pain perception of
intracortical interactions within SI. Following unilateral DC section, activity within
contralateral 3b/1 undergoes a substantial suppression in response to tactile stimulation that
vigorously activates myelinated afferents [113]. Accordingly, escape responses of monkeys
to electrocutaneous stimulation that activates only myelinated afferents are reduced after
ipsilateral DC section [127]. In contrast, thermal stimulation of myelinated and
unmyelinated nociceptors (using a 51°C contact thermode) generates intense optical
activation of area 3a following interruption of the DC [132]. Without input to 3b/1 via the
DC-ML path, the inhibition of area 3a that normally results from activation of 3b/1 neurons
by myelinated afferent input is reduced/eliminated, leading to an enhanced response of area
3a neurons to activity arising from unmyelinated nociceptors. Similarly, human patients with
large spinal lesions that include the DCs report substantially increased sensitivity/
responsivity to noxious stimulation [82], and chronic pain from spinal cord injury is more
prevalent among patients with substantial damage the DC-ML pathway [34].

Although the STT is the major ascending spinal source of nociceptive input to VPL, VMpo,
and Sl, pain sensibility can return following surgical interruption of the STT [130], and
ischemic infarcts involving the STT can result in chronic pain [11]. There are routes of
nociceptive spinothalamocortical projection other than the STT [126;136], and one or more
of these sources may contribute to development of abnormal pain sensitivity over time
following STT damage. Neuroplastic adaptations to interruption of STT projections to the
thalamus and cortex can result in abnormal patterns of thalamocortical activity [97;129].
Especially relevant to the role(s) of Sl cortex in pain perception is the possibility that
chronic pain results from lesions along the course of the STT that disrupt the normal balance
between the activities of cortical areas 3a and 3b/1. Because STT axons from cells in
contralateral lamina | are dorsally shifted relative to axons originating from the deep dorsal
horn at some levels of the spinal cord [2], anterolateral chordotomy at such a level for the
relief of lower body pain could preferentially deafferent VPL and areas 3b/1, leaving intact
nociceptive input from dorsally shifted STT axons to VMpo. Exaggerated responses in area
3a and increased pain sensitivity would be expected from a selective deafferentation of 3b/1
that spares the projection of nociceptive input to area 3a. Similarly, severe dysthesthesia has
been reported following surgical attempts to interrupt the STT laterally in the midbrain [38]
- an outcome perhaps due to the sparing of medially shifted projections to VMpo.
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A possible alternative to chordotomy for reducing nociceptive STT input to the thalamus
involves the selective ablation of lamina | cells whose input derives from dermatomal
regions in which chronic pain is experienced. Intrathecal injection of the neurotoxin SP-
saporin destroys lamina I cells containing NK-1 receptors for substance P released from the
terminals of unmyelinated nociceptors. This procedure reduces nociceptive sensitivity of rats
to thermal stimulation of unmyelinated nociceptors [125;135]. Intrathecal injection of SP-
saporin produces less rostral deafferentation than that produced by surgical section of the
STT, and it would preferentially reduce C nociceptive input to area 3a.

Chronic pain can occur not only following interruption of the STT in the spinal cord or brain
stem but also after ischemic or hemorrhagic lesions of the thalamus that involve VVPL [64].
Although variability in the location and extent of lesions makes it difficult to identify which
thalamic structures are necessarily involved and spared in patients with thalamic pain, an
analysis of 4 patients with thalamic lesions and chronic pain has been instructive [63]. This
study evaluated, with MRI imaging, whether damage to the ventral caudal nucleus (Vc;
homologous in humans to VPL) or to VMpo, or both, was associated with chronic pain
experienced by the patients. Although this analysis set out to evaluate the hypothesis that
pain can be disinhibited by interruption of projections from VMpo to the insula and the
anterior cingulate cortex [26], it turned out that \Vc was damaged in each case with chronic
pain, but VMpo was spared. Such observations are in accord with the possibility that chronic
pain following thalamic lesions can occur as a result of deafferentation of areas 3b/1, if
nociceptive input to area 3a is spared.

Repetitive transcranial magnetic stimulation (rTMS) or direct electrical stimulation of the
cerebral cortex is increasingly utilized as a functional equivalent of a destructive cortical
lesion in human patients [102]. Surprisingly, rTMS stimulation anterior to the central sulcus
(over “maotor cortex™) has been found to reduce chronic pain [75]. Evidence that “motor
cortical” rTMS (mc rTMS) can inactivate area 3a includes: (i) mc rTMS significantly
reduces the pain evoked in a normal subject by capsaicin — a selective activator of C-
nociceptors and of area 3a nociresponsive neurons [108;133]; (ii) mc rTMS preferentially
reduces the pain associated with C nociception relative to first pain [85], and (iii) although
downstream influences must be considered, the parameters of mc rTMS stimulation which
most effectively reduce pain are those associated with suppression of cortical neuron
responsivity [62]. Transcranial magnetic stimulation has been reported to be more effective
for facial pain than for other body regions [70]. A possible reason for this preferential effect
on facial pain is that in humans the sector of area 3a that represents the face lies close to the
cortical surface and is more accessible to rTMS than are the remaining sectors of area 3a
that occupy the fundus of the central sulcus.

8. Summary and functional implications of Sl encoding of pain

Early neurophysiological evaluations of nociceptive projections to Sl utilized fast onset,
short duration stimuli that preferentially activate myelinated cutaneous nociceptors.
Accordingly, the focus of such studies was 3b/1 cortex which receives myelinated afferent
drive via VPL -- the principal thalamic target of ascending projections from spinal NS and
WDR neurons. A projection which does not fit this pattern , from HPC lamina I cells to
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thalamic nucleus VMpo [28], has been challenged on technical grounds [55;141]. Even
though subsequent anatomical studies established the validity of a lamina I projection to
VMpo [8;32;97], the classical view persists — i.e., that SI processing of pain occurs in areas
3b and 1. Craig and Blomqvist (2002), for example, viewed the projection from VMpo to
area 3a as a “corollary track” subserving sensorimotor integration.

Because activation in the region designated as “SI” in human imaging studies (i.e., area 3b
and 1) can be poorly correlated with subjects’ reports of clinical/pathological pain [89], the
focus of human imaging research has turned to cortical regions more readily imaged and
believed responsible for the emotional/motivational accompaniments of pain. Cortical
imaging studies, therefore, have emphasized: (i) affective processing by the insula, cingulate
gyrus and prefrontal cortex; and (ii) nociceptive modulation via descending connections
such “higher-order” cortical areas issue to nuclei in the rostral brainstem [49;115;147]. Pain
commonly is viewed as established by processing in the spinal cord, shaped by the balance
of excitatory and inhibitory influences from the brain stem. However, evidence implicates Sl
as a site for integration of input from different afferent sources, leading to perceptual
recognition of the presence, location, intensity, submodality and quality of touch, innocuous
thermal sensibility, and pain. An example of interactive processing within Sl is provided by
repetitive or long duration noxious stimulation, which securely drives area 3a neurons and
suppresses neuronal activity in 3b/1. These findings and the sparse distribution of
nociceptive neurons in 3b/1 help explain the common failure of human imaging studies to
detect a robust or reliable response of 3b/1 to painful stimulation or during chronic pain
[4;58].

Cutaneous first pain, as coded by neurons in 3b/1 supports recognition of the location and
intensity of stimulation, providing an early warning to assist reflexive actions with prompt
attention to the stimulus and initiation of a conscious reaction. In contrast, the second/slow/
burning pain signaled by area 3a neurons is better suited to monitor the slow progression of
nociceptive stimulus intensity which, in the case of nociceptive heat, accompanies protein
denaturation and tissue damage. Stimulus location and the precise time of application are not
well specified by the activity of unmyelinated nociceptors that signal tissue damage and
release of inflammatory mediators. A notable feature of the projection system that conveys
information to the CNS about the status of the tissues innervated by C-fibers is the
perceptual sensitization that accompanies long-duration or repetitive nociceptive stimulation
[121]. This feature makes the nociceptive projection to area 3a especially relevant to many
forms of clinical/pathological pain. The high relevance of C-nociceptor input to clinical pain
is consistent with the powerful and selective effects of morphine on input to the CNS from
unmyelinated nociceptors [25].

It will be important to utilize different forms and paradigms of nociceptive stimulation in
order to appreciate the distinctive functions of nociresponsive neurons in areas 3a and 3b/
land understand the importance of interactions between these neuronal populations. Area 3a
long has been characterized as a region devoted to processing of proprioceptive input. If, as
the authors predict, area 3a contributes to the processing of pain referred to deep somatic
tissues, stimuli that trigger deep muscular pain and fatigue should activate area 3a neurons.
Other predictions about the functional characteristics of area 3a neurons are provided by the
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unique sensitivities of the lamina I HPC neurons that project to thalamic nucleus VMpo.
This set of dorsal horn neurons responds to noxious heat, noxious cold and skin pinch [31].
Also, sensitivity to puretic stimulation has been demonstrated for HPC lamina | cells [1].
Appreciation of the cortical processing of aversive submodalities will benefit from imaging
and neurophysiological recordings that include observations of the responsivity of areas 3a
and 3b/1 neurons to different forms of deep and superficial stimulation.
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Figure 1. Neuroanatomical projection paths that convey nociceptive afferent drive from skin
nociceptors to contralateral primary somatosensory cortex (SI)

Shown in red — projection from unmyelinated C nociceptors to: (1) HPC cells in spinal cord
lamina I: (2) neurons in the posterior part of ventromedial nucleus of thalamus (VMpo): and
(3) area 3a neurons in Sl cortex. Shown in blue - projection from myelinated A8-nociceptors
to: (1) NS neurons in lamina | and WDR neurons in lamina V of the spinal cord dorsal horn;
(2) neurons in the ventral posterior lateral nucleus of thalamus (VPL); and (3) SI neurons in
3b/1. Inset at top-left shows: (1) cytoarchitectonic areas which comprise SI (3a, 3b, 1, and
2); and (2) the location of each area in the postcentral gyrus in human cerebral cortex; CS =
central sulcus; cytoarchitectonic area 4 = primary motor cortex. Note the position of area 3a
(ca. 2cm below the cortical surface) at the fundus of the CS, as well as its narrow (<6mm)
rostro-caudal extent relative to that of either area 3b or area 1.
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Figure 2. Optical response of SI to thermoneutral vs. thermonoxious tactile stimulation
A: Low and higher-magnification views of somatosensory cortex in the left hemisphere of a

squirrel monkey. Green rectangles in the higher-magnification view indicate regions of
interest (ROI) in areas 3a and 3b/1. B: Site on contralateral hand exposed to skin flutter
stimulation delivered via a 5mm-diameter contactor with precise control of temperature. The
parameters of the flutter stimulus were: amplitude — 200um; frequency — 25Hz; duration —
5s, probe temperature — either 38°C (neutral) or 52°C (hoxious). C: Series of images
showing the temporal development of the stimulus-evoked Sl optical intrinsic signal. The
optical response to flutter stimulation with a probe temperature of 38°C mainly occupies
3b/1 (top row of images), with a reduction over time in the activity evoked in area 3a. In
striking contrast, the highest intensity and greatest spatial extent of the S| optical response to
52°C flutter occurs in area 3a, well after the stimulus is removed from the skin (bottom
row). Furthermore, although 3b/1 initially respond to 52°C flutter, 3b/1 activation decreases
and eventually disappears during the period when the optical response to 38°C flutter is
maximal or near-maximal (between 6-10s after stimulus onset).
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Figure 3. Response of area 3a neurons to thermoneutral vs. thermonoxious skin contact (from
Whitsel et al., 2009)

A: Spike train data obtained from a neuron in area 3a using indent-and-hold stimulation — on
each trial the skin was indented 0.5mm for 7s. For this neuron, 51°C (trials 7-12) evoked a
significant response, but not 38°C (trials 1-6 and 13-18). B: Spike trains obtained from a
neuron in area 3a, using a “wind-up” protocol which evokes slow/2"d/burning pain in
humans. Brief (0.8 sec duration) skin indentations were delivered repetitively (1 stimulus
every 2 sec). In contrast to this neuron's insensitivity to 38°C contact, a significant elevation
of spike firing occurred during exposures to 55°C stimulation, and this elevation of spike
firing persisted following the stimulus. Panels at top: raster-type displays of spike trains
recorded during and following a series of successive contacts delivered to the skin by a
probe maintained at a thermoneutral (38°C) or thermonoxious temperatures (51°C — neuron
in A; 55°C — neuron in B). Vertical bar indicates time of probe retraction. Panels in second
row: superimposed PST histograms showing mean firing rates (MFR) in response to 38°C
(dark shading) vs. 51 ° C or 55°C (light shading) skin contact; horizontal arrow along the
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ordinate indicates spontaneous (no-stimulus) firing rate. Panels in third row: “difference
PSTs” showing the difference between the mean firing rates (AMFR) recorded in noxious
test trials vs. non-noxious control trials. Bottom panels: difference PSTs showing the
difference between the mean firing rate recorded in non-noxious recovery trials (13-18) vs.
non-noxious control trials (1-6).
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Figure 4. Response of an exemplary rapidly adapting (RA-type) area 3b neuron to
thermoneutral and thermonoxious 25Hz skin flutter stimulation (from Whitsel et al., 2010)

Format as in Figure 3. The first and the last 6 trials were delivered with the probe at a
neutral (38°C) temperature; trials 7-12 were delivered with the probe at a noxious (48°C)
temperature. A: The response to near-threshold (50um peak-to-peak amplitude) skin flutter
stimulation. The presence of noxious input in trials 7-12 significantly suppressed this
neuron's response to 50um flutter. B: The response to supra-threshold (200um peak-to-peak
amplitude) skin flutter stimulation. The presence of noxious input in trials 7-12 failed to
suppress the spike firing evoked by suprathreshold skin flutter.
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Figure 5. Diagram of interareal connections subserving interactions between areas 3a and 3b/1
The regions in areas 3a and 3b/1 that process input from the same body region are linked by

glutamatergic (excitatory) connections arising from pyramidal neurons of each area. These
axonal connections terminate synaptically on both excitatory and inhibitory interneurons.
Due to greater responsivity of inhibitory interneurons relative to excitatory interneurons, the
overall effect of the interareal connections on the target neuronal population typically is
inhibitory, as in the competitive interactions that occur frequently between areas 3a and
3b/1. However, in vigorously activated Sl cell columns, the normally inhibitory synaptic
action of GABA has been postulated to diminish due to activity-dependence of neuronal
[CI7]; [133]. When this occurs, GABA's action switches to excitation, and the normally
inhibitory interaction between areas becomes facilitatory. Such a transformation of the
cortical action of GABA would be accompanied by an alteration of perception. For example,
a tactile stimulus could be experienced as painful if vigorous activation of 3b/1 triggers
activity in area 3a nociresponsive neurons proposed to underlie slow/2"%/burning pain. Such
a modification of the action of GABA would be accompanied by allodynia —a common
clinical malady.
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